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ABSTRACT

Malaria remains one of the most important parasitic infectious diseases as far as human
suffering is concerned. With almost half of the world’s population at risk, its burden is felt
worldwide as seen by the high number of deaths recorded each year (405,000 in 2018:
WHO World Malaria Report 2019). Unfortunately, over 90% of this mortality rate is
recorded in Africa alone, with the highest risk being in children under the age of five (5)
and pregnant women. Partly, this is due to the unfortunate spread of resistance to most
drugs that were once effective and safe, including Artemisinins which form the basis of the
current first-line regimen in the treatment of malaria. For this reason, it is crucial to invest
research efforts using various approaches in the drug discovery arsenal to develop novel,
and structurally diverse antimalarials with different modes of action. These new
antimalarials should not only be able to circumvent resistance but need to be efficacious

at different life cycle stages of the parasite (multi-stage activity).

This Ph.D. project pursued a drug repositioning approach on Astemizole (AST, Figure 1), a
second-generation antihistamine drug which was previously identified as an antimalarial
agent by Chong et al., at the Johns Hopkins University School of Medicine through via a
high-throughput screening (HTS) of diverse marketed drugs. AST was active against
chloroquine-sensitive (CQ-S) and multi-drug resistant (MDR) laboratory strains of the
human malaria parasite Plasmodium falciparum (P. falciparum) and demonstrated in vivo
efficacy in two mouse infection models of malaria namely, P. Vinckei and P. Yoelii. However,
in addition to its low solubility, AST possesses a serious and fatal cardiotoxicity risk,
evidenced by its ability to potently inhibit the human ether-d-go-go-related gene (hERG)
encoded potassium (K+) channels. This liability led to the withdrawal of AST in most
countries during the late 1970’s and it is still being discontinued for use in some countries

to date.

Towards repositioning of AST, structure-activity relationship (SAR) studies were carried
out in two sequential optimization stages (phase I and II, Figure 1), with phase I iteratively
leading into phase II (Figure 1). Across the two phases, medicinal chemistry strategies
aimed at improving solubility and reducing hERG inhibition were employed. Exploratory
phase I adopted strategies such as reduction of lipophilicity (clogP, SAR’s 1 — 3, Figure 1),
introduction of water solubilizing groups (SAR’s 1 — 3), disruption of molecular planarity
via aromatic ring saturation and/or truncation (SAR’s 1 & 3), replacement of piperidine
with other rings (i.e., piperazine etc. SAR 4), formation zwitterionic molecules (SAR’s 1 &

2) and bioisosterism (SAR 2). Front-runner compounds 67/DM-253 and 68/DM-147
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(Figure 1) from exploratory phase I, were used as templates in advanced phase II, where

some of the previously used strategies were also
Figure 1: Phase I

¢>M

applied (SAR 6), including other strategies such
as making subtle modifications (SAR’s 7 & 8), -

incorporation of amides (SAR 5) and reduction

AST
the basicity (pKa) of the piperidine nitrogen (SAR PAICsq: 86 nM N
hERG ICs: 4.2 nM @[N\
\

8). The progression of compounds for various S7.4: 80 uM iy
. . clogP: 5.70

assays was conducted using a screening cascade
in which well-defined cut-offs were set. Based on SAR 1
in vitro antiplasmodium potency and solubility, @
compounds were progressed for in vitro Phase II

. . . SAR 8
cytotoxicity assessment in the Chinese hamster

ovary cell-line (CHO) and human epithelial cell-

w@‘%N\ <

SAR 5 N-g
line (HepG2) followed by hepatic microsomal < N
metabolic stability evaluation. Representative @EN <;@
S=—=NH
compounds were evaluated for their inhibition of 68 N
hERG K+ channels based on antiplasmodium hg};gs?:cg:ggoufw[
potency, physicochemical properties and to ifég:i.%l\g SAR's 7 & 8

represent hERG affinity reducing strategies
utilized. Frontrunner compounds with favourable in vitro potency, cytotoxicity and
microsomal metabolic stability were further progressed for in vivo proof-of-concept (PoC)

and pharmacokinetic studies in mice.

A series of highly potent (PfICso = 0.012 - 0.100 pM) and soluble (S7.4 >100 uM) compounds
with low hERG affinity (selectivity indices, SI = 10 — 298) compared to AST (SI = 0.05)
have been identified. The analogues possess no significant cytotoxicity, as observed in
the relatively high selectivity’s (SI = 65 — >2000). In order to assess the potential for multi-
stage activity, a diverse set of analogues across the SARs were tested for their
gametocytocidal properties. This assessment not only revealed the potential for
transmission blocking in some of the analogues, but also identified analogues with dual
and/or stage-specificity (>75% inhibition at 5 uM). On precedent that AST had initially
been implicated to act via inhibition of parasitic hemozoin biosynthesis, selected
analogues were assessed for their ability to inhibit this process via a surrogate f-hematin
inhibition assay (BHIA) to shed light on the potential mode of action. Strong inhibitors of
B-hematin formation (ICso < 100 uM) have been identified, corroborating previous findings
which suggest that hemozoin formation inhibition is a contributing mode of action for the
observed antimalarial properties of AST and related analogues. Compound 67/DM-253
displays >1000-fold higher selectivity over hERG compared to AST and has been identified
as the first AST analogue to demonstrate high efficacy (99%) in P. Berghei-infected mice
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when dosed orally (p.o.) at 50 mg.kg! once daily for four days, with a mice survival rate
of 14 days. On the other hand, its closely related and discreetly modified derivative
(149/DM-20-030) retains high in vitro potency (PNF34 ICso = 0.017 uM) while
demonstrating higher solubility, significantly lower hERG selectivity and no cytotoxicity
in CHO cells compared to both AST and 67/DM-253. The low hERG affinity of compound
149 /DM-20-030 represents a selectivity improvement of >5000-fold compared to hit
compound AST.

The second component of this project was aimed at expanding the SAR of antimalarial

chloroquine (CQ)-astemizole hybrid molecule H-2 (Figure 2), which was reported in 2009

by Musonda et al. In their work, they showed
Figure 2:
that hybridization of AST and CQ is a viable g <::|

strategy to overcome CQ resistance in P. /I\lf\ O
falciparum. However, low solubility and O N
suboptimal physicochemical and drug-like HN \\©\
properties (i.e., clogP) would prevent the X F
progression of the hybrids from further O NG

.. H-2
development. Therefore, a preliminary SAR
p p vy @ PACsy: 0.040 uM | OAR1
study was carried out to improve S, 4: 20 uM
SAR 3 clogP: 5.60

physicochemical properties. As shown in

Figure 2, three modification sites were identified based on the SAR of both AST and CQ.

SAR 1 sought to remove and/or replace the 4-benzyl moiety with both aliphatic and
heterocyclic moieties, and to replace the 4-Fluoro group (or 7-Cl group in CQ, SAR 3) with
water solubilizing groups. On the other hand, SAR 2 was designed to incorporate water
soluble groups at the 5-benzimidazole position. Compared to H-2, structural
modifications in SAR 3 reduced the antiplasmodium activity of the hybrids, albeit
solubility was improved. However, modifications involving SAR 2 and that of the benzyl
sidechain on the AST portion (SAR 1) led to the identification of analogues with better or
comparable potency (PfICso = 0.016 — 0.053 uM) to H-2, with better solubility (S7.4 < 80
uM) and physicochemical properties (i.e., clogP < 4.6).

The work presented in this Ph.D thesis has provided an opportunity for further
development of the AST scaffold for malaria by revealing critical antimalarial activity,
hERG and cytotoxicity SARs, including structural-property relationships (SPRs) and
DMPK profiles.
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Chapter 1: Introduction and Literature Review

CHAPTER 1
INTRODUCTION & LITERATURE REVIEW

1.1 Chapter Overview

This chapter provides a brief overview of malaria as a disease. Malaria is described in the
context of epidemiology and etiology, extending to prevention, control, and treatment, as
well as the challenges faced with current treatments. Research for new antimalarials, the
current drug development pipeline in line with the malaria eradication agenda as defined
by the World Health Organization (WHO) is presented. As one of the leading causes of drug
toxicity and reason for drug withdrawal, drug induced cardiotoxicity by inhibition or
blockade of the human-ether-a-go-go-related gene (hERG) potassium ion (K+) channel is
described, including known strategies of attenuating drug affinity. The chapter then
highlights the importance of optimizing solubility in early-stage drug discovery and
describes the various strategies to optimize this property. Drug discovery approaches such
as bioisosterism and molecular hybridization are described, leading up to the concept of
drug repurposing and repositioning. In epilogue, the chapter introduces the benzimidazole
scaffold, highlighting its significance and broad pharmacological properties, including its
relevance in malaria drug discovery. Concluding subsections describe the discovery of
antimalarial properties of the benzimidazole-based antihistamine drug astemizole and
current progress in its repositioning as an antimalarial agent, which forms the basis of this
thesis work. Finally, the chapter lays out the research program providing justification for

the study and stating the research question and specific aims/objectives.

1.2 Malaria — A Global Scourge Spanning for Centuries

1.2.1 Introduction

The chronicle of malaria parasites has been known to precede human history. It had
appeared in Greek writings from around 500 BC, with Hippocrates (460 — 377 BC) having
been the first physician to make a description of malarial symptoms such as chills, fever,
sweats, exacerbations, as wells the different clinical forms of the condition.! There are
contradictory reports with respect to the origin of P. falciparum, the most virulent form of
the parasite known to infect humans. Although the P. falciparum DNA has been detected
in Egyptian mummies and skeletons (500 — 3500 BC),2 other evidence points to Ape species
(chimpanzees and gorillas) as the apparent origin.3 Likewise, controversy also extends to
an avian (bird) parasite as a source of falciparum malaria for both humans and
chimpanzees.*

For centuries, malaria was one of the determining factors of socioeconomic and

demographic evolution in the Italian peninsula, attracting the attention of scientists,
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historians and even politicians.5 Pope St. Gregory I, also known as Gregory the great (540
— 605) suffered from malaria himself, this was during the fall of the agricultural and

economic prosperity of the roman empire, facilitating the spread of malaria to the region.%7

Over 125 different species of malaria are known to infect mammals, birds and reptiles,
with virulence varying in host species.® Scientific evidence has pinned down the emergence
of malaria in the Ethiopian region of Africa® and developing by way of the Nile river, to the
Mediterranean region, Asia, then Europe. The disease developed over time with humans
due to increased mobility, becoming a worldwide disease by the 1800’s.7.9 The supposition
of the nature of the illness became widely spread leading up to the first evidence of the
causative parasite in humans. The word “malaria” was coined and used for the first time
to describe the disease, in Italy by Francesco Puccinotti in his 1838 book. The word was
derived from Italian words “mal’aria”, meaning “bad air” or “evil air” or “corrupted air”, and
this had been the description since the 1400s.7.10 The spread of malaria to the new worlds
(the Americas) is thought to have been necessitated by Christopher Columbus and the
Spanish conquistadors (colonists) during the slave trade in the 1500s. The trade lasted

over 400 years, resulting in the death of millions of Africans (in-transit) from malaria.®

Travelling propagated the spread of malaria, but so did it inspire prevention and treatment
methods. Prior to the 17th century, treatment was based on purging and bleeding, a
practice which killed more than it cured. Other remedies would, though bizarre include;
wearing of the largest tooth of a fish as an amulet, consumption of cold drinks containing
cucumber, camphor or garlic and eating of spiders in whole.%11 Other used practices

included slow skin cauterization by burning specific grasses.?

The efforts of individual scientist have contributed greatly to the advancement in
understanding of the disease and discovery of medicines for malaria. During the late 19th
century (1807), John Crawford, an Irish ship surgeon asserted the mode of transmission
to human, stating that “-by eggs insinuated without our knowledge, into our bodies,
through bites of animalcules and insect-like fleas— 7.9 By 1880, evidence of parasites in
blood was confirmed by Alphonse Laveran, a French military surgeon.!2 Through the work
of Patrick Manson and Ronald Ross (1897), elements of what would be known as oocytes
of P. falciparum in anopheles’ mosquitos after a blood meal where noticed.13 In the same
year, Giovanni Battista Grassi, Amico Bignami and Giuseppe Bastianelli, all Italian
researchers, showed that the female anopheles’ mosquito was the vector and responsible
for human-to-human transmissions. They also detailed the life cycles of 3 malaria species

(P. falciparum, P. vivax and P. malariae).14

The revolution of malaria treatment is known to have begun with the arrival of the Jesuits
missionary travelers, and the discovery of the properties of cinchona bark towards

malaria.!5 During the 1st world war (WWI), malaria was responsible for a high rate of death
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on the Macedonian front, and it was at this point that quinine, spiked with wine or spirits
(i.e., gin, given as gin-and-tonic beverage) was used as prophylaxis.1¢ The development of
synthetic antimalarials was equally spurred by war, after most cinchona plantations had
been destroyed because of it, and quinine supply became uncertain. Countries such as
Germany, Britain and Americal” took a lead into carrying out research and preparation of
the first series of synthetic antimalarials such as pamaquine, proguanil, mepacrine, and
chloroquine, leading up to the second generation sulfones and sulfonamides, and later on;

mefloquine, 8-aminoquinolines and peroxides derived from Artemisia annua.l?

The demystification of malaria took more than 4 millennia. This disease continues to be
one of the most debilitating diseases of humanity, affecting social, economic and health
problems especially in tropical, low- and middle-income countries. The fight against it has

never been more heightened than now.
1.2.2 Epidemiology

According to the latest (2019) World Malaria Report, nearly half of the world’s population
was at risk of malaria in 2018. In that year, an estimated 228 million cases occurred
worldwide with the African region continuing to bear the largest burden, accounting for
93% of the global incidence rate. P. falciparum is the most prevalent in the African region
while P. vivax has been known to be prevalent in the WHO South-East Asia region as well
as the America, and this strain was responsible for 53% and 75% of cases in those two
regions respectively.!® During the year 2018, 405,000 deaths were recorded, the WHO
African region accounted for 94% of total deaths. About 24 million children are estimated
to have been infected with P. falciparum, in sub-Saharan Africa and an estimated 1.8
million of them were likely to develop severe anemia. Of the total global death toll, 67%
were children under the age of five (5),!9 maintaining the unfortunate death of “one child

every two (2) minutes” statistic.

It has been reported that nearly 85% of all malaria cases in 2018 occurred in only 19
countries, and 18 of which are African countries and India (Figure 1.1), with Nigeria
topping the least with 25% incidence, followed by the Democratic Republic of the Congo
(12%). Although, the reduction in incidence of malaria has seemingly been stagnant since
2014, a gratifyingly steady reduction has been recorded from 2010, this is evident in the
number of cases recorded per 1000 population (71 in 2010 to 57; 2014 — 2018) as well as
mortality rate (23.3% in 2010 to 17.7% in 2018) in the last decade.
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Figure 1.1: Map of malaria case incidence rate (cases per 1000 population) by country in 2018!

The global malaria elimination net is widening. For instance, in the year 2000, there were
108 malaria endemic countries, compared to only 91 in 2018 (Figure 1.2). This represents
sixteen 16 countries in which malaria has been eliminated, that is; countries with zero
indigenous cases for over 3 consecutive years.!9 This can, in part be attributed to the
various malaria elimination and prevention strategies that have been established as well
as heightened investments in malaria research over the last decade. Cambodia, at the heart
of the Greater Mekong Sub-region (GMS) reported for the first time in the country’s history,
no malaria related deaths in 2018, additionally the region recorded a 76% drop in malaria

cases between 2010 and 2018, with a 95% drop in deaths.19

Il One or more indigenous cases B Certified malaria free after 2000
Zero cases in 2017-2018 1 No malaria

[ Zero cases in 2018 = Not applicable

Il Zero cases (>3 years) in 2018

Figure 1.2: Countries with indigenous cases in 2000 and their status by 2018!
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While countries in the Asia and South America continue to report zero indigenous cases,
this has not been the case in Africa, except for Algeria, which was certified malaria-free in
early 2019. Sub-Saharan Africa (SSA) is known to sit at the center of the global HIV
epidemic with the highest prevalence and incidence globally. In this region, women account
for about 57% of all people living with HIV.20 Coupled with the malaria burden in this
region, pregnant women are particularly at risk and vulnerable. The region has over 12
million women in their reproductive age, and over 1 million pregnancies each year are
complicated by the deleterious malaria and HIV coinfection, increasing the risk of
miscarriages, stillbirth and other birth complications.20.21 Other risk groups include,
children under the age of 5 years, non-immune individuals (mostly travelers and
immigrants)!® and sadly, the huge population of the poor and vulnerable living on an
economic knife-edge, whose illness from malaria continues to push them into a downward

spiral of poverty and vulnerability.22
1.2.3 Etiology, Life Cycle and Pathogenesis

Parasites of protozoan species and Plasmodium genus are known to cause malaria in
humans. There are primarily 4 species namely, P. falciparum, P. malariae, P. vivax and P.
ovale. Among these, P. falciparum is the most virulent and most prevalent, accounting for
the largest burden, especially in Sub-Saharan Africa, followed by P. vivax, which is
predominantly found in Asia, West Pacific and the Americas.1923 In recent years, P.
knowlesi, a species known to cause severe malaria in monkeys in South-East Asia and
closely related to P. malariae, has been reported to infect humans, regrettably making it
the 5t human malaria parasite.2* Infections resulting from P. malariae and P. ovale are
rare (<1%), especially in the African context. However, Asia, and particularly the
Philippines, Malaysia and Thailand have a high parasite load with P. malariae, which is

often regarded as potentially lethal P. knowlesi.19:24

In order to develop strategies for the control and/or prevention of malaria, the life cycle
and pathogenesis of the disease must be well understood. This is particularly important if
stage specific or multistage antimalarials are to be developed.26 Pathogenesis is defined as
the biological mechanism involved in causing a disease state, this involves various host
and parasite factors responsible for the manifestation of the disease.?” On the other hand,
the life cycle is a repetitive and cyclical sequence of changes through which a pathogen
goes before returning to some initial state, this may involve both asexual and sexual

stages.28

The life cycle of the malaria parasite (Figure 1.3) involves two hosts: the female Anopheles
mosquito and a human being. However, pathogenesis is only manifested in humans, while

the mosquito functions as a vector.2°
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Figure 1.3: Malaria Parasite Life Cycle.30

During a blood meal, the mosquito injects the parasites in the form of sporozoites into the
subcutaneous tissue and bloodstream of the human host, which then travel to the liver
(Figure 1.3). In the liver, sporozoites invade liver cells (hepatocytes) where they develop into
schizonts, a process called exo-erythrocytic schizogony, which takes about six (6) days.
The schizonts then rapture, each releasing tens of thousands of merozoites. In P. vivax and
P. ovale, it is during the liver stage at which, if untreated, dormant hypnozoites can develop
and persist for up to years in the liver and cause relapse at any point.27.31 Upon release,
the merozoites enter the bloodstream, where they invade red blood cells (RBCs) and initiate
the intraerythrocytic cycle or erythrocytic schizogony. It is during this blood stage when
disease manifests clinically (symptomatic). Merozoites grow and multiply inside the RBCs
to become trophozoites. Trophozoites have a uni-nucleate (ring stage) immature stage
which is followed by a maturity stage leading to the formation of schizonts (multi-nuclei
cells). Schizonts divide and rapture, producing more merozoites causing secondary
infection of RBCs, thereby setting the cycle of rapture and re-infection.2?7.30 During this
stage, toxic materials also spread to cause numerous malaria symptoms including fever,

shivering and in some cases, vomiting.3°

Not all trophozoites (ring-stage) mature into schizonts, some of them develop into
gametocytes, which are sexual forms (male and female gametes) of the parasite. However,
gametocytes cannot develop further in the human host, hence they would have to be
extracted by a mosquito again.30 Parasite development in the mosquito is called the
sporogonic cycle, and it begins with the uptake of gametocytes during a blood meal (Figure

1.3). Male and female gametes fuse together in the mosquito’s intestines and differentiate
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into oocytes, which undergo a series of mitotic divisions to become sporozoites. These
newborn sporozoites move to the salivary glands of the mosquito, ready for infection during

the next blood meal.30

The parasite manipulates the mosquitoes’ feeding behavior to facilitate its development
and survival. The production of oocytes has been shown to decrease the biting ability and
fecundity of the anopheles mosquito, and upon production of sporozoites, the probing

(biting) period and frequency of the mosquito is heightened.2?
1.3 Prevention, Control & Treatment of Malaria

Malaria prevention, control and treatment depends on the relationships of human,
parasite, and mosquito (intrinsic factors), with respect to environmental and socio-
economic (extrinsic factors). Interventions rely on vector control, antimalarial drugs,

personal protection, and research.32
1.3.1 Prevention and Control - Strategies and Methods

Malaria prevention and control are aimed at reducing the transmission of disease to a level

that is no longer a public health problem, or acceptable to the community.
1.3.1.1 Vector Control

Vector control measures are aimed at reducing the adult mosquito population, reduce their
lifespan of the anopheles (adult female) and prevent contact with humans. Most measures
take advantage of the characteristics and survival requirements of mosquitoes, with many
of the methods targeting the larval development and resting or feeding behavior of adult
mosquitoes.33 These strategies include; indoor residual spraying (IRS), personal protection
measures (i.e. insecticide-treated nets (ITNs) and repellents/insecticides) and genetic

control.

1.3.1.1.1 Indoor Residual Spraying and Insecticide Treated Nets

IRS involves the spraying of an insecticide inside residential walls and ceilings. It is
performed with a wearable hand-operated compression sprayer containing a suspension
of the insecticide active ingredient. Depending on the surface and insecticide used, the
effect can last for extended periods.34 Various considerations are taken into account in
selecting the insecticides, such as residual effectiveness, safety, environmental impact and
cost. Examples of WHO recommended insecticides include the organochloride derivative
dichlorodiphenyltrichloroethane (DDT) and organophosphates (malathion, fenitrothion
and pirimiphosmethyl) which requires once to twice (1 — 2) and three or more (> 3)
applications per year, respectively. DDT was particularly the major reason for the success
of malaria control in the 1950’s and 1960’s in southern United States, Caribbean islands,
south Europe and former USSR.33:34 Due to its efficacy, low cost and low toxicity, DDT is
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still in limited use in areas with a high malaria burden, although with rigorous control,
following a phase out recommendation by WHO in the mid-1990’s due to its harmful effects
to the environment and wildlife. Many regions have switched to pyrethroids such as alpha-
cypermethrin, cyfluthrin and etofenprox, although mosquito resistance to these has been

observed in areas like Kwazulu-Natal (KZN), in South Africa.34

The use of long-lasting insecticide treated bed nets (LL-ITN) has been an effective method
for vector control, saving lives of many children and pregnant women. A study (2014 -
2016) in Uganda involving 400 individuals showed that parasitemia prevalence remained
at 11.3% in children of less than S years old and >15% in order groups, even after the
combined use of LL-ITN and IRS (three rounds).3435 This study shows that there is no
guarantee these strategies, even when used together, can effectively eliminate parasitemia

and transmission.

1.3.1.1.2 Larval Control

Larval control using larvicides plays a useful role in vector control. This strategy requires
identification of potential breeding sites or places in communities. Intervention at this
stage guarantees the potential of larva not to develop into an adult mosquito. Insect group
regulators such as pyriproxyfen (granular form) can be used in water filled pits and ponds
to prevent larva metamorphosis.34 This strategy was particularly used in Sri Lanka , where
malaria eradication was nearly achieved in the 1960’s.3¢ In Kenya, the use of the highly
specific bacterial toxin Bacillus thuringiensis israelensis (Bt led to a reduction in the

density of Anopheles gambiae (An. Gambiae), when it was used in aquatic habitats.37

Other larval control strategies include the use of larvivorous fish species (e.g. Gambusia
and Poecilia), which are ardent feeders on mosquito larvae.38 This strategy was particularly
used in several villages in India, where the fish was stocked in village wells and ponds
(1998 — 2002). During this period, no malaria cases were detected. Additionally, it allowed
the villagers to continue their livelihoods without the threat of insecticide damage.34 The
challenge of larvicide usage is scaling to large scale coverage or national public

usefulness.34

1.3.1.1.4 Genetic Approach (The Gene Drive)

There are various genetic control strategies for malaria. However, the most common ones
involve the use of male mosquitoes to introduce genetic factors that prevent eggs from
hatching, prevent larvae survival or production of adult anopheles that are incapable of
transmitting the disease.3* In a technique called the Sterile Insect Technique (SIT), males
carrying sterilizing factors with lethal mutations (introduced via irradiation) are targeted

at population of females (An. arabiensis) that have not mated.3440

Dickson Mambwe
Ph.D Thesis 2021 8



Chapter 1: Introduction and Literature Review

Genetic engineering has led to the development of population-suppression mosquito
strains such as the ‘flightless female’ Ae aegypti. This strain has a genetic element encoding
for a toxin that destroys the wing muscles of females, this way, they are not able to fly and
search for food or oviposition sites. This gene is spread into the population by male-
carriers, which themselves are not affected by the transgene.#! Large cage trials for
population suppression using male carriers in Brazil and Florida (US) have been used.42
The introduction of CRISPR-Cas9-mediated gene-editing in 2012 opened a new paradigm
into vector control in malaria research with the first specific gene-mutants created by 2015
using Ae. aegypti, An. gambiae and An. stephensi*3 This genetic tool enables the
suppression of the reproductive capabilities of the mosquito population by targeting female
fertility genes or by introducing a sex distorter on the Y-chromosome in the form of a
nuclease designed to shred the X-chromosome during the meiotic stage. Both of these
strategies have the potential to cause a significant reduction in the number of fertile
females which would eventually collapse the population.45> Another strategy is modification
of females so that they could no longer support parasite development, either by knocking
out a mosquito gene needed for parasite transmission (e.g., a receptor recognized by the
parasite as it moves through the mosquito), or by introducing (‘knocking in’) a gene that
interferes with parasite development.4¢ Other genetic strategies include the change of the

anopheles’ host preference so that they feed on non-humans.

1.3.1.2 Chemoprophylaxis, Vaccines and Mass Drug Administration (MDA)
1.3.1.2.1 Chemoprophylaxis

Chemoprophylaxis is the administration of a drug to prevent the development of a disease.
The use of a chemoprophylactic agent is based on the knowledge of the epidemiology and
clinical implications of the disease for which the protection is being sought. The drug is
taken pre-exposure or after potential exposure to malaria.4” This strategy is highly
recommended for people traveling to malaria endemic regions. However, this strategy is

not prescribed as a remedy to the residents of malaria endemic countries.

Chemoprophylaxis is categorized as either primary or terminal. Primary chemoprophylaxis
refers to the use of an antimalarial drug 2 — 20 days before travelling to a malaria region,
continuation for the duration of the stay and for 1 — 4 weeks after return. To prevent the
establishment of infection in the liver by inhibiting the pre-erythrocytic schizogony,
primaquine and proguanil are administered as prophylactic agents. On the other hand,
the use of blood schizonticides like clindamycin and primaquine would suppress the blood
forms of the parasite and thereby protect against clinical illness. This is known as
suppressive chemoprophylaxis. Terminal chemoprophylaxis on the other hand, is the
administration of primaquine (usually with chloroquine) for two-weeks after return, to clear

the hypnozoites that may have developed from a P. vivax or P. ovale infection that can
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cause relapse. This is only prescribed for individuals who have had prolonged exposure in

malaria endemic regions.48

Although travel during pregnancy is discouraged, in an unavoidable circumstance, the
benefits of prophylaxis must balance against the risk of infection and the drug side effects.
Usually, combinations are used for pregnant women and these include; chloroquine-
proguanil, artesunate-mefloquine (second and third trimester only), atovaquone-proguanil

and sulfadoxine-pyrimethamine (SP).50
1.3.1.2.2 Malaria Vaccines

Malaria vaccine development began with seminal studies using irradiated sporozoites in
the 1960’s. There has been steady progress ever since although even after 50 years, there
is still no licensed product.5! Noteworthy, there are almost 20 candidates in development
at different stages, and RTS,S/ASO1 is invaluably the most extensively tested vaccine
candidate for the prevention of P. falciparum. The GlaxoSmithKline (GSK) vaccine
candidate has been in development for over 3 decades and is up to now the only vaccine
that shows protection against malaria in young children in a phase III trial.51,52 Following
a rigorous quality, safety and efficacy assessment by the European Medicines Authority
(EMA) and issuance of a positive scientific opinion in 2015, as well as that of the Joint
Technical Expert Group on Malaria Vaccines (JTEG) in early 2016, WHO recommended
pilot implementation of the RTS,S/ASO1 vaccine in distinct settings three (3) in sub-
Saharan African countries namely; Ghana, Kenya and Malawi, to generate critical evidence
that would enable decision making about potential for wider use.5253 This pilot program
was rolled out in April of 2019 targeting children from 5 — 24 months and is expected to be
completed by 2023.52 The WHO recommends the use of a 4 dose schedule, done under the
context of ongoing proven malaria control measures, particularly, the use of LL-ITNs,
access to rapid diagnostic testing (RDTs) and artemisinin-based combination therapies

(ACTs). If successful, RTS,S/AS0O1 will make a major milestone in the malaria field.51.52
1.3.1.2.3 Mass Drug Administration (MDA)

Another strategy that accelerate progress in malaria management is mass drug
administration (MDA).5¢ MDA is defined by the WHO as administering of a full therapeutic
course of antimalarial medicines, irrespective of the presence of symptoms or infection, to
a defined population living in a defined geographical area.55 The first objective is reduction
of transmission intensity and multi-drug resistance. This objective is envisaged to reduce
the parasite biomass in a community in order to prevent new infections for a certain period.
The second objective is the reduction of morbidity and mortality, especially during
epidemics when the health systems are overwhelmed and unable to provide core malaria
preventive and curative services. However, the logistical complexity of MDA requires a high

level of community participation for the strategy to be successful. This strategy has been

Dickson Mambwe
Ph.D Thesis 2021 10



Chapter 1: Introduction and Literature Review

particularly utilized in Cambodia, where 4 endemic villages randomized with 3 rounds of
MDA using a 3-day course of dihydroartemisinin—piperaquine (DHA-P). High coverage was
achieved and there were no clinical falciparum cases for at least 1 year.5¢ A similar study
has been conducted in Gambia in a low-transmission area with satisfactory results of

reduced malaria infection and clinical disease during the first 3 months.57

MDA has challenges relating to compliance especially if multiple dose regimens are used,
which is why a single-dose regimen would be very beneficial.58 Second, MDA can be
expected to select for drug resistance, especially when using an ACT with mixed
pharmacokinetics such as DHA-P.59 P. falciparum resistance to both artemisinins and
piperaquine has emerged in Southeast Asia, accompanied by unacceptable failure rates
for treatment with DHA-P.5° Thirdly, the potential for cardiotoxicity as a result of DHA-P
use has been a concern, even though there has not been any clinical manifestation of this

risk.58
1.3.2 Malaria Chemotherapy — Current Status and Challenges

Effective as malaria control and preventive measures may be, malaria infections do
happen, and these are treated by use of antimalaria drugs. Since the isolation of the first
chemically pure and effective antimalarial, quinine (Figure 1.4) in 1820, there have been
other synthetic and natural compounds developed.®! Additionally, the complexity of the
parasite life cycle renders it druggable at different stages, either with mono or combination
therapies.®2 However, most of these drugs have been rendered less active over time due to

the emergence of resistant parasites.

Chloroquine (CQ, Figure 1.4) was the first synthetic antimalarial to be produced on a large
scale. It’s usage dates back to the 1940s. It was used for the treatment of virulent P.
falciparum and the so-called benign malarias P. malariae, P. vivax and P. ovale, targeting
the blood stage of these parasites.®3 Although it remains effective against the benign
malaria, P. falciparum resistance to CQ was first reported as early as 1950, and over the
years, leading to the development of laboratory strains such as K1, W2, 7GB, Dd2 etc.
which are used in potency assays as a way of showing efficacy and stratifying molecules
with cross-resistance. CQ remains in use for P. vivax in endemic regions where resistance
has not developed.¢! Mefloquine was originally developed and introduced for the treatment
of CQ-resistance malaria in the 1970’s by the United States (US) army. It has been used
both as a prophylactic and curative drug. It is still sold in racemic form as lariam.
Halofantrine, which is more active against P. vivax than mefloquine, was another drug
developed by the Walter Reed Army Institute of Research for the treatment of all forms of
human malaria. Unfortunately, the use of halofantrine diminished due to undesirable side

effects relating to cardiotoxicity.61,64
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Currently, the WHO recommends the use of artemisinin-based combination therapy (ACTs)
which use a highly efficacious, fast- and short-acting artemisinin derivative, in
combination with 1 or more complementary compounds which are long acting and
possessing a different mechanism of action.®! This way, there is complete protection to
resistance towards artemisinins. Additionally, dosing convenience is facilitated.®5
Artemisinin was first isolated in 1971 from the Artemisia annua plant, a herb commonly
used in Chinese medicine and has been shown to be efficacious against all multi-drug
resistance (MDR) forms of P. falciparum. The most common derivatives of artemisinin
include artemether, artesunate, dihydroartemisinin (DHA) and arteether (Figure 1.4). Some
of the common ACTs include; artesunate-sulfadoxine-pyrimethamine, artesunate-
amodiaquine, artemether-lumefantrine, artesunate-mefloquine, artesunate-pyronaridine,

dihydroartemisinin-piperaquine and artesunate-atovaquone-proguanil.61,65
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Figure 1.4: Chemical structures of some antimalarials in clinical use

The mechanism of action of artemisinins has been a subject of debate. The most accepted

theory is that the molecule is activated by haem to generate free radicals which have a
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deleterious towards proteins essential for parasite survival.6! Although slow to develop,
resistance towards artemisinins was reported in western Cambodia in 2008,%6 ten (10)
years down the line, 30 independent cases or artemisinin resistance were reported in

Southeast Asia, especially with the DHA-piperaquine ACT.67

Amodiaquine (AQ) has a similar mode of action (MoA) to CQ and is mainly used to treat
uncomplicated P. falciparum malaria, usually in combination with artesunate (as
camoquine® or coarsucam™).61 Lumefantrine is thought to act by inhibition of nucleic acid
and protein synthesis through the inhibition of hemozoin formation via complexation with
haematin. It is currently used in combination with artemether under the coartem® trade
name.b1.68 Atovaquone-proguanil has been an effective combination for CQ-resistance
malaria with synergistic effects. These two drugs have different mechanisms, with
atovaquone being a cytochrome bci; complex inhibitor which blocks mitochondrial electron
transport,®® while proguanil is a potent inhibitor of dihydrofolate reductase (DHFR)
resulting in disruption of deoxythymidylate synthesis.®® Antifolates pyrimethamine and
sulfadoxine (Figure 1.4) are both parasite folate biosynthesis pathway disruptors, and are
used in combination as SP under the trade name Fansidar® and constitute a WHO-
recommendation for pregnant women as an intermittent preventive treatment in pregnancy
(IPTp) course. It is administered at each of the three antenatal care visits in the third
trimester. In addition to its suppression and clearance of asymptomatic infections from the
placenta, SP provides prophylaxis for up to 6 weeks post-treatment.61.62 Pyronaridine,
another hemozoin formation inhibitor is used in combination with artesunate (as
Pyramax®) against CQ-resistance strains.®! More recently, tafenoquine (TQ), sold under the
brand name krintafel, has been approved as the first new single-dose treatment for radical
treatment of P. vivax. It is thought to be a pro-drug which is metabolized to active quinine-
TQ.61,72

The continuous emergence of resistance towards artemisinins in countries in the GMS
pauses a threat to the current effective regimen for malarial treatment. Additionally, the
current antimalarial drug portfolio has several shortcomings that need immediate
attention. Therefore, the need for development of affordable and structurally diverse
antimalarials that not only offer chemoprotection, but also prevent re-infection by having

multi-stage activity and potential for single dose curative properties is required.
1.4 Antimalarial Drug Development Pipeline

The Medicines for Malaria Venture (MMV) is a non-governmental public-private
partnership whose mandate is to lead an effort to develop new antimalarial treatments by
collaborating with various partners along the drug development (academia and big
pharma) value chain, from the very early stage of drug development and lead optimization

(LO) to the progression of preclinical candidates through to clinical trials and ultimately,
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introduction of a new drug to the market.6! Since its establishment in 1999, it has front-
lined efforts to introduce new antimalarial drugs using a robust and strict progression
criteria which demands: novel modes of action without cross-resistance to current
antimalarials, single-dose curative properties, activity against both asexual blood (disease
causing) and gametocytes (transmission blockers), compounds that prevent infection
(chemoprotectives) and those that target the liver stage in P. vivax (anti-relapse agents).
Figure 1.5 shows the various MMV supported projects at various developmental stages in

the current antimalarial drug pipeline.26.61

In addition to identification of new antimalarials, another way of discovering new
antimalarials is the exploration of new combination partners and repurposing of old drugs.
The former is now a strict routine requirement aimed at combating resistance for newly
discovered molecules or assist in the delivery of a drug thereby allowing it to be effective,
and the latter is advantageous since the compound(s) would have already shown efficacy

and safety profiles during development for the initial disease indication.®?
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Figure 1.5: MMV supported projects at different stages of the development pipeline (A redraw adapted from the MMV-supported projects webpage).”3
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Examples of repurposed drugs currently in development include methylene blue, which is
also a synthetic dye, used to treat methemoglobinemia, it is in development as an
antimalarial in combination with primaquine having completed phase II trials in 2017.
Fosmidomycin, an antibiotic completed phase II trials in 2015 in combination with
piperaquine. Imatinib is a cancer drug currently in phase II trials as a triple combination
with DHA and piperaquine. Sevuparin is a sickle cell therapeutic currently in phase I/II

clinical study in combination with atovaquone-proguanil (Figure 1.5).61

The chemical structures of some of the novel antimalarial drugs in development are shown

in Figure 1.6 below.
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Figure 1.6: Chemical structures of some novel antimalarials in development

A number of review articles have been published in the recent years giving full details of
the discovery and development of drugs which are currently in preclinical, translational,

patient exploratory and product development phases of the malaria pipeline.61.62
1.5 The Malaria Endgame & Global Technical Strategies

There has been progress in the malaria armamentarium over the last decade, which has
translated to a dramatic increase in the diversity of new molecules present in the pre-
clinical and early development pipeline. To say the least, the development of resistance to
the first-line effective artemisinins in the GMS and the need to provide simplified medicines

has driven this paradigm shift. In 2007, the WHO in partnership with the Bill and Melinda
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Gates foundation announced their strategic long-term goals for the eradication of

malaria.26

This has shifted the focus on malaria eradication rather than control and requires different
types of profiles for antimalarial medication. Using what has been learned about new
medicines in the pipeline, and the challenges of elimination, a clear road maps on profiles
of new therapy have been discussed and formulated by the global malaria community
leading up to the proposal of target candidate profiles (TCP) and target product profiles
(TPP).26,74 In TCP, the ‘candidate’ refers to an individual molecule, and global MMV
portfolio, these molecules are in either formal regulatory preclinical safety assessment or
in human volunteer studies. In TTP, the ‘product’ refers to a final access-ready product,
which may contain two (2) or more active candidates in the appropriate formulation.26 TPP
guidelines have been adopted by the regulatory agencies as a minimum requirement and
provides a platform for shared agreement of what constitutes a successful drug. These

guidelines are discussed in this subsection.
1.5.1 Single-Dose Cure (TCP; & TCP5)

This profile has also been termed as the single encounter radical cure and post-treatment
prophylaxis (SERCaP). To achieve this, there would ideally be needed to combine two or
more molecules, a fast-acting molecule which rapidly clears parasite load, with a long-
acting partner capable of killing off the residual parasites and offer longer protection.”4
TTP: & TTP; would ensure transmission prevention, and foster compliance through
simplification of the therapeutic regimen from three (3) to six (6) doses, to only one (1), that
which can be given after a single encounter with a health worker.26 According to the MMV
experience, successful compounds should typically have in vitro activities with an ICso or
ECs0 < 10 nM against laboratory-adapted strains and clinical isolates, and a single-digit
EDgo (mg.kg1) in vivo efficacy in a relevant humanized mouse model of P. falciparum i.e.
the human erythrocyte-engrafted severe combined immunodeficient (SCID) mouse
model.74.75 It should, however, be noted that the goal-post is not fixed, and the priority
would change especially in regions where current therapy is incapable of producing
adequate clinical and parasitological response (ACPR). The focus in that case would be an

active molecule on existing resistant strains, rather than simplification of cure.
1.5.2 Multi-Stage Antimalarial Activity

In addition to erythrocytic-stage killing, TCP3 requires that an ideal combination be also
able to prevent relapse resulting from hypnozoites of dormant liver stages (P. vivax) and
the sexual stages of the parasite either in the human or the mosquito. While primaquine
has this activity profile for preventing P. vivax it needs to be given for up to 14-days to
reliably clear the P. vivax hypnozoites, which brings about compliance issues, additionally
it causes hemolysis in glucose-6-phosphate dehydrogenase (G6PD)-deficient patients and
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has gastrointestinal adverse effects.26 The P. cynomolgi infected primary rhesus

hepatocytes are now the only available system for testing for this profile.76

New molecules would require possessing anti-gametocyte activity in combination to long-
acting pharmacokinetics, this is particularly a challenge for artemisinin derivates, which
are active against late-stage gametocytes (LG IV/V), but do not prevent malarial clinically
on their own due to their short half-lives. Respectively, the standard membrane feeding
assay (SMFA) or mouse-mouse transmission models are used to assess formal

transmission to the mosquito vector and in the mammalian host.26,74

TCP4 stipulates drugs that offer chemoprotection by targeting pre-erythrocytic stages,
which would prevent manifestation of malaria. With the challenges associated with the
discovery of a vaccine for a protozoan parasite like Plasmodium, chemoprophylactic drugs
offer the best option since quinine.”4 This can be achieved by killing sporozoites, schizonts
or the parasites at the point where they emerge from the liver stages before they infect the
RBCs. The current gold-standards atovaquone/proguanil and mefloquine are far from ideal
due to the daily to weekly frequency of administration, although cost factors will be an
important consideration for such a drug. An alternative would be a slow-release

formulation of a potent and efficacious chemoprophylactic agent.*

1.5.3 Resistance Armored Novel Chemotypes

As covered in TCP;, resistance can also be avoided by development of new and novel
chemotypes that do not share a similar mechanism of action or resistance with an already
existing drug. The open-access Malaria Box offers several different chemotypes for which
resistance cannot be generated using the current laboratory strains and clinical isolates
from geographical regions of established antimalarial drug resistance. Priority to pan-
active molecules from the scaffolds in this box would be prioritized for optimization

alongside target identification.26,78
1.6 Cardiotoxicity in Drug Discovery & Development

Cardiovascular diseases are among the causes of death globally, and drug-induced
cardiotoxicity is one of the leading causes of drug withdrawals. The risk of cardiotoxicity
for a drug is typically tested by an in vitro inhibition of the human-ether-a-go-go-related
gene (hERG), which encodes K+ channels. The hERG K+ channels are expressed in a range
of tissues including neurons, smooth muscles, and neuroendocrine glands but primarily,
they are best characterized in cardiac cells (myocytes). The hERG channel current has
been shown to have properties similar to the rapidly activating delayed rectifier K+ current
(Ixr), and plays a crucial role in the normal cardiac action potential repolarization in the
mammalian heart.80.8! The hERG K+ channel is one of great medical relevance, such that
inherited mutations on the encoding genes (hERG, KCNQ; etc.) or drug-induced blockade

there-of, results in rare congenital long-QT syndrome (LQTS) which increases the risk of
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developing fatal cardiac arrhythmias such as torsades de pointes (TdP).80:82 Young and
otherwise healthy individuals manifest LQTS on an electrocardiogram (ECG) as shown in

Figure 1.7, as sign of either inherited or drug induced abnormal cardiac repolarization.84.85

Normal ECG Long-QT
R R
- T p T
Q Q
s s

QT Interval QT Interval

Figure 1.7: Schematic showing an ECG with a normal (left) and prolonged (right) QT intervals (Image

obtained from Labmedica.com).8¢

Since the withdrawal of most approved drugs due to this liability, it has become common
practice to screen compounds for hERG channel inhibition activity early during the drug
discovery process, additionally, understanding the molecular basis of drug binding to

hERG is crucial for the rational design of drugs that would be devoid of this risk.87

1.6.1 Inhibition of the human-ether-a-go-go-related gene (hRERG) Potassium

Channels: Structural Basis for Drug-Induced Cardiac Arrhythmias

The biophysics of the cardiac action potential in relation to the electrocardiogram (ECG)
has been extensively studied and discussed, establishing that nanomolar blockade or
inhibition of the hERG channel by certain drugs can result into action potential duration
prolongation and consequently increase the QT interval.88 To date, the crystal structure of
the hERG channel has not been solved. However, the recent determination of the hERG
channel structure using single-particle cryo-electron microscopy (cryo-EM) provides useful
insights into how these channels work. It also suggests a way forward in the quest to
understand why these channels are so promiscuous to drug binding.82 Currently, in silico
and ligand-based models have presented a useful starting point and strategy to develop
new hits or drug leads with a good balance between potency and cardiac toxicity. These
methods have furnished the understanding of how the hERG channel fits with a molecule

giving a clue to better understand and inform drug design.s9

Briefly, hERG is a member of the family of voltage gated K* channels (Figure 1.8), it is
composed of four (4) identical subunits that each contain six transmembrane-spanning

domains (S1 — Se).
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Selectivity
Filter

Figure 1.8: Left: Voltage gated K* channels exist as homotetramers with each subunit containing
six transmembrane domains, and a pore helix interposed between the fifth and sixth TM domains.80
Right: Schematic depiction of the putative interactions between a spiropiperidine-based

antiarrhythmic agent MK-499 and the hERG channel.88

The S4 domain contains six (6) positive charges, while the amino acid sequence that
extends from the beginning of the Ss to the end of the Se, in each of the subunits, form the
pore and the selectivity filter of the channel.88 Mutations and homology modelling studies
derived from Streptomyces lividans KcsA K+ channel crystal structure show that aromatic
residues phenylalanine-656 (F656) and tyrosine-652 (Y%52) on the S¢ domain are important

for interactions with the potent hERG blocker MK-499 (Figure 1.8).82,88

Ekins and co-workers used the Catalyst® software to generate a pharmacophore based on
fifteen (15) molecules from the literature. In their analysis, they depict a pharmacophore
(Figure 1.9) with four hydrophobic features (which are not necessarily simultaneous and
present in all the considered molecules) and one positively ionizable group, exemplified by
hERG blocker terfanidine.8990 Cavalli and co-workers adopted a “constructionist”
approach to generate a pharmacophore construct, consisting of a crystal structure of
antihistamine drug astemizole, a potent hERG blocker (ICso: 0.9 nM), onto which they
overlapped 30 other molecules starting from those with similar geometric and spatial
characteristics.91 The superimposition led to the identification of further pharmacophoric
features which were used to develop a CoMFA® model correlating the 3D stereo-electronic
characteristics of the molecules with their hERG blocking potency. This model consists of

one protonated nitrogen function and three aromatic rings (Figure 1.9).88.89

The similarity of the two models is the presence of an ionizable function (basic protonatable
nitrogen) bearing hydrophobic groups located at similar distances. It is evident that most
hERG channel blockers have a tertiary amine group, which gets protonated at physiological
pH and plays an important role for the binding of the molecule and hERG channel, this
happens via hERG Sg Y652 participation in n—cation type interactions with the protonated
nitrogen.89,92 Additionally, molecular aromatic rings (hydrophobic moieties) are associated
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with n-stacking or hydrophobic interactions with aromatic rings of amino acid residue F656

within the hERG channel cavity (Figure 1.8).88.89
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Figure 1.9: Schematic representation of Ekins’, Cavalli’s and Pearlstein’s hERG pharmacophores.

A redraw adopted from Amanda et al.89

Pearlstein et al. used a CoMSiA® 3D QSAR approach to analyze hERG inhibitors to derive
a pharmacophore which confirmed Ekins and Cavalli models. This model highlights that
molecules which penetrates the hERG channel pore from the intracellular side might
orientate themselves with the long ‘tail’ pointing towards the selectivity filter of the channel
and the hydrophobic head or ‘handle’, which blocks the intracellular entrance (Figures 1.8

and 1.9).89.93

Chloe’s model arising from molecular docking of 69 known hERG blockers and ICso
distribution suggests a three key interaction model, in which the hydrogen bond between
the protonated nitrogen of the channel blocker and the carbonyl oxygen of hERG residue
threonine-623 (T623) below the selective filter in the S¢ domain plays a key role, in addition

to the m—cation and ni—stacking interactions present in the standard model.89.94
1.6.2 Strategies to Reduce hERG affinity

The hERG challenge lies on balancing its affinity without altering the preferred biological
effect, therefore in lead optimization, the objective would be to identify which parameter(s)
influences ion channel inhibition without disrupting the desired pharmacological effect

and other drug-like properties.

Some of the strategies that are used, from the understanding of the underlying mechanism
of ligand-hERG channel binding include: formation of zwitterions, control of clogP, pKa
lowering, n-n stacking altering, equatorial axis modification, chain rigidification and subtle
modifications.89 A description of each of these strategy is hereby given and where

necessary, examples are provided.
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1.6.2.1 Formation of Zwitterionic Species

This approach physically limits the membrane permeability of a compound through
formation of a zwitterionic species. This can be achieved by introducing a carboxylic acid
moiety into a compound containing a basic tertiary nitrogen. This consequently prevents
access of a drug molecule to the transmembrane binding site and thereby minimizing any
potential interaction with hERG. The shortcoming of this strategy is that by virtue of being
a zwitterion, the molecule would have poor cell membrane permeability and consequently,

suboptimal oral bioavailability attributed to poor absorption.8s

This approach has been widely employed especially after the discovery of fexofenadine (2,
Figure 1.10), a primary in vivo metabolite of antihistamine drug terfenadine (1).
Terfenadine was initially discontinued after indications of TdP was associated with its use.
It was later discovered that the primary metabolite is a carboxylate, which was also
responsible for the observed therapeutic effects of the parent. Additionally, the active

metabolite exhibits significantly low affinity for hERG and no effects on the QT interval.88.95
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Figure 1.10: Structures of Terfenadine (1), its metabolite Fexofenadine (2) and hERG optimization
of DPP4 Inhibitor 3 using the zwitterion approach.

There are several literature examples of the use of the zwitterion approach to counter
hERG, either by introduction of the carboxylic acid moiety or its bioisosteres,%6-98 for
instance, conversion of biaryl-B-methylphenylalanine carboxamide 3, a dipeptidyl
peptidase-4 (DPP4) inhibitor to the carboxylic acid analogue 4 gave a 16-fold reduction in
hERG activity, while retaining potency against the DPP4 target. However, as previously
mentioned at the beginning of this subsection (1.6.2.1), there is often tradeoff between
selectivity over hERG and oral bioavailability of carboxylates. Therefore, in this particular
case, a concomitant reduction in oral bioavailability was observed between the two
compounds (3, F = 67% — 4, F = 16%; Figure 1.10). This emphasizes, under certain

circumstances a limitation for the utilization of this approach.
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1.6.2.2 Control of Lipophilicity (clogP)

High lipophilicity (clogP) has been shown to be one of the key determinants of hERG
selectivity. Therefore, lipophilicity-lowering strategies, for instance, incorporating groups
with hydrogen-bonding potential and the replacement of high lipophilic groups with less
lipophilic ones have proved to be useful in controlling the selectivity over hERG.88.99 Other
clogP lowering strategies include; exploration of polar bulky substitutions,100 deletion or
saturation of an aromatic group thus removing an important pharmacophoric element for
hERG binding,0! or replacement of said aromatic moiety with other groups like the nitrile,
amide or urea have all shown significant reduction in lipophilicity, improving the

pharmacokinetics and selectivity over hERG.88,102
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Figure 1.11: The use of lipophilicity lowering strategy to reduce hERG affinity. Structures of BACE-
1 Inhibitors 5, 6 and KDR Kinase Inhibitors 7 and 8

In an SAR study of aminoxazoline xanthene 5 (Figure 1.11) an inhibitor of S-site amyloid
precursor protein cleaving enzyme 1 (BACE-1), introduction of hydrophilic groups on such
as morpholine (6) or other polar hydroxyl groups resulted in compounds with up to >22-
fold lower hERG activity.103 Likewise, reduction of cLogP from 3.23 to 0.66 by replacement
of phenyl group in transmembrane receptor tyrosine kinase (KDR) inhibitor 7 with nitrile
8 resulted in a 45-fold reduction of hERG potency. Within the series, the polar N-
substituted piperazine substitution was also found to be crucial in maintaining an overall

optimal PK and hERG profile.88,101
1.6.2.3 Attenuation of pKa (Reduce Basicity of Nitrogen)

Tertiary amines are more basic than secondary and primary amines. Therefore, the
presence of a tertiary amino (protonatable) group increases the likelihood of the compound
to block the hERG channel.?3 Conversely, decreasing the pKa of the amine has the potential
to decrease hERG potency by destabilizing the protonated (ammonium ion) species and
preventing their interaction (ri—cation) with aromatic residues lining the pocket of the
hERG channel.88 Notable success has been achieved through introduction of fluorine, a
hydrogen bioisostere, at the S-position to the amine, the F-inductive effect allows for the
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decrease in basicity commiserating less activity at k., while having a negligible effect on
the ligand size and lipophilicity.8® Larger pKa reduction can be accomplished with
introduction of a hydroxy, alkoxy or keto group at the B-position to the amine, although
this maintains lipophilicity to a lesser extent than fluorination.88.89.104 Other basicity
reducing strategies include replacement of piperidine with piperazine, pyrrolidine or
morpholine, which additively reduces cLogP.101.105.106 This strategy is, however, less
effective for less tractable classes of compounds where the basicity of the nitrogen is critical

for potency.
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Figure 1.12: The use of basicity (pKa) lowering strategy to reduce hERG affinity. Structures of T-
type calcium channels antagonists 9, 10 and HDAC Inhibitors 11 and 12

Beta (3) mono fluorination has particularly been utilized in the discovery of selective T-type
calcium channel antagonists as antihypertensive agents. Fluorine incorporation in 9
(Figure 1.12), as a pKa reducing strategy shows a reduction in hERG activity, while
improving potency in the high-throughput cell-based calcium flux (FLIPR) assay, as
observed in B-fluoro analogue 10.197 In another instance, introduction of a trifluoromethyl
(CFs3-) group in hydroxamate-based histone deacetylase (HDAC) inhibitor 11 abolished
hERG affinity (12). In this case, the amine basicity was modulated at an ‘insulated’ position
from the other variables and consequently, HDAC activity was not obfuscated

significantly.88,89,108
1.6.2.4 Altering pi-pi (n—n) Stacking

As described previously in section 1.6.1, n-n interactions between aromatic moieties in a
drug molecule and those of the residues of amino acids Fese and Yes2 on the S6 domain of
the hERG channel, are important components to hERG affinity. Thus, strategies that
impair such interactions may help in minimizing hERG channel affinity. Such strategies
include; aromatic moiety saturation, deletion, replacement with smaller aliphatic moieties,
or ring substitution with polar deactivating/electron withdrawing groups such as amide,
nitro, or sulfone/sulfoxide moieties, or removal of an electron-donating group.88109-111

These ring substitutions significantly reduce p-electronic density thereby altering m—m
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interactions between phenyl ring and aromatic residues.!%® Ortho-substitution (e.g.
methylation) in bi-aryl systems also disrupt n—nt stacking by forcing the molecule out of
plane. Other strategies include, introducing a nitrogen heteroatom in a phenyl moiety to

yield a pyridine, pyrimidine, pyrazine or pyridazine.112
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Figure 1.13: The use pi-pi (n-n) stacking disrupting strategies to reduce hERG affinity. Structures
of NVDCC 13, 14 and PKG Inhibitors 15 and 16

For instance, disruption of -1t interactions was successfully utilized to minimize hERG
inhibition of tetrahydro-isoquinolone 13 (Figure 1.13), an N-type calcium channel blocker
(NVDCC) used for the treatment of neuropathic pain. The bioisosteric substitution of the
phenyl group to an aliphatic ring in 14 improved selectivity over hERG channel inhibition
by 6-fold.89.113 In the same way, replacement of the p-fluorophenyl group of
antiplasmodium cGMP-dependent protein kinase (PKG) inhibitor 15 by a cyclopropyl
moiety in 16 attenuates hERG inhibitory by 4-fold while maintaining the biological activity

of the derivative.89,114
1.6.2.5 Subtle Modifications

For certain chemical families, the strategies described above may not be successful. Subtle
or discrete changes in the molecular architecture of a hERG inhibitor which results in
minimal overall impact on molecular properties, can play a significant role in disrupting
putative interactions and affect affinity for the hERG channel.88 For instance, the
replacement of the central spiro piperidine-pyrrolidine linker in antitubercular
benzothiazinone 17 (Figure 1.11) by an azabicyclo[2.2.2]octane ring in 18 showed a

significant decrease in hERG affinity while maintaining potency.
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Figure 1.14: Subtle modifications as a strategy to reduce hERG affinity. Structures of antitubercular

agents 17, 18 and anti-metastatic agents (LOX Inhibitors) 19 and 20

In the same SAR study, replacement of the p-fluoro-benzyl moiety in 17 with p-fluoro-
phenyl (-CH»- deletion) brought about even lower hERG potency (23% Inhibition at 10 uM)
with retained antimycobacterial activity.!’5 In the development of a series of 2-
aminomethylene-5-sulfonyl-thiophenes as lysyl oxidase (LOX) inhibitors for cancer
therapy, introduction of a methyl sulfone substitution greatly increases the biological
activity but also influenced hERG affinity. Interestingly, the regio-position of the sulfone
moiety played a critical role in controlling hERG binding with up to ~15-fold improvement

between the meta-(19) and the para-sulfonyl (20) derivatives (Figure 1.14).116

1.6.2.6 Stereoselective & Combination Effects

Several studies have shown and emphasized the potential of stereoselectivity between
distinct enantiomers towards hERG channel blockade.17 One of the first demonstration of
this effect was by Kanai et al when they disclosed that anesthetic (S)-bupivacaine was a

more potent hERG inhibitor than (R)-bupivacaine.89,118
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Figure 1.15: Stereoselective and Combinations in attenuating hERG affinity. Structures of

anticancer agents 21, 22 and diastereomers Quinine and Quinidine
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In the same context, quinidine (antiarrhythmic) and its dextrorotatory diastereomer
quinine (antimalarial), do not only have different pharmacological profiles, but also differ
in their level of interaction with hERG K* channels (Figure 1.15) . Both quinidine and
quinine show prolongation of the QTc interval, but the maximum change after quinine
infusion has been shown to be approximately half of that observed after quinidine infusion.
However, no significant cardiotoxicity has been reported in large prospective studies
of quinine in both uncomplicated and severe falciparum malaria, with total plasma
concentrations up to 20 ug/mL in vivo. By contrast, at comparable concentrations of
free drug quinidine is hypotensive and causes marked QT prolongation.1!9 In another
example involving novel anti-cancer pyrrolidinone-based farnesyltransferase (FTI)
inhibitors, the (S)-analogue 21 (Figure 1.15) showed a significant 60-fold drop in hERG

affinity achieved by preparation of a diastereomerically related (R)-analogue 22.120,121

Evidently, there are no absolute rules which can be used in early stages of drug
development for the detection of an effect on cardiac repolarization, but several principles
can be emphasized as highlighted in this concise review. Some of these strategies will be

used in this project.
1.7 Solubility in Drug Discovery & Development

Poorly soluble compounds not only create issues for in vitro and in vivo assays in early
drug discovery, but also place a significant burden on clinical drug development. Typically,
compounds with insufficient solubility have a higher risk of attrition and associated higher
costs in development.122 Drug absorption, sufficient bioavailability and a favorable
pharmacokinetic profile in humans are among the major challenges in oral delivery of new
drug substances.!23 The oral bioavailability of a drug is dependent on the degree of
intestinal absorption which is in turn affected by solubility, permeability and the pre-
systemic metabolism. Therefore, low solubility will limit absorption and cause low oral
bioavailability of a drug. Additionally, poorly soluble compounds are more susceptible to
food effects and often exhibit large individual variability for in vivo exposure.122-124 [t is,
therefore, important that drug discovery programs (during compound design and
optimization) as well as pharmaceutical development programs (early and late stages)

generate drug candidates with sufficient aqueous solubility.124

Medicinal chemists have a huge challenge to design small molecular entities (NCE’s) with
balanced multiple crucial parameters. This balance must be established between target
potency, minimal off-target activity, absorption, distribution, metabolism and excretion
properties (ADME), safety properties, efficacy in preclinical models and patentability.122
Ideally NCEs should have sufficient solubility to ensure adequate drug exposures in
preclinical pharmacokinetic, efficacy and toxicology studies to ultimately underwrite
clinical candidate selection.125 Several approaches have been developed to improve

solubility of initial screening hits and during the lead optimization (LO). Some successful
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strategies are discussed in this section and where necessary, examples are cited from

literature.

1.7.1 Chemical Strategies to Improve Solubility
1.7.1.1 Reduction of Lipophilicity

Lipophilicity lowering strategies often translate to improved aqueous solubility. Some of
these are similar to those already outlined in Section 1.6.2.2 for the control of clogP in
hERG attenuation. These include: replacement of or substitution aromatic moieties with
groups that have hydrogen bonding capability, removal or replacement of halogen atoms
and methylation of amides.!26 Removal of or reduction of alkyl chain length allows for the
freedom of movement into different orientations and conformations which influences the

crystal packing and consequently reducing solubility.127
1.7.1.2 Introduction of Ionizable Groups and Salt Formation

Incorporation of water solubilizing groups is a widely used strategy to improve solubility.
This strategy is most effective if used at positions that do not alter other important
properties like potency. Such groups include amino, tetrazoles, hydroxyl-cyclo-alkyl,
sulfoxide, sulfone, hydroxyl, amide, carboxyl, and phosphate.!28 For instance, the use of
alkoxy amines tethered to the core pharmacophore has been successfully applied in the
discovery of calcium channel blocker amlodipine,129 estrogen receptor modulator
tamoxifen!30 and farnesoid X receptor (FXR) agonists!3! with a significant increase in

solubility compared to the original lead molecules.
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Figure 1.16: Examples of chemical modification approaches to improve solubility

As shown in Figure 1.16, introducing a basic amine as an ionizable center in lead
compound 23 (an FXR agonists), and a floppy tail to disrupt the crystal packing led to
improved solubility and metabolic stability, translating to high oral bioavailability of drug
candidate 24. This example also shows the opportunity that lies in ionizable groups to
form salts which generate superior biopharmaceutical properties.122,131 An appropriate salt
form can increase dissolution rate and lead to faster and more complete oral absorption
[that is: shorter Tmax, higher Cmax and area under the curve (AUC)].122 An additional
example is that of anti-inflammatory drug Piroxicam, the salt form show significant

increase in dissolution rate and oral bioavailability compared with the neutral molecule.32
1.7.1.3 Disruption of Molecular Planarity

Under certain circumstances, classical approaches described above do not bring about
improved solubility without interfering with biological properties by disrupting the ligand-
target interactions. 133 One other approach that has been utilized to avoid drastic structural
changes is the disruption of molecular planarity and symmetry. The relationship between
solubility, lipophilicity and melting point can be summarized in the equation below, derived
by Yalkowski.133 It shows that melting point is related to crystallinity and crystal packing
energies while log P is a measure of the interaction of the solute with water. Since crystal
packing (n-n) stacking) of a molecule is influenced by both molecular planarity and

symmetry, it can be expected that disruption of planarity would result in a decrease in the
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crystal packing efficiency and melting point thereby improving solubility.!33 Additionally,
reduction in the melting point has been correlated to increase in molecular sp3 character,
defining molecular complexity (presence of chiral centers), which leads to soluble

molecules with a high propensity of clinical success.134
Log (solubility, M) = 0.5 — (log P) — 0.01([melting Point, °C] — 25)

Crystal packing reduction strategies such as, partial, or complete ring saturation (increase
sp3 character), removal of aromaticity, introduction of substituents (i.e., methyl group in a
bicyclic structure in such a way that increases the dihedral angle and twisting of fused

rings have all been proved to be useful in improving solubility.

In one example, Ishikawa and co-workers successfully improved solubility of -
naphthoflavone (Figure 1.16) an a biaryl hydrocarbon receptor (AhR) agonist, an inducer
of detoxification enzymes such as CYPs.133 Subtle introduction of a one or two methyl
group(s) at the ortho-position in the biaryl system increased the solubility by 4-fold and
15-fold respectively. Using density function theory calculations, they showed substantial
increase in the dihedral angle in both the mono-methylated (37.9°) and di-methylated
(70.0°) analogues compared to the unsubstituted parent molecule (17.8°) which shows a
complete twisting of the molecule out of plane reducing crystal packing. Fluorination also

brings about a similar observation.133
1.7.1.4 Prodrug Approach

A Prodrug is a bio-reversible derivative of a drug molecule that must undergo an enzymatic
and/or chemical transformation in vivo to release the active parent drug, which can then
exert its desired pharmacological effect.135 Prodrug approaches are frequently applied to
improve solubility of insoluble compounds, enhance oral absorption and enable safe and
effective intravenous formulations. However, it is crucial to exercise caution when
considering a prodrug strategy as there is a potential toxicity risk associated by the release
of the prodrug-solubilizing auxiliary from the prodrug.13? The use of water-soluble
prodrugs include amino esters, alkyl esters and polyethylene glycol (PEG), however
phosphate esters (R-OPOzHz or R-OPOszNay) have had a clinical precedence whenever
solubility has been increased by orders of magnitude over the parent drugs. Phosphate
esters rely on alkaline phosphatase enzymatic cleavage in the gut lumen or blood to release
the parent drug.!?2 One example is that of fosphenytoin (Figure 1.16), a water-soluble

phenytoin prodrug used only in hospitals for the treatment of epileptic seizures.138

Other strategies include physical modifications which address solubility without modifying
the chemical structure of the compound, these include: use of co-solvents,!40 surfactants
and cyclodextrins,!4! particle size reduction, co-crystals and polymorphs!42 as well as

amorphous solid dispersion.143
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Some of these approaches will be utilized to improve the aqueous solubility of astemizole

in this project.
1.8 Bioisosterism in Drug Discovery & Development

In drug development, a lead compound (LC) can be associated with undesirable
characteristics. Therefore, during lead optimization (LO), there may be need to improve
potency further, enhance selectivity, alter physical properties, reduce or redirect
metabolism, eliminate or modify toxicophores and optimize pharmacokinetics (PK).!44 In
contemporary medicinal chemistry, bioisosterism has been adopted as one of the
fundamental tactical approaches used to address specific problems associated with a
compound and impinge the long-term success of a drug candidate. It presents both a
qualitative and intuitive approach for the rational molecular modification of LC’s into a

more clinically effective, safer and ideal drug candidate.145.146

The concept of a isosterism was first created in 1919 by Irving Langmuir, who defined an
‘isostere’ as atoms or molecules which possess the same number and/or arrangement of
electrons.144 However, bioisosteres relate to structurally distinct ‘atoms or groups of atoms’
recognized similarly by biological systems, and the term bioisostere has its origins in
Erlenmeyer’s work in the 1930s, although the term wasn’t introduced until 1950 by Harris
Friedman, who defined it as ‘compounds eliciting a similar biological effect’ while
recognizing that compounds may be isosteric but not necessarily bioisosteric.145147 In
modern medicinal chemistry, a bioisostere is defined as a chemical substituent, atom, or
group of atoms, or even an entire scaffold with similar physical and/or chemical properties,
which produce broadly similar biological properties to another chemical compound.!48
Therefore, the objective of a bioisosteric replacement would be with a surrogate structure
that not only elicits functional mimicry but solves a specific liability associated with the

lead compound.

The design of bioisosteres introduces structural changes which can either be beneficial or
deleterious depending on the context, with size, shape, electronic distribution,
polarizability, dipole, polarity, lipophilicity, and pKa potentially playing key contributing
roles in molecular recognition and mimicry. Therefore, careful analysis of such parameters
and understanding of a particular molecular environment of the biological target is of great
importance in the design and choice of bioisosteres.144.148 Bioisostere are classified in two

broad categories; classical and non-classical
1.8.1 Classical Bioisosteres

Classical bioisosteres represent the early appreciation of the concept which encompass
structurally simple, mono-, di-, and trivalent atoms or groups and ring equivalents
summarized in Figure 1.17.145 This class of bioisosteric replacements have been utilized to

mitigate various liabilities in drug discovery.
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For instance, by H (25) — F (26) interchange in a lead optimization (Figure 1.17) of a series
of receptor tyrosine kinase (RTK) inhibitors as potential anticancer agents, a team at Global
Pharma R&D, successfully improved oral exposure and achieved good PK profiles in
different species while significantly inhibited tumor growth in several preclinical animal
models. Based on its overall in vitro and in vivo profile, 26 was progressed for clinical
evaluation.145.149 In another example, fluorinated cyclooxygenase inhibitor 27 exhibited an
undesirably in vivo (rat) long half-life of 221 h, this precipitated the examination of the CH3
and NHy moieties as a replacement for the F-atom and methyl group respectively. This way
a vulnerable metabolic soft spot was introduced, taking advantage of the effect of phase-I
cytochrome-P450 (CYP)-mediated benzylic hydroxylation and phase-II conjugation with

glucuronic acid, respectively.
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Figure 1.17: Examples of classical bioisosteres and their successful utilization in lead optimization

This led to the identification of celecoxib (28) with a half-life of 8-12 h. Celecoxib was
introduced on the Brazilian market in 1999 by Pfizer/Searle Laboratories to treat

rheumatoid arthritis and other inflammatory conditions. 44,145

The utilization of silicon as an isostere of carbon has been reported in several bioactive
molecules, some of which have been advanced into clinical studies.145 Sila-substitution

(C/Si exchange) have not been exploited to a significant extent due to concerns over the
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potential toxicity. However, it presents a unique opportunity to search for new drug-like
candidates with superior properties and a clear intellectual property (IP) position.150 One
example is that of Si-based angiotensin converting enzyme (ACE) inhibitor 29 (ACE ICso:
72 nM), which is more potent (~45-fold) than the C-based homologue 30 (ACE ICso: 3200
nM) (Figure 1.17). This has been hypothesized to be as a function of conformational

differences imparted by silicon.145151

As a final example, N/CH bioisosteric exchange has been utilized in the development of
respiratory syncytial virus (RSV) inhibitors for antiviral potency, cytotoxicity, and
metabolic stability. The pyridine ring was pursued systematically with the objective of
reducing the hydroxylation of the phenyl ring seen in the parent benzimidazol-2-one 31.
The topological location of the N-atom played a critical role, and preferred compounds
demonstrated improved metabolic stability and increased solubility without introducing
the burden of CYP-inhibition, a potential problem with pyridine derivatives. The 6-aza-
benzimidazol-2-one discovered with 32 was ultimately incorporated into the clinical

candidate that emerged from these studies.145,152
1.8.2 Non-Classical Bioisosteres

In contrast to classical bioisosteres, nonclassical bioisosteres extend the concept to
structural elements that offer a more sophisticated form of biochemical mimicry which
relies upon functionality that can differ substantially in electronic, physicochemical, steric,
and topological representation from that being emulated. It includes replacements wherein
a noncyclic functional moiety mimics a cyclic group sterically or electronically resulting in
retention of biological activity.145,146,153 Examples of non-classical bioisosteres for

functional groups commonly found in drugs are presented in Figure 1.18.
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Figure 1. 18: Examples of some non-classical bioisosteres of Hydroxyl, Carbonyl, Carboxyl, Ester

and Amide functional groups

In early hit-to-lead progression of antimycobacterial agents targeting the promiscuous
cytochrome bc; in mycobacterium tuberculosis (Mtb), a team at the University of Cape Town,
H3D, developed an initial ester hit 34 (Figure 1.19) compound into an early lead molecule
35 by bioisosteric replacement of the metabolic labile ester moiety with a methyl oxadiazole
bioisostere. This resulted in good in vitro metabolic stability (97% compound retention
after incubation in Human S9 fraction for 40 minutes) and improved potency (2-fold).
Although this stability did not translate to good exposure and in vivo efficacy, it

demonstrates the successful utilization of bioisosterism to improve metabolic stability.154
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Figure 1.19: Examples of successful utilization of non-classical bioisosterism in lead optimization

More effectively, the application of both classical and non-classical bioisosterism has been
found in the design of cathepsin K (Cat K) inhibitor odanacatib (38) (Figure 1.19), a Merck
compound which advanced into phase-III clinical evaluation as a potential treatment of
osteoporosis in patients, before termination due to risks associated with atrial fibrillation
and stroke.155.156 Optimization of 36 led to the identification 37, a compound in which the
amide moiety was replaced by a trifluoroethylamine element, resulting in improved potency
and selectivity but poorer pharmacokinetic properties. Odanacatib (38) was the product of
further refinement that solved both problems, with the fluorinated valine blocking
hydroxylation and the quaternary cyclopropyl moiety at position 1 reducing the propensity

for amide hydrolysis.145.156
1.9 Hybridization in Drug Discovery & Development

The registration of new drugs to treat various pathologies with a high social-economic
impact such as malaria has suffered a continuous decrease over the past two decades.
This particularly presents a big challenge for the pharmaceutical industry and
demands a continuous effort to the development of new, efficient, selective and
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economically accessible therapeutic tools.157 To that effect, the rational planning of new
synthetic prototypes has utilized a series of methods of structural modification to generate
new compounds endowed with superior bioactivities and optimized PK and PD properties.
Such compounds can result from exploring bioactive substances’ fragments (Fragment-
Based Drug Design, FBDD), active metabolites of drugs, bioisosterism, molecular
hybridization and selective optimization of side effects of drugs.!57 Molecular hybridization
will be one of particular consideration in the context of malaria drug discovery in this body

of work.

Molecular hybridization is a strategy of rational design of new ligands or prototypes which
involves the covalent combination of two or more pharmacophores of different bioactive
substances of natural or synthetic origin to produce a hybrid compound with improved
affinity and efficacy compared to the parent drugs.157.158 The merged pharmacophores
address the active site of different target and may offer the possibility of circumventing
resistance. The concept is closely related to the pro-drug and combination therapy, with
the main difference being that the action of a prodrug depends on its in vivo metabolism
(cleavage) and combination therapy involves the administration of two separate drugs or
active pharmaceutical ingredients in one single dose formulation respectively.158 Hybrid
molecules potentially offer several advantages including (i) cost-effective/affordability — the
full cost of developing one hybrid molecule outweighs that which is associated with the
development of two or more drugs individually followed by an additional assessment of the
combination therapy of those two (or more) drugs. Secondly (ii), hybrids reduce the risk of
drug-drug interactions — this can occur when two or more drugs are co-administered (i.e.,
combination therapy) leading to changes in systemic exposure as a result of one drug up-
or down-regulating the metabolizing enzymes of the other drug. This may lead to adverse
reactions, increased toxicity, or rapid clearance of one of the drugs. Thirdly (iii), hybrids
may offer improved pharmacokinetic (PK)/pharmacodynamics (PD), physicochemical
properties and reduce toxicity over combinations. This is because PK/PD properties of one
molecule are easier to manipulate, compared to those of two individual drugs that have to
be co-administered. Additionally, if the toxicophore of one fragment in a hybrid does not
overlap the pharmacophore, it is possible to redesign the molecule and obliterate the
toxicity.159 Lastly (iv), hybrids may offer the possibility to reduce the potential for the
emergence of drug resistance to one pharmacophore, if the covalently linked
pharmacophores target dissimilar targets, and employ multiple mechanisms of action
(MoAs).160,161 However, the hybridization does also come with a down side, for instance by
virtue of being a hybrid, these molecules are usually large, and this may reduce

bioavailability and reduce or lose the ability to cross the blood-brain barrier (BBB).158,162

A generalization of the method of molecular hybridization, regardless of the produced

type of homology, was proposed by Holland by using the concepts of biological evolution
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to explain the chemical evolution. He employed genetic algorithms (GAs) that are
evolutionary and strategic searches of optimization based on the Darwinian model of
natural and evolutionary selection. In this context, relating to hybridization, a population
of parent molecules (privileged pharmacophores) evolve dynamically by genetic crossing
and optimization to produce subsequent generations of hybrid daughter molecules by

recombination of structural sub-unities.!57

1.9.1 Hybrid Compounds in Malaria Drug Discovery

Malaria has attracted drug discovery research efforts through molecular hybridization,
especially involving quinoline and 1,2,4-trioxane molecular motifs (Figure 1.20).163 The
quinoline pharmacophore was the first to enter human medicine for the treatment of
malaria through quinine, a cinchona alkaloid, which then inspired the design and
introduction of many marketed antimalarial drug classes the likes of which chloroquine,

amodiaquine, mefloquine etc. belong.16

1,2,4-Trioxane Pyrimidine
(o)
Pharmacophore —
- H2N
N
Quinoline o o o Cl \ />—NH2
Pharmacophore o (') N
o H3C
Quinine Artemisinin Trioxane Pyrimethamine

Figure 1.20: Chemical structures of quinine, artemisinin and pyrimethamine illustrating the

quinoline, 1,2,4-trioxane (trioxane) and pyrimidine pharmacophores

The inhibition of hemozoin formation during the erythrocytic schizogony (blood-stage) has
been the widely accepted mode of action for quinoline-based antimalarials. Briefly, during
this stage plasmodia generates amino acids needed for its biosynthetic and metabolic
processes by ingesting and degrading large amounts of hemoglobin. This consequently
also generates toxic redox-active heme (ferriprotoporphyrin IX), which the parasite
detoxifies by biomineralization into crystalline hemozoin within the digestive vacuo (DV),
where the drugs accumulate by pH trapping. Complexation of quinolines with heme via -
nt stacking inhibits the detoxification process, allowing the accumulation of heme which

induces oxidative stress and kills the parasite.163-166

1,2,4-trioxane motifs on the other hand are principally the main pharmacophore in
artemisinins, which as previously described, forms the basis of the current WHO-
recommended treatment regimen for malaria. Although the biochemical targets for
artemisinins have not be deconvoluted, research has indicated that the endoperoxide
present in this pharmacophore acts as a warhead which undergoes reductive cleavage to
generate oxyradicals. These radicals are thought to effectively produce antimalarial effects
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by alkylation with essential plasmodium proteins including tumor and heme-binding
proteins, as well as proteases involved in hemoglobin degradation and interference with

the mitochondrial electron transport system of P. falciparum.167
1.9.2 Artemisinin & Aminoquinoline-Based Hybrids

Examples of pharmacophore partners in artemisinin and aminoquinoline-based hybrids
include trioxaquines and trioxolaquines. These contain a synthetic trioxane or trioxolane
motif linked to artemisinin or aminoquinoline (usually CQ) via a diamino alkyl chain of two
to four methylene groups or a cyclohexyl ring. This subsection will offer only a few examples

of hybrids from this class.

The Palumed-Sanofi collaboration drug candidate PA1103 (Figure 1.21) is one of the most
attractive hybrids in this class due to its good potency (PfW2 ICso: 15 nM, PfD6 ICso: 7 nM,
Gabon Pf-Clinical Isolates ICso: 14.0 — 28.1 nM) for both diastereomers, its demonstrated
efficacy in the P. falciparum humanized mouse model (PANOD /LtSz-SCID: 96% parasitemia
reduction at 63 mg.kg!) and favorable ADMET properties both diastereomers.
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Figure 1.21: Examples of some antimalarial hybrid molecules. The red bond ( — ) shows point of

attachment between two pharmacophores

The compound exhibits artemisinin and chloroquine-like dual action and was selected at
the beginning of 2007 for regulatory drug development as a promising covalent bi-therapy
strategy.163.168 Trioxaferroquines, TFQs (Figure 1.21) are hybrid molecules in which a
1,2,4-trioxane motif if covalently linked to a ferroquine-like moiety. Francois and
colleagues covalently linked ferroquine and related trioxanes to develop trioxaferroquines

Dickson Mambwe
Ph.D Thesis 2021 37



Chapter 1: Introduction and Literature Review

which showed in vitro activities comparable to that of FQ (PfFcB1 and PfFcM29 ICsp’s: 10
- 20 nM).

To test the hypothesis, they also developed hybrids devoid of the quinoline fragment, which
showed weaker activities (ICso’s: >150nM). TFQ-1 (Figure 1.21) was progressed for in vivo
antimalarial evaluation in P. vinckei where it showed rapid parasitemia clearance to below
detectable levels in mice orally dosed at 10 mg.kgl, however a curative effect was not

obtained at doses below 25 mg.kg-1.169

In 2009, O’Neill and co-workers reported a series of artemisinin-acridine hybrids (ART-AC,
Figure 1.21) with antiplasmodium and antitumoral activity. Acridines are a widely used 4-
aminoquinoline embedded molecular scaffold. The team hypothesized that incorporation
of slow acting polar and acridines could improve the pharmacokinetic profile of
artemisinins and act as a targeting moiety into the DV of the intraerythrocytic
plasmodia.l63,170 Amide coupling of allyldeoxoartemisinin to 9-diami-noalkyl-6-chloro-2-
methoxyacridines afforded four hybrid compounds which showed moderate activity
compared to DHA in the multi-drug resistance strain (Pf3D7 ICsp: 5.96 — 20.34 nM).17! This
rationale provided scientific proof of concept for future discovery of more active

artemisinin-acridine hybrid molecules.163

In another effort to improve PK properties and mitigate provide proof-of-concept of reducing
the potential of resistance of both 4-aminoquinolies and artemisinins, Feng and co-workers
reported the design and synthesis of DHA-aminoquinoline analogies based on CQ and
piperaquine (PQ). By maintaining the number of carbons in the 4-diaminoalkyl linker
between 2 and 6, optimal biological activity was achieved. These analogues DHA-CQ and
DHA-PQ showed relatively comparable activities (P/Dd2 ICso: 10.0 — 54 nM; PfD10 ICso:
10.7 — 56 nM) to their parent compounds (CQ PDd2/PfD10 ICso: 145.4/30.6 nM and DHA
PDd2/PD10 ICso: 3.0/4.1 nM). The activities antiplasmodium of the quinoline amine
precursors against the CQ-resistant PfDd2 strain were much lower than against the CQ-

sensitive PfD10 strain (RI > 4.0), which indicates a possible cross-resistance with CQ.163,172
1.10 Repurposing and Repositioning in Antimalarial Drug Discovery

The bench to market drug discovery process is an immensely expensive and lengthy
process, typically taking at least 12 years.173 In their 2007 Nature commentary entitled
‘New uses for old drugs’, Chong and Sullivan Jr argued this fact, challenging the scientific
community to create a comprehensive drug library which would be screened for every

neglected disease by 2011.174

Drug repurposing, repositioning, and rescue (DRPx) allow pre-existing drugs to be used for
indications that were not their initial target. Although in some cases drug ‘repositioning’
and ‘Tepurposing’ are used interchangeably, they are quite different. Drug repurposing

refers to a situation in which an existing approved drug for a specific disease is found to
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have activity against another disease and is used as such, by optimizing the doses in
preclinical and clinical stages. Drug repositioning on the other hand, describes a scenario
where an active drug in one disease area, serves as a template for structural modification

to yield derivatives or analogues that are active in a different disease.175

As the pharmacologist and Nobel laureate James Black said, ‘the most fruitful basis for the
discovery of a new drug is to start with an old drug’.17* It is no surprise that in times of a
devastating global pandemic like the current Coronavirus disease 2019 (COVID-19),
caused by the novel severe acute respiratory syndrome Coronavirus (SARS-CoV-2), it was
old drugs such as antimalarial Chloroquine (CQ) and its derivative Hydroxychloroquine
(HCQ), antiviral Remdesivir and antibiotic Azithromycin, which were at the initial frontline
as potential treatments.176,177 Repurposing and repositioning reduce both the cost (~40%)
and timeline for drug discovery and development. This is because the drug(s) would have
known pharmacokinetics and safety profiles and are often approved by regulatory agencies
for human use, any newly identified use can be rapidly evaluated in Phase II clinical trials,

which typically last two years.173

There are several considerations that can help researchers identify potential drug
candidates for repositioning or repurposing. For instance, knowledge of additional targets
of a drug, their role(s) in other different biological pathways, as well as the similarities
and/or differences in cell biology and pathogenesis of other diseases. Examples in which
these approaches have been successfully used to deliver drugs and treatment for different
diseases are many. In this body of work, the examples cited are in the context of malaria.
Figure 1.22 shows examples of drugs with their original indications in which they are/were
used, that have now been repurposed for malaria and some of which possess antimalarial

properties and would serve as potential starting points for repositioning.
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Figure 1.22: Chemical structures of some repurposed antimalarial drugs and potential drugs for

repositioning with potent antiplasmodium activity

1.11 Pharmacological Properties of Benzimidazole Chemotypes

Benzimidazole is a bicyclic heterocyclic compound of fused of benzene and imidazole rings
(Figure 1.23). Benzimidazole derivatives are structural isosteres of naturally occurring
purine nucleotides, which allows them to interact easily with the biopolymers of the living
system such as proteins, enzymes, and receptors. It has been comprehensively used in
medicinal chemistry and found applications in diverse therapeutic and clinical areas
including anticancer, hormone antagonists, antiviral, anti-HIV, anthelmintic,
antiprotozoal, antimycobacterial, antihypertensive, anti-inflammatory, analgesic,
anxiolytic, antiallergic, coagulant, anticoagulant, antioxidant, antidiabetic etc. as shown

in Figure 1.23.178
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1.12 Antimalarial Properties of Benzimidazoles

There has been a heightened interest in the development of benzimidazoles as
antimalarials in the last decade, and new opportunities for drug discovery are opening up.
This is in part due to increased screening of diverse libraries and the public release of novel
antiplasmodium data sets within the disease area. Some examples of benzimidazole based
antiplasmodium and antimalarial agents are discussed in this subsection and described

in Figure 1.24.

A series of N-aryl-2-aminobenzimidazoles emerged as novel hits in an HTS of an
AstraZeneca corporate compound collection against the asexual blood stage of P.
falciparum. Through a hit-to-lead, compound 39 (Figure 1.24) was one of the analogues
identified as a potent lead (PfNF54 ICso: 0.053 uM) demonstrating efficacy in both murine
and humanized mouse models (Pb EDgo: <30 mg.kg!; Pf SCID EDgo: 12.8 mg.kg'1l) and
excellent rat PK (F: 100%, ti/2: 5.1 h) which translated in curative effects of the compound
in P. berghei-infected mice at 50 mg.kg-1.179 Compound 39 retained its potency when tested
against a panel of Pf transgenic lines carrying resistance mutations (PfATP4 ad PfPI4K)
indicating a different mode of action. Additionally, it exhibited rapid killing properties

highlighting the promise of the benzimidazole class for malarial treatment.179

Through an in-depth analysis of the GlaxoSmithKline (GSK; Tres Cantos Antimalarial Set,
TCAMS) corporate collection, a series of benzimidazole-based compounds were found to
poses antiplasmodium properties.180.181 From this set, Keurulainen and co-workers
conducted a hit-to-lead developability-focused study in which compound 40 emerged as a
potent (Pf 3D7 ICso: 0.094 uM; Figure 1.24) derivative. It reduced parasitemia below
detectable limits in the PfSCID humanized mouse model of malaria (Pf3D70087/N9) within
two (2) doses, showing a parasite clearance rate consistent with fast-acting antimalarials
like dihydroartemisinin (DHA) and piperaquine. Some of the challenges that would need to
be addressed in this series include mitigation of potential toxicity observed on the basis of

hERG ion works assay and the cross-resistance with PfW2 strain.182

In another effort, a team at Genzyme Corporation collaborated with MMV to find small
molecule inhibitors of P/DHODH, through this, a HTS was conducted in which a

benzimidazole small molecule was identified.183
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Figure 1.24: Examples of some antimalarial and antiplasmodium agents based on benzimidazole

Hit-to-lead on this hit generated advanced analogues which had CYP-mediated metabolism

and hERG inhibition liabilities. In their recent work, they show the optimized lead

compound 41 as a potential drug candidate.184185 Compound 41 has single digit

nanomolar potency (Pf 3D7 ICso: 7 nM), marginal hERG affinity (hERG ICso: 53 uM; SI:

>7500) with no signs of cross resistance with existing antimalarials (PfDd2 ICso: 10 nM).

Its good rat PK (F: 49%) translates to in vivo efficacy (P. berghei, EDgo: 28 mg.kg 1. PfSCID,

EDoo: 27 mg.kg!). No off-target activities in a 54-receptor pharmacology panel at 10 pM

were observed, corroborating on target activity against PDHODH (ICso:

Dickson Mambwe
Ph.D Thesis 2021

40 nM). The

43



Chapter 1: Introduction and Literature Review

compound has a good ADME profile with <0.7 and <0.6 mL.min-l.kg! in human
microsomes and hepatocytes, respectively. In a repeat dose toxicology study in rat at 0, 50,
150, 450, and 600 mg.kg'! PO QD for 7 days followed by a 7-day washout period, the
NOAEL was >600mg.kg! (Cmax, 29 pg.mL-1; AUC, 328 pg*h.mL-1), and the predicted human
therapeutic margin was >5.5. Based on this data, 41 was selected as a small molecule

potential drug development candidate.185

In their quest to identify analogues of amodiaquine (AQ) devoid of the toxicity associated
with its reactive metabolites, Chibale and co-workers identified a series of benzothiazole-,
benzoxazole- and benzimidazole-amodiaquine analogues retaining AQ-potency. Among the
benzimidazole series was compound 42 (Figure 1.24) showing moderate activity (Pf NF54
ICso: 0.189 uM, Pf K1 ICso: 0.742 pM).186 Although the benzimidazole series was not
progress to streamlined assays due to lower potency and higher potential for in vivo
bioactivation compared to their benzoxazole counterparts, they set a basis for further

utilization as optimization starting points.

Baartzes and colleagues took a molecular hybridization approach to combine the 4-
aminoquinoline (CQ) and benzimidazole moieties and their ferrocenyl analogues to leverage
the privileged nature of the two scaffolds as antimalarial and antimycobacterial (TB) agents
and as a strategy to overcome P. falciparum resistance to CQ. Ferrocenyl-hybrid 43 (Figure
1.24) showed superior activity (Pf NF54 ICso: 0.33 uM) to its Phenyl derivative (Pf NF54
ICso: 0.784 uM). This potency translated to in vivo efficacy of 41, showing a 92%
parasitemia reduction in mice infected with P. berghei at 50 mg.mg-!. In addition to the
potent hemozoin formation inhibition properties (BHIA ICspo: 16 uM), hybrid 43
demonstrated dose-dependent cleavage of pIC57 in a ROS study. Suggesting that the
presence of the redox-active ferrocenyl moiety adds an additional mechanism that
contributes to its efficacy by generation of reactive oxygen species (ROS) which cause

parasite damage by cleavage of parasitic circular plasmid DNA.187

In their quest to identify novel dual receptor antimalarial leads, Sharma et al synthesized
a series of benzimidazole acetonitrile analogues. When tested in the CQ-sensitive strain
Pf3D7, Compound 44 (Figure 1.24) emerged as the most active analogue (ICso: 0.69 uM),
showing dual activity by inhibition of both Falcipains-2 (FP2 ICso: 2.21 uM) and B-hematin
formation through heme binding studies in a ferriprotoporphyrin IX biomineralization
inhibition test (FBIT). This study set this series as a potential starting point for further SAR

derivation.188

Gaining inspiration from the iron-chelating properties of thiosemicarbazones and their
broad activities in protozoan parasites including P. falciparum,'89 Divatia and co-workers
prepared a series of benzimidazole-thiosemicarbazone derivatives as potential

antiplasmodium agents. From this series, Compound 45 (Figure 1.24) was among the most
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active analogues (ICs0: 0.012 uM).19° Combining benzimidazole as a privileged scaffold and
nitroaromatic character which has been extensively used in anaerobic infections and have
a direct proof that free-radical metabolites are involved in applications to antiparasitic and
antibacterial pharmacology,19! Camacho et al synthesized a series of nitro-furan and nitro-
thiophene tethered benzimidazole-5-carbohydrazides as potential antiplasmodium and
antimycobacterial agents. From this work, Compound 46 (Figure 1.24) emerged as one of
the most active inhibitors of the hemozoin formation pathway (BHIA ICso: 11.1 uM; CQ-
BHIA ICso: 22 * 2 uM) translating to good in vivo efficacy in the P. berghei mouse (98%
Parasitemia reduction at 20 mg.kg-1 on day four post dosing). The authors indicated to

have a follow-up PK evaluation of this series of analogues.192

As a matter of consideration, benzimidazole structurally related pyrido[1,2-
albenzimidazoles (PBI) have in the last decade been of focus in malaria and schistosomiasis
research. Within our research group, this was precipitated by work carried out by Ndakala
and co-workers.193 In this initial work, Compound 47 was identified as a potent (Pf NF54
ICs0: 0.11 uM, PfK1 ICsp: 0.047 uM), selective (CHO ICso: 28.8 uM, SI: 612) and efficacious
lead (96% parasitemia reduction at 50 mg.kg1).193 This study initiated a series of
optimizations within the PBI class, which has led to the identification of pan-active

antimalarial analogues with favorable PK profiles.194

As a part of their search for basic structural requirements for antiprotozoal activity,
including Plasmodium, Torres-Gomez and co-workers synthesized a series of hybrids
between benzimidazole and the drug pentamidine.!95 Pentamidine is an aromatic
diamidine used at primary stage in African trypanosomiasis, antimony-resistant
leishmaniasis, and AIDS associated Pneumocystis jirovecii pneumonia, however, its
ineffective orally and presents several toxic effects.196 Compound 48 (Figure 1.24) emerged
as the most active hybrid when tested in vitro against the CQ-sensitive P. berghei strain

NK65 (ICso: 6.53 uM).195

1.12.1 Astemizole: Benzimidazole Template for Antimalarial Repositioning

1.12.1.1 A Short-lived Clinical Use

Astemizole, AST (Figure 1.25) is a synthetic piperidinyl-benzimidazole derivative, a second
generation long-acting, non-sedating and selective histamine Hi-receptor antagonist (H:
ICs0: 4.0 nM). It was discovered by Janssen Pharmaceutica in 1977 and marketed under

the brand name Hismanal after approval by the FDA in 1988.197

The pharmacokinetics of AST is similar in both adults and children. In humans, it is
quickly absorbed, reaching plasma concentration within 1-4h after single oral doses (10-
40 mg). It undergoes rapid CYP-mediated metabolism, by primarily CYP2D6 and CYP3A4198
leading to the generation of its principle and active metabolite desmethylastemizole,

DMAST (Figure 1.27) resulting from oxidative O-demethylation.199

Dickson Mambwe
Ph.D Thesis 2021 45



Chapter 1: Introduction and Literature Review

N-glucoronide

Glucoronidation

NH

@[N Q N-dealkylation
S—NH <::|
N\\©\

Norastemizole
(Nor-AST)

N-dealkylation %

ot

Crps

MeO@—>

6-hydroxylation

NH —>

O~

Astemizole
(AST)

O-demethylation

Ho%

N

=

6-hydroxylation

—

R

Desmethylastemizole

(DMAST)

Glucoronidation

O-glucoronide

N
LT
HO

6-Hydroxylastemizole
(60H-AST)

O-demethylation

af

N
S—NH
HO N
o
6-Hydroxyldesmethylastemizole
(60H-DMAST)

Glucoronidation

O-glucoronide

Figure 1.25: A proposed metabolic pathway of Astemizole in man and structures its metabolites,
desmethylastemizole (DMAST), norastemizole (Nor-AST), 6-hydroxylastemizole (6OH-AST) and 6-
hydroxyldesmethylastemizole (6OH-DMAST).198

DMAST retains antihistaminic activity and contributes significantly to AST’s efficacy. It is
highly bound to plasma proteins (~97%) and maintains a steady-state serum concentration
which exceeds that of AST by more than 30-fold.199.200 [t has a half-life (ti;2) of 9-11 days
and is eliminated mainly via hepatic biotransformation. The second metabolite is
Norastemizole (Figure 1.25), generated from oxidative N-dealkylation of the parent drug. It
appears in low concentrations following AST administration and reported to possess more
potent Hi-receptor activity than AST and DMAST.200.201 The third metabolite is 6-
hydroxyldesmethylastemizole, 60H-DMAST (Figure 1.25) which is generated either from
aromatic hydroxylation DMAST or via O-demethylation of 6-hydroxylastemizole (60OH-
AST). When studied in human volunteers following oral administration of 30 mg labeled
14C-AST, excretion amounting to only 40-54% of the dose at 4 days and 61-79% of the
dose at 14 days was observed. Radioactivity was excreted mainly in the faeces: 54-73% of
the dose within 14 days and only 5.4-6.3% was excreted in the urine. The 3 major
metabolites each accounted for 17-30% of the radioactivity excreted in the faeces, whereas
the major metabolites detected in the urine were the glucuronides of desmethylastemizole

and norastemizole. Unchanged astemizole was not recovered in the urine or faeces.202

Leading up to its withdrawal, a 1999 study of Astemizole and its metabolites by Zhou et al
found that AST and DMAST truly cause acquired long QT syndrome, by equipotently
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blocking (AST-hERG ICso: 0.9 nM; DMAST-hERG ICso: 1.0 nM) the rapidly activating
delayed rectifier K+ current Ik: and the human ether-a-go-go-related gene (hERG) that
underly it. These findings, combined with the ADME data of AST mentioned earlier,
support the postulate that DMAST plays a major role in the side effects associated with
astemizole intake. They concluded that AST and DMAST are among the most potent hERG
channel-blocking drugs yet studied. On the other hand, Norastemizole blocks hERG K+
current weaker (Nor-AST-hERG ICso: 27.7 nM) and has not been associated with any of
the side effects, hence has been continued as a developmental antihistamine drug.198,200
As described earlier in this chapter, Zhou et al also confirmed the chemical structure-
activity requirements important for block of Ik, that is; presence of a tertiary amine,

flanked by three aromatic moieties which are linked by bulky aliphatic chains.88.89
1.12.1.2 Discovery of the Antimalarial Properties of Astemizole

Preceding their Nature commentary on drug repurposing and repositioning in 2007, Chong
et al assembled a library of 1,937 FDA-approved drugs and 750 drugs that were either
approved for use or undergoing phase II clinical trials. This collection, called the Johns
Hopkins Clinical Compound Library (JHCCL), was subjected to a medium throughput
screen (MTS) at 10 uM for inhibition of P. falciparum growth. Using a discriminatory
Inhibition of >50%, 189 compounds across many classes were identified. Following the
elimination of topical drugs, already known antimalarials, cytotoxic drugs and
compounds previously reported to inhibit the malaria parasite, they determined the
ICs0 values for the 87 remaining drugs. Among these, astemizole and desmethylastemizole
were identified as sub-micromolar in vitro inhibitors of 3 different multi-drug resistance

(8D7) and sensitive strains (Dd2 and ItG) of P. falciparum (Table 1.1).203

Table 1.1: Astemizole in vitro inhibition of three P. falciparum strains of different

chloroquine sensitivity.203

. ICso (]J.M)
FfStrain 7o DMAST  Nor-AST CQ
3D7 0.227 0.117 4.477 0.032
DA2 0.457 0.106 3.590 0.079
ItG 0.734 0.057 2.230 0.107

Notably, DMAST had better activity than AST ranging from 2- to 12-fold in the panel of the
3 in vitro laboratory strains. Conversely, norastemizole showed weaker inhibition.
Additionally, using Pf3D7 and PfDd2, both AST and CQ showed synergistic effects when
administered in combination with current antimalarials such as chloroquine, artemisinin
and quinidine.203 Further, they showed in vivo efficacy of AST and DMAST in the standard
4-day parasite suppression test using two different malarial mouse models, CQ-sensitive

P. vinckei and CQ-resistance P. yoelii as shown in Table 1.2 below.203

Dickson Mambwe
Ph.D Thesis 2021 47



Chapter 1: Introduction and Literature Review

Table 1.2: Astemizole in vivo parasitemia reduction in P. vinckei and P. yoelii mouse

infection models.203

Mouse Infection Parasitemia Reduction (oral dose)
Model AST DMAST
P. vinckei 80% 81%

(15 mg.kg-l.day?) | (30 mg.kgl.day?)
P. yoelii 44% 40%

(15 mg.kg-l.day?) | (15 mg.kgl.day!?)

Up to 80% parasitemia reduction was observed in the sensitive strain for both AST and
DMAST at 15 and 30 mg.kg-l.day-!, with recrudescence occurring when treatment was
stopped after 4 days. However, curative effects were only achieved after dosing up to 300

mg.kg-1.day-1.203

Having identified the AST pharmacophore a starting point for further development, many
researchers have made analogues to mitigate hERG and improve antimalarial activity.
Musonda and co-workers at Pfizer took a molecular hybridization approach by designing
and synthesizing chloroquine and astemizole hybrids to achieve dual activity and as a
strategy overcome P. falciparum resistance to CQ (Figure 1.26). Their frontrunner
analogues showed up to 10-fold better activity than CQ in the drug-resistant PfK1 strain.
Additionally, when tested in vivo, using P. berghei-infected mice, two analogues

demonstrated efficacy, with 99% parasitemia reduction at 50 mg.kg-1.204
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Figure 1.26: Pharmacophore details of chloroquine (CQ) and astemizole (AST), and hybridization
SAR exploration carried out by Musonda et al.2%4 “Dose = 4 x 20 mg.kg! for 4 days; PDose = 4 x 25
mg.kg! for 4 days

Roman et al designed and synthesized analogues of astemizole with the goal determining
the SAR required for activity and cytotoxicity. Of the 28 analogues synthesized, 9 had ICso
values in the nanomolar range (PfItG ICso: 0.070 — 0.50 uM) and showed varied cytotoxicity
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in the Chinese hamster ovary cell line (CHO SI: 4 — 50). While all the analogues had the
benzimidazole core, the authors speculated its importance for antiplasmodium activity.
They showed that the presence of appropriate appendages at positions 1 and 2 was critical
for fine tuning toxicity, and that the presence of a secondary (2 °) cyclic amine at position
2, substitution of benzene in the benzimidazole core and replacement of fluorine with
trifluoromethyl (CF3) in the p-fluorobenzyl moiety of astemizole can be used to disconnect
the antihistaminic and the antimalarial activity (Figure 1.27). Their study laid a foundation

for further investigation of structural features that required for activity and cytotoxicity.205

Position 2:
Presence of a 2° cyclic amine required
for activity

Substitution with Methyl ’ Ry

tolarated N Q
AN N g )
@}CE YANH OMe
Z N
1
Position 1 & 2:
~F "Appropiate" appendage critical for tuning

toxicity

Figure 1.27: Representation of astemizole antiplasmodium activity and CHO cytotoxicity SAR

according to Roman et al.

More recently, Tian and colleagues conducted a systematic structural variation of AST,
which led to the discovery of novel derivatives with potent antiplasmodium activities. The
most potent congeners, 49 and 50 (Table 1.3) displayed ICso values of 30 nM against
Pf3D7. Importantly, one of these analogues also showed a reduced hERG inhibition of up
to 3200-fold improvement, when compared to AST. Unfortunately, the most promising
analogue (potent antiparasitic activity, while having a reduced hERG affinity) is a very
lipophilic compound (clogP: 7.7). Therefore, the authors suggested further research to
focus on improving the drug-like properties of the compounds by reducing lipophilicity and
improving aqueous solubility. With respect to SAR, they showed that structural variety is
tolerated at the imidazole nitrogen of AST (Position 1). They claimed that modifications at

this position allows also to tune hERG inhibition.206
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N
e
S—NH OMe
N

R
R Pﬁi;{ ;Cso hElZlC;/[ ;Cso hEsllaG clogP
49  Ce¢His 0.030 0.029 1.0 6.65
50 CsHis 0.029 3.270 1104  7.70
51  CioHa 0.112 2.069 18.4  8.77
AST  4-F-Bn 0.171 0.304 1.8 5.82

Table 1.3: Examples of 1-alkyl substituted analogues of astemizole with potent antiplasmodium

activity by Tian et al.20

1.13 Research Program

1.13.1 Justification of the Study

As described in this chapter, drugs that were once effective and saved millions of lives,
drugs such as chloroquine (CQ) have suffered resistance, what is more worrying is that
this resistance keeps spreading to the current first-line treatment, the ACTs.19 Although
this resistance has of yet only been observed in the Greater Mekong Sub-region (GMS), it
is not a matter of ‘if’, but ‘when’, that resistance will surface in endemic countries in Africa
and the world over, if something is not done about it quickly. For this reason, collaborative
efforts from industry (Pharma) and academia is required, in order to deliver ideal
candidates which would contribute to replenishing the antimalarial drug development
pipeline with novel, structurally diverse and pan-active chemical scaffolds with potential

to be ideal TPP criteria for new therapies.26

Benzimidazole is a broadly used scaffold,!7® which has in recent years found heightened
applications to malaria than in previous years. As described earlier, it offers opportunities
to target the malaria parasite at multiple stages and with novel mechanisms of action,185
a characteristic that would potentially make benzimidazole-based drug leads less prone to

cross resistance with existing antimalarials.

The discovery of the antimalarial properties of astemizole warrants its utilization for
development as an antimalarial drug through repositioning. This research will attempt to
use medicinal chemistry approaches to de-risk the hERG liability of astemizole, improve
solubility and leverage its potential as an antimalarial drug. The research will embody
aspects described in this chapter, including molecular hybridization with other
antimalarials and target identification approaches to contribute towards understanding of

the underlying mode of action and/or resistance for this class of compounds.
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1.13.2 Research Question

The research question is whether it will be possible to identify astemizole-based

antimalarial drug leads with favorable solubility, hERG, physicochemical and drug

metabolism and pharmacokinetics (DMPK) properties.

1.13.3 Study Objectives

1.

To utilize astemizole as a template for the design and synthesize novel potential

antimalarial agents.

. To evaluate the solubility and cardiotoxicity (hERG) risk profile of synthesized

astemizole analogues.

1.13.4 Specific Aims

1.

To synthesize and characterize antimalarial astemizole analogues designed to

improve solubility and hERG inhibition profiles.

. To profile the synthesized analogues (compounds) with respect to in vitro

antiplasmodium activity, cytotoxicity, solubility and hERG.

. To investigate and derive antiplasmodium structure-activity relationship (SAR) as

well as solubility structure-property relationship (SPR) profiles.

4. To investigate of the factors affecting solubility and deduce relationships.

. To evaluate potent, soluble, non-cytotoxic and metabolically stable compounds for

in vivo proof of concept (PoC) and pharmacokinetics (PK).
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CHAPTER 2
DESIGN, SYNTHESIS, AND CHARACTERIZATION

2.1 Chapter Overview

In this chapter, the rationale, design, chemical synthesis, and characterization of targeted
astemizole (AST) and astemizole-chloroquine (AST-CQ) analogues are described. Two
design phases (phases I and II) based on AST as a molecular template are conducted.
Frontrunner analogues 67 and 68 from exploratory phase I studies were iteratively used
as templates for the design of phase II analogues. The chemistry employed to achieve the
target analogues is described and selected non-trivial reaction mechanisms shown. Each
section concludes with a representative description of relevant intermediates and target

compounds as examples of the characterization of molecules in each compound class.
2.2 Phase I Exploratory AST Analogues: Rationale and Design

Following identification of the antimalarial properties of AST by Chong et al,! various teams
have worked towards setting the structure-activity relationship (SAR) baseline which forms
the basis of this work. Roman and co-workers showed that: (i) the presence of a secondary
(2°) amine at benzimidazole position 2 (Figures 2.1-2.2) is crucial for activity, and (ii)
substitution of the phenyl moiety in the benzimidazole core and replacement of fluorine
with trifluoromethyl (CF3) in the 4-fluorobenzyl substituent of AST may be used to

uncouple antihistaminic and antimalarial activities.?

4 3

5©EN\>2
6 N
H1

7

Figure 2.1: Structure and numbering of the benzimidazole ring

Furthermore, De Jonghe et al highlighted the tolerance of structural variety at the
benzimidazole N-1 position in AST, showed that modifications at this position allowed for
the tuning of human ether-a-go-go-related gene (hERG) inhibition. The authors showed
that N-1 substitution with aliphatic cyclic, branched, or straight chains of up to ten (10)
carbons was tolerated (PfICso: < 0.416 uM).
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1. ALIPHATIC & ARYL ALKY GROUPS:

Active Inactive
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- ’ - 70
o] R? F -
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2. BENZIMIDAZOLE N-1 SUBSTITUTION:
Active Inactive

Octyl = Hexyl > n-Propyl > 2,4-F-Benzyl >>>> 4-CF3-Benzyl >> H >> Benzyl >>>>>>> Methoxymethyl

Figure 2.2: Summary of the structure-activity relationship (SAR) of astemizole (AST) as reported by

Roman and colleagues,? and De Jonghe and co-workers.3

However, incorporation of an electronegative atom in the chain led to a loss of activity, as
exemplified by the propyl (PfICso: 0.416 uM) and methoxymethyl (PICso: 6.740 uM) match
pair. The one analogue in which hERG was significantly diminished (1-octyl, PICso: 0.029
uM; hERG ICse: 3.27 uM; clogP: 7.70) was highly lipophilic and less drug-like (highly
susceptible to metabolism).3 Regrettably, the cytotoxicity of these analogues was not
reported, and it is therefore unclear whether the activity observed was a result of qualitative
intrinsic antiplasmodium potency or indiscriminate cell-killing arising from cytotoxicity, a
promiscuous property which may be expected in highly lipophilic compounds (toxic

polypharmacology).

The work described above also revealed other key noteworthy structural features. Briefly,
replacement of the 4-methoxy-phenylethyl moiety with sulfonamide, amide and urea
functionalities led to a complete loss of activity (Figure 2.2), a trend that is consistent with
the work reported by Roman et al with regard to the N-ethyl carboxylate (N-COzEt)
synthetic intermediates. This observation may be explained on the basis of the importance
of sufficient basicity (pKa) of the piperidine nitrogen for the accumulation of AST at the
putative site of action. Chong et al. showed that, like quinoline antimalarials, AST and
desmethylastemizole (DMAST) both accumulate within the P. falciparum digestive food
vacuole (FV) and co-purify with hemozoin. This was later confirmed by work conducted in
our research group, suggesting that inhibition of hemozoin formation is a contributing

mechanism for the mode of action of AST and its analogues.!:4

For the above-mentioned reason, drastic reduction or a complete loss of activity may be

expected when the piperidine nitrogen is in close proximity with electron-withdrawing
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groups, as is the case in sulfonamides, amides, ureas (De Jonghe et al.), and carboxylate
derivatives (Roman et al.). Hypothetically, in such analogues, the basicity of the nitrogen
may be too low, leading to low drug accumulation in the FV at physiological pH. However,
N-alkylation of the piperidine nitrogen is essential for antiplasmodium activity. This is
exemplified by the low activity of norastemizole (ICso: 2.304 uM), which lacks N-
substitution, compared to alkyl derivatives with N-phenylethyl (ICso: 0.125 uM) and N-(3-
phenyl)propyl (ICso: 0.196 uM), whose activities are comparable to that of AST (ICso: 0.162
uM; Figure 2.2).

In addition to this SAR, previous work on the SAR of AST performed in our research group
revealed that separately, the substitution of the lateral 4-methoxy and 4-fluoro groups with
either cyano (CN) or amide groups produced analogues with increased or equipotent
antiplasmodium activity and lower lipophilicity (clogP), thus resulting in improved

solubility (Figure 2.3).

MeO — CN Interchange:
cLogP: 5.12 MeO-
NF54 IC5y: 0.085 uM

MeO — Amides Interchange:

cLogP: 3.37 - 4.87 N
NF54 IC54: 0.250 - 1.913 uM @E \>—NH
N

F — CN Interchange:
cLogP: 5.09

Br — CN Interchange:
cLogP: 4.64
MICqyq: 0.09 uM

al

NF54 ICsq: 0.078 uM U
AST Bedaquiline Analogue
cLogP: 5.84 cLogP: 6.00
NF54 IC54: 0.086 uM MICg: 0.10 uM

Figure 2.3: Effect of cyanation on the activity and lipophilicity (cLogP) of astemizole and bedaquiline

analogues®

In the work of Conole et al.,5 the CN group was identified as an effective substituent for
aromatic halogens (Br, Cl, I or F), showing that cyanated analogues of the antitubercular
drug bedaquiline had lower lipophilicity and only modest effects on antimycobacterial
activity (MICqp) compared to bromo analogues over a diverse SAR. This observation
suggested that the CN group could be a useful halogen substitution for potentially effective,
more soluble and safer (hERG) analogues (Figure 2.3).5 Based on this and other examples
from literature, it was hypothesized that the AST analogue with the 4-cyano group
replacing both the 4-fluoro group on the benzyl portion and the 4-methoxy group on the
lateral phenyl moiety of AST (Figure 2.5), would be the best starting point from which
analogues with potentially improved activity, metabolic stability, solubility, and hERG
profiles could be designed.

Rational design was employed using the Craig plot to navigate different substituents and

identify groups with similar physicochemical properties. The Craig plot (Figure 2.4) is a
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two-dimensional (2D) plot in which Hammet [0] and Hansch [rn] substituent constants are
displayed for a set of isosteric substituents.® The o constant characterizes the electronic
nature/effects (withdrawing or donating) of substituents while the n parameter describes

their hydrophobicity.6.”
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Figure 2.4: Craig Plot of Hammett constants (o) against hydrophobicity (rn).°

Thus, in SAR 1, the fluoro group in the p-F-benzyl moiety (Figure 2.5) was replaced with
substituents to best represent each quadrant and bring about variety in terms of
electronic, steric, and hydrophobicity effects on the target compounds. Furthermore, SAR
1 explorations included 1,2 and 1,3-disubstitution (F/CN) on the benzyl moiety, and
introduction of three-dimensional (3D) character via the methylation of the methylene

linker (CHp) as a strategy to disrupt molecular planarity.

In SAR 2, the significance of the phenyl moiety was investigated, while utilizing hERG
mitigation strategies discussed in section 1.6.2. Among the strategies employed were: (i)
introduction of water solubilizing groups at the 4-position and (i) replacement of the phenyl
moiety with both heterocyclic (Figure 2.5) and hetero-aliphatic rings, both of which were
envisaged to reduce lipophilicity (clogP). In the case of hetero-aliphatic replacements, the

goal was to disrupt aromaticity and increase molecular complexity.
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Figure 2.5: SAR-guided design of phase I AST analogues based on compound 17 and 46

Both SARs 1 and 2 incorporated an analogue containing a carboxylic acid moiety (CO2H)
which, due to the presence of the basic tertiary (3°) piperidine nitrogen in the molecule was

anticipated to furnish zwitterionic character, as a strategy towards potentially reducing the

affinity for hERG K+ channels.

Following the identification of the ethyl ester (4-CO2Et, compound 38) from SAR 1 as a
favorable substituent on the lateral phenyl ring, SAR 3 was designed to explore various
non-classical ester bioisosteres as potential replacements, in order to mitigate the
underlying metabolic liability (via CYP-mediated hydrolysis) associated with esters. As
described in section 1.8, there are several examples of ester bioisosteres, including amides.
However, the initial focus of this Ph.D thesis work was on ring replacements, particularly
small five-membered heterocycles such as oxadiazoles and oxazolines (Figure 2.5) to

maintain molecular (spatial) geometry, increase structural rigidity and enhance hydrogen

bonding capacity.8.9
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Compound 46 (Figure 2.5) bearing the 1,2,4-oxadiazole moiety was identified as the front-
runner with the best balance of potency, cytotoxicity, solubility, and metabolic stability
profiles compared to both AST and its ethyl ester match pair 38. Therefore, it was used as

a template to derivatize further SAR.

Work by both Roman et al 2 and De Jonghe et al.,3 established the 4-amino piperidine
linkage as the optimum diaminoalkyl moiety for antiplasmodium activity. Roman et al.
further showed the importance of the 2° amino (RR'NH) group as opposed to the ether
group (ROR’) at the 2-benzimidazole position. However, this observation had to be validated
in the context of this work following the identification 46. Therefore, SAR 4 (Figure 2.5)
included the exploration of piperidine replacements such as piperazine and its substituted
forms, a strategy which is known to reduce affinity for hERG.10 Additionally, the
preparation of enantiomerically pure forms of pyrrolidine (R/S) analogues as opposed to
the previously reported racemic mixture, takes into account that activity and toxicity or
lack thereof, including hERG affinity 1! may be observed in one enantiomer and not the
other. A spiro diaminoalkyl substituent and a C-linked piperidine were also conceptually

tested for SAR diversity and molecular complexity in the linker.

SAR 13 was designed to retest some of the benzimidazole N-1 substituents that had shown
potency in phase I, such as 4-CFz-benzyl, pyridyl moieties and disubstituted benzyl
moieties. As a strategy to reduce hERG, ring saturation was utilized by replacement of the
benzyl moiety with cyclic aliphatic rings.12 Additionally, aromaticity was removed by
complete removal/truncation of the benzyl moiety or replacement with a methyl group

(Figure 2.5).

2.3 Chemistry: Phase I
2.3.1 Retrosynthesis (Disconnection Approach)
Following the design of target analogues, a retrosynthetic analysis was conducted to

determine the best synthetic route for efficient preparation of designed analogues in a

tractable manner (Figure 2.6).
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Figure 2.6: Retrosynthetic analysis map for the preparation of astemizole analogues

Disconnection of the C-N bonds around the benzimidazole core and the piperidine ring
using known synthetic chemistry approaches led to the identification of various precursors

that would be either synthetically prepared or commercially sourced.

On the other hand (phase I SAR 3), the synthetic methodology of oxadiazoles and
oxazolines continues to evolve towards methods that render their access highly amenable
for miniaturization and automation. Various procedures to access 1,2,4- and 1,3,4-
oxadiazoles as effective ester bioisosteres are widely described in the literature. These
methods vary in reaction times, product purities and yields, as well as ease of control of
reaction parameters.!3 As shown in the retrosynthesis analysis in Figure 2.7, 1,2,4-
oxadiazoles are most commonly prepared from amidoximes and acetylating agents such as
acid chlorides, carboxylic acids or anhydrides as shown in Figure 2.4.14 Amidoximes are
often either commercially available or easily accessible by reaction of nitriles with

hydroxylamines.
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Figure 2.7: Retrosynthetic analysis for the preparation of oxadiazoles and oxazolines

Cyclization of the resulting O-acylamidoxime can be achieved by a variety of procedures
including microwave-assisted methods, 1516 heating or the use of a catalyst i.e. p-toluene
sulfonic acid (p-TSA) and/or a dehydrating agents.!4 Recently, a combination of polymer-
assisted solution phase (PASP) and high-speed microwave synthesis was reported to
efficiently convert carboxylic acids and amidoximes to 1,2,3-oxadiazoles directly.!5
Additionally, single continuous microreactor sequence techniques have been described to
prepare 1,2,4-oxadiazoles from nitriles.17 As for 1,3,4-oxadiazoles and oxazolines, the most
commonly adopted approach involves the cyclization of diacylhydrazines and 3-
hydroxylamides respectively, using heat and reagents such as SOCl,, POClz and P4O1o.

These conditions influence the efficiency and stereospecificity of the cyclization reaction.18-

21

Modifications were made to the methods previously reported to achieve compatibility with
sensitive functionalities present in the starting materials used, to enable the efficient
formation of target molecules. Various small molecule starting points (precursors) were
synthesized and used in various schemes to prepare both phases I and II target molecules

(Scheme 2.1) to minimize the number of steps and intermediates as much as possible.
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2.3.2 Synthesis of Precursor Intermediates (1 — 11) Required for Preparation of AST Analogues

B:

K/@)\\ _OH
(C)

o]

>‘R

(e) i/@, R3

3a, Ry =
la, X = CH; R=CN 1
1b,X=N;R=H 3b, Rl = CH3 4a, R, = "\/OH Sa, Ry = _-</ j/
NH 3¢, Ry = CF3 .7 N
2
B \N/O OFt 4b, R, = ”ﬁ"OH 5b, Ry = =< j\
r Y ) .
© 4c, R, = /’N\léo 5¢, Ry = --< |N
3d -
c: D: o E: oet F: OMe
OMe OH CO,H Ny R4 CO,H CO,H
0 (@( (@( @) o T (@( © o (@( ) 0
2 —_—
7a, R, = CH
Br Br ¢ Br Br 7b, Ri CF; Br Br 8 Br Br 9

G: )(O H:

CN CN CN
@) OH Br
11b

10 lla

Scheme 2.1: Synthetic protocol towards precursors intermediates 1 - 11

Reagents and conditions: (a) PPhs, CBrs, DCM, 0- 18 °C, 2 h (1a, 81%; 1b, 70%); (b) (i) NH,OH-HCI, 8-hydroxyquinolone, TEA, ethanol, 79 °C reflux, 1.5 h,
(i) 21 °C, 10% HCI, pH 3 (2, 82%); (c) for 3a: CH(EtO)s, BF3.OEt,, Pyridine, 80 °C reflux, 1 h (51%); for 3b: Acetyl chloride, 70 °C, 0.5 h (80%); for 3ec:
(CF3CO0),0, DCM, Pyridine, 22 °C, 20 min (76%); for 3d: CICO; Et, K»COg3, Acetone, 0 — 4 °C, 3 h (98%); (d) EDCI/DMAP, DCM, 18 °C, 2 h; using (S)-2-
aminopropan-1-ol (4a, 80%), and (R)-1-aminopropan-2-ol (4b, 91%), using Acetylhydrazine (4c, 65%), using N-hydroxyacetimidamide (7a, 90%); using (E)-
2,2,2-trifluoro-N'-hydroxyacetimidamide (7b, 78%); (e) TsCl, TEA, DCM, 30 °C, 0.5 h [Sa, 70%; 5b, 85%; 5¢, (88%)]; (f) BBr3z, DCM, -78 °C - 0 °C, 24 h (6,
46%); (g) 9.5N HCI in ethanol, 80 °C, 12 h (8, 85%); (h) TMS-CHN,, MeOH, Toluene, 21 °C, 0.5 h (9, 97%); (i) Boc2O, DMAP, THF, 21 °C, 2 h (10, 98%); (j) (i)
NaBH4, MeOH, 18 °C, 2 h, (ii) H,O (11a, 83%); (k) TMS-Br, 20 °C, 2 h (11b, 72%).
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Synthetic precursors required for the preparation of target compounds were synthesized
following the approaches outlined in Scheme 2.1. Appelreaction using triphenyl phosphine
(PPhgs)/tetrabromomethane (CBr4) enabled efficient preparation of alkyl bromide precursor
intermediates 1la and 1b from alcohols 4-(2-hydroxyethyl) benzonitrile and 2-
pyridinethanol, respectively 22 Treatment of nitrile 1la with hydroxylamine hydrochloride
(NH2OH-HC]) in ethanol afforded amidoxime intermediate 2 in excellent yield (93%), from
which subsequent 1,2,4-oxadiazoles (3a — ¢) and oxadiazolone (3d) intermediates were

prepared.

5-H-1,2,4-oxadiazole 3a (Scheme 2.1A) was synthesized from amidoxime 2, through a
boron trifluoride etherate (BF3*OEts).catalyzed ring closure using triethoxymethane
[CH(EtO)3] as the carbon source 23 while 5-methyl-1,2,4-oxadiazole 3b was synthesized in
high yield (80%) by heating amidoxime 2 in acetyl chloride. In a similar manner and at low
temperatures, treatment of amidoxime 2 with trifluoroacetic anhydride (CF3CO)2O and
ethyl carbonochloridate CICOzEt afforded 5-trifluoromethy-1,2,4-oxadiazole (3c¢) and

oxadiazolone ester precursor (3d), respectively.

Coupling of 4-(2-bromoethyl) benzoic acid with respective amines (or acetohydrazide) and
amidoximes using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide /4-
dimethylaminopyridine (EDCI/DMAP) as the coupling agents afforded amides 4a—4c and
O-acylamidoximes 7a-7b in relatively high yields (65-91%), respectively. Oxazolines (5a
and 5b) and 1,3,4-oxadiazole 5¢ were synthesized from their respective amides 4a-4c, via
tosyl chloride (TsCl)-mediated ring closure in DCM at 30 °C.8 The use of catalytic TsCl at
low temperature in this method proved to be more efficient than thermal cyclization or the
use of Lewis base catalysts (i.e. POCl3), both of which would have led to the loss of the

bromide functionality via dehydrohalogenation.

Phenol intermediate 6 was prepared in moderate yield (46%) via boron tribromide (BBr3)-
assisted ether cleavage (O-demethylation) of commercially available 4-methoxyphenethyl
bromide at very low temperatures (-78 °C).24 Ethyl and methyl esters 8 and 9 where
synthesized from 4-(2-bromoethyl) benzoic acid through acid-catalyzed and trimethylsilyl

diazomethane (TMS-CHN»)-mediated esterification, respectively.25

N-tert-butyloxycarbonyl (N-Boc) protection of 1-(2-hydroxyethyl) piperazine was performed
using di-tert-butyl dicarbonate (Bocz0O) with catalytic DMAP in THF 10.26 Bromide 11b was
synthesized from commercially available 4-cyanoacetophenone by keto reduction to 2°
alcohol (11la) using sodium borohydride (NaBH4),27 followed by bromination using

bromotrimethylsilane (TMS-Br).28
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2.3.3 Proposed Reaction Mechanisms and Characterization of Precursors

Here, attempts are made to describe the mechanistic details through which the chemical
transformations in each synthetic scheme are achieved. All reactions were monitored via
thin layer chromatography (TLC) and characterization was conducted primarily via: (i) high
pressure liquid chromatography coupled to a mass spectrometer (HPLC-MS) and (ii) proton
nuclear magnetic resonance spectroscopy (!H-NMR). In addition, 13C-NMR was used for
full characterization of all final compounds. Characterization data (:H-NMR, !3C-NMR, and

HPLC-MS) for representative final compounds are shown for each series.

2.3.3.1 Appel Reaction (step A, Scheme 2.1A) and TMSBr Bromination (Step K,
Scheme 2.1H)

The conversion of alcohols to alkyl halides in the Appel reaction begins with the generation
of reactive species from triphenyl phosphine (PPhs) and tetra-bromomethane (CBr4) as

shown in Scheme 2.2A.

Mechanistically, abstraction of an alcoholic proton (acidic) by the tribromomethane
carbanion generates a negative charge at oxygen which then nucleophilically attacks at
phosphorus in the reactive species (BrPPh3)+ to generate a resonance stabilized
oxyphosphonium intermediate (Scheme 2.2A). The oxygen is transformed into a good
leaving group, and a bimolecular nucleophilic substitution (Sy2) by the in situ generated
bromide ion occurs to produce the alkyl bromide and triphenylphosphine oxide (Ph3PO) as
a by-product.?® Formation of the alkyl bromide was confirmed by the change in the
retardation factor (Rf on TLC), and the presence of the characteristic bromo-pattern (m/z
= M+, M+2; HPLC-MS). Additionally, H-NMR confirmed the disappearance of the hydroxy
proton triplet signal at 5.16 ppm (Figure 2.8, 1a).
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Scheme 2.2: Proposed reaction mechanisms for (A) Appel bromination and (B) TMS-Br bromination

of 2° alcohols

Following the reduction of 4-acetylbenzonitrile to 2° alcohol (11la) using NaBHg4,
bromination was performed using TMS-Br (Scheme 2.1H). In this reaction, initial
hydrolysis of TMS-Br by a small amount of water included in the reaction system produces
in situ acidic HBr. As a result, the alcohol undergoes protonation and subsequent
dehydration to generate a 2° carbocation which is highly stabilized by resonance through
the aromatic system extending to the nitrile in the para position. The carbocation then
reacts with the liberated bromide (via unimolecular nucleophilic substitution, Sn1) to
produce the brominated product 11b. The water expelled by the dehydration step reacts
with excess TMS-Br to generate TMSOH molecules, which are easily condensed into more

stable (TMS)20 and water.28,30 TLC, HPLC-MS and 'H-NMR confirmed this conversion.
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2.3.3.2 BF3(OEt)s-mediated Ring Closure: Preparation of 1,2,4-Oxadiazole (Step C,
Scheme 2.1A)

The preparation of amidoxime 2 provided access to various precursors as shown
previously. For 5-H-1,2,4-oxadiazole (3a), the first step is nucleophilic attack by amidoxime
oxygen at the central carbon in triethyl orthoformate (CH(EtO)s) to eliminate the first
molecule of ethanol and regeneration of the BF3OEt3 catalyst (Scheme 2.3). This step is
followed by an intramolecular Sy2 displacement step by the amidine nitrogen onto the
central carbon of R-CH(EtO), resulting in the generation of another molecule of ethanol.
The final ethanol molecule is eliminated through an aromatization-driven step to produce

the desired precursor.

The loss of amidoxime amino (NHz) and hydroxy (OH) proton signals, alongside the
appearance of a sharp singlet downfield (6 = 9.24 ppm) integrating for one proton confirmed

the formation of this intermediate via 1H NMR (Figure 2.8).

L L BF3(OEt);

Lg@ 5

\/ “BF( OEt

9 BF5( OEt)g BF3(OEt) BF3(OEt)3

+
EtOH EtOH EtOH

o o

Scheme 2.3: Proposed reaction mechanisms for BF3(OEt)s-catalysed 1,2,4-oxadiazole formation

from N-hydroxyamidines

Formation of 3b, 3c and 3d proceeds via an initial nucleophilic attack at the carbon centre
of the appropriate precursor (mechanisms not shown). This step is followed by elimination
of chloride (for 3b and 3d) or trifluoro acetate (for 3¢) leaving groups to produce an ester-
like intermediates. Ester intermediates of 3b and 3¢ undergo a further intramolecular
cyclization/condensation to form 3-methyl-1,2,4-oxadiazole and 3-trifluoromethyl-1,2,4-
oxadiazole, respectively. In addition, 3d was used in ester form in the next steps.

Conversion of these intermediates was confirmed via 'H-NMR (Figure 2.8).
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Figure 2.8: Stacked 'H-NMR spectra (bottom to top) showing formation of 1la, 2, and other

representative alkyl bromide precursors (3a, 3b and 3d)

2.3.3.4 Amide Bond Formation using EDCI/DMAP Coupling Agents (Step D, Scheme
2.1)

The formation of the amide bond to yield amides 4a — 4c and O-acylamidoximes 7a —b was
achieved via the use of EDCI/DMAP as coupling reagents. The mechanism for this reaction,
and others which utilize carbodiimides such as EDCI is well documented in literature.31.32
The reaction is initiated by the deprotonation of the carboxylic acid to a strongly
nucleophilic carboxylate (Scheme 2.4). The carboxylate oxygen then attacks the
carbodiimide carbon of EDCI followed by proton exchange/transfer (PT) to generate the
highly unstable O-acylisourea. The carbonyl carbon in the O-acylisourea is flanked by
strong electron-withdrawing groups of atoms and is therefore highly electrophilic and

susceptible to nucleophilic attack.
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Scheme 2.4: Reaction mechanism for EDCI/DMAP amide bond formation

In order to achieve stability, the O-acylisourea could rearrange via an acetyl transfer to
form N-acylurea. However, the DMAP which is added to the reaction prior circumvents the
occurrence of this undesirable rearrangement by reacting with the O-acylisourea ester at
a much faster rate, while still generating a reactive DMAP-intermediate susceptible to
nucleophilic attack by the amine nitrogen to form the desired amide, and regeneration of
DMAP. A water-soluble urea analogue of EDCI is produced as a by-product.3! Formation
was confirmed by HPLC-MS via positive mode electrospray ionization/atmospheric
pressure chemical ionization (ESI/APCI+): m/z [M+1] = 4a and 4b; 286.0, 288.0
(calculated: 285.04, 287.03). 'H-NMR showed the appearance of additional aliphatic
protons including a highly pronounced methyl proton doublet up-field as expected (Figure

2.9). In hydrazide 4c, the methyl protons resonated at § = 2.05 ppm, splitting as a singlet.
2.3.3.5 Oxazoline and 1,3,4-oxadiazole Formation (Step E, Scheme 2.1B)

Following amide bond formation to generate 3-hydroxylamides 4a - b and N,N-
diacetylhydrazine 4c, a cyclisation reaction to form the corresponding oxazolines and
1,3,4-oxadiazole respectively was facilitated by TsCl and triethylamine (TEA) in DCM.
Mechanistically (Scheme 2.5), tosylation of the hydroxyl group is followed by the

intramolecular nucleophilic substitution (Sn2) by amide oxygen.
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Scheme 2.5: Proposed reaction mechanisms for the formation of oxazolines (5a, 5b) and 1,3,4-

oxadiazole (Sc)

This step leads to the displacement of the benzenesulfonate as a good leaving group. TEA
mops up the protons on the charged imine species forming neutral oxazoline/oxadiazole

ring, and maintaining the configuration (S, for 5a) of the chiral centre.

Mass spectrum (HPLC-MS) analysis revealed loss of m/z — 18.0 amu (water), from the
amide molecular weight (MW), which confirmed successful condensation by cyclization in
this series. As an example, the TH-NMR experiment of oxazoline 5a revealed a change in
the splitting pattern of the chiral centre proton (H-5) compared to that in precursor amide
4a (Figure 2.9). In 5a, proton H-5 splits as a doublet of doublet of quartets (ddq) with
coupling constants (J) of 9.34, 7.68 and 6.58 hertz (Hz), arising from its relationship with
two ring protons at H-7 (two doublets, large J’s) and the methyl group H-6 (quartet, small

J). Specific rotation was determined via polarimetry and found to be [q]?5p = +2.80°.

In precursor amide 4a, the same proton H-5 appears as a triplet of quartets (tg, J= 6.80,
6.10 Hz), which in this case spectrally appears as a sextet at 6 = 4.18 ppm (Figure 2.9) due
to overlapping subpeaks.33 This is because open chain methylene protons H-7 are
chemically equivalent and therefore split H-5 as a triplet. These relationships are shown

in Scheme 2.6.
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Figure 2.9: Stacked 'H-NMR spectra (from bottom to top) showing formation of 5a, from 4a
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Scheme 2.6: Representation of the splitting patterns observed for proton H-5 in amide 4a and

oxazole Sa

2.3.3.6 BBr3 aryl O-demethylation (Step F, Scheme 2.1C)

Phenols can be readily obtained from aryl methyl ethers via a variety of methods. One of
these utilizes boron tribromide, a strong Lewis acid, which also offers an advantage due to
its tolerance of several other functional groups in the target molecules, including aliphatic
halides. BBrs-asssited O-demethylation occurs via an Sy2 mechanism initiated by
nucleophilic attack of methyl ether oxygen onto the boron centre in BBr3 leading to the
formation of the ether-BBr3 adducts (Scheme 2.7). Thereafter, an Sy2 involving two ether—
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BBr3 adducts follows, each acting as a reaction substrate, and as a bromide ion donor.
During this step, bromide from one ether—-BBrs molecule abstracts the methyl group of
another ether-BBr3 substrate, cleaving the C-O bond to produce CH3zBr and ethoxy-BBra.
The ethoxy-BBr2 species undergoes hydrolysis upon quenching and work-up with water to

afford the phenol product 6.34.35

H
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OB~ Br—B© BQB/Br

r—BBr, |@m/ Br Br

2 x
o B 2 x .
6\\j CI)\'/:'O\
BL/@/“ CH, Addition w CH, Sy2 i/@/ H < H
Br©

2><CH3BI'

Ether-BBr;

adducts
BrO_” \H Bro—" “H

Br\B/ “H Br\B/OH HO\B/@H
5 &% ¢
Br Br H/Q\H w
HBr Bro© HBr
OH

HO. ;O HOéB/ ® H

é\ﬁ' é\% oH
_ >
A\l

Ethoxy-B(OH),-H,O
adduct

Scheme 2.7: Proposed reaction mechanisms for catalytic O-demethylation

During the hydrolysis cycle, each water molecule displaces a bromide ion in ethoxy-BBr»
to produce in situ HBr. In the final step, an intramolecular rearrangement of the ethoxy-
B(OH)>-H20 adduct leads to the formation of boric acid (H3BOs3) and the phenol product 6.

Two molecules of HBr are produced for every boric acid molecule.

Upon work-up, the change in polarity (Rp 0.68 to 0.50) on TLC indicated successful
transformation. 'H-NMR analysis of the pure isolated product revealed no signs of the
methyl singlet up-field, but the appearance of a phenolic proton singlet down-field at 6 =
9.23 ppm. Additionally, two (2) pairs of methylene protons were observed via lHNMR, each
splitting as a triplet with a coupling constant (J) of 7.4 Hz, indicating that the alkyl bromide

moiety was unaltered.

2.3.3.7 Methyl Esterification using TMS-Diazomethane (Step H, Scheme 2.1F)

Diazomethane (CH2N») offers a quick and efficient means of preparing methyl esters from

carboxylic acids (O-methylation). However, CH2N» is highly flammable and toxic among
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other hazards.3¢ Therefore, to avoid exposure to these hazards, a safer method that utilizes
trimethylsilyldiazomethane (TMS-CHN;) as a precursor to produce CH:Nz in situ was

employed.

The reaction is carried out in a 1:1 toluene-methanol solvent matrix. The first step is
formation of the TMS-CHoN>* cationic moiety (Scheme 2.8) after abstraction of the
carboxylic acid proton by the TMS-CHN» carbon. The cationic moiety coordinates with
methanol via silicon (Si) to form a methoxonium complex. This renders the methanolic
proton highly acidic and is then quickly abstracted by the carboxylate to regenerate the
carboxylic acid. The carboxylic acid thus acts as a catalyst, first as an acid, then as a base,
for the methanolysis of TMS-CHN> to generate free CHoN» in situ.2> The methyl ester is
generated in a subsequent standard reaction of carboxylic acids with the diazomethane

(Scheme 2.8).
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Scheme 2.8: Proposed reaction mechanisms for methyl esterification using diazomethane

The transformation was monitored via TLC and confirmed by the appearance of a methyl
proton singlet up-field (6 = 3.85 ppm) in the 'H-NMR spectrum. The presence of the bromo-
pattern (m/z = M+, M+2) in the HPLC-MS spectrum and two pairs of methylene protons in

the 'H-NMR spectrum confirmed retention of the alkyl bromide functionality.
2.3.4 Synthesis of Phase I, SARs 1 - 3 Target Compounds (15 - 54)

As shown in Scheme 2.9, synthesis was initiated via N-alkylation of 2-chloro-1H-
benzimidazole using commercially available alky halides in the presence of KoCO3 to afford

2-chloro-1-alkyl-benzimidazoles 12 in high yields (85 — 98%).
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Scheme 2.9: Synthetic protocol towards the formation of target compounds 15 - 55

)

(

Reagents and conditions: (a) alkyl halide, acetone, KoCOg3, 23 °C, 2 — 12 h (85 — 98%) or alkyl halide,
DMF, K>CO3, 70 °C, 12 h (58 — 80%); (b) ethyl 4-aminopiperidine-1-carboxylate or tert-butyl 4-
aminopiperidine-1-carboxylate, TEA, 150 °C, 2 — 12 h (60 — 85%); (c) 48% HBr, 120 °C, 2 h or TFA,
DCM, 20 °C, 3 h (71 - 98%); (d) Phenethyl bromides (1 — 8 or 11b) or O-Mesylates (10), K.COs, MeCN,
80 °C, 5 - 12 h (48 — 91%); (e) TFA, DCM, 21 °C, 2h, then amberlyst-A21, DCM, 3 h (55, 95%).

Subsequent nucleophilic aromatic substitution (SnAr) at 150 °C using either ethyl 4-
aminopiperidine-1-carboxylate or tert-butyl 4-aminopiperidine-1-carboxylate in the
presence of TEA, furnished N-ethyl carboxylate, and N-Boc-protected intermediates 13,

respectively.

The N-Boc-protected amine was used to prepare 13d considering the presence of a nitrile
in the precursor (12d), whose labile nature towards hydrolysis would not withstand the
harsh deprotection conditions employed for ethyl carboxylates involving a reflux at 120 °C
in highly acidic aqueous medium (48% HBr).3 Deprotection of intermediates 13 in acidic
media afforded the free amines 14 in high yields (71 — 98%). Treatment of free amines with
appropriately commercially available or previously prepared phenethyl halides (1 — 8 or

11b) and O-mesylates (10a or 10b) in a potassium carbonate (K2COs)-mediated Sn2
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reaction afforded target compounds 15 — 17 and 31 - 55. Target compounds 18 — 30 were
prepared via direct N-alkylation of commercially available alkyl bromides with 1H-
benzimidazole 15 using KoCOs in DMF.23 Synthesized analogues and isolated yields are

summarized in Table 2.1.

Dickson Mambwe
Ph.D Thesis 2021 89



Chapter 2: Design, Synthesis and Characterization

Table 2.1: Isolated yields for phase I target analogues (SARs 1 - 3)

N Q\N
Nt et -
@ HNCN N04©JN HN4<3N\/—@j
Code R R: Yield (%) Code R R: Yield (%) Code R R: Yield (%)
N
15 H - 85 31 H 75 44 /;w\}— 58
(0]
16 Me - 84 32 OH 63 45 g} 81
-N
17 4-CN 86 33 SO;Me 88 46 -—@m Lo 65
-N
18 3-F,4-CN 81 34 CH; 76 a7 iN\%CF\«, 75
-N
19 2-CN,4-F 79 35 CF3 79 48 'ﬁ\o% 48
N
20 2-F,4-CN 73 36 NO 77 49 N 53
N
21 P 4-OMe 88 37 "@& CO:Me 89 50 VAR 75
22 @4 4-SO;Me 93 38 CO,Et 55 51  --N ) 45
R
23 ! 4-NO 926 39 CO.H 926 52 ——N/Do 42
N-O /\
24 4-CO,Me 93 40 P 72 53 -N N-SOMe 65
R\ /
o) /7N
25 4-CO.H 90 41 /'}\Nf 61 54 N N-Boc 46
-0 /~\
26 4-CF; 90 42 /T\\N/%CF3 78 55  --N_ M 95
HN-O
27 4-CHs 88 43 Pty 68
28 )—Q—CN - 78
29 N CF; 74
Y—R
30 _ /Rt CHs 92
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2.3.5 Proposed Reaction Mechanisms and Characterization, Phase I SARs 1-3

2.3.5.1 N-alkylation and Nucleophilic Aromatic Substitution, SyAr (steps A and B,
Scheme 2.9)

Synthesis of intermediates 12 proceeded via Sx2 initiated by the abstraction of the
imidazole N-H hydrogen by K2CO3s (Scheme 2.10). The electron-push from the resulting
lone pair at position 1 (N-1) leads to nucleophilic attack by the n-bond electrons on
nucleophilic nitrogen at position 3 (N-3) to the electron deficient C-X spS carbon in the
alkyl halide. This concertedly leads to the substitution of halide, which results in the

formation of intermediates 12.
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Scheme 2.10: Proposed reaction mechanisms N-alkylation Sy2 and SyAr

Nucleophilic aromatic substitution (SyAr) takes place via a two-step process involving an
addition-elimination sequence. In this case, nucleophilic addition of the primary nitrogen
from 4-amino-N-Boc-piperidine at the benzimidazole aromatic carbon bearing the chloro
leaving group leads to the formation of an anionic intermediate with a highly delocalized
charge, otherwise called a Meisenheimer complex (A — D, Scheme 2.10).37 In the second
step, the chloride leaving group is eliminated to restore aromaticity, thus furnishing the
C-N bond in 13. TEA mops up the generated protons preventing the protonation of the

amine nucleophile and in situ deprotection of the Boc group.

The observed 1H-NMR spectrum of 12b (Figure 2.10), shows that proton H-1 is the most
de-shielded proton, followed by H-4. Consistently, both are closer to the electron-rich
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benzimidazole nitrogen atoms and resonate as doublet of doublets (dd, J= 8.50, 1.10 Hz

and J=8.10, 1.13 Hz, respectively).

&/ppm multiplicity J/Hz H
12b 7.57 dd 8.50, 1.10 H1
7.47 dd 8.10, 1.13 H4
1 7.33 ddd 8.51, 7.29, 1.10 H2
2 N 7.28 ddd 8.05, 7.28, 1.20 H3
S—cl 3.82 s - HS
3 N
4 \
5
H-1 (dd) H-4 (dd) H-2 (ddd) H-3 (ddd) 1 HE ()
7.57 7.47 7.33 7.28 4J/6J\H E.az
J(8.50, 1.10) J(8.10, 1.13) 1(8.51, 7.29, 1.09) | 1(8.05, 7.28, 1.20) [ 2
H N
<3J \%CI
N
H3 \
1.00 1.01 1.07 1.05 4J H4
bS8 7.57 756 748 747 7.46 735 730
3J
i i [ e T
1.00 1.01 107 1.05 3.01
760 755 750 745 740 735 730 725 720 745 740 705 700 695 405 400 395 390 385 380
f1 (ppm)
pdata/1 — DM 144 in CD30D — 1H Spectrum — Dickson
&/ppm multiplicity J/Hz H
7.68 d 8.39 H7
7.63 dd 5.39, 0.83 H1
7.39 dd 6.50, 0.99 H4g
7.34 d 8.39 H6
7.27-7.31 m - H2 & H3
5.59 s - H5
H-1 (dd) H-4 (dd)
7.63 7.39
3(5.99, 0.83) 1(6.50, 0.99), 12d
H-7 (d H-6 (d
7.6(3) 7.3(4) 1 ES ()
J(8.39) 1(8.39) 2 N .59
H-2,3 (m) \>*C|
7.30 3 N
H-7 4
H-6 5
6
H-4 H-2
H-1
Ho3 NC 7
—— R ——
2.00 0.94 1.02 2.06 2.10 2.10
770 7565 760 755 7.50 745 7.40 7.5 730 725 720 715 740 7.05 7.00 585 580 575 570 565 560 555
f1 (ppm)
DM-014/HNMR — DM 14 in CD30D — 1H Spectrum — Dickson

Figure 2.10: 'H-NMR spectrum of 12b (top) and 12d (bottom) in methanol-d4 at 600 MHz

This splitting pattern is due to separate short range (large 3J) and long range (small 4J)
interactions with H-2 and H-3 respectively. However, protons H-2 and H-3 each resonates
as doublet of doublets of doublets (ddd, J = 8.51, 7.29, 1.10 Hz and J = 8.05, 7.28, 1.20
Hz respectively). Judging from the coupling constants, they are each split first by their
immediate de-shielded neighbour (largest 3J), then by each other (large 3J) and last through
long-range (smallest 4J) coupling, to the other de-shielded proton (Figure 2.10). The same

benzimidazole proton splitting pattern was observed for aromatic substituted analogue
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12d, in addition to the two doublets (H6 and H-7) attributable to the benzyl group (Figure
2.10).

Successful synthesis of these intermediates was additionally confirmed via HPLC-MS
analysis. For instance, 12b and 12d exhibited pseudo-molecular ions of 167.0, 169.1 [M-
H] and 267.9, 269.9 [M+H] respectively, consistent with the calculated exact masses of the
molecular formula (CsH7CIN; and Ci15H10CIN3).

Following aromatic nucleophilic substitution (SnAr), the most striking feature confirming
successful C-N bond formation was the appearance of aliphatic signals associated with the
piperidine ring and the protecting group (Figure 2.11). Citing intermediate 13d as an
example, proton H-8 resonates as a triplet of triplets (tf) appearing up-field at 6 = 3.94
ppm. As illustrated in Figure 2.11, this pattern is due to 3J splitting by two symmetrically
identical pairs of axial (H-9a, large 3Jirans) and equatorial (H-9e, small 3J;s) protons on the
piperidine ring. Being in the shielded region of the chair conformation, the equatorial
protons H-10e resonate downfield as a multiplet (m) at 6 = 4.05 ppm while the less shielded
axial H-10a protons (deshielding region)3® resonated further up-field at 6 2.93 ppm. The
signals of H-9 protons were equally resolved into H-9e and H-9a signals, both resonating
as multiplets at 6 = 2.03 and 1.44 ppm respectively, each integrating for two (2) protons.
As expected, the CHs protons of the tert-butyl carboxylate were the most shielded
appearing as a singlet overlapping with H-9a protons at § = 1.44 ppm.
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6/ppm multiplicity J/Hz H
7.64 d 8.63 H7
>{ " 7.32 dd 7.88, 1.09 H1
7.22 d 8.62 H6
Q 7.04 ddd 7.89,7.20, 1.31 H2
>:O 6.97 dd 8.15, 1.32 H4
13d N 6.93 ddd 8.15, 7.19, 1.08 H3
4 10 5.34 s - HS
) N 8 4.02-4.07 m - H10e
@[ \%NH 9 3.94 tt 11.01, 4.03 HS8
3 N 2.88-2.99 m - H10a
m - HO9e
m - H9a & H11

4 2.00-2.05
5 1.32-1.51
CN

H-8 (tt)
3.94
J(11.01, 4.03),

. H45 (s) H-10e (m)| H-10a (m)| H-9e (M) H-9aj 11 (m))|
Aromatie kX
Region
H-5 H-8 H-11
- 1.02 ; H-9e
— H-10 H-9a
H-10e A 396 393 -10a M\,_va‘
| U Ll
1 TroH ! T I T T
n Qw N o o a in a
@ Qe 90 a KB ® = -
= SA Ao - NS - ~ =
T T T T — T T T T T T T T T T T T T T T T T T T T T T
76 74 72 7.0 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 3.4 3.2 3.0 28 26 24 22 2.0 18 16 14 1.2

f1 (ppm)
DM-024.3122.fid — DM 026 in CD30D — 1H Spectrum — Dickson

Jirans = 11.01 Hz noU
(triplet) C’/4(/?\1\80(;
Pl

Ar ™~/ H
H9e C‘:
H

s = 4.03 Hz
(triplet)

H8 (tt, J= 11.01, 4.03 Hz)

Figure 2. 11: 'H-NMR spectrum of 13d in methanol-d+ at 600 MHz

2.3.5.2 N-Boc deprotection (step C, Scheme 2.9)

Deprotection in acidic medium, a step leading to the formation of free amines 14a — 14d
takes place via a well-established mechanism as shown below for N-Boc deprotection using
trifluoroacetic acid (TFA). As shown in Scheme 2.11, the electron-rich carbonyl oxygen in
the carbamate is initially protonated by TFA, leading to an electron rearrangement that
stabilizes the formal charge and consequently eliminates the tert-butyl tertiary (3°)
carbocation. This generates a carbamic acid intermediate that quickly undergoes
decarboxylation to give a deprotected amine. As soon as the amine is formed, protonation
occurs because of the presence of excess acid to produce a TFA salt. Treatment of the salt
with amberlyst-A21 free base resin liberates the free amines 14. The generated carbocation
undergoes deprotonation by TFA to form isobutylene gas which escapes from the reaction
alongside CO». Alternatively, it has been hypothesized that the carbocation may also be

quenched by nucleophilic attack to form tert-butyl trifluoroacetate or oligomers via

polymerization (not shown).
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Scheme 2. 11: Proposed reaction mechanisms for N-Boc deprotection using TFA

The loss of the 9-proton singlet signal upfield in the 1H-NMR spectra of these intermediates
confirmed successful N-Boc deprotection while the disappearance of the ethyl CHa-proton

quartet and CHsz-proton triplet upfield confirmed ethyl carbamate removal.

Following deprotection, the splitting pattern for some of the piperidine protons could be
properly resolved. For instance, in intermediate 14d (Figure 2.12), deshielded equatorial
pairs H-10e protons at & = 3.07 ppm split as a doublet of triplets (dt) while the shielded
axial protons H-10a and H-9a split as triplet of doublets (td) and doublet of triplets of
doublets (dtd), resonating at 6 = 2.74 and 1.46 ppm, respectively. The triplet of doublets
splitting pattern of H-10a is attributed to an initial equal splitting by germinal H-10e and
vicinal H-9a (23J = 12.54 Hz) giving a triplet, and secondly by a weak coupling to vicinal
H-9e (3Jax-eq = 2.62 Hz; Figure 2.13). The phenomena of equal splitting of an axial proton
in cyclohexanes by its germinal neighbor (2Jeq-ax) and that of the adjacent vicinal axial

proton (3Jax-ax) is well documented.3°
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&/ppm multiplicity J/Hz H
7.67 d 8.40 H7
7.32 dd 7.91, 0.9 H1
7.25 d 8.39 H6
14d 7.05 ddd 7.89,7.10, 1.10 H2
NH 6.99 dd 8.01, 1.50 H4
6.94 ddd 7.99, 7.12, 1.10 H3
g / 10ae 5.37 s - H5
N 3.89 tt 11.10, 4.11 H8
9a.e . T
C[ S—NH 3.03-3.12 m - H10e
N 2.74 td 12.54, 2.62 H10a
2.01-2.11 m - H9e
5 1.46 dtd 13.33, 11.93, 4.07 H9a
CN
H-10a (td)
J(12.5.4, 2.62)|
537 J(11.12, 4.08) J(12.90, 3.55) 2.06 J(13.33, 11.93, 4.07
Aromatic
Region
H-10e H-10a H-9¢ H-9a
M_ﬂw
3 T Py & I Y
=1 S <] S - -
~N - o~ o~ o~ o~
6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5
f1 (ppm)
nmrdata.481.1.1r — DM1-029_2 — MeOD

Figure 2. 12: 'H-NMR spectrum of 14d in methanol-d+ at 400 MHz

In a similar way, the doublet of triplets of doublets observed for H-9a arises from coupling

to vicinal axial proton H-8 (3Jians = 13.33 Hz), followed by equal coupling to germinal H-9e
and vicinal H-10a (3J = 11.93 Hz) and finally, weak coupling to vicinal H-10e (3Js = 4.07

Hz) as shown below.

(doublet)

H10a (td, J = 12.54, 2.64 Hz)

23J=12.54 Hz

(triplet)

3, =4.07 Hz

ax-eq

(doublet)

Loy

H/C 9a H

H H\
|
H 10a
5 23J=11.93 Hz
Jaxax = 13.33 Hz (triplet)
(doublet)

H9a (dtd, J = 13.33, 11.93, 4.07 Hz)

Figure 2. 13: Description of the observed triplet of doublets (td) and doublet of triplet of a doublet

(dtd) splitting patterns for piperidine protons H10a (left) and H9a (right), respectively

In addition to the triplet of triplet signal observed for H-8, the splitting pattern of H-9a

further confirms that the bulky amino benzimidazole group is in the equatorial position

while H-8 is in the axial position. This is because vicinal trans (axial-axial) couplings are

stronger (large J) than cis (axial-equatorial) couplings (smaller J).32 Notably, the removal of

the protecting group caused significant perturbation in the extent of shielding for the
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adjacent piperidine protons. For instance, the equatorial protons H-10e in 14d are less
de-shielded than the H-8 proton, resonating at 6 = 3.07 ppm compared to 4.05 ppm in the

precursor 13d.

Consistently, N-ethyl carboxylate and N-Boc deprotection was accompanied by loss of 72.0
and 100.00 m/z units respectively, corresponding to the mass of the removed carbamate.
For 14d, a pseudo-molecular ion observed at 332.2 [M+H] consistent with the calculated

mass for the formula Cy0H25N50.

2.3.5.3 Piperidinyl N-alkylation and 1,2,4-Oxadiazole formation (step D, Scheme 2.9)

The final step leading to the formation of target compounds is an Sx2 in the presence of
K2COs3 (Scheme 2.12A).

A: LG = OSO,Me or Br

15 -17, 30 - 54

B:
NH,
Py R Lo R
R™ON N H N
: =N =N
0.0 H N, O N« O
1,2-addition OH Condensation
e f}
R R R
\G H-LG
N N H,O N
O-acylamidoxime 1,2,4-oxadiazoles

Scheme 2.12: Proposed reaction mechanisms for [A] final step nucleophilic substitution and [B]

formation of the 1,2,4-oxadiazole heterocycle

Mechanistically, nucleophilic attack by the piperidine lone pair of electrons onto the
electron deficient alkyl bromide or mesylate carbon leads to the displacement of the leaving
group to form the products (Scheme 2.12A). Following nucleophilic substitution, O-
acylamidoximes undergo cyclodehydration to form 1,2,4-oxadiazoles under the same
reaction conditions. This is initiated by intramolecular nucleophilic attack by the
amidoxime nitrogen onto the electrophilic O-acyl carbonyl carbon (1,2-addition) leading to
the generation of a cyclic hemiketal-like intermediate, which undergoes proton transfer
and subsequent elimination of water, driven by aromatization to form the 1,2,4-oxadiazole
heterocycle (Scheme 2.12B)
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Successful nucleophilic substitution was generally confirmed by the presence of two pairs
of diagnostic methylene protons and contextualized by the appearance of other diagnostic
signals in the 'H-NMR spectra. Examples of respective spectroscopic characterization of

target compounds from each SAR are described.

The 'H-NMR spectrum for target compound 15 as shown in Figure 2.14. The two pairs of
methylene protons (H-7 and H-8) resonate as coalesced multiplets because of their
continuous change of magnetic environment, consequently undergoing both geminal (2J)
and vicinal (3J) coupling with each other. Attempts to separate these multiples into the
expected pair of triplets by using variable-temperature 'H-NMR (VT-NMR) at 30, 50, 75
and 90 °C proved unsuccessful. Solid state 'H-NMR at very low temperature may be one
way to capture a single timescale and resolve these. Compared to H-8 (6 = 2.70 ppm), the
H-7 protons are relatively more de-shielded, as expected due to significant electron

withdrawing by the piperidine nitrogen (Figure 2.14).

6/ppm multiplicity J/Hz H
7.65 d 8.25 H11
7.44 d 8.25 H10
7.20 dd 5.81, 3.16 H1
6.98 dd 5.82,3.16 H2
3.68 tt 10.74,4.19 H4
3.02-3.12 m - Hé6e
2.88-299 m - H7
15 2.65-2.74 m - H8
2.35 td 11.78,2.60 H6a
2.04-2.17 m - HSe
1__10 1.58-1.70 m m H5a
H-10 ()| | H-2 (dd) NC 8 H-6a (td)
7.44 6.98 35
3(8.25) | | 1(5.82, 3.16) N 7 F7 s, 2.60)
HaL@] il Ld 6 Ao H-6e (m)|| H-8 (m) H-5e (m)| | H-5a (m)
3(8.25) || 3(5.81, 3.16) 1 N 4 3(10.74, 4.19) 306 || 270 212 1.65
2
5
H-11 H-10 \> NH
2©[N
H-1 H-2 1 H (not observed)
H-7 H-8
£ 7 77 T §d § T 7 T
T T

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
'8 76 74 72 7.0 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 3.2 3.0 28 26 24 22 20 18 16

f1 (ppm)
pdata/1 — DM-289 in MeOD — 1H Spectrum — Dickson

C-10
c-11, C-1

C-5

C-8

T T T T T T T T T T T T T T
155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30

f1 (ppm)

pdata/1 — DM-289 in MeOD — 13C Spectrum — Dickson

Figure 2. 14: 'H-NMR (top) & 13C-NMR (bottom) spectra of 15 in Methanol-d4 at 400 MHz
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Additionally, a finely resolved pair of doublets integrating for two protons each, appears in
the aromatic region (6 = 7.65 and 7.44 ppm). These protons are attributable to symmetrical
H-10 (x2) and H-11 (x2) in the phenyl group coupling with each (J = 8.25 Hz).
Benzimidazole protons H-1 and H-2 share a chemical environment due to the symmetry
that runs in the molecule in the most stable resonance form. Each proton in the pair
couples with its immediate neighbour (3J) and further with a 4J partner. Consequently,

each pair splits as a doublet of doublets (34J = 5.81, 3.16 Hz).

13C-NMR spectroscopy confirmed the chemical structures of some intermediates and final
compounds. For instance, the 13C-NMR spectrum of 15 (Figure 2.14) revealed fourteen (14)
distinct carbon signals, attributable to the twenty-one (21) carbons present in the
molecule. As expected, aromatic phenyl (four carbons) and benzimidazole (seven carbons)
resonated downfield, alongside other de-shielded carbons attached to electronegative
atoms (i.e., the nitrile carbon C-13). The most deshielded carbon is C-3 (6 = 154.17 ppm)
due to is precise three-way flanked position between nitrogen atoms. Two benzimidazole
and two phenylic signals had greater intensity, each arising from two carbons in the same
chemical environment. These are carbons C-1 and C-2 in benzimidazole, as well as carbons

C-10 and C-11 in the phenyl ring.

A similar trend was observed for piperidine protons in which only two signals where
recorded attributable to two pairs of C-5 and C-6 carbons in a chemically equivalent
environment. Additionally, carbons C-6 (6 = 51.93 ppm) were the most de-shielded
piperidine carbons by virtue of their proximity to electronegative nitrogen atoms in
comparison with C-5 carbons (6 = 31.58 ppm). The rest of the signals where successfully
assigned to their carbons relative to the electronic environments and carbon type (Figure
2.14). HPLC-MS analysis revealed 99% purity of 15 based on the peak area. The mass
spectrum revealed a pseudo-molecular ion (M+H)+ in the positive ionization mode at

364.20 (100%) which correlates to the calculated molecular weight for C21H23Ns.

Following the synthesis and full characterization of 15 and 14d, these were used as crucial
intermediates for the preparation of final compounds 18 — 30 (SAR 1) and 31 - 55 (SAR 2
and 3). As shown in Scheme 2.9, these reactions were carried out by stirring either 15 or
14d with an appropriate alkyl halide and K>CO3z in DMF at 70 °C or refluxing in MeCN.
Examples of full characterization of compounds in each SAR and compound class are

presented here.

Following benzimidazole N-alkylation of 15, the 'H-NMR spectrum of 28 (Figure 2.15), was
consistent with the structure of the compound. As such, the diagnostic methyl group
protons (H-6) resonated upfield at 6 = 1.93 ppm as a doublet, due to splitting by H-5 (3J =
7.07 Hz). H-5 resonates as a quartet further downfield (6 = 5.85 ppm) due to its precise

position next to the electronegative benzimidazole nitrogen atom. Additionally, the new
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benzyl aromatic protons H-8 and H-9 were accounted for and represented by a doublet (3J
= 8.29 Hz) belonging to the two de-shielded H-9 protons, while the two less de-shielded H-
8 protons overlapped with phenylic H-19 protons resonating at 8 7.42 — 7.44 ppm as a

multiplet and integrating for four (4) protons.

'a A
6/ppm multiplicity J/Hz H
28 7.72 d 8.49 H20
7.65 d 8.29 H9
20 19 7.42-7.47 m - H8 & 19
7.31 dd 7.79, 0.90 H1
NC iy 699  ddd 7.80,7.38,1.10  H2
16 6.80 dd 8.34, 1.13 H4
6.69 ddd 8.32, 7.40,0.91 H3
N 5.85 q 7.07 H5
1 15 3.85 tt 10.97, 4.15 H13
5 N 13 3.04-3.08 m - Hi5e
14
N 2.91-2.96 m - H16
C[,\P NH 2.68-2.73 m - H17
H-1 (dd) 3 . 5 2.32-2.40 m - H15a
”7753}]90 2.11-2.19 m - Hl4e
(775, 0-50) 6 CN 1.93 d 7.07 H6
Ho @ e () s 1.62-1.71 m - Hl4a
- - 9 - R
3(8.29) 3(8.34, 1.13)
H-20 (d) H-2 (ddd) H-5 (q)| H-13 (tt)
7.72 6.99 5.85 3.85 H’135§7(m) H’125‘"3’5(m) H—114Z7(m)
3(8.49) 3(7.80, 7.38, 1.10) 37.07) 3(10.97, 4.15) : : :
H-8,19 (m) 13 (d0d) H-17 (m) i (d)
7.45 6.69 2.70 03
H-20 3(8.32, 7.40, 0.91 3(f.07)
H-9 H-6
H-8
H-19
H-4 H-16
H-2 H-5 H-17 H-15a
H-3 H-13 H-14e H-15e
Lo & d &4 d d & SN AU SR
3 = 5 S g3 S S s = o S o = =
Nd o= 2 33 3 & NS &N @ N
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15
f1 (ppm)
nmrdata.131213.fid — DM1-092 in CD30D — 1H Spectrum — Dickson
c-20
C-9
C-19 c-3
C-8
——
132.0
c-15 C-6
c-2 C- C16 1o c-14 ‘
C-4 ! [> | ! !
| 1 0 | !
l “ j l 109.6 J C-17
\.
. c-13
155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
f1 (ppm)
nmrdata.131214.1.1r — DM1-092 in CD30D — 13C Spectrum — Dickson

Figure 2.15: 'H-NMR (top) and 13C-NMR (bottom) spectra of 28 in methanol-d+ at 400 and 101 MHz

respectively

All the analogues in SAR 1 showed similar 'H-NMR spectra with variations in the

resonance and splitting patterns in the aromatic region.
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13C-NMR provided further evidence of the structure of 28. As shown in Figure 2.15, all the
twenty-four (24) expected signals were accounted for, representing thirty (30) carbon
atoms. The diagnostic signals where due to the 4-cyano benzyl moiety. Aliphatic methyl
carbon C-6 was the most shielded, resonating at 6 = 16.30 ppm followed by C-14 (6 = 31.48
ppm). As expected, C-8 and C-9 carbon signals each represent two carbons in the same
chemical environment and resonate with high intensity at 6 = 127.36 and 6 = 131.88 ppm,

respectively. The rest of the carbons in this moiety were assigned based on their electronic

environment.

The 'H-NMR for pyridyl analogue 50, which represents compounds in SAR 2 in which the

phenyl moiety is replaced by other heterocycles, is shown in Figure 2.16.

6/ppm multiplicity J/Hz H
19 18 8.45 dd 5.01, 1.86 H21
/ \ 16 7.76 dd 7.70, 1.84 H19
20 7.67 d 8.49 H8
—N 15 7.32-7.37 m - H1 & H20
50 21 N 7.23-7.29 m - H7 & H18
7.06 ddd 7.86,7.11,1.51 H2
1 12 /1 7.00 dd 8.02, 1.43 H4
2 N 6.95 ddd 8.05,7.15,1.11 H3
\> NH B 5.38 s - H5
3 N 3.86 tt 10.87, 4.12 H12
4 3.06-3.11 m - Hl4e
5 3.00-3.05 m - H15
H-3 (ddd) CN 2.82-2.88 m - H16
6.95 7 8 2.36-2.45 m - H1l4a
J(8.05,7.15, 1.11) 2.08-2.15 m - Hi3e
H-8 (d) H-4 (dd) 1.59-1.70 m - H13a
7.67 7.00
1(8.49) 3(8.02, 1.43) H';Sogm) H'123fz(m)
H-21 (dd) H-19 (dd) H-2 (ddd) . H-12 (tt) - - :
8.45 7.76 7.06 3.86 H 13439("‘) H 12430(”‘) H 11324('“)
3(5.01, 1.86)| | 3(7.70, 1.84)|| 3(7.86, 7.11, 1.41) : 13(10.87, 4.12), : : :
H-16 (m)
H-5 2.85
H-8
o 1S e H-13¢
H-2 H-12 H-14a H-13a
H-4
H-19 H-3 " H-14e
& A R d ¥ TR 4 T
a 33 &5 883 8 S EREs & S =
3 =N e i ~ 4 ipeh BN <
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15
1 (ppm)
pdata/1 — DM1-058 in CD30D — 1H Spectrum — Dickson
C-14
|
C-15
! |
A : A’Vl A.A' n Wb m ol l.v AV " “‘vavw'n y ‘"'A'L
C-12
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 8 8 75 70 65 60 55 50 45 40 35 30
f1 (ppm)
pdata/1 — DM1-058 in CD30D — 13C Spectrum — Dickson
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Figure 2.16: 'H-NMR (top) and 3C-NMR (bottom) spectra of 50 in methanol-d+ at 400 and 101 MHz

respectively

The pyridyl protons are accounted for in the aromatic region with H-21 as the most de-
shielded proton resonating furthest downfield at 6 = 8.45 ppm as a doublet of doublets (J
= 5.01, 1.86 Hz) due to vicinal (3J) and long-range (*J) coupling with H-20 and H-19,
respectively. Judging from the coupling constants, H-19 is the second most de-shielded
proton, resonating as a triplet of doublets (J=7.70, 1.86 Hz) at 6 = 7.76 ppm due to equal
splitting by vicinal H-20 and H-18 and a long-range H-21. Protons H-18 and H-20 were
accounted for in the multiplet overlaps with H-7 and H-1 at 6 = 7.32-7.37 ppm and 6 =
7.23-7.29 ppm, respectively. There were twenty-three (23) distinct !3C-NMR signals

accounting for all 27 carbon atoms present in 50 (Figure 2.16).

The last class of compounds in phase I was represented by SAR 3 non-classical ethyl ester
bioisosteres such as 45, a 4-methyl oxazoline derivative. As shown in the 'H-NMR spectra
(Figure 2.17), all protons were accounted for and are consistent with the structure of 45.
Consistently, methyl protons H-24 were the most shielded resonating at 6 = 1.33 ppm as
a doublet (J = 6.64 Hz). Protons H-22 were represented by two distinct doublet of doublets
(dd) at 6 = 4.01 and 4.57 ppm based on their interaction with proton H-23. Judging from
the coupling constants, proton H-22e at 6§ = 4.57 ppm is trans to H-23, with a large
coupling constant (3J = 9.32 Hz) whereas H-22a at § = 4.01 ppm is cis with a smaller
coupling constant (3J = 7.50 Hz). H-22 protons equally undergo germinal coupling (2J =
8.02 Hz). Phenyl protons H-18 and H-19 are in the aromatic region, with H-19 being the
most de-shielded resonating at 6 = 7.84 ppm as a doublet integrating for two protons as
expected. H-18 resonated at the same chemical shift as H-1 and therefore overlaps into a

multiplet integrating for three (3) protons at § = 7.32 — 7.35 ppm.
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6/ppm multiplicity J/Hz H
7.84 d 8.21 H19
24 19 18 7.66 d 8.46 H8
2}("‘\ 16 7.32-7.35 m - H1 & H18
= 7.25 d 8.46 H7
22 \O 15 7.06 ddd 7.67,7.22,1.02 H2
N 7.00 dd 8.05, 0.81 H4
45 6.95 ddd 8.05,7.22,1.02 H3
1 A 5.38 s - H5
2 N 4.57 dd 9.32, 8.02 H22e
\> NH 13 4.35 ddq 9.32,7.51, 6.64 H23
4.01 dd 8.02, 7.50 H22a
3 " N 3.86 tt 10.94, 4.13 H12
5 3.08-3.12 m - Hl4e
H-4 (dd) CN 2.88-2.94 m - H15
7.00
1(8.05, 0.81), 7 2.72-2.76 m - H16
H-9 (d)| | H-7 (d) 8 H-23 (ddq) 2.37-2.44 m ) H14 24 (d)
R , , q [
7.66 7.25 4.35 2.09-2.14 m T - hs H13¢" 33
1(8.46)| | 1(8.46) 3(9.32,7.51,6.64)  1.62-1.70 m 29(1’“) ziz(m) H1321(6.64)
.64 d . 6.64 . H24
H';gs‘gd) H-1 & 18 (m) H-5 (s) H'Zfesédd) H'Zle(dd) H-14e (m) H-14a (m) H-13a (m)
3 . 7.34 5.38 o o 3.10 2.41 1.66
(8.21) J(9.32, 8.02)[| 1(8.02, 7.50)|
H-16 (m)
H-2 (ddd) H-12 (tt)
37.67, 7.22, 1.02 (10.94, 4.13), H-24
H-9 H-3 (ddd) H-5
6.95
H-19 3(8.05, 7.25, 1.07)
H-1 H-22e H-22a
H-15
H-1 H-16 H-14a
H-23 H-12 H-14e H-13e H-13a
B e b B A d §r AR 34
8 5 25 583 - S 8 S 38 g = 8 S = & N
o~ o~ M AN - o~ — — - — o~ o~ o~ o~ o~ o~ o®
3‘.0 7‘A8 7‘.6 7{4 7‘.2 7‘A0 5‘.8 6‘A6 5‘.4 6‘2 6‘.0 S‘AS 5‘.6 5‘A4 5‘.2 S‘AO 4‘.8 4‘6 4‘.4 4‘2 4‘.0 3‘A8 3‘.6 3{4 3‘.2 3‘& 2‘.8 2‘6 2‘.4 Z‘AZ 2‘.0 1{8 1‘.6 1‘A4 1‘.2
f1 (ppm)
DM-124.27115.fid — DM 124 in CD30D — 1H Spectrum — Dickson
C-8
C-7
Cc-19
|
Cc-18 C-24
C-13
- C-23
C2 o4 C4 Cc-22 ‘ C-14 |l c5 ! ‘
e ‘ 15 cae
| c_3 |
| | ‘ h | | ‘ | | ‘ ]L | j
el L l ) )
C-12
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DM-124.27116.1.1r — DM 124 in CD30D — 13C Spectrum — Dickson
.

Figure 2.17: '"H-NMR (top) and 13C-NMR (bottom) spectra of 45 in methanol-d4 at 400 and 101 MHz,

respectively

In the 13C-NMR spectrum of 45, all the twenty-six (26) signals were consistently obtained,

representing 32 carbon atoms present in the molecule. Oxazoline carbon C-21 was the

most de-shielded resonating at 6 = 164.52 ppm. Other diagnostic signals include oxazoline

carbons C-22 and C-23, which resonated closely at 6 = 74.04 and 61.23 ppm respectively.
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HPLC CHROMATOGRAM (280nm)

-
ZYZ
zZ
T
4
2.371
2.490
2460

o

05 1 ' 15 2 2. 3 35 4 mi
CN Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
| I

S T O [ R — |
45 1 2.371 88 0.8428  3.16240 9.26706e-1 0.2010
CaoH34NgO 2 2.498 BV 9.9283 6.20487e-1 2.70278e-1  0.0394
Exact Mass: 518.28 3 2.708 BV 9.0212 1569.55994 1131.65234 99.7596
MW: 518.67 Totals : 1573.34282 1132.84933
MASS SPECTRUM (APCI*) UV-Vis SPECTRUM
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(M+H)+ = 519.2

280
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Figure 2.18: HPLC-MS chromatogram and UV-vis spectra of compound 45

Carbon C-21 was the most shielded, appearing in the aliphatic carbon range upfield at 6
= 20.09 ppm. The rest of the signals were consistent with the structure and were
unambiguously assigned according to their electronic positions and signal intensities. The
HPLC-MS chromatogram and spectra of 45 (Figure 2.18) showed 99.8% purity at 2.700
min with a consistent pseudo molecular ion found at 519.2 [M+H]. The UV-Vis spectrum
showed three (3) peaks depicting the absorption maxima (Amax) at 240, 290 and 340 nm.
Specific rotation was determined as [a]?5p = +7.78°, which confirmed retention of (S)-

configuration in the oxazoline.
2.3.6 Synthesis and Characterization of Phase I, SAR 4 Analogues

As shown in Scheme 2.13A, compounds with a varied diamine linker (SAR 1), were
synthesized using the chemical process described in section 2.3.4. Briefly, microwave
assisted SyAr of previously prepared 12d with a series of commercially sourced mono N-

Boc-protected diamines, followed by Boc deprotection produced amine intermediates 56.
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A final N-alkylation with common intermediate 7a afforded analogues 58 — 62 in high yields
(67 — 80%; Table 2.2).

s a

A:
N Boc (b N H N
loa @ @[\*R L’@[\%R (© @[\*R
N N N
=N
S, A
NC NC NC
N
56a - e 56 - 57 a, R: CN 58 - 62
H (See Table 2.2)
b,R: *CN,_
c, R: \’\OCN,,
d, R: --N N--
_/
/ N\
e, R --N N--
g N,
B \(/ o)

NHz N o} N N
L @[ \ N L @[ \ NH L @[ \ N
i :NHZ H>—C J<o (b) N N>—C
: “CN i “CN

63 64 65

L J

Scheme 2.13: Synthetic protocol towards phase II SAR 4 target compounds 58 — 65
Reagents and conditions: (a) N-Boc—amine, TEA, toluene, 150 °C, uW, 5-30 min (55-78%); (b) TFA,
DCM, 22 °C, 2 h (75-98%); (c) 7a, KoCO3, 80 °C, 10 — 24 h (67-80%); (d) N-Boc-4-formylpiperidine,
Toluene, 24 °C, 12 h (88%); (e) 4-(bromomethyl)benzonitrile, K,CO3, DMF, 70 °C, 12h.

Catalyst-free oxidative cyclocondensation of aldehyde N-Boc-4-formylpiperidine with O-
phenylenediamine at room temperature (24 °C) afforded 2-alkyl benzimidazole 63. Boc
deprotection, followed by Sn2 coupling of 7a to the free amine (64) afforded the C-linked
analogue 65 (Scheme 2.13B). The isolated yields of these analogues are summarized in

Table 2.2.
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Table 2.2: Isolated yields for phase I SAR 4 analogues

@gk

Code R Yield (%) Code
58 NGN 78 61 --N

Yield (%)

R
/~\
N-- 76
/
H
59 /’N‘CN" 80 62 / <N 67
—/
60 [ n- 77 65 < N- 85

In this reaction, N-Boc-4-formylpiperidine and O-phenylenediamine dehydrate via an
initial intermolecular 1,2-addition step to form an imine (Scheme 2.14). The next step is
an intramolecular 1,2-addition of the imine to generate a dihydro-imidazole intermediate,

which finally undergoes oxidation by air to produce the desired product.404!

I G A O
NH
MN —Boc 12 addition ©:N Condensation @[N\
OH Y
NHQQ/

NH2 H,0 NH,

Imine

[Ox1dat10n]
NQ
Intramolecular
N—Boc %, N—Boc
1 2 addition

PT

1,3-dihydro-imidazole 63
intermediate

Scheme 2.14: Proposed reaction mechanisms for the formation of 2-alkyl benzimidazole 63 under

catalytic-free conditions

IH-NMR analysis was used to confirm the structure and successful formation of
intermediates and final compounds. As an example, the spectra of 60 (Figure 2.19) showed
diagnostic protons in the spiro diamine linker and all other protons were accounted for. As
expected, and in the order of least shielded to the most shielded, protons H-12 resonate
as a singlet integrating for two protons (6 = 3.64 ppm) and H-13 as a triplet because of

vicinal coupling (3J = 6.93 Hz, 6 = 3.54 ppm) with H-14 protons.
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6/ppm multiplicity J/Hz H
N—O 8.02 d 8.30 H22
26 zZ 7.68 d 8.12 H8
N/ 7.43 d 8.31 H21
7.39 dd 7.92,1.23 H1
19 707 d 8.10 H7
60 5 712 ddd 7.90,7.13,1.31 H2
1 12 N 7.06 dd 8.12,1.33 H4
2 N 7.02 ddd 8.11,7.18,1.25 H3
SN 16 5.47 s - H5
3 (@aa) 3 N 14 3.64 s - H12
X 4 13 3.54 t 6.93 H13
J(8.11, 7.18, 1.25) 5 3.26 d 7.99 H16 & H17
H2 (ddd) 2.77-2.82 m - H18
. 7 2.73-2.77 m - H19
3(7.90, 7.13, 1.31) 0.42 s : H26
H-21 (d) NC 8 2.12 t |[m13m 6.91 H14
7.43 3.54
H-18 (m)| | H-26 (s)
H-22 (d)|| H-8 (@) | H-7 () H-16,17 (d)
8.02 || 7.68 7.27 H;54(75) H';éf) 3.26 H'; 76’")
3(8.30) || 3(8.12)| | 3(8.10) : : 3(7.99) :
H-1 (dd) H-14 (t)
7.39 2.12
3(7.92, 1.23) 3(6.91)
H-4 (dd)
7.06
3(8.12, 1.33) .
H-5 H-14
H-22 H-21 H-7
H-8 |, H4
H-2
H-3
I & IaleEn g id I & 3 &
8 % 885RAS = S8 5 an & =2
S N NeNAS3 st SN ¢ NA b s
80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20
f1 (ppm)
DM-178.231110.1.1r — DM 178 in CD30D — 1H Spectrum — Dickson
C-7
-8 c-16
C 22‘ ‘ Cc-21 C-17
| ! |
- C-15 c-18 C-14
ch e c1 c-12 c.5  C19 C-26
i | I X
© | ¢2 c-13 ‘
| | | | | —_TT
Ll | LU )| 1220 1218 L |
170 160 150 140 130 120 110 100 % 80 70 60 50 40 30 20 10
f1 (ppm)
DM-178.231111.fid — DM 178 in CD30D — 13C Spectrum — Dickson

Figure 2.19: 'H-NMR (top) and 13C-NMR (bottom) spectra of 60 in methanol-ds at 400 and 101 MHz,

respectively.

Protons H-16 and H-17 appear as two coalesced doublets (2J = 7.99 Hz, § 3.26 ppm),
integrating for four protons. This is due to geminal coupling (2Jun) in the two magnetic
environments. Heteronuclear single quantum coherence (HSQC) further confirmed this
relationship, represented by one carbon nuclei signal (C-16,17). The most shielded protons

are H-14, which resonate further upfield as a triplet integrating for two protons (6 = 2.12

ppm).

There were twenty-eight (28) signals in the !3C-NMR spectrum of 60 (Figure 2.19).
Oxadiazole carbon C-24 (6 = 175.43 ppm) and benzimidazole C-11 (6 = 167.62 ppm) were
the most de-shielded due to their proximity with electronegative oxygen and nitrogen
atoms. Spiral moiety carbons were located upfield with C-16 and C-17 sharing the same
chemical shift environment (6 = 63.00 ppm). The methyl carbon C-26 was the most
shielded resonating at 6 = 10.00 ppm.
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2.3.7 Synthesis and Characterization of phase I, SAR 1g Analogues

Maintaining the 3-methyl-1,2,4-oxadiazole moiety and the 4-aminopiperidine linker,

substitution of the benzyl group was revisited. The compounds were synthesized via the

synthetic scheme illustrated in section 2.3.4 (Scheme 2.15).

NH
oy
R

14a, R=H
14b, R = CH,
14c, R = Iso-propyl

66, R=H
68, R = CH;
70, R = Iso-propyl

— 71 -78

(b) @EN Q

>—NH
N
R

(See Table 2.3)

J (a)

N
S—NH
N

\

R

67, R=H
69, R = CH,

Scheme 2.15: Synthetic protocol towards phase II, SAR 2 target compounds 66-78

Reagents and conditions: (a) 7a or 7b, K2CO3, MeCN, 80 °C, 5 - 12 h (55 - 91%); (b) Alkyl bromide,
DMF, 70 °C, 12 h (58 — 80%)).

Briefly, Sn2 of either 7a or 7b with free amines 14a-14c afforded 66-70. Coupling of
commercially available alkyl bromides with 66 afforded final compounds 71 — 78. A

summary of SAR 1 analogues and their isolated yields is shown in Table 2.3.
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Table 2.3: Isolated yields for phase I SAR 1g analogues

O
R

O-N
|
NNg,

Code R Ri1i  Yield (%) Code R Ri1i  Yield (%)
N
66 CHj 75 73 _O 67
u _
N
67 CFs 55 74 7 N—cr, 58
68 CH; 75 75 ‘@ca 80
CH; CHj;
69 CFs 66 76 77
F
70 < 91 & AN C/< 65
CN
71 @ CHs 80 78 \@COZH 69
N\ F
72 —<:><F 68

IH-NMR was used to confirm the structure of the final compounds. Using the isopropyl

analogue 70 as an example (Figure 2.20), diagnostic signals include the methyl group

protons H-19, which resonate consistently upfield at § = 2.43 ppm as a singlet integrating

for three protons. Additionally, isopropyl protons H-6 have the largest intensity, resonating

as the most de-shielded protons at § = 1.57 ppm as a doublet due to splitting by the H-5

proton, which in-turn resonates as heptate/septate near-downfield at 6§ = 4.61 ppm (J =

6.90 Hz). With the core structure nearly the same as that of 15, similar signature profiles

were recorded in the !'H-NMR spectra of this series with variations depending on the

substitution.
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L DM-159.23118.1.1r — DM 159 in CD30D — 13C Spectrum — Dickson

6/ppm multiplicity J/Hz H
8.05 d 8.55 H15
70 7.48 d 8.57 Hi14
19 7.35 dd 7.86,(1.17 H1
14__15 N 7.29 dd 7.62,[1.10 H4
1 N 9 10 12 < > </ W/ 7.02 ddd 7.86,(7.12,1.20 H2
2 H N 6.96 ddd 7.61,[7.09, 1.14 H3
s ©[ \FN@N ” (@) 4.61 hept 6.90 H5
N 3.80 tt 11.09, 4.18 H8
4 )5\ 3.09-3.16 m - H10e
2.93-3.00 m - H11
6 2.73-2.77 m - H12
2.43 s - H19
2.32-2.39 m - H10a
H-3 (ddd) 2.10-2.17 m - HO9e
: 1.66-1.73 m - H9a
J(7.61, 7.09, 1.14) 1.57 d 6.91 H6
H-1 (dd)
7.35
X786, 1.17) e e[S
H-15 (d) H-14 (d) H-2 (ddd) H-5 (hept) H-8 (tt) H{6 (d)
8.05 7.48 . 4.61 . H';Olgm) H’;27;”‘) f ’203(7'") 57
1(8.55) 1(8.57) 1(7.86, 7.12, 1.20 3(6.90) 3(11.09, 4.18)| - . i J(fp.91)
H-9 (m|
H-4 (dd)
1(7.62, 1.10)|
H-19 H-6
H-5 H-11 H-12 H-10a o
- -Ja
Pa o
J g 3T <3 Py & L A A 4F & T
S o S9 =9 N S S 9 I ® S o N o
ps 2 22 G323 3 3 S 0« b iy ~ A
é.D 7‘.8 7‘.6 7‘.4 7‘.2 7‘.0 6‘.8 6(.6 4‘.6 4‘.4 4‘.0 3‘.8 3‘.6 3‘.4 3‘.2 3‘.0 2‘.8 2‘.6 2‘.4 2‘2 2‘.0 1‘.8 1‘.6
f1 (ppm)
DM-159.23117.fid — DM 159 in CD30D — 1H Spectrum — Dickson
|
c-14 c-6
c-15 :
. c-9
c-10 ‘
C-2 c4 c-11 ! c-12 R
c-3  C ‘ €5 ‘ ¢ ?9
C.13J | lu J ‘ |
| | [ ! ! j A
I 1 | | |
c-8
1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éO 5‘0 ‘;O ?;0 2‘0 1‘0
f1 (ppm)

respectively.

The 13C-NMR spectra further confirmed the structures of these analogues. For 70, twenty-
one (21) carbon signals were obtained, representing twenty-six (26) carbon atoms present
in the molecule (Figure 2.20). Oxadiazole carbons C-17 experienced the least shielding,
resonating at 6 = 171.01 ppm. C-19 was the most shielded, consistently resonating in the
aliphatic carbon range at 6 = 11.49 ppm. In the same way, isopropyl carbons C-6 (x2) were

represented by one high intensity signal at 6 = 20.90 ppm due to their similar chemical

environment.

Further structural validation was achieved by the HPLC-MS chromatogram and spectra as

shown in Figure 2.21.
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HPLC CHROMATOGRAM (280nm)
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Figure 2.21: HPLC-MS chromatogram and spectra of compound 70.

Purity was determined to be >99% based on the percentage peak area in the
chromatogram. MS in positive ionization mode revealed a pseudo-molecular ion [M+H]+ of
445.2 as the base peak (100%) consistent with the calculated exact mass for C26H32N6O.
The UV-Vis spectrum revealed Amax = 235 and 260 nm as the absorption maxima for this

compound.
2.4 Phase II AST Analogues: Rationale & Design

The SAR and structure-property relationships (SPR) in exploratory phase I revealed that
activity could be retained, solubility improved, and high metabolic stability achieved
following the removal of the benzyl moiety (66/67) or its replacement with a N-methyl
group (68/69), if a CHsz- or CF3-substituted 1,2,4-oxadiazole was present in the lateral
phenyl group. Additionally, the SAR validated the significance of the 4-amino piperidine
moiety (Chapter 3). Therefore, these three structural features were maintained, and
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compounds 67 and 68 were used as templates for the design of advanced phase II

analogues (Figure 2.22).

Derivatization of the 3-position with various groups Effect of cyclic and open chain
including a carboxylic acid (SAR expansion) amide replacement
0 R R
A(\ —( <L\ HO—, HO—4  etc. (X 6 @LR
O Ny O N/ OGN
! ! : etc.
sar 2 {] SAR 1 X = 0, N, SO,, NSO,Me etc.
:> R = Craig plot substituent
Effect of 5-mono- & 5,6-di-substitution N
with Craig plot substituents ‘ \>_
N-g
N
68
S—NH

etc.

CF3 N Y
(e
N~g

67 N
N :‘
H—NH
N

H

1. Discrete change: insertion of nitrogen atom on benzimizazole core or replacement of N-1

with O. N
NN <N N
\ Da| D -
Z N Z N o
H H

2. pKa reduction: Effect of f-Fluorination around the basic piperidine nitrogen

X = CHF or CF,
Y=CHorN

Figure 2.22: SAR-guided design of phase II AST analogue based on compounds 67 and 68

Furthermore, removal of the benzyl moiety would result in analogues with lower MW and
lower lipophilicity (clogP). Therefore, this approach was envisaged to further improve
physicochemical properties and potentially reduce affinity for the hERG K+ channel
relative to AST.
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Amides have been extensively used as bioisosteric replacements of esters. The increased
rigidity of amides makes them less likely to be metabolized. Additionally, amidation is often
used as a strategy to mitigate hERG liability.42.43 Therefore, SAR 1 involved the design and
preparation of a small and structurally diverse library of amides (Figure 2.22), which were
synthesized as replacements of the oxadiazole moiety in compound 68. A variety of open-
chain and cyclic amides of different sizes was explored. Additionally, to extend the SAR in
the 1,2,4-oxadiazole moiety, the 3-position was functionalized with groups that would
impart varying steric and electronic effects (SAR 2). Synthetically accessible short aliphatic
groups (i.e., iso-propyl, cyclopropyl, and tert-butyl) and water solubilizing groups (i.e., OH,
SCH3, N(CH3)2, and CO2H) were considered.

Next, the benzimidazole ring was explored. In AST, cytochrome P450-mediated
hydroxylation at benzimidazole 6-position generates a 6-hydroxy metabolite.45 To block this
site and study the effect of substitution, a series of 5- and 6-substituted benzimidazole
analogues were designed (SAR 3) and synthesized by incorporating various Craig plot
substituents. To that effect, SAR 4 focused on discrete modifications in the benzimidazole
scaffold. The SAR around the replacement of the benzimidazole heterocycle has not been
investigated previously, therefore, various strategies towards reducing hERG affinity such
as incorporating nitrogen in the benzimidazole ring, replacement of benzimidazole N-1 with
oxygen (NH to O) were utilized. Additionally, SAR 4 involved P-fluorination around the
piperidine nitrogen. This was envisaged to reduce the nitrogen basicity (pKa) as a strategy

to reduce the hERG affinity of resulting compounds (Figure 2.22).44

2.5 Chemistry: Phase II
2.5.1 Synthesis of Phase II SAR 1 and 2 Analogues

The preparation of amides and oxadiazoles was initiated by the synthesis of esters 79 and
80 via nucleophilic substitution between 9 and 8 with 14b, respectively. Hydrolysis of 79
via refluxing in aqueous NaOH and methanol followed by acidic workup afforded carboxylic
acid 81 in quantitative yield. The next reaction involved chlorination via refluxing in SOCl,
to quantitatively produce the common intermediate acyl chloride 82. Amides 83-111
(Scheme 2.16A) were prepared by directly coupling commercially available amines to crude
acyl chloride 82 in the presence of TEA in THF at room temperature (16-20 °C). All amides

comprising the Boc protecting group were further deprotected to furnish free amines.
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A. R—(: :)—\ HOQC < > \
NH N N
N (a) N b N
s’ o O e ok -
N N N
CHs CH, CHs
14b 79, R = CO,Me 81
80, R = CO,Et
R
Clo,C
o)
N N
d
N N
S—NH @[ H—NH
N\ N
CH3 CH3z
82 83 -111
(See Table 2.4)
R1 N
B TN
N-g
N
H2N R1 d
R—CN  __© I + g2 _ @ N
Ho~N @[ S—NH
N
Nitrile 112a - e CHs
113, R, = CO,Et 115 - 121
114, R, = OH (See Table 2.4)
Commercially 121, R; =--CO,Et
’ b
sourced 122, R, = ”COQH‘:I( )

Scheme 2.16: Synthetic protocol towards phase II SARs 1 and 2 target compounds 79-122
Reagents and conditions: (a) 9, K2COgs, 80 °C, 5 h (68%); (b) (i) 2M NaOH, MeOH (for 80) or EtOH (for
122), 78 °C, 2h (ii) 3N HCI, pH 2, 20 °C (98%); (iii) SOCl,, 81 °C, 2 h (99%); (c) 112a-e, 113 or 114,
TEA, THF, 20 °C, 6-10 h followed by K>CO3, 80 °C, 16 h (44-60% over two steps); (d) (i) 2M NaOH,
EtOH, 80 °C, 15 h (ii) 3N HCI, Ph 2, 20 °C (92%); (e) () NH.OH-HCI, 8-hydroxyquinolone, TEA, ethanol,
79 °C reflux, 1.5 h, (i) 21 °C, 10% HCI, Ph 3 (70-82%); (f) TFA, DCM, 20 °C, 3 h (80-89%).

To prepare 1,2,4-oxadiazoles, a series of amidoximes (112a-e) were first synthesized via
treatment of respective nitriles with hydroxylamine hydrochloride by refluxing in ethanol in
the presence of TEA and catalytic amounts of 8-hydroxyquinolone (Scheme 2.16B).
Following an acidic work-up using 3N HCI, pure amidoximes were obtained in high yields
(80-89%). Coupling of amidoximes to acyl chloride 82 resulted in O-acylamidoximes
intermediates, which without isolation nor purification were treated with KoCO3 and refluxed

in acetonitrile to initiate cyclocondensation, resulting in 3-substituted-5-phenyl-1,2,4-
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oxadiazoles 113-121. The 1,2,4-oxadiazole-3-carboxylic acid analogue 122 was obtained

via hydrolysis of its ethyl ester precursor 121 in ethanol.

The isolated yields of both amides and functionalized 1,2,4-oxadiazoles (over two steps) are

summarized in Table 2.4.
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Table 2.4: Isolated yields for phase II SAR 1 and 2 compounds (amides and 1,2,4-oxadiazoles)
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Cry O

CHs
Yield Yield Yield Yield
Code R (%) Code R (%) Code R (%) Code R (%)
NH
79  CO;Me 68 920 A 7 o 71 100 O\\HNQD 89 110 o\\_Nﬁ(Nj/ 73
/ / / /
0] 0 o) Yl
80  CO.Et 77 91 /}LNyOH 87 101 /xLNDo 76 111 \\—NJH 51
© o _N. OH
81 CO:H 98 92 \X—NyCN 79 102 > Nn-soc 93 115 9 Y/ 44
// /) __/ L N
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83 e 88 93 \X_NQJ 86 103 > W 91 116 OL N/ 51
// \ // F / / e \N
\
o) Q OH A I N N—
84 }_NF 79 94 >>_NC|L 77 104 MN N— 77 117 /CJLN\>_/ 53
Q Q CN O /.o o-N
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// ,I /I \_/ ¢} L N
o I\ o) OH o) o-N
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/ / ’ . N
QM g % N
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) p . 7SN
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2.5.1.1 Characterization of Phase II SAR 1 and 2 Analogues

Mechanisms leading to the formation of these analogues are well-known and are therefore
not shown. However, evidence of the formation of carboxylic acid (81) is presented. The

stacked 'H-NMR of 81 from 14b are shown in Figure 2.23 below.
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Figure 2.23: Stacked 'H-NMR spectra for synthetic intermediates 14b, 79 & 81 in methanol-d+ at
300 MHz

Successful preparation of methyl ester 79 was confirmed by the appearance of; (i) two

doublets (H-11 and H-12, J = 8.27 Hz) in the aromatic region at 6 = 7.37 and 7.95 ppm,
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(i) two multiplets upfield (6 = 2.92 and 2.69 ppm, respectively), each integrating for two

methylene protons H-9 and H-10 and (iii) a methyl singlet upfield (6 = 3.89 ppm). These

provided evidence of the successful synthesis of ester intermediate 79. Formation of the

hydrolysis product 81 was confirmed by the disappearance of the methyl singlet signal

following 'H-NMR analysis in protic solvent methanol (Figure 2.23).

The 'H-NMR and 13C-NMR spectra of amide 109 are shown as examples for this class of

compounds. The appearance of aliphatic protons with a distinctive piperazine (H-18 and

H-19) proton broad singlet at 6 = 2.33 ppm integrating for eight protons and the singlet at

6 = 2.21 ppm representing four chemically equivalent cyclopropyl H-21 protons is shown

in Figure 2.24.
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Figure 2. 24: 'H-NMR (top) and 3C-NMR (bottom) spectra of 109 in DMSO-ds and methanol-d« at
300 and 101 MHz respectively

Consistently, 13C-NMR analysis revealed these piperazinyl (C-18 and C-19) and cyclopropyl
carbons (C-21) as distinctive singular signals at 6 = 49.43 and 5.00 ppm, respectively.
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2.5.2 Synthesis of Phase II SAR 3 Analogues

Two separate but converging routes (A and B) were used to synthesize 5,6-disubstituted

and 5-substituted benzimidazole precursors (Scheme 2.17) below.
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H \
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R; = H: 13la: R=CN 132 - 141
131b: R =CF; (See Table 2.5)
131c: R = OCH;
131d: R = SO,Me
131e: R = CO,Me 0 136: R = CO,Me;R, = H

131f: R=F 142:R=CO,H; R, =H
131g: R=Br (k)
: NH
131h: R=R,;=F 143:R=%)/J;R1=H
131lii R=R;=Cl O

131j; R=R, =CH,

Scheme 2.17: Synthetic protocol towards phase II, SAR 3 target compounds 132-143

Reagents and conditions: (a) (i) CDI, DMAP, THF, 20 °C, 12 h (quant’); (ii) POCls, 110 °C, 12 h (58-
93%); (b) Mel, Acetone, KoCOs, 23 °C, 2 h (90-97%); (c) tert-butyl 4-aminopiperidine-1-carboxylate,
TEA, 150 °C, 2-12 h (66-85%); (d) TCDI, DMF, 23 °C, 12 h (88-97%); (e) MeNH, (2M in THF), TEA,
MeCN, 65 °C, 4-18 h, (66-88%); (f) Hz, balloon, 10% Pd/C, 1:1 MeOH/EtOAc, 21 °C, 12 h (89-96%);
(g) DCC, TEA, MeCN, 85 °C, 12 h (80-95%); (h) TFA, DCM, 21 °C, 3 h (71-98%); (i) 7a, MeCN, 85 °C,
8-12 h (46-78%); (j) (i) 2M NaOH, EtOH, 25 °C, 12 h; (ii 3N HCI, Ph 2, 20 °C (142, 94%); (k)
Cyclopropylamine, EDCI/DMAP, DCM, 20 °C, 2 h (143, 48%).
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Preparation of 5-substituted precursors was initiated by SnAr reaction between
methylamine (2M in THF) and an appropriate 4-substituted-1,2-halo-nitrobenzene in the
presence TEA at 65 °C in MeCN (Scheme 2.17, Route 2B). The resulting 1,2-amino-
nitrobenzenes were then subjected to reduction [Hz, Pd/C] to afford diamines 129 a-g in

high yields (89 — 96%).

N,N-Dicyclohexylcarbodiimide (DCC)-mediated cyclization of the diamines 129 a-g with
isothiocyanate 126a in MeCN produced 2-amino benzimidazoles 130 a-g in moderate
yields (48 — 79%). Intermediates 130 h-j were accessed via an initial cyclization of
appropriate and commercially available 4,5-disubstituted-1,2-diamines  with
carbonyldiimidazole (CDI) as shown in scheme 2.17, Route A. This was followed by
chlorination using POCIl3 to produce corresponding 5,6-disubstituted-2-chloro-1H-
benzimidazoles 124 h—j. N-methylation using methyl iodide afforded 5,6-disubstituted-1-
methyl-2-chlorobenzimidazoles 125 h—j which were then subjected to SyAr with N-Boc-4-
aminopiperidine in TEA at 150 °C. Deprotection of 130 a—j using TFA afforded free amines
131, which were subsequently coupled (Sn2) with 7a to afforded final compounds 132-
141 in good yields (46 — 78%). The carboxylic acid analogue 142 was obtained via
hydrolysis of ester 136 wunder basic conditions. Amide coupling of 136 with
cyclopropylamine using EDCI/DMAP afforded amide 143. The isolated yields of these

analogues are outlined in Table 2.5.

Table 2.5: Isolated yields for phase II SAR 3 benzimidazole-core substituted 3-methyl-

1,2,4-oxadiazoles.

O-
SO

CH3
Code R Ri1 Yield (%) Code R Ri Yield (%)
132 CN H 69 138 Br H 77
133 CF3 H 62 139 CHs CHs 48
134 OCHs H 54 140 F F 53
135 SO2Me H 64 141 Cl Cl 46
136 CO:Me H 78 142 CO2H H 94
[>—NH
137 F H 65 143 }-- H 81
0

2.5.3 Mechanistic Details for the Synthesis of Phase II SAR 3 Analogues
2.5.3.1 Cyclization (Step A (i), Scheme 2.18)

Formation of the 1,3-dihydro-2-benzimidazolone intermediate results from a sequence of
two nucleophilic addition-elimination reactions by the aromatic diamine nitrogen atoms

and the CDI carbonyl centre (Scheme 2.18). By-product of this step are imidazole
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molecules which are highly water-soluble, and the crude product is thus isolated in

quantitative yield by mere filtration following the addition of water.

_N
@\> o Nr\/
R NH, N R NH R N
>=@ — — =0
N HN AN H
ko ko 1,3-dihydro-
2-benzimidazolone

Scheme 2.18: Proposed reaction mechanism for CDI cyclization

2.5.3.2 Chlorination using POCI3 (Steps A (ii), Scheme 2.18)

Chlorination using POCI;3 is thought to occur via a 2-dichlorophosphoryl intermediate A
(Scheme 2.19), resulting from nucleophilic attack of the phosphorus in POCl3 by the oxygen
atom followed by elimination of a chloride ion. The chloride ion then attacks on the
electron-deficient, oxygen-bearing carbon in A, leading to the elimination of

phosphenothioic chloride (PO2Cl), hydrochloric acid and the desired 2-chlorobenzimidazole

product.
H H QO Hoos
/\@[ ° CI/II:\CI N ;@E&*O “ o ¢
R N l R N‘w R N o
1 H ! cleo H cl 1 H

A

R N
—~— T Ly
R4 N
Het, ¢ :

0* Yo
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Scheme 2.19: Proposed reaction mechanism for POCl; chlorination

2.5.3.3 DCC-mediated Cyclocondensation (Step G, Scheme 2.18)

As shown in Scheme 2.20, the nucleophilic amino nitrogen of the benzene-1,2-diamine
attacks the electrophilic isothiocyanate carbon to form the thiourea intermediate B. TEA
then abstracts a proton from the aromatic-thiourea nitrogen pushing the electrons into the
electron-deficient thiourea carbon. This leads to nucleophilic attack by the thiocarbonyl =-
electrons onto the DCC carbodiimide carbon atom leading to the formation of intermediate

C.

Nucleophilic cycloaddition by the second nitrogen of the diamine onto the thiourea carbon

center leads to an unstable resonance stabilized anion D, which quickly undergoes
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aromatization leading to the elimination of a thiourea by-product and formation of the
desired 2-amino-1H-benzimidazole product. The steps that follow are N-Boc deprotection

in acidic media and Sy2 reaction to form the final product(s) as previously described.

s a

DCC O\ M H(?\?
N’/
N
Cv s H
N‘CN*BOC
33 Addition \©: I-{/\ ‘Boc N-Boc

NH NH .

\ N
B

HLN
® \
H H Q Boc
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R\C[/N><S \O R\C[% Elimination \CE \%NH
i N\ NH N\ NH § N\
S
/ N N O\H*NH 130a - g

Boc Boc

Anion Intermediate D
(Resonanace Stabilized)

Scheme 2.20: Proposed reaction mechanism for DCC-mediated cyclocondensation

2.5.4 Characterization of Phase II SAR 3 analogues

The characterization of intermediates and final products in SAR 3 is exemplified by the
synthesis of 5-trifluoromethy-benzimidazole analogue 133. Spectroscopic build up leading
to the preparation of 131b, a free amine intermediate is shown in the stacked !H-NMR
spectra shown in Figure 2.25. The formation of N-methyl intermediate 128b from the SyAr
step consistently showed three aromatic proton signals. This was confirmed by the
appearance of methyl protons H-5 (Figure 2.25) as a doublet (J= 5.56 Hz) at § = 3.00 ppm
and N-H proton (H-4) as a weak quartet (J = 5.56 Hz) at § = 8.50 ppm. Following nitro
reduction (129b), NH, protons (H-5) were observed at 6 5.00 ppm as a singlet. Formation
of 130b via DCC-mediated cycloaddition was confirmed by the appearance of piperidine
aliphatic protons (H-6, H-7, and H-8), the tert-butyl protons (H-9) singlet and the 2-amino
N-H (H-5) proton doublet downfield. Following N-Boc deprotection, the spectra of 131b was
devoid of the tert-butyl signal upfield, thus confirming its identity.
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Figure 2.25: Stacked 'H-NMR spectra (from bottom to top) from 128b to 131b in DMSO-ds at 300

MHz

Having been fully characterized, 131b was used in the next step to prepare analogue 133.
In the TH-NMR spectra of compound 133 (Figure 2.26), the signature peaks observed in
131b are retained, with the appearance of H-15 and H-16 as two doublets coupling with
each other in the aromatic regions at 6 = 7.50 and 8.01 ppm (J = 7.80 Hz). Methylene
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protons H-12 and H-13 are accounted for as multiplets at § = 2.92 and 2.41, respectively.
Finally, the methyl protons H-20 resonate as a singlet at 6 = 2.08 ppm.
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Figure 2.26: 'H-NMR spectrum of 133 in DMSO-ds at 400 MHz

13C-NMR analysis further confirmed the structure of 133 and other analogues in this
series. As shown in Figure 2.26, the spectrum showed 21 signals representing 25 carbons
in the molecule. The chemical shift-equivalent pairs of carbons in the phenyl ring (C-15
and C-16) and the piperidine ring (C-10 and C-11) resonated at the same chemical shifts.
Diagnostic carbon signals were attributed to the most de-shielded oxadiazole carbons C-

18 and C-19 resonating at 6 = 175.20 and 156.38 ppm, respectively.
2.5.5 Synthesis of Phase II SAR 4 Analogues

Depending on the aromatic ring (Ar), preparation of compounds 146-152 involved two
sequential converging routes (Scheme 2.21). In route A, titanium (IV) isopropoxide/sodium

triacetoxyborohydride (Ti(OiPr)s/Na(OAc)sBH)-mediated reductive amination between
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either 2-amino benzoxazole and N-Boc 4-oxopiperidine or 2-amino benzimidazole and N-
Boc-3,3-difluoro-4-oxopiperidine produced intermediates 144a and 144b (Scheme 2.21A)
in low to high yields (24-98%). In this reaction, Ti(OiPr)4 acts as both a catalytic Lewis acid
and as a water scavenger, as conventional reductive amination conditions

(HOAc/Na(OAc)sBH) could not work.

Boc
/—N
A: Y,
N Y\ (a) N
@[ S—NH, - O=<_/N—Boc — @[ S—NH
X X
X=NHor O Y = CH,, or CF, 144a; X =0, Y = CH,

144b; X = NH, Y = CF,

. Boc
B: /—N /—NH
Y Y
_B._NH, (b) By N (c)
L, —— LG —— (e
R NH, R ”
(See Table 2.6) 144c - 144g 145a - 145g

-
2

146 - 152
(See Table 2.6)

Scheme 2.21: Synthetic protocol towards phase II SAR 4 target compounds 146-152

Reagents and conditions: (a) (i) Ti(OiPr)s, THF, 18 °C, 12 h (ii) Na(OAc)sBH, 18 °C, 20 h (24 — 98%);
(b) 126a or b, DCC, TEA, MeCN, 85 °C, 12 — 16 h (80 — 90%); (c) TFA, DCM, 24 °C, 3 h (76 — 80%);
(d) 3¢, MeCN, 85 °C, 8 — 12 h (23 - 82%).

In route B, N,N-dicyclohexylcarbodiimide (DCC)-mediated condensation of isothiocyanates
(126a or b) with either O-phenylenediamine or O-diaminopyridines produced 144c-g in
high yields (80 — 90%). Following N-Boc deprotection of intermediates 144 a — g using TFA
and Amberlyst-A21, free bases 145 a — g were coupled (Sx2) with 3¢ to provide the final
compounds 146 — 152 in low to high yields (23 — 82%).

Synthesis of SAR 4 pyridyl compounds 156 and 157 (Scheme 2.22A) began with the
preparation of aryl vinyl intermediate 153 via Suzuki coupling of 4,4,5,5-tetramethyl-2-
vinyl-1,3,2-dioxaborolane to 6-bromonicotinonitrile. Regioselective coupling (1,2-addition)
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of 153 to piperidines 14b or 145c was achieved using ZnCl; as a catalyst. Treatment of

nitriles 154 and 1585 with hydroxylamine produced an N-hydroxyl amidine intermediate

which without purification, was treated with trifluoroacetic acid anhydride (TFAA) to afford

oxadiazole functionalized compounds 156 and 157 in excellent yields (83%).
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Scheme 2.22: Synthetic protocol towards phase II SAR 4 target compounds 156, 157 and 161

Reagents and Conditions: (a) Pd(dppf)Cls, Cs2COs, 1:1 Dioxane/H»0, 85 °C, 16 h (21%); (b) ZnCl.,,

MeCN, 75
(87-91 %)

°C, 4 h (34 - 61%); (c) (i) NH2OH-HCI, 8-hydroxyquinolone, TEA, ethanol, 79 °C, 1.5 h

; (ii) (CF3CO)20, DCM, Pyridine, 16-21 °C, 1 h (48-54%) (d) 4-Cyanophenacyl bromide,

K2COs. MeCN, 85 °C, 5 h (74%); 1 NaBH4, CH30H, 0 °C to 18 °C, 2 h (93%); (f) DAST, DCM, -70 °C

to =50 °C,

0.5 h, 96%).

On the other hand, mono-fluoro compound 161 (Scheme 2.22B) was prepared following

keto reduction of Sny2 product 158 followed by diethylaminosulfur trifluoride (DAST)
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fluorination to produce 160. Subsequent functionalization of the nitrile group as
previously described afforded the oxadiazole compound 161 in high yield (85%). The
chemical structures and isolated yields of the compounds from SAR 4 are summarized in

Table 2.6.

Table 2.6: Isolated yields for phase II SAR 4 analogues

.

s B

° 'N N N CF3
Ar A B

Code C Yield (%)
Oy
146 -- 63
o
N\ N
A\
147 | N> 75
H
N\ N\
148 | _ N> " CHy CHz CH 78
H
NN
149 P 75
NN
150 PR 79
Cl ”
151 N CHF 71
152 @[N\%' cF, cH, M 43
157 H CHF N 48
161 ©[N>_ CHF CH 54
156 N CH2 o, N 48

2.5.6 Mechanistic Details for the Synthesis of Phase II SAR 4 Analogues
2.5.6.1 DAST Fluorination of Ketones (Step G, Scheme 2.23)

DAST is a fluorinating agent widely used in the preparation of nucleosides, carbohydrates,
and organic compounds. Examples include fluorination of alcohols and carbonyl
compounds. Fluorination of alcohols is thought to proceed via a 1,2-addition of hydrogen
fluoride (HF) formed from the reaction between DAST and traces of water, across the C-O
bond. Alternatively, the alcohol may react with DAST by nucleophilic displacement (Sn2)
of fluorine on sulfur by the oxygen of the hydroxy group leading to the displacement of HF
(Scheme 2.23).46:47 Electron push from the lone pairs of electrons on nitrogen in
intermediate A expels a fluoride ion, which consequently attacks the oxygen-bearing
carbon and displaces diethylsulfuramidous fluoride (DSAF) as a by-product leading to

formation of the desired a-fluoro product.
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DSAF
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Scheme 2.23: Proposed reaction mechanism of DAST fluorination of alcohols

2.5.7 Characterization of Phase II SAR 4 Analogues

Target compound 151 is used as an example for full characterization of final compounds

in this SAR (Figure 2.27). All twenty-two (22) protons were identified and accounted for,

via 'H-NMR. Consistently, aromatic protons H-1 and H-2, as well as H-12 and H-13 each

integrate for two protons resonating at 6 = 7.21, 6.99, 7.44 and 8.0 ppm, respectively. The

presence of the fluorine group in the piperidine ring causes significant changes in the

splitting pattern of the protons in the ring in comparison with other piperidine compounds

presented earlier. Briefly, H-4 experiences both 3Jgn and 3Jur splitting and therefore

appears as a quartet of doublets (qd) at 6 = 3.83 ppm. Diagnostic proton H-8 undergoes

2Jur splitting with a large coupling constant (J = 49.59 Hz) as observed in the doublet of

triplet of doublet signal at 6 = 4.49 ppm.
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Figure 2.27: 'H-NMR (top) '13C-NMR (bottom) spectra of 151 in methanol-d+ at 600 and 151 MHz,

respectively

The I3C-NMR spectrum of 151 (Figure 2.27) shows seventeen (17) carbon signals
representative of 28 carbons present in the molecule. This is because benzimidazole
carbons C-1, C-2, and C-3 as well as phenyl carbons C-12 and C-13 are each represented
by two carbon atoms in the same chemical environment and hence represented by one
peak (signal). Fluorine bearing a-carbon C-8 and B-carbon C-7 undergo C-F splitting in
the n+1 order of magnitude, where n = number of a-fluorine atoms. Therefore,
diagnostically, C-8 and C-7 were each assigned to one of the two doublets resonating at &
= 55.82 ppm (J = 24.88 Hz) and 6 = 54.37 ppm (J = 18.32 Hz). The rest of the carbons were

unambiguously assigned with respect to their environment.

The HPLC-MS chromatogram of compound 151 (Figure 2.28) revealed that the compound

was pure enough (98%) for biological evaluation following column chromatography.
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HPLC CHROMATOGRAM (280nm)
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Figure 2.28: HPLC-MS chromatogram and spectra of 151

Additionally, MS analysis showed a pseudo-molecular ion (M+H)+ of 475.1 consistent with
that of the exact calculated mass of C23H22F4NeO. The UV-Vis absorption maxima were at
230, 255, and 280 nm.

2.6 Hybridization of AST and CQ
2.6.1 Background and Rationale

Hybridization is a strategy that is highly effective in addressing a range of issues such as
drug-resistance and drug-drug interactions. AST has been used with CQ as part of a
hybridization strategy to overcome P. falciparum resistance to CQ. Musonda and co-
workers at Pfizer designed CQ-AST analogues and evaluated their activity in the CQ-
resistance P. falciparum resistance strain (K1). The design was centered on identifying the
appropriate linkage that would result in hybrids with low cross-resistance to CQ as part of

a proof-of-principle study.48
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Figure 2.29: Pharmacophore details of chloroquine (CQ) and astemizole (AST), and hybridization
SAR exploration carried out by Musonda et al.*® “Dose = 4 x 20 mg.kg! for 4 days; ?Dose = 4 x 25
mg.kg! for 4 days

Quinoline-based antimalarials such as CQ and amodiaquine (ADQ) exert their activity via
complexation with ferriprotoporphyrin IX (Fe(IlIl)PPIX), a by-product of the essential
parasitic hemoglobin degradation pathway, thereby inhibiting the formation of hemozoin.
It was therefore imperative to maintain the pharmacophoric features of the CQ portion in
the hybrid (Figure 2.29). These include: the 7-chloro group that promotes n-stacking of the
quinoline to the n-excessive porphyrin and halogen-hydrogen interactions,* and the 4-
amino group (2° nitrogen) whose electron-releasing properties increase the pKa of the
quinolinium nitrogen, thereby increasing its basicity and hydrogen-bonding capability with
Fe(IIT)PPIX.50 Additionally, the aliphatic 3° nitrogen had to be maintained as it is crucial

for CQ accumulation in the parasitic digestive FV.
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In the work from which AST’s antimalarial activity was first disclosed, norastemizole (Nor-
AST), an N-dealkylation metabolite of AST devoid of the 4-methoxyphenethyl moiety, was
over 2-fold less active in a panel of three strains of P. falciparum (3D7, Dd2 and ItG; ICso >
2.23 uM) compared to AST (ICso < 0.734 uM). On the other hand, desmethylastemizole
(DMAST), an O-demethylation metabolite of AST displayed over 6-fold higher activity (ICso
< 0.107 uM) than AST.! Based on this data, the low activity of nor-AST suggested the
importance of alkylation of the 3° piperidine nitrogen in AST for antimalarial activity.
Therefore, following a diversity study comprising various linkers between AST and CQ
(Figure 2.29), a set of diaminoalkyl linkers were identified, with three frontrunner
compounds showing improved potency against CQ-resistant K1 strain. Two of these

hybrids demonstrated in vivo efficacy in the P. berghei mouse model of malaria.48

The observed high in vitro activity and in vivo efficacy of the hybrids suggest their potential
for further development. However, the work (i) explored a limited SAR, (ii) delivered hybrids
with poor drug-like properties such as high lipophilicity and low solubility and (iii) does
not show multi-stage activity other than that against the asexual-blood stage. Therefore,
the work described here will further explore the SAR of front-runner hybrid-2 (H-2) in an

attempt to improve its drug-like properties.
2.6.2 Design

H-2 was selected as a template for further investigation because of its reported good high
in vivo efficacy (P. berghei (p.o.), 4 x 50 mg.kgl: 99%), low cytotoxicity in the CHO
mammalian cells (ICso: 9.1 uM) and high mean survival days (MSD) of infected mice (13

days).

The design of analogues was guided by previously established SARs for both CQ and AST.
The role of the carbon chain length in the diaminoalkyl linker in CQ has been extensively
investigated in literature, and results suggest that either shortening (two to three carbons)
or lengthening (ten to twelve carbons) would lead to compounds that remain active against
CQ-resistant malaria parasites. However, short spacers (four or fewer) have consistently
conferred greater activity than long variants.5!-53 Therefore, the 4-aminopiperidine spacer
was maintained because it is both present in AST and imparts a propyl spacer (three

carbons, Figure 2.30).
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Figure 2. 30: Design of astemizole-chloroquine (AST-CQ) analogues around hybrid-2 (H-2)

SAR 1 was focused on the benzyl side chain of the AST portion of the hybrid (Figure 2.30).
This SAR included complete removal of the sidechain, replacement with short alkyl
moieties, replacement with pyridyl moieties, regioisomerism and substitution of the 4-

fluoro with water solubilizing groups and other Craig plot substituents for SAR expansion.

In SAR 2, the p-fluoro benzyl moiety was fixed, while changes were made at the 7-position
of the aminoquinoline portion of the hybrid. The 7-chloro group is responsible for inhibition
of hemozoin formation, although it is thought to have little influence on the strength of
association with Fe(llI)PPX.5¢ Replacement of the 7-chloro with electron-withdrawing
groups such as NO,, CN, and CF3 generally produces potent hemozoin-formation inhibitors
comparable to those containing Cl, although this is not always associated with
antiplasmodium potency. The strong electron-withdrawing effect of groups such as NO; at
the 7-position decreases the basicity (pK.) of quinoline nitrogen so that accumulation of
the molecule in the parasite digestive FV is too low to exert strong biological activity.
However, derivatives with weaker electron-withdrawing groups (i.e., CN) retain potency
similar to that of Cl derivatives.55 The lower lipophilicity of groups such as CN compared
to Cl indicates the possibility of analogues with more favorable physicochemical profiles
and lower toxicity. Therefore, to test this hypothesis, the 7-Cl group was substituted with
water-solubilizing groups and other synthetically accessible Craig plot substituents (Figure
2.30).
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2.7 Chemistry: AST-CQ Hybrids
2.7.1 Synthesis of SARs 1 and 2 Hybrids

The synthesis of SAR 1 analogues (Scheme 2.24) was achieved following the synthetic
route similar to that described in section 2.5.4. Briefly, SnAr of appropriately substituted
2-halo nitro benzene followed by H2/Pd reduction, CDI cyclization, and POCI;3 chlorination
produced intermediates 165a and 165t-v (Scheme 2.25). Conversely, intermediates 165b-
s were prepared by direct Sn2 coupling of appropriate alkyl halide to 2-chloro
benzimidazole as previously described. Direct SyAr coupling of 165 chloro intermediates
to amino intermediate 167 at high temperature using TEA afforded hybrid compounds
168-193 in high yields (78 — 91%). A summary of the structures and isolated yields of SAR
1 and 2 hybrid compounds is shown in Table 2.7.
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Scheme 2. 24: Synthetic protocol towards SAR 1 and 2 hybrids (H-2, 168 - 193)

Reagents and conditions: (a) (i) 4-Fluorobenzylamine (for 163a-c) or cyclopropanemethylamine (for
163d), TEA, MeCN, 80 °C, 2-72 h (quant’); (b) H (balloon), 10% Pd/C, 1:1 MeOH/EtOAc, 27 °C, 7
h, (90-98%); (c) CDI, THF, 28 °C, 3 h (quant)); (d) POCls, neat, 110 °C, 12 h (80-90%); I Alkyl halide,
K2COs, Acetone, 23-60 °C, 2-36 h (88-95%); (f) Acetyl chloride, TEA, MeCN, 26 °C (88%); (g) (ii) 2M
aq. KOH, MeOH, 80 °C, 2h; (ii) 3N aq. HCI, Ph = 1 (89%); (h) Methylamine (2M in THF), EDCI/DMAP,
DCM, 25 °C, 2 h (76%); (i) N-Boc-4-aminopiperidine, TEA, 155 °C, 8 h (78%); (j) TFA, DCM, 23 °C, 2

h (98%); (k) TEA, 160 °C, 5 h (59-95%).
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168 H 74 179 4-OMe 69 191 CN 77
169 CH; 83 180 4-CF; 86 192 SO,Me 79
170 < 89 181 4-SO,Me 81 193 CO,Me 73
171 84 182 4-SONH, 59
172 _<> 87 183 \ |/ 4-NO, 72
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2.7.2 Synthesis of SAR 3 Hybrids

Meldrum’s acid (2,2-dimethyl-1,3-dioxane-4,6-dione; Scheme 2.25A) is a remarkable

reagent with various reactivities that has found numerous applications in the preparation

of nitrogen containing heterocycles. This utility is attributable to its susceptibility to both

electrophilic and nucleophilic attack on C-5 and C-4/6 respectively, along with unique ring

opening capability. In this case, it was used for the efficient preparation of commercially

inaccessible 4-chloro-7-substituted aminoquinoline precursors required for SAR 3

analogues.
A:
o 5 o N (6]
Y 1 & ®
T+ L, o+ — L AN 2
x o 0 R NH, H JV
) 0”0
Meldrum's R=F 194a: R=F
acid R = Br 194b: R = Br
R = CF; 194c: R =CF;
R=CN 194d: R=CN
R = OCF; 194e: R = OCF,
R = OCHj, 194f: R = OCH,4
R = NO, 194g: R = NO,
OH R OH R Cl
+ _— +
~ ~ ~ ~
R N N R N N
195a - g 196a - g 197a - g 198a - g
(Separated)
B:
ol e
X X ] 7
N”"N N” N N
- EE Nee
~
O O O R
F F F
165h 199 200 197a - g
N
PR 201: R=H
) N N 202: R=F
203: R=Br
HN g 204 R=CFy
N 205: R=CN
206: R = OCF,
z 207: R =OCH;4
R N 208: R =NO,
201 - 212

Scheme 2.25: Synthetic protocol towards SAR 3 target compounds 201-212

Reagents and conditions: (a) 149 °C, 3 h, (89-98%); (b) Ph,O, 225 °C, uW, 5 min (Crude: 95-98%);
(c) POCls, Toluene, 110 °C, 2 h (7-substituted, 43-98%); (d) 160 °C, 2 h (72%); I TFA, DCM, 25 °C, 2

h (98%); (f) Phenol, 120 °C, uW, 45 min (39-72%).
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The condensation of 3-substituted anilines with Meldrum’s acid and triethyl orthoformate
(Scheme 2.25A) by stirring at 148°C under neat conditions produced enamines 194 in
excellent yields (90 — 95%). After isolation, microwave assisted cyclization of enamines in
diphenyl ether (Ph2O) afforded a ~ 2:1 mixture of 7- and 5-regioisomers 195a-j and 196a-
j respectively, which could not be separated via either flash chromatography or
crystallization. However, following chlorination of the mixture with POCl3, 7-substituted
regioisomers (197a-j) were successfully separated from their 5-substituted regioisomers
(198a-j) via column chromatography. Microwave-assisted nucleophilic aromatic
substitution (SnAr) of 197a-j with previously prepared 200 (Scheme 2.25B) in phenol
afforded the hybrid compounds 202 — 211 in high yields (70 — 85%). Hybrid compound
201 was obtained from commercially available 4-chloro-quinoline. Reduction of nitro

compound 211 followed by acylation using acetyl chloride and TEA afforded amide 212.

Respective analogues and their isolated yields are shown in Table 2.8 below.

Table 2.8: Isolated yields for SAR 3 analogues.

N
._Qj _':NACN_QND
N

Code R Yield (%) Code |:R Yield (%)
201 H 58 205 CN 49
202 F 44 206 OCF3 59
203 Br 72 207 OCHzs 42
204 CFs 63 208 NO, 39

2.7.3 Reaction Mechanisms and Characterization

As shown in Scheme 2.26, the multi-component reaction involving Meldrum’s acid, triethyl
orthoformate and aniline precursors is thought proceed via the generation of a reactive 5-
ethoxymethylene 1,3-dioxane-4,6-dione (otherwise called the ethoxymethylene Meldrum’s

acid) intermediate in situ.
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Step 1: Ethoxymethylene formation
#»o X
éﬁ\OJ ) ! g ! i O
. (o] O
e 5o )\(&

P EtOH e EtOH

Ethoxymethylene

i o . Meldrum's Acid
Step 2: 1,4-addition & elimination

O><O
O ke 2 i~

KA O /% ~ H /]V
NH, O O o0~ O

EtOH
194a - g
Step 3: Decarboxylation
H
O (o O Oj
O (0O O
7 H \ 7 ;
R N R N R
2-hydroxy Ester Carboxylic Acid 195a - g
Intermediate Intermediate

L J

Scheme 2.26: Proposed reaction mechanisms for the formation of the 7-substituted-4-

hydroxyquinoline ring via Meldrum’s acid

The respective aniline undergoes nucleophilic addition to the reactive intermediate via 1,4-
Michael addition, leading to the elimination of ethanol and formation of an enamine
intermediate. Under microwave conditions, the enamine undergoes intramolecular
cycloaddition via nucleophilic attack by the aromatic rn-electron onto one of the
electrophilic carbonyl carbons. The resulting 2-hydroxy ester intermediate quickly
undergoes decomposition to form a carboxylic acid, which subsequently undergoes
decarboxylation to produce 5- and 7-sustituted-4-hydroxy aminoquinoline mixture. This

was without purification, subjected to chlorination using POCls.

The 'H-NMR spectra for the enamine for cyano intermediate 194d consistently showed
seven proton signals. As shown in Figure 2.31, diagnostic NH (H-5) and enamine C-H (H-
6) protons appear as doublets (6 = 11.30 and 8.64 ppm, J = 14.26 Hz) coupling with each
other. Additionally, lactam dimethyl protons (H-7) are observed upfield (6 = 1.68 ppm) as
a singlet integrating for six protons. Following decarboxylative ring closure and
chlorination to give 197d, quinoline protons H-4 and H-5 resonate at 6 = 8.99 and 7.95
ppm, respectively, with a coupling constant of J= 4.84 Hz.
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Figure 2.31: Stacked 'H-NMR spectra (bottom to top) for synthetic intermediates 194d — 197d in

DMSO-ds at 300 MHz

As an example, for the characterization of final compounds in this series, 'TH-NMR, and

13C-NMR spectra for the cyano hybrid 205 are shown in Figure 2.32. The assignment of

protons was assisted by both HSQC and homonuclear correlation spectroscopy (COSY) 2D

NMR experiments in order to map and assign the protons and carbons. All twenty-five (25)

protons have been accounted for with multiple signals overlapping in the aromatic region.

Similarly, 13C-NMR analysis shows signals of all twenty-four (24) carbon environments

with the diagnostic and most shielded carbon (C-11) appearing upfield (6 = 30.75 ppm)

representing two carbons. C-13 is the most deshielded carbon, resonation downfield at &

= 163.07 ppm.
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Figure 2.32: 'H-NMR (top) 3C-NMR (bottom) spectra of 205 in methanol-d+ at 400 and 101 MHz,

respectively

2.8 Conclusion

To conclude, and

this chapter has described the rationale, design, synthesis,
characterization of AST derivatives (phase I and II) and AST-CQ hybrids. The design
employed both rational medicinal chemistry principles and synthetically tractable
literature methodologies to efficiently access the compounds. All final compounds
synthesized were fully characterized using available and accessible spectroscopic
techniques such as NMR spectroscopy and chromatographic methods (TLC and HPLC-MS)
including physicochemical analyses (e.g., melting points). The biological activities and
other physicochemical parameters of target compounds were assessed following a project-

specific progression criteria.
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CHAPTER 3

BIOLOGICAL EVALUATION, SOLUBILITY, AND STRUCTURE-ACTIVITY
RELATIONSHIPS

4.1 Chapter overview

This chapter discusses the biological activity and solubility of the synthesized compounds,
in line with the second and fifth aims of this Ph.D. project. To ensure the progression of
quality compounds only, a screening cascade (Figure 3.1) was used. The cascade established
a progression-criteria, which played a critical role in prioritizing compounds based on
specific cut-offs. These cut-offs are described in Figure 3.1 and reiterated at the beginning
of each sub-section. The chapter begins with the discussion of in vitro antiplasmodium
activity (asexual-blood stage) and solubility of all synthesized compounds and selected
intermediates. This is followed by the in vitro gametocytocidal activity (sexual stages IV - V),
cytotoxicity, and hERG inhibition profiles of selected compounds. Finally, the microsomal
metabolic stability, in vivo antimalarial efficacy and pharmacokinetic (PK) profiles of front-

runner compounds are presented and discussed.

3.2 In vitro Asexual-blood Stage Antiplasmodium Activity & Solubility

Following successful synthesis and full characterization (Chapter 2), all target compounds
were subjected to HPLC-MS analysis to ensure that the purity was >95%, after which in vitro
asexual blood-stage antiplasmodium activity was assessed (Figure 3.1). The activity of
compounds was tested against the CQ-sensitive laboratory strain of P. falciparum NF54
(PAINF54), and all compounds with PfNF54 ICso < 0.5 uM were further tested against the
multi-drug resistant (MDR) Pf K1 strain (Figure 3.1). In these assays, compounds were
tested using either a parasite lactate dehydrogenase (pLDH) assay as a marker for parasite
survival, or via the modified [3H]-hypoxanthine incorporation assay. pLDH assays were
performed by the Drug Discovery and Development Centre (H3D), Division of Clinical
Pharmacology, Department of Medicine, University of Cape Town, while the modified [3H]-
hypoxanthine incorporation assay was performed at the Swiss Tropical and Public Health
Institute in Basel, Switzerland. In vitro activity is reported as the concentration of a

compound required to achieve 50% Pfinhibition (ICsp).
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HepG2: Human epithelial cell-line HLM: human liver microsomes
hERG: human ether-d-go-go related gene MoA: mechanism of action
DM(PK): drug metabolism and pharmacokinetics MoR: mechanism of resistance

Figure 3.1: Screening cascade and progression criteria for compounds

In parallel with in vitro activity, the solubility of all the compounds was assessed using a the
turbidimetric solubility method, in which the turbidity of a compound that precipitates is
measured spectrophotometrically following incubation in phosphate buffered saline (PBS)
at pH 7.4. Solubility (S7.4) data are expressed in micromolar (uM) units. The experimental

chapter (Chapter 6) provides a detailed description of all assays used in this study.

A summary of the in vitro antiplasmodium activity and solubility data is shown in Tables

3.1-3.8 (AST phase I and II), Tables 3.9-3.10 (AST-CQ).
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3.2.1 SAR and Solubility of Phase I AST Analogues
3.2.1.1 Phase I: Benzimidazole N-1 Substituted Analogues (SAR 1)

AST phase I analogues were developed by building on the SAR described by Roman et al.
and De Jonghe et al., using di-cyanated compound 17 (Table 3.1) as a starting point. In
SAR 1, various Craig plot substituents were investigated and other modifications, including
deletion of the benzyl moiety and replacement with the methyl group or pyridyl moieties,

were also carried out.

Compound 17 retained antiplasmodium potency (ICso = 0.156 uM), which was comparable
to the hit compound AST (ICso = 0.086 uM) and displayed greater solubility (S7.4 = 100 uM).
In this SAR, compounds generally had ICso values > 0.100 pM, with only 2 of 16 analogues
showing activity higher than AST (18 and 29). Notably, removal of the benzyl group (15, ICso
= 0.579 uM) led to a 7-fold loss of potency, while replacement with the methyl group was
detrimental to activity (16, ICso = 5.08 uM), an observation that within this SAR, highlights
the significance of benzimidazole N-1 substitution. CN/F disubstitution on the benzyl group
was generally tolerated, although potency was lowered by ~2-fold when the CN group was
in the ortho-position (19, ICsp = 0.185 uM), compared to fluorine (20, ICso = 0.108 uM).
However, CN/F disubstitution preferentially favored para-CN and meta-F regioisomerism
(18, ICs0 = 0.071 uM). Craig plot substitution tends to generally favor electron withdrawing
groups (EWGs). However, among the groups tested, only the CN and CF3 groups are tolerated
(17 - 18, 26; ICso < 0.3 uM) among electron withdrawing-hydrophilic and electron
withdrawing-hydrophobic groups, respectively. Pyridyl analogues (29 and 30) were more
active than their phenyl (26 and 27) match pairs, with the 4-trifluoromethyl-3-pyridyl
analogue (29, ICs0 = 0.025 pM) showing the highest activity in the series. PfK1 data for some

compounds showed potential for cross resistance (SI > 2) with existing antimalarial drugs

(i.e., CQ).

As expected, analogues bearing water solubilizing groups generally exhibited moderate to
high solubility (S7.4 = 80 — 200 uM) compared to those with lipophilic substituents such as
nitro or halogens (S7.4 < 80 uM). Despite being the least active (ICso > 6 uM), the carboxylic
acid analogue 25 was as expected highly soluble (S7.4 >200 uM). Methylation of the benzyl
methylene linker in 17 was envisaged to push the benzyl group further out of plane with the
benzimidazole ring, and increase molecular complexity (introduce three-dimensional and
sp® character), both of which would translate into improved solubility.! This effect was
indeed observed in the increased solubility of 28 (S7.4 = 120 uM) compared to that of 17 (S7.4
= 90 uM), without affecting antiplasmodium potency.
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Table 3.1: In vitro antiplasmodium activity (PANF54 and K1) and solubility data of phase I,
SAR 1 analogues.

O
B

No./Lab Code R R Nl;f;ic‘“ (”“Ig’la’b RI¢ ?:1\1,[;1
15/DM-289 H - 0.579  NDe - 120
16/DM-290 Me - 5.080  NDe - 100
17/DM-032 4-CN 0.156 0.176 1.12 90
18/DM-080 3-F,4-CN 0.071 0.211 297 40
19/DM-085 2-CN,4-F  0.185 4.013 - 50
20/DM-081 2-F,4-CN 0.108  NDe - 20
21/DM-280 4-OMe 0.624  NDe - 50
22/DM-274 ﬂ ‘' 4.S0,Me 0.485  ND¢ - 40
23/DM-294 Ri 4-NO, 0.952 NDe S 20
24/DM-282 4-CO,Me 0.591  NDe - 120
25/DM-283 4-CO.H >6 NDe - 200
26/DM-275 4-CFs 0.253 0.384 1.52 20
27/DM-273 4-CHs 0.565  NDe - 80
28/DM-092 >—ch : 0.156 0.157 1.01 120
20/DM-272 . ;N . CFs 0.025 0.082 3.28 20
30/DM-086 — CHs 0.261  NDe - 50

dMean from n > 2 independent experiments with sensitive (PANF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

cResistance index = (PfK1 ICso/ PAINF54 ICsq)

dDetermined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 pM) and reserpine (<10
uM) were used as control drugs

eND, not determined

3.2.1.2 Phase I: Lateral Phenyl Group and Ester Group Bioisosteres SAR
Explorations (SARs 2 and 3)

As observed in SAR 1, substitution at the 4-phenyl position in SAR 2 was also favored by
EWGs (Table 3.2). This is evident in the carboxylate analogues whose activities ranged from

low to high in analogues containing carboxylic acid (CO2H), methyl ester (CO2Me) and ethyl
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ester (CO2Et) groups. Activity was retained in the hydroxyl analogue 32 (ICso = 0.028 uM),
and the runner-up trifluoromethyl analogue 35 (ICso = 0.035 uM).

Comparing the hydroxyl (32), trifluoromethyl (35) and the ethyl ester (38) analogues, the
ester group is more chemically versatile and amenable to structural mimicry by the
exploration of bioisosteres, which may prove useful in mitigating its underlying
susceptibility towards CYP-mediated phase one metabolism and other potential liabilities.
Therefore, non-classical bioisosteres of the ethyl ester group were also explored in SAR 2.
Potency was improved and/or retained in 1,2,4-oxadiazoles and oxazolines (ICso = 0.021-
0.104 uM), falling within the potency cut-off with respect to the progression criteria (ICso
<0.100 pM). However, 1,2,4-oxadiazoles were more potent than their oxazoline counterparts
(Table 3.2).

Table 3.2: In vitro antiplasmodium activity (PfNF54 and K1) and solubility data of phase I,
SARs 2 & 3 analogues

NC‘@g:EH/CN/\/@

PfICso (uM)o? Sol.d
No./Lab Code R Ri NF54 K1 RIc (uM)
31/DM-063 H 0.163 0.170  1.04 40
32/DM-061 OH 0.028 0.041  1.46 120
33/DM-054 SO,Me 0.238 4.592 - 80
34/DM-286 CHs 0.357 NDe - 40
35/DM-118 --QR1 CF5 0.035 0.103  2.94 20
36/DM-285 NO, 0.486 NDe - 40
37/DM-257 COsMe 0.204 NDe - 80
38/DM-162 COLEt 0.043 0.052 1.21 40
39/DM-259 CO,H >6 NDe - 120
-0,
40/DM-113 O 0.089  0.221 249 40
.-" N
-0
41/DM-114 " >—  0.051 0.174  3.41 40
.-" "N
-0
42/DM-129 "\ )—crs 0.021 0.049  2.33 20
"N
N’O
43/DM-120 --QFM Ay © 1.240 NDe - 40
H
N
44/DM-128 /JI\}_ 0.104 0.352  3.38 60
0N
45/DM-124 L 0.074 0.263  3.55 20
-N
46/DM-039 2 y%—  0.069 0.192  2.78 20
N
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PfICso (uM)=? Sol.d
No./Lab Code R R: NF54 K1 RIc (uM)
4'7/DM-050 i\)—CFs 0.022 0.096 436 10
.-""N
48/DM-036 > 0.519 0.693 1.34 20
.- 70
N
49/DM-049  --N _ 4.152 NDe - 20
N
50/DM-058  --¢ \ 1.386 NDe - 20
51/DM-067 --N_ ) 1.248 NDe - <5
52/DM-065 --N_ © >6 NDe - 10
53/DM-071 --N N-SO,Me >6 NDe - 40
_/
54/DM-068 --N  N-Boc 1.542 NDe - <10
__/
55/DM-069 --N_ NH 1.677 NDe - 20
\__/

aMean from n > 2 independent experiments with sensitive (PAINF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

cResistance index = (PfK1 ICso/ PANF54 ICso)

dDetermined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

eND, not determined

1,2,4-oxadiazole SAR revealed a gradual increase in activity following substitution at the 5-
position. A 1.7-fold difference in activity was observed between unsubstituted 40 (5-H, ICso
= 0.089 uM) and methyl substituted 41 (5-CHsz, ICso = 0.051 pM), while trifluoro methyl
substituted 42 (5-CF3, ICso = 0.021 uM) was 2.4-fold more active than 41. This trend not
only suggests the significance of substitution at the 5-position in the 1,2,4-oxadiazole
moiety, but also revealed the existence of a potential lipophilicity-activity correlation at this
position. To test the effect of regio-isomerism, reversed 3-substituted-1,2,4-oxadiazoles (46
and 47) were synthesized. 3-/5-CF3- and 3-/5-CHs-1,2,4-oxadiazole reverse pairs were
either equipotent (42/47, ICso = 0.021 uM), or showed activity within a 1.4-fold difference
(41, ICs0 = 0.051 uM; 46, ICso = 0.069 uM), suggesting that potency is independent of regio-

isomerism within the series.

On the other hand, 1,3,4-oxadiazole 48 (ICso = 0.519 uM) displayed >10-fold lower activity
compared to its 1,2,4-oxadiazole match pairs (41, ICso = 0.051 uM and 46, ICso = 0.069 uM).

This observation may be attributed to the differences in the aromaticity and the closeness
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of the two moieties in mimicking the ester group. Theoretically, 1,2,4-oxadiazoles have been
experimentally proven to exhibit similar spectral properties as that of conjugate dienes, and
therefore do not have significant aromaticity compared to the rather symmetrical 1,3,4-
oxadiazoles,?3 although both satisfy Huickel’s rule, which estimates whether a planar
molecule will have aromatic properties based on the number of pi (n) electrons. This
difference can also be seen in the different reactivities of the two isomers. 1,2,4-oxadiazoles
are more prone to conjugate addition (like dienes or a,f-unsaturated ketones) as opposed to
1,3,4-oxadiazoles which favor substitution (like aromatic rings).#5 Therefore, based on this
evidence, 1,2,4-oxadiazoles are more closely related to the ester group and best recapitulate
sufficient hydrogen-bonding capability as opposed to n-n-stacking, hydrophobic interactions
and cation-r interactions which 1,3,4-oxadiazoles exhibit due to their aromatic nature.56
These properties may impart significant differences in the intrinsic interactions of the two
isomers with macromolecules at the target site, which may explain the shift in potencies

between the two isomeric forms.

Activity was lost in the oxadiazolone 43 (ICso = 1.240 uM). This, however, is not surprising
since 5-ox0-1,2,4-oxadiazoles are more closely related to carboxylic acids than they are to
esters.” Therefore, notwithstanding the observed 5-fold higher activity of 43 compared to
carboxylic acid derivative 39, they both demonstrated low activity. Oxazolines 45 (ICso =
0.074 uM) and 44 (ICso = 0.104 uM) displayed comparable activities. However, the relatively
higher activity observed for 4-methyl-oxazoline 45 may suggest the possible existence of
SAR relating to the regio-isomerism of the methyl group. With the exception of 1,3,4-
oxadiazole 48, all other ester bioisostere analogues of 38 showed lower potential for cross-

resistance with CQ than 38 (SI > 2).

In SAR 3, replacement of the phenyl moiety with heteroaromatic or aliphatic moieties
resulted in loss of activity (ICso > 1.2 uM), and consequently, this SAR was not pursued
further as the results from these few analogues indicated the significance of the phenyl

group in the AST pharmacophore.

All analogues of SAR 2 and 3 exhibited low to moderate solubility (10 — 80 uM), showing no
improvement relative to AST. However, analogues containing 4-OH (32) and 4-CO2H (39) in
the lateral phenyl group displayed relatively high solubility (S7.4 = 120 uM), attributable to
the solubilizing nature of the two groups compared to 4-CN in 17 and 4-Ome in AST.

3.2.1.3 Phase I: Diaminoalkyl Linker (SAR 4) and Revisited Benzimidazole N-1
Substitution (SAR 15)

The identification of 3-/5-CHs-1,2,4-oxadiazoles 41/46 and 3-/5-CF3-1,2,4-oxadiazoles
42/47, which exhibited higher activity and microsomal metabolic stability profiles compared
to AST provided the basis for the design of SAR 4 and SAR 1g analogues. Owing to the

expectation that invaluable structural information may be harnessed from the progression
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of less active compounds than highly active ones,8° compound 46 (ICso = 0.069 uM) was
selected as the better candidate than 47 (ICso = 0.021 uM) for the derivation of further SAR
because its relatively lower potency would allow for concise SAR to be derived. Additionally,
the chemical tractability and lower cost of materials associated with the preparation of the
3-CHs-1,2,4-oxadiazole moiety compared to the 3-CF3-1,2,4-oxadiazole would allow for the

preparation of more analogues for a more diverse SAR.

In SAR 4, various diaminoalkyl linkers were explored as replacements for 4-aminopiperidine
in 46. Replacement with either pyrrolidine or piperazine has been shown be an effective
strategy for lowering a compound’s affinity for hERG channels.10-12 However, this change
produced compounds with lower activity (ICso > 0.4 uM, Table 3.3). Additionally, the data
revealed that the stereochemistry (R/S) of pyrrolidine had no effect on the potency of the
resulting compounds (58/59, ICs0 ~ 0.410 uM) in the CQ-sensitive PANF54 strain. However,
the R-form (59, PfK1 ICso = 1.32 uM) is >3-fold less active than the S-form (59, PfK1 ICso =
0.40 uM) in the MDR PfK1 strain. Interestingly, the solubility profile of pyrrolidine derivatives
was 4-fold higher (58/59; S74 = 80 uM), compared to that of piperidine containing 46 (S7.4
= 20 uM). Substitution with 2,6-diazaspiro[3.4]octane (60, IC50 = 0.446 uM) produced
comparable potency as that of pyrrolidine derivative, albeit 2-fold lower solubility was
observed. Introduction of stereochemistry via methylation of piperazine had no effect on

potency (61/62, ICso ~ 1.4 uM), with respect to the I-enantiomer used.

Table 3.3: In vitro antiplasmodium activity (PfNF54 and K1) and solubility data of phase I,
SAR 4 and SAR 1g analogues.

@EEZ
(R)

PfICso (uM)a-? Sol.d
No./Lab Code R R, X R> NF54 K1 RIc (uM)
H
58/DM-134 - NCN 0.400 0.403 1.01 80
H
59/DM-136 - /'N‘CN" 0.415 1.315 3.17 80
.
60/DM-178 - NOC CcH; 0.446 0.890 2.00 40
o 2
61/DM-188 - --N. N-- 1.514  NDe - 20
_/
62/DM-187 - . <N__ 1.328 NDe - 40
__/
65/DM-322 - -- N-- 1.141 NDe - 20
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O-N
N )
PR VR

PfICso (uM)e? . Sold
No./Lab Code R Ri X R2 NF54 K1 RI (uM)
66/DM-130 H - CHs; 0.055 0.176 3.20 80
67/DM-253 H - CFs; 0.012 0.040 3.33 100
68/DM-147 CHs - CHs; 0.033 0.082 2.48 160
69/DM-254 CHj - Q CFs 0.066 0.048 0.73 160
N
70/DM-159 < - H CHs; 0.702 NDe . 20
71/DM-191 @ - CHs 0.093 NDe - 80
72/DM-189 _<:><E - CHs; 0.460 NDe - 20
73/DM-198 . N H Nl 0.304 ND - ND
A / \ R1 \N CH3
74/DM-140 — CF3 N 0.044 0.173 3.93 40
75/DM-156 4-CF3 0.030 0.104 3.47 10

76/DM-199 3-Me N 0.530 NDe - 20
RO
=|= 3-F, N 3
H

77/DM-141 0.039 0.085 2.18 <10

78 /DM-325 4-CO2H >6 NDe - 80

dMean from n > 2 independent experiments with sensitive (PANF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

cResistance index = (PfK1 ICso/ PANF54 ICso)

dDetermined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 pM) and reserpine (<10
uM) were used as control drugs

eND, not determined

However, the 3D character brought about by the presence of the methyl group at the a-
position in piperazine translated to a 2-fold increase in aqueous solubility. Finally, the
importance of the presence of the 2° amine (NH) at the 2-position of benzimidazole was
highlighted, as seen in C-linked piperidine analogue 65 (ICso = 1.14 pM), in which activity
was 16-fold lower, compared to that of 4-aminopiperidine-linked 46 (ICso = 0.069 uM).

Rather than SAR 1 explorations in which a 4-CN group was present in the lateral phenyl
group, SAR 1p sought to revisit and expand the benzyl group SAR with the 5-CHs-1,2,4-
oxadiazole moiety present (Table 3.3). This time, aromatic ring saturation was also
considered, as a strategy to potentially reduce hERG affinity and increase solubility.10,13
There was a consistent improvement in the potency associated with SAR at the
benzimidazole 1-position (N-1). For instance, truncation/removal of the benzyl moiety (66,

ICs0 = 0.055 uM) or replacement with a methyl group (68, ICso = 0.033 uM) was accompanied
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by 18-fold and 154-fold increases in potency, respectively, compared to previously weakly
active (15, ICso = 0.579 uM) and inactive (16, ICsp = 5.08 pM) cyano match pairs.
Additionally, 4-fold and 8-fold higher solubilities were observed in 66 and 68, respectively,
compared to 46 (S7.4 = 20 uM). The phenomenon of N-methylation (or O-methylation) has
being widely used in medicinal chemistry to improve solubility, therefore, the 2-fold
solubility difference between desmethyl and N-methyl analogues is expected.!* Among the
benzimidazole N-methyl analogues, the hydrogen-bonding capacity of 1,2,4-oxadiazole
derivative 68 translates to 1.6-fold higher solubility compared to that of CN derivative 16
despite having a higher lipophilicity. Following the preparation of corresponding 3-CFs-
1,2,4-oxadiazoles of 66 and 68, a 5-fold increase in potency was observed, with respect to
desmethyl 67 (ICso = 0.012 uM), consistent with previous observation in SAR 2. However,
this was not the case with N-methyl derivative 69 (ICso = 0.066 uM), in which a 2-fold lower
potency was observed. The significance of the oxadiazole moiety as an important structural
feature in the scaffold was further validated in analogues 74 (ICso = 0.044 uM), 75 (ICso =
0.030 uM) and 77 (ICso = 0.039 uM), in which activity was either retained or improved
compared to either ester 38 (ICso = 0.043 uM) or corresponding CN-substituted counterparts
(19, ICs0 = 0.185 uM; 26 ICs0 = 0.253 uM; and 29 ICso = 0.025 uM, respectively).

Activity was retained and solubility improved following saturation of the benzyl ring (71, ICso
= 0.093 uM). However, replacement with other saturated moieties such as isopropyl (70) and
methyl (4,4-difluoro)cyclohexyl (72) was detrimental to activity (ICso > 0.6 uM) and resulted

in sub-optimal solubility.

Overall, exploratory phase I SAR revealed that the benzyl moiety was inconsequential within
the 1,2,4-oxadiazole context. Moreover, aqueous solubility was higher, MW and lipophilicity
(clogP) lower, and microsomal metabolic stability higher, in analogues devoid of the benzyl

moiety or possessing N-methyl at the benzimidazole N-1 position.
3.2.2 SAR and Solubility of Phase II AST Analogues

Having established critical activity and solubility SAR from exploratory phase I SAR, front-
runner compounds 67 and 68 were used as templates for the design of phase II analogues.
Phase II SAR explorations would include incorporation of amides (SAR 1), extension of the
functional diversity at the oxadiazole 3-position (SAR 2), exploration of substituents in the
benzimidazole ring (SAR 3), as well as discreet modifications around the benzimidazole ring

and reducing the pKa of the piperidine nitrogen (SAR 4).
3.2.2.1 Phase II: Amide Analogues of Compound 68 (SAR 1)

Incorporation of amides in a scaffold, also known as amidation, is one of the widely used
strategies to detune hERG channel inhibition and improve solubility.15.16 As previously
described, amide analogues of AST have been previously synthesized in our research group,

and sub-micromolar activity was observed (ICso = 0.20 — 1.913 pM), with moderate to high
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solubility (50 — 200 uM). Additionally, the piperazinyl amide MK-33 not only showed highest
activity (ICso = 0.20 uM), but also displayed relatively high hERG channel inhibition and
selectivity (ICso = 8.61 uM; SI = 43). On the basis of data, a small library of 29 diverse amides

replacing the oxadiazole moiety was prepared.

However, all amides were either weakly active or inactive at the highest concentration tested
(ICso = 1.73 to >6 uM, Table 3.4), with no significantly discernable SAR. This included the
piperazinyl amide 103 (ICso = 3.41 uM) analogue of MK-33, which contained a 4-F-benzyl
moiety. This observation points to the specific and intricate structural architecture required
at the 4-position of the anisole moiety, and benzimidazole N-1 position in AST. Moreover,
ethyl ester analogue 80 showed superior potency (ICso = 0.671 pM), supporting the
preference of the ethyl ester over methyl ester group or an amide group at that position. The

solubility of these amides was moderate (80 — 150 uM).

Table 3.4: In vitro antiplasmodium activity (PfNF54 and K1) and solubility data of phase II,

Cry O

SAR 1 analogues.

CHs
PfICso (uM)=? Sol.d
No. /Lab Code R NF54 K1 RIc (uM)
79/DM-221 CO-Me 1.450 NDe - 80
80/DM-222 COEt 0.671 1.88 2.8 120
81/DM-223 CO.H >6 NDe - 160
(0]
83/DM-248 YN >6 NDe ; 80
/ \
O
84/DM-233 Y R—<] 1.99 NDe - 80
O
85/DM-244 SNH N 2.61 NDe - 80
86/DM-242 Y\NH OH 4.17 NDe - 120
(0]
87/DM-243 YNt N-Boc  >6 NDe ; 160
Il /
88/DM-245 N“-NH NH >6 NDe - 100
/ /
o) /0
89/DM-250 NIRRT 4.80 NDe - 160
(0] e -
90/DM-225 S ol 1.73 ND 60
(0]
91/DM-238 }—N&OH 3.46 NDe - 80
(@)
92 /DM-231 }—N&CN >6 NDe - 60
(@)
F e _
93/DM-230 /\\_N@<F >6 ND 40
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Cry O

CHs
PfICso (uM)eb Sol.d
No. /Lab Code R NF54 K1 RIc (uM)
94/DM-239 O\\._NGL OH >6 NDe - 80
o CN
95/DM-227 Hj 5.86 NDe - 80
o OH
96,/DM-226 \\._NCI” 3.99 NDe . 80
g
97/DM-228 OMNQ 2.97 NDe : 40
o 0
98/DM-237 “‘NGL >6 NDe : 60
/ N Boc
- (@] e -
99/DM-246 ¥N®L 4.25 ND 40
CI) NH
100/DM-247 \\‘NGD >6 NDe : 160
0O
101/DM-249 YN b >6 NDe _ 80
/ _/
(0]
102/DM-205 YN N-Boc  3.83 NDe : 70
/ _/
(0]
103/DM-208 SN 3.41 NDe - 120
O
104/DM-212 SN N 4.96 NDe - 80
0]
105/DM-213 }\._N/\:/\Sgg >6 NDe - 80
(0]
106/DM-218 SN ?:o >6 NDe . 100
(0]
107/DM-217 I\\_NH\_/N_BOC 2.17 NDe - 80
(0]
108/DM-219 A\ <NH 3.04 NDe - 100
, __/
(@)
109/DM-240 YN <] 5.12 NDe - 60
/ __/
110/DM-229 Og_Nﬁ(Nj 1.28 NDe - 60
/ __/
O
111/DM-236 ,\\—NQ\NH 3.64 NDe - 80

aMean from n > 2 independent experiments with sensitive (PNF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

cResistance index = (PfK1 ICso/ PANF54 ICso)

dDetermined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

eND, not determined
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3.2.2.2 Phase II: Diversity Exploration of the 3-position in the 1,2,4-oxadiazole
Moiety (SAR 2)

The independence of potency in relation to regio-isomerism in the 1,2,4-oxadiazole ring was
established in phase I SAR 2. However, the 3- or 5-position provided an opportunity to
explore structural diversity. Therefore, various small lipophilic and hydrophilic groups were

introduced at the 3-position as shown in Table 3.5.

Within this largely chemistry-driven SAR, extension of the substituent to more than two
carbons, as well as introduction of polar groups led to lower activities, with ICso values >13-
fold higher (115, ICs0 = 0.567 uM), compared to 68. However, the tert-butyl analogue 120
(ICso = 0.064 uM) was highly active and equipotent to 69 (ICso = 0.066 uM), a CF3 substituted
analogue. This is not surprising as the tert-butyl group has been widely used as an effective
CFs3 group surrogate, among other notable bulky structural isosteres such as
pentafluorosulfanyl (SFs), bicyclo[1l.1.1]pentanyl (BCP), and cyclopropyl-trifluoromethyl
(cyclopropyl-CF3).17.18  No apparent differences in activity was observed between
cyclopropyl/isopropyl (118/119, ICso = 0.490 uM) groups, despite their differences in size

and steric effects.!9

Table 3.5: In vitro antiplasmodium activity (PfNF54 and K1) and solubility data of phase II,
SAR 2 analogues

@E:%H@NJ—Q_&;&N@

CHs

PfICso (uM)a? Sol.
No./Lab Code R NF54 K1 RIc (uM)<
115/DM-352 e 0.567  NDe - 100
116/DM-343 - 0.383 NDe - 80
117/DM-252 ~ NMe;  0.831 NDe - 120
118/DM-341 <] 0.484 NDe - 60
119/DM-356 < 0.492  NDe - 60
120/DM-337 é 0.064 0.070 1.10 60
122/DM-339 --COyH >6 NDe - 120

aMean from n > 2 independent experiments with sensitive (PINF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

cResistance index = (PfK1 ICso/ PANF54 ICsq)

dDetermined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

¢eND, not determined

Dickson Mambwe
Ph.D Thesis 2021 160



Chapter 3: Biological Activity, Solubility and Structure-Activity Relationships (SARs)

Incorporation of a carboxylic acid moiety at this position was found to be detrimental to
activity (122, ICso > 6.0 uM), a consistent trend observed for all carboxylic acid-bearing
analogues in the scaffold. These analogues exhibited moderate to high solubility (60 — 180
uM). Consistently, analogues containing water-solubilizing groups such as OH showed
higher solubility compared to lipophilic alkyl groups. On the other hand, dimethylamino
(117) and the highly solubilizing carboxylic acid (122) displayed the highest solubility in the
series (S7.4 = 120 uM).

3.2.2.3 Phase II: Benzimidazole Ring Substituents (SAR 3)

The next SAR investigated the effect of benzimidazole substitution (Table 3.6). The 5-position
was selected for mono-substitutions due to the ready availability of most starting materials.
Compared to AST (ICsp = 0.086 uM) and frontrunner 68 (ICso = 0.033 uM), reduced activities

were observed.

However, methyl disubstituted analogue 139 (ICso = 0.163 uM) exhibited the highest overall
activity, demonstrating tolerability of the group on the core structure when compared to
halogen match pairs 140 (ICso = 1.16 uM) and 141 (ICso = 0.514 uM). Notably, chlorine
disubstitution was better tolerated than that with fluorine, and produced superior activity
(2-fold) in both mono- and disubstituted analogues (137, ICso = 0.834 uM or 140, ICso =
1.161 uM, respectively). Carboxylic acid derivative 142 (ICso > 6 uM) was inactive.

Table 3.6: In vitro antiplasmodium activity (PfNF54 and K1) and solubility data of phase II,
SAR 3 analogues.

O-N
SN eTaTat
6 N

CHs

Ff ICso Sol

No./Lab Code R (uM)a-b RIc :
(nM)4
NF54 K1

132/DM-312 5-CN 0.611 1.42 2.32 80
133/DM-355 5-CF3 0.422 NDe - 40
134/DM-370 5-OMe 0.309 NDe - 80
135/DM-318 5-SO;Me 4.621 NDe - 60
136/DM-400 5-CO;Me 0.496 NDe - 120
137/DM-382 5-F 0.834 NDe - 80
138/DM-383 5-Br 0.720 NDe - 80
139/DM-403 5,6-CHs 0.163 NDe - 60
140/DM-300 5,6-F 1.161 NDe - 80
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O-N
I LS TN W
R—:CE \>—N—<:\N NJ\
6 N
CHs

Ff ICso Sol
No./Lab Code R (uM)a.p RIc ( M).d
NF54 K1 H
141/DM-306 5,6-Cl 0.514 NDe - 80
142/DM-401 5-COH >6 NDe - 160
_ _ >—NH
143/DM-401 S5- }—— 1.401 NDe - 160
01 4

AMean from n > 2 independent experiments with sensitive (PANF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

cResistance index = (PfK1 ICso/ PAINF54 ICsq)

dDetermined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

eND, not determined

The availability of the carboxylic acid was used to access cyclopropyl amide 143, which
produced higher activity (ICso = 1.40 uM) although this remained suboptimal. The solubility
profile of the analogues in this SAR was moderate to high (40 — 160 uM).

3.2.2.4 Phase II: Discreet Modifications and Reduction of Basicity (SAR 4)

In SAR 4, the first set of analogues included subtle modifications around the benzimidazole
ring and the lateral phenyl group of front-runner compound 67 (ICso = 0.012 uM). Whereas
the final set involved the incorporation of a fluorine group at the B-position around the
piperidine nitrogen (B-fluorination, Table 3.7). f-fluorination around the piperidine nitrogen
was envisaged to reduce the pKa of the nitrogen atom (Table 3.7) as a strategy to potentially

reduce the hERG affinity of the resulting analogues.

Replacement the benzimidazole N-1 with O was detrimental to potency (146, ICso = 0.832
uM), whereas potency is retained or lowered following the incorporation of the nitrogen atom
at either the 4- or 5-position of the benzimidazole ring. That is, 5-azabenzimidazole 149
(ICso = 0.017 pM), retains antiplasmodium potency, which is strikingly ~14-times higher
than that of 4-azabenzimidazole 147 (ICso = 0.244 uM). However, although both
azabenzimidazoles showed higher solubility (S7.4 = 160 uM) compared to 67.

Considering that N-containing heterocyclic fragments are susceptible to metabolism,
primarily via aldehyde oxidase (AO)-mediated oxidation (phase I) followed by glucuronidation
(phase 1I),20,21 compounds 148 and 150 in which potential metabolic soft spots are blocked
were prepared. The choice of blocking groups was dictated by (i) availability of starting
materials and, (ii) previous SAR-3 (phase II) of tolerated groups.
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Table 3.7: In vitro antiplasmodium activity (PANF54 and K1) and solubility data of phase II,
SAR 4 analogues.

N-o
i B
Cr e W, e,
PfICso (1M)>>  Sol.
No./Lab Code Ar A B C NF54 (uM)e
N
146 /DM-20-057 @[O> 0.832 100
N\ N
147 /DM-20-025 PN 0.244 160
H
N\ N
148/DM-20-023 LY~ CH. CH. CH 0.054 120
H
NN
149/DM-20-030 U _L )~ 0.017 160
H
NN
150/DM-20-029 X _L 7~ 0.112 80
H
151/DM-20-027 £ 0.147 120
N /F F\ CH, CH
152/DM-20-038 @[N\>~ " 0.644 80
H
157/DM-20-072 . CcH, N >10 120
156 /DM-20-068 N CH, N 0.239 80
Co-
N CHz r
161/DM-20-058 CHs % CH 0.606 80

dMean from n > 2 independent experiments with sensitive (PAINF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

Determined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

Interestingly, S—methyl-4-azabenzimidazole analogue 148 (ICso = 0.054 uM) was ~5-fold
more potent than the parent compound (147, ICso = 0.244 uM), and showed comparable
solubility. Conversely, potency and solubility were reduced in 6-chloro-5-azabenzimidazole
analogue 150 (ICso = 0.112 uM).

Reducing the pKa of the piperidine nitrogen via B-fluorination resulted in a loss of activity,
with minimal effect on the solubility of the analogues (80 — 120 uM). Notably, this SAR
revealed that piperidine ring B-monofluorination (151, ICso = 0.147 uM) produced higher
activity than highly inductive B-difluorination (152, ICso = 0.644 uM). The combination of
piperidine ring B-monofluorination and insertion of a nitrogen atom in the phenyl moiety
was detrimental to potency (157, ICso >10 uM), although solubility was optimal (S7.4 = 120
uM). Conversely, introduction of N-heterocyclic character in the phenyl ring alone (156, ICso
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= 0.239 uM) produced moderate activity with moderate solubility (S7.4+ = 80 uM). Although
there is a need to separate B-mono-fluorinated analogues into their respective diastereomers
to fully derive the SARs in this approach, current data suggest that fluorine is better
tolerated in the piperidine ring rather than the ethylene linker (161, ICso = 0.606 uM).
Holistically, the lower activity of the molecules in which the pKa is reduced confirms the

significance of achieving sufficient basicity in the piperidine nitrogen.22.23

The antiplasmodium activity data of some of the intermediates in this SAR are shown in
Table 3.8. Consistently, f-amino alcohol 189 (ICso = 6.270 uM) was ~8.5-fold less potent
than the corresponding fluoro analogue 160 (ICso = 0.652 uM).

Table 3.8: In vitro antiplasmodium activity (PNF54) and solubility data of intermediates
leading to analogues 156, 157 and 161.

@EN\*H‘C 4 CN
®

PfICso (uM)?  Sol.

No./Lab Code R A B NF54 (uM)e

159/DM-20-054 ) 6.270 160
CH; > CH

160/DM-20-055 5 0.652 100

154/DM-20-066 CH;  CHy 3.384 100
N

155/DM-20-071 H £ 6.526 120

dMean from n > 2 independent experiments with sensitive (PANF54) and MDR (PfK1) strains
bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

Determined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

This may be attributed to the stronger inductive effects of the OH group compared to that
of the fluoro, therefore decreasing the basicity of the piperidine nitrogen to a greater extent.

Furthermore, the significance of functionalization of the cyano group to 3-/5-CF3-1,2,4-

oxadiazole is extensively demonstrated in this SAR.
3.2.3 SAR and Solubility of AST-CQ Hybrids

AST-CQ hybrid molecules were synthesized in an effort to improve physicochemical
properties and expand the SAR of the hybrid molecules prepared by Musonda et al.24 In this
work, SAR 1 revealed that aliphatic replacements, removal of the 4-F-benzyl group, or
replacement with methyl and cyclic moieties had no effect on the activity of the hybrids (ICso
< 0.040 uM), with the exception of iso-propyl (170, ICso = 0.073 uM, Table 3.9). The cyclic
aliphatic moieties produced interesting SARs: activity was improved with increasing

aliphatic ring size, although cyclohexane and cyclopentane produced equipotent hybrids
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(173 and 174, ICso = ~0.030 uM). Conversely, solubility increased with decreasing aliphatic
ring size (cyclohexyl = cyclopentyl < cyclobutyl < cyclopropyl). Interestingly, the cyclopropyl
hybrid displayed the highest solubility (171, S74 = 120 pM), while iso-propyl (170) and
unsubstituted (168) hybrids produced equal moderate solubility (S7.4 = 80 uM).

When comparing aliphatic and aromatic systems, no significant difference in activity was
observed between cyclohexane 174 (ICso = 0.033 uM) and benzyl 175 (ICso = 0.040 puM).
However, 3-F (177) and 4-F (H-2) regioisomerism was favored compared to the 2-F (176)

position with an observed 2-fold difference.

Table 3.9: In vitro antiplasmodium activity (PAINF54) and solubility data of SAR 1 analogues.

o HNCN—{]@
4 e

PfICso (1M)? _ Sol.c
No./Lab Code R R: NF54 (uM)
168/DM-20-102 H - 0.030 80
169/DM-20-116 CHs - 0.025 100
170/DM-20-120 < - 0.073 80
171/DM-20-190 <] - 0.061 120
172/DM-20-155 <> - 0.054 90
173/DM-20-154 ~<j - 0.027 80
174/DM-20-153 @ - 0.033 80
175/DM-20-196 H 0.061 40
176 /DM-20-147 2-F 0.078 20
177/DM-20-142 3-F 0.038 20
H-2/DM-20-160 4-F 0.040 20
178/DM-20-118 4-CN 0.034 60
179/DM-20-144 .. 4OMe 0.036 60
180/DM-20-149 _@ , 4-CFs 0.016 20
181/DM-20-162 £y 4-SO,Me 0.046 80
182/DM-20-152 ' 4.SONH, 0.245 100
183/DM-20-151 4-NO, 0.024 80
4-
184 /DM-20-209 NHCOMe 0.040 100
185/DM-20-150 4-CO,Me 0.267 80
4-
187/DM-20-208 CONHMe 0.028 80
188/DM-20-159 N7\ - 0.113 80
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o _HNACN—Q:j@
Q@/ @

PfICso (uM)e»  Sol.c
No./Lab Code R R: NF54 (uM)
189/DM-20-194 - @ CH; 0.045 80
R
190/DM-20-192 —/ ' CF3 0.044 40

aMean from n > 2 independent experiments with sensitive (PNF54) strain

bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

Determined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs

Following exploration of Craig plot substituents at the 4-position, lipophilic substituents
imparting negative inductive effects (EWG) such as CF3z (180, ICso = 0.016 uM) and NO3
(184, ICso = 0.040 puM) produced high activities (ICso < 0.025 pM). Similarly, hydrophilic
EWGs displayed high activities (ICso < 0.046 uM), with the exception of methyl ester (185,
ICso = 0.267 uM) and sulfonamide (181, ICso = 0.245 uM).

Generally, this SAR revealed that activity reduced with lipophilicity (i.e., CF3 << NO; < CN <
OMe etc.) although some substituents deviate from this trend. For instance, sulfonamide
181 (ICs0 = 0.245 pM) is >8-fold less active than benzamide 187 (ICso = 0.028 uM), despite
having the same lipophilicity (clogP = 4.61). Noteworthy, N-phenylacetamide 184 (ICso =
0.040 uM) displayed comparable activity and solubility to its reverse amide match pair, N-
methyl benzamide 187 (ICso = 0.028 uM). Hybrids containing water-solubilizing substituents
exhibited moderate to high solubility (S74 =60 — 160 uM) compared to H-2. On the other
hand, 2-CHs- and 2-CF3-5-pyridyl analogues 189 and 190, respectively, were equipotent
(ICso = 0.045 uM). However, the 6-CH3s-2-pyridyl isomer 188 (ICso = 0.113 uM) was 2.5-fold
less potent. Notwithstanding, solubility was improved (S7.4 > 40 uM) with methyl substituted
analogues displaying higher solubility than the trifluoromethyl analogue.

In SAR 2, incorporation of lipophilic groups at the S-position of the benzimidazole ring
resulted in hybrids with comparable activity (191 — 193, ICso < 0.053 uM, Table 3.10) to that
of H-2. Additionally, these analogues showed higher solubility (S7.4 > 80 uM).

In SAR 3, potential replacements of the 7-chloro (7-Cl) group in the quinoline ring were
explored. Removal of the 7-Cl or its replacement with less lipophilic groups produced hybrids
with lower activity (205 — 208, ICso > 100 uM, Table 3.10). However, the bromine analogue
retained high activity (204, ICso = 0.033 uM), while the fluoro derivative was ~2.3-fold less
potent (202, ICsp = 0.093 uM) than H-2. This observation may be attributed to the
dependency of halogen bonding strength on the atomic size, electrostatics and polarization,

and is well documented.25.26 In this case, heavier halides seem preferable (F > Cl > Br).
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Table 3.10: In vitro antiplasmodium activity (PINF54 and K1) and solubility data of SAR 2

and 3 analogues.

.
No./Lab Code R R, L Kifl.‘lg;ma’b (S:l\la)
191/DM-20-201 CN 0.029 100
192/DM-20-188 cl SO.Me 0.047 120
193 /DM-20-189 CO,Me 0.053 80
201/DM-20-156 H 0.134 60
202/DM-20-146 F 0.093 60
203/DM-20-148 Br 0.033 40
204 /DM-20-137 CFs u 0.089 20
205/DM-20-121 CN 0.225 120
206/DM-20-145 OCFs 0.154 40
207/DM-20-122  OCH; 0.134 80
208/DM-20-138 NO, 0.454 80

aMean from n > 2 independent experiments with sensitive (PNF54) strain

bChloroquine (NF54 50% inhibitory concentration [ICso] = 0.004 uM; K1 ICso = 0.14 uM) was used as
a reference drug

Determined using a turbidimetric method at pH 7.4. Hydrocortisone (>200 uM) and reserpine (<10
uM) were used as control drugs.

This assertion, and the significance of the presence of a hydrophobic halogen group at the
7-position is further evident in the lower activity of unsubstituted analogue 201 (ICso =
0.134 puM). The CFs-substituted analogue displayed 2-fold lower activity (204, ICso = 0.089
uM).

As observed throughout this SAR study, incorporation of water-solubilizing groups
increased the solubility of the hybrids as expected. However, lipophilic groups tend to be
preferred for antiplasmodium potency. Removal of the benzyl moiety (168 (ICso = 0.030 uM)
or its replacement with methyl group (169, ICso = 0.030 uM) on the AST portion produced
hybrids with a favorable balance of beneficial physicochemical properties (molecular weight,

lipophilicity, and solubility) and antiplasmodium activity.
3.3 In vitro Antiplasmodium Activity versus Lipophilicity

Lipophilicity affects a wide range of molecular attributes, including potency because of its

relationship with cellular binding affinity to biomolecules. Additionally, the variation of
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lipophilicity within a series of designed compounds may predictably affect various ADME
properties, including toxicity. As the goal of drug discovery is to achieve efficacy using a low
dose and reduced administration frequency, it is important to control lipophilicity to
optimize ADME properties of designed analogs in parallel with potency during early
development stages. The identification of structural changes within a series that maintain

or improve potency while reducing lipophilicity is therefore key to successful optimization.2”

To achieve this, various lipophilicity dependent metrics have been developed relating to
potency, ADME and other properties. In this study, lipophilic efficiency (LipE) was used to
analyze the influence of lipophilicity on compound potency. LipE, also known as lipophilic
ligand efficiency (LLE), normalizes potency for the lipophilicity of the molecule. It is

calculated using Equation 1.

Equation 1: LipE = pICso — logD (or clogP)

Where LipE is lipophilic efficiency, pICso is potency (given by: -log ICso in Molar
concentration, M), logD is the experimental partitioning coefficient, interchangeable with

calculated lipophilicity (clogP)

A LipE plot is a vital tool for structural analysis, capturing three key molecular attributes
(logD or clogP, potency, and LipE). In this plot, lipophilicity (clogP) and potency (Picso, in
Molar) coincide at a 45° angle trajectory of the x and y axes of the plot, allowing for simple
analysis of compound efficiency (LipE). Compounds that have the same LipE (isoefficient)
are positioned on the same 45° line (LipE line). The goal of a LipE based optimization or
analysis is to identify structural changes that lead to improvement of LipE (high LipE
preferred) with lipophilicity that is consistent with favorable ADME and safety properties.
For drug leads intended for oral administration, LipE = 5 — 7 is considered suitable.27.28
Considering all AST analogues in this study (125 analogues), a LipE plot created to (i) furnish
critical information on the chemical space occupied, (ii) interrogate and rationalize the
potency-lipophilic relationships observed, and (ii) determine the suitability for development
analogues based on the quality of compounds (Figure 3.2). In the AST series, the plot was
divided into four quadrants based on LipE scores and were classified as low (LipE < 1),

medium-low (LipE = 1 - 2), medium-high (LipE = 2 - 3), and high (LipE > 3).
3.3.1 Lipophilic Efficiency of AST Analogues (Phases I and II)

The LipE plot of all AST analogues is shown in Figure 3.2. To highlight a few structural-
efficiency relationships (SERs), the transition from AST (LipE = 1.37) to the initial cyanated
analogue 17 (LipE = 2.12) shows weak isopotency change (ALipE = +0.76). On the other
hand, the transition from 17 to ethyl ester 38 and eventually the 3-CF3-1,2,4-oxadiazole
bioisostere 47, represents an isoLipE (LipE ~ 2.17) change in which there are increases in
both potency and lipophilicity with isoefficiency. However, truncation of the benzyl moiety
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in 47 to produce 67 led to a ~2-fold increase in potency and reduced lipophilicity (1.12
units), which ultimately resulted in a significant efficiency gain (ALipE = +1.43). The
significance of the oxadiazole moiety is again reflected in the isoefficiency observed following
the removal of the benzyl group in 17 to produce less active cyano analogue 15 (LipE = 2.64,
A+0.52), compared to the efficiency gain attained following the replacement of the cyano or
ester group with a 1,2,4-oxadiazole moiety to produce 66 (LipE = 3.19, A+0.99) and 67 (LipE
= 3.62, A+1.50). The weakly isolipophilic (AcLogP = 0.2) relationship between CHs-
substituted analogue (66) and CFs-substituted analogue (67) leading to an efficiency gain
(ALipE = +0.44) suggests that lipophilicity is a contributing factor to the observed high
potency in 67 (ICso = 0.012 uM), although the effect of other intrinsic structural and

physicochemical factors cannot be ruled out.

R?=0.396

PfNF54 pICq,

clogP

Figure 3.2: Lipophilic efficiency (LipE) plot of cLogP vs antiplasmodium potency, Picso [-log(P/NF54
ICso)] of astemizole (AST) analogues. The color gradient denotes improvement of LipE from low (orange)
to medium (yellow) and high (green)

Further optimization of front-runner compound 67 led to the identification of 149 (LipE =
4.35; A+0.73) which exhibited the highest efficiency (Figure 3.2). A weak positive correlation
(2 = 0.396) between lipophilicity and potency (purple gradient line, Figure 3.2) was observed
throughout the optimization process in both phase I and II AST analogues. Rather than
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investigating in vitro potency or lipophilicity independently, the lipophilic efficiency of 67
(LipE = 3.62) corroborates the high in vivo antimalarial efficacy observed relative to that of
69 (LipE = 2.68). Additionally, this reaffirms the choice of 67 as a bonafide lead for further
optimization towards reducing hERG affinity, resulting in 149. Thesis data indicate that any
further optimization (developability) would have to be based on 5-azabenzimidazole

compound 149 (LipE = 4.35).

Statistically, most AST analogues fell within the medium range (LipE = 1 — 3) representing
74.4% of all compounds (Figure 3.3). Only 15.7% of compounds showed a favorable balance
(LipE = 3 — 5) of high potency and lipophilicity. Furthermore, 10% of compounds showed

poor efficiencies (LipE < 1).

50 -
240 -
g
2 30 -
o
gzof
O
X 10

0

0-0.99 1.00-1.99 2.00-2.99 3.00-5.00

Lipophilic Efficiency (LipE)

Figure 3.3: Distribution of LipE across the SAR of AST analogues

3.3.2 Lipophilic Efficiency of AST-CQ Hybrids

Lipophilic efficiency was used to conduct a qualitative analysis of AST-CQ hybrids (Figure
3.4). In this series, the LipE plot was divided into three quadrants representing low (LipE <
2), medium (LipE = 2 — 3), and high (LipE > 3) efficiency. Only four (5.1%) of the 39 hybrids
showed optimal LipE: 168 (LipE = 3.20), 169 (LipE = 3.33), 181 (LipE = 2.96), and 187 (LipE
= 2.935). 4-SO,Me-benzyl and 4-CFs-pyridyl analogues 181 and 190, respectively, exhibited

isoefficiency despite their differences in the lipophilicity.
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Figure 3.4: [A]; lipophilic efficiency (LipE) plot of clogP vs antiplasmodium potency, Picso [-log(P/NF54
ICs0)] of AST-CQ hybrids. Color gradient denotes improvement of LipE from orange (low) to yellow
(medium) and green (high). [B]; LipE distribution

These data suggest that the replacement of the 4-F group in H-2 with 4-sulfonyl (181) or 4-
methylamide (187) substituents, may be a viable option for improving physicochemical
properties. Additionally, the sulfonyl group is also tolerated on the benzimidazole ring (192,
LipE = 2.84). However, removal of the benzyl group (168) in or its replacement with a methyl
group (169) produced the greatest efficiency gain (ALipE = +1.40) and improved
physicochemical properties (lower molecular weight, lower lipophilicity, and optimal
solubility). Most of the analogues fell within the medium (48.7%, Figure 3.4B) and low
(46.2%) LipE ranges. The LipE plot also shows a weak positive correlation between

lipophilicity and potency (72 = 0.07).
3.4 In vitro Gametocytocidal Activity

In line with the new target product profiles (TPPs), towards malaria eradication (specifically
target candidate profile 3 [TCP-3]), multi-stage antimalarial activity is included for new
antimalarial compounds entering the pipeline. In addition to erythrocytic-stage killing, new
antimalarials should also prevent relapse and block transmission via blockade of the liver
and sexual stages, respectively.29:30 Previous work by Kumar et al. in our group revealed
that AST and related analogues possessed moderate sexual and good liver-stage activities.?23
Therefore, to follow up on the assessment of the potential for transmission-blocking
properties, the in vitro gametocytocidal activity of AST, and selected analogues across most
SARs were evaluated. Additionally, both early (EG, I — III) and late- or mature-stage
gametocytes (LG, IV — V) were used to assess potential for stage-specificity. This work was

conducted by collaborators at the Department of Biochemistry, Genetics & Microbiology,
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Institute for Sustainable Malaria Control, University of Pretoria, South Africa, using a
luciferase-reporter Pf NF54 line. Each compound was tested in a dual-point screen at

concentrations of 1.0 and 5.0 uM (Figure 3.5).

Briefly, luciferase activity was determined via luciferin substrate-induced bioluminescence
in parasite lysate following 48 h exposure of test compounds in parasite culture. The
compounds were stratified as: High activity = >70% inhibition at 5 uM and >50% inhibition
at 1 uM; Moderate activity = 50 — 70% inhibition at 5 uM and <50% inhibition at 1 uM;
Inactive /weakly active = <70% inhibition at 5 uM and <50% inhibition at 1 uM.
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Figure 3.5: Dual-point in vitro gametocytocidal activity of selected compounds against luciferase (luc)
PNF54 early-stages (I — III) and late-stages (IV — V) gametocytes, obtained at 1.0 uM and 5.0 uM (n =
1, one biological assay with technical triplicates). Methylene blue (EG luc at 1.0 uM = 95% inhibition,
EG ICso = 0.2 uM; LG luc at 1.0 uM = 92% inhibition, LG ICso = 0.14 uM)
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Fifty-six (56) compounds were evaluated based on their structural diversity to represent the
SARs and high activity against the asexual blood stage. None of the compounds tested
showed high activity against either early- or late-stage gametocytes at 1.0 uM. However, 19
compounds showed moderate to high activity at 5 uM. Compounds 42, 47, 67, 69, 75, 119
and 120 (Figure 3.6) displayed higher activity at 5 uM compared to AST (EG luc at 5.0 uM
= 60.5% inhibition, EG ICso = 3.4 uM). Additionally, their ICso values expected to be < 1.0
uM, which would be lower compared to those obtained for the most potent analogues in the
previous study (ICso = 1.9 — 4.1 uM) from our group. Moreover, it has been shown that an
observed lack of whole-cell activity (in vitro) may not always truly reflect in vivo activity.
However, high inhibition at low concentrations in a dual-point screen often translate to high

activity.s!
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Figure 3.6: Structure of AST and compounds 42, 47, 67, 69, 75, 119 and 120, and their percent (%)

inhibition in a dual-point screen against early-(EG) and late-stage gametocytes (LG) at 5.0 uM

The classification criteria for stage specificity were defined as compounds which display >
2-fold change in dual point values between EG and LG. Noteworthy, compounds 69, 119
and 120, all of which lack the benzyl moiety, displayed EG specificity, while compound 75
was highly active against both stages (Figures 3.5 and 3.6). Based on this preliminary
screen, compounds 47, 67, 69, 75, and 120 (asexual blood stage PfICso < 0.066 uM) show
the potential for dual-stage activity. Additionally, this SAR has revealed that compounds
devoid of the benzyl moiety at benzimidazole N1-position (67 — 69 and 90 — 137) were more
active against EGs compared to LGs (Figure 3.5), suggesting the possibility for tuning

gametocyte stage-specificity by exploring the benzimidazole N-1 position.
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3.5 In vitro Hemozoin Formation Inhibition (AST Analogues)

In phenotypic drug discovery (PDD), various attempts are made early during the discovery
process to investigate the mode or mechanism of action (MoA) of NCEs. In this case, AST
and its metabolite DMAST were previously shown by Chong et al. to inhibit heme
crystallization, a contributing mechanism towards the MoA that was later corroborated by
our group.22.23 Therefore, it was imperative to assess this activity on new analogues and

derive potential SARs.

A pyridine-based and detergent-mediated in vitro model that partially mimics the
microenvironment of the digestive vacuole (DV) was used to quantify the ability of AST
analogues to inhibit f-hematin (B-H) formation, as a surrogate for inert hemozoin formed in
vivo during heme detoxification by the parasite. As shown in Figure 3.7, 16 of 27 compounds
tested demonstrated high B-H inhibition (ICspo < 100 uM) compared to AST (B-H ICso = 130.5
uM).
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Figure 3.7: Distribution of B-H inhibition ICso values of tested compounds

In phase I SAR 1 analogues containing a 4-CN-phenyl moiety, the presence of an aromatic
moiety at the benzimidazole N-1 position is critical to -H inhibition, as was for whole-cell
antiplasmodium activity. For instance, there was an 8-fold increase in potency following N-
alkylation of unsubstituted 15 (ICsp = 169 uM) to yield the compound 17 (ICso = 21 uM;
Figure 3.8). With respect to the nature of the aromatic moiety, substitution with CN (17)
and CF3 (31) at the 4-position are tolerated. This observation may be related to the ability

of analogues with increased aromaticity to bind strongly to porphyrin via n—n stacking.
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Figure 3.8: Structure of AST and compounds selected compounds with diverse 3-H inhibition SAR vs
whole-cell activity (PfNF54)

In phase I SAR 2, EWGs such as CF3 (35, ICso = 35 uM) are also tolerated. Interestingly,
introduction of the 3-/5-CF3-1,2,4-oxadiazole moiety (42 or 47, ICso = 16 uM) imparted
potency lower than that of CQ (ICso = 23 uM) and produced 8-fold improvement in activity
compared to the unsubstituted analogue (31, ICso = 127 pM). Unlike the cyano (CN)
analogues, the presence of the 1,2,4-oxadiazole moiety (aromatic) appears to strongly
compensate for the removal of the benzyl group, as doing so does not affect the B-H
inhibition significantly (comparing 15 and 67). However, even with the oxadiazole ring
present, having an appropriately substituted benzyl or aliphatic (42, 71, 75 and 141) moiety
at the benzimidazole N-1 position is crucial for stronger B-H inhibition activity. 5,6-Dichloro
substitution on the benzimidazole core is tolerated and enhances B-H inhibition activity
(141, ICs0 = 41.1 uM) compared to the unsubstituted analogue (68, ICso = 307 uM). As in
CQ, this may be attributed to the capability of Cl to promote n—rn stacking and facilitate
halogen-hydrogen interaction between the benzimidazole ring and the porphyrin.
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A weak positive correlation (72 = 0.0841) between B-H inhibition and activity against PNF54
(Figure 3.9) was observed. Several compounds with strong B-H activity showed low
antiplasmodium activity (e.g., 141, -H ICs0 = 41.1 uM; PNF54 ICs0 = 0.514 uM). Similarly,
some of the weak (-H formation inhibitors showed high antiplasmodium activity (e.g., 69,
B-H ICso = 186.5 uM; PNF54 ICso = 0.033 uM) irrespective of the series. Noteworthy, the
most potent B-H formation inhibitor was also highly active in the parasite (71, p-H ICso =

11.2 uM; PANF54 ICso = 0.093 uM).
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Figure 3.9: Plot showing the relationship between hemozoin formation inhibition vs antiplasmodium
potency (PfNF54 ICso vs log [B-H ICs]). Chloroquine (B-H ICso = 23 uM) and Pyrimethamine (B-H ICso
> 300 uM) used as controls

Based on the dose-dependent effects on parasitic heme species previously shown by a less
potent series (highest B-H ICso = 65.2 uM) in our group earlier,23 the data from these new
analogues validate and reinforce the contribution made by inhibition of heme crystallization
towards the MoA of AST analogues. However, this conclusion is made cautiously considering
the limitations of this in vitro assay associated with recapitulating the physiological
complexities of intracellular drug activity. It will be useful to carry out a dose-dependent

heme-speciation assay on front-runner compounds identified from this primary screen.

3.6 In vitro Mammalian Cytotoxicity

To assess the potential safety of potent analogues and their selectivity for P. falciparum, in
vitro cytotoxicity studies were carried out using selected analogues (PINF54 ICso <1.0 uM) in
two different mammalian cell lines. Toxicity studies against epithelial Chinese hamster ovary
cells (CHO) were conducted at H3D, Division of Clinical Pharmacology, University of Cape
Town, while those against human hepatocellular liver carcinoma (HepG2) cells were
conducted at the Genetics and Microbiology department at the Institute for Sustainable
Malaria Control, University of Pretoria. Using these data, Sis were determined cytotoxicity
(ICso) divided by antiplasmodium activity (PNF54 ICsp). Cytotoxicity in CHO cells were
assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
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which measures cell survival and growth. In this assay, the formation of tetrazolium salt is
used to measure proliferation and chemosensitivity using emetine as a reference
compound.32 In addition, only a small number of and potent analogues were tested in
HepG2 cells. This assay was conducted at a drug concentration of 2.0 uM using a
CytoSelect™ lactate dehydrogenase (LDH) cytotoxicity assay kit.33 Detailed descriptions of

both assays are provided in the experimental section (Chapter 6).

As shown in Table 3.11, most analogues exhibited marginal cytotoxicity (SI > 100) in CHO
cells. However, analogues 66 and 69 showed lower selectivity’s (SI = 64.7 and 48.2
respectively). HepG2 toxicity in Table 3.11 indicates the percentage cytotoxicity of a
compound at the tested concentration (2.0 uM) following incubation for 48 hr. Most of the
compounds showed low cytotoxicity (<50%), with the exception of compound 69 which

demonstrated 51% cytotoxicity.

Table 3.11: In vitro cytotoxicity profiling results of selected analogues in mammalian CHO

and HepG2 cell lines.

CHO«
Code A R R, ICso uM)> _ SI¢ HepG2¢a
AST @[N\>" 4-F OMe 29.6 344 29.4
18 N 3-F, 4-CN CN 47.4 667 ND
= |
77 I IR 3-F, 4-CN (J)\/N\>_ 8.47 217 ND
75 3 4-CF3 SN 3.33 111 ND
N
29 @[ O-- - CN s50 29 D
N 00
7 N O/N
74 | - I >— 5.63 128 ND
“ -
CF, N
32 - OH 38.5 127 ND
35 - CFs 5.36 153 32.0
38 - COsEt 12.4 289 43.7
N/O
40 N - I 2 16.6 187 ND
Ly
N N-©
41 - S 5.87 115 ND
i\
CN N-©.
42 - I_»—CF;  3.85 175 ND
-~ 7"N
0
45 - J\\/I\>< 38.9 525 ND
O’N
120 - I >$< 4.69 73.3 0.00
.2 "N

Dickson Mambwe
Ph.D Thesis 2021 178



Chapter 3: Biological Activity, Solubility and Structure-Activity Relationships (SARs)

CHO«
Code A R R: ICso (UM)> _ SI¢ HepG2<
_N
66 N _ T >— 3.56 64.7 ND
Crp-
N -N
67 H - O Ncr, 195 192 334
SN 5
_N
68 N . T >— 9.09 275  ND
Cry-
N -N
69 \ - ?_%—cFr, 318 482 510
2SN
N\ N
148 | L > - >50 >92 ND
” )
NI N-O <2,9
\ >-- } )
149 _ H /JI\N/>_CF3 >50 41 ND
NN >44
| >-- i
150 I \ >50 . ND

2CHO: Chinese hamster ovary cell line; HepG2: human hepatocellular liver carcinoma cells

bMean value from n = 3 independent experiments. Emetine (ICso = 0.033 uM) was used as the reference
drug

eSI: selectivity index = CHO ICs¢/NF54 ICsg

dND: not determined

3.7 In vitro hERG Potassium Channel Inhibition

The primary objective of this project was to alleviate the cardiotoxicity risk associated with
AST using medicinal chemistry approaches to design analogues with reduced hERG channel
activity while maintaining or improving antiplasmodium activity. hERG inhibition assays
were conducted by Metrion Biosciences Limited (Cambridge, United Kingdom). In this assay,
hERG K+ channels expressed in CHO cells are used, on an automated Q-patch clamp
platform in triplicate at four concentrations from which a dose response-curve is drawn to
calculate the hERG ICso. As a caveat, ICso > 10 uM (highest tested concentration) are
extrapolated and should therefore be considered only as approximate indicators of hERG
activity. Verapamil, a known potent blocker of hERG, was used as a positive control in the

assay.

Because this project was designed address this risk, the selection of compounds for testing
in the hERG inhibition assay was based on (i) the representation of analogues from each
SAR in which specific hERG -reducing strategies were applied, (ii) structurally diverse
compounds from each optimization stage to establish hERG SARs and (iii) “cherry-picked”
compounds displaying high antiplasmodium potency, low cytotoxicity, and ideal

physicochemical properties to represent best-in-class molecules.
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Targeted criteria for antiplasmodium potency were PNF54 ICso < 0.10 pM, and a
discriminatory limit of hERG ICs0 > 10 uM, representing an SI threshold of 100 as a sufficient
order of magnitude to indicate the ideal safety of a compound. Notably, the SI of AST in the
PNF54 strain was 0.05 (PNF54 ICso = 0.086uM; hERG ICs0 = 0.0042 uM). The obtained
results are discussed by classifying compounds based on the approach used to modulate

hERG activity.
3.7.1 Furnishing Zwitterionic Character

Zwitterionic species reduce hERG affinity by limiting a compound’s ability to permeate the
transmembrane binding site, and therefore minimize interaction with the hERG channel. As
shown in Table 3.12, incorporation of the carboxylic acid (-CO2H) moiety in the template

produced compounds with low hERG affinity (ICso > 4.0 uM).

Table 3.12: In vitro hERG activity and in silico predicted clogP and hERG pICso of zwitterion
AST analogues.

hERG hERG

Code Structure ICso (UM)@ clogpp pICso? SIe
NC
25 N 4.16 4.45 6.519 <0.7
N @N%
HO,C N
\</N‘o
\=

78 Q 4.1 488 6.562 <0.7
N
/

N
122 ' 30.0 3.34 6.028 <5.0
NH

N
142 < > 28.7 3.73 5.979 <4.7
NH

“hERG: human ether-ad-go-go-related gene. Data shown are from n = 3 independent experiments.
Verapamil (ICso = 0.56 £ 0.096 uM) used as a reference compound.

bProperties predicted using StarDrop, version 6.5.1-1 (AST: cLogP = 5.700; pICsp = 8.265)

eSI: selectivity index = hERG ICso/ PNF54 ICso
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However, all analogues in this class were inactive against P. falciparum at the highest
concentration tested (PNF54 ICso > 6.0 uM, SI < 5). This was not entirely surprising because,
the presence of a carboxylic acid group, is often associated with poor absorption, limited
membrane permeability, and thus low whole-cell activity in the parasite. This observation
was made regardless of where the —-COzH group was incorporated in the template. These
results thus suggest that the zwitterion approach was ineffective as a hERG -reducing

strategy in AST.
3.7.2 Lipophilicity (clogP) Lowering Strategies

Lipophilicity-lowering strategies are commonly used to modulate hERG channel activity
because of the low propensity of lipophilic molecules to bind via hydrophobic interactions
at the binding pocket in the hERG channel. The lipophilicity of a molecule can be reduced
by incorporating groups with hydrogen-bonding potential, replacing hydrophobic groups
such as halogens with less lipophilic ones, truncating or saturating aromatic groups and

exploring polar bulky substitutions.

3.7.2.1 Incorporation of Water-solubilizing Groups (halogen-replacement) and

Piperidine Ring Variants

In comparison to cyano analogue 17 (hERG ICso = 0.05 uM), hERG affinity was reduced 2-
fold by replacing the 4-CN group in the benzyl sidechain with sulfone (22; Table 3.13).
However, the most significant effect observed (19-fold) was produced by replacing the 4-CN-
benzyl group in 17, with a 4-CF3-3-pyridyl (29, hERG ICso = 0.97 uM) moiety, a change that
was accompanied by a ~6-fold antiplasmodium potency gain (29, PNF54 ICso = 0.025 uM,
SI = 39). This analogue represents the successful use of a lipophilicity-lowering strategy
using aromatic insertion of polar atoms (phenyl to pyridyl), while exploring favorable

substitution informed by antiplasmodium activity SAR (4-CN to 4-CFy3).

Table 3. 13: In vitro hERG activity and in silico predicted clogP and hERG plICso of AST

analogues using lipophilicity lowering strategies.

hERG hERG
Code Structure ICso (uM)e clogP® pICso? SIe

17 Q\N 7 0.05 4.70 7.930 0.32
JKCN
22 Q\N 7 0.11 4.07 7.870 0.16
I
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hERG hERG

Code Structure ICso (UM)= clogP? pICso? SIc
NC
29 QN 0.97 4.83 7.833 38.8
N MK @N%
CF—( N
\</N‘o
\=

46 Q 0.10 5.17 7.949 1.45
N

47 Q 0.47 542  8.154 19.0
N

58 Q 0.13 502  7.54 0.33
N

e
QN NS
61 0.12 4.85 7.703 0.08

74 Q\ 0.25 5.08 7.824  5.68
N

dhERG: human ether-a-go-go-related gene. Data shown are from n = 3 independent experiments.

Verapamil (ICso = 0.56 £ 0.096 uM) used as a reference compound.
bProperties predicted using StarDrop, version 6.5.1-1 (AST: cLogP = 5.700; pICsp = 8.265)
eSI: selectivity index = hERG ICso/ PINF54 ICso

Although clogPincreased, the presence of the CF3 group produced analogues with decreased
hERG channel activity and increased antiplasmodium activity compared to those devoid of
this functionality. Replacement of the lateral 4-CN group in 17 with 3-CHs-1,2,4-oxadiazole
(46, hERG ICs0 = 0.10 uM) only produced a 2-fold reduction in hERG affinity. However, a
~10-fold reduction was observed in the 3-CF3-1,2,4-oxadiazole (47, hERG ICso = 0.47 uM)
match pair. Additionally, 4-CF3-benzyl analogue 75 (hERG ICso = 0.38 uM, SI = 12) showed
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a ~4-fold decrease in hERG activity than 4-CN-benzyl analogue 46 (hERG ICso = 0.10 uM,
SI = 2). Replacement of piperidine with either pyrrolidine or piperazine has previously been
used to decrease hERG activity, although this change had no effect within this scaffold (46,
58, and 61, hERG ICso = 0.11 uM).

3.7.2.2 Removal of Aromatic Moiety (Ring Saturation/Truncation) and Amidation

This approach is aimed at disrupting n-n stacking interaction between the aromatic residue
of the analogues and those of amino acid residues in the hERG channel. Saturation of the
benzyl moiety significantly reduced hERG affinity (71, hERG ICso = 0.89 uM, SI ~ 10, Table
3.14). However, no effect was observed following replacement of the benzyl with a methyl
group in the cyanated phase I template (16, hERG ICso = 0.09 pM). A combination of N-
benzyl to N-methyl interchange, and replacement of 4-CN in the lateral phenyl group with a
more hydrophilic 3-CHs-1,2,4-oxadiazole moiety resulted in a ~4-fold decrease in hERG
channel activity (68, hERG ICso = 0.35 uM, SI = 11). Consistently, lower affinity was achieved
following CHz/CF3 (69, hERG ICso = 0.86 pM, SI = 13) and CH3z/ tert-butyl (120, hERG ICsp
= 1.35 uM, SI = 21) group interchange. Additionally, selectivity was further improved in
desmethyl analogue 67 (hERG ICso = 0.63 uM, SI = 53), showing high antiplasmodium
activity (PNF34 ICso = 0.012 uM) and 1100-fold increase in selectivity compared to that of
AST.

Table 3.14: In vitro hERG activity and in silico predicted clogP and hERG plICso of AST

analogues in which an aromatic group is saturated and/or removed.

hERG ICso hERG
clogP? SlIc
(uM)e &

PICso?
~('o
(
71 Q {Q 0.89 588  7.995 9.56
By Oy

Code Structure

N
16 ¢ ) 0.09 3.80 7.222  0.02
NH

68 ¢ N> 0.35 4.28 7.278 10.6
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hERG ICso hERG

Code Structure (uM)e clogpp pICso? SIc
N’O
(B
cry” N : N>
69 Q 0.86 4.51 7.512 13.0

N
120 Q 1.35 5.15 7.390 21.1
NH

N
67 N Q 0.63 4.30 6.912 52.5
920 ¢ > 30.0 3.00 6.911 17.3

103 30.0 2.25 7.549  8.81

N
132 NC\@[N Q 0.16 4.11 7.230 0.26

N
0,0
135 /\‘s”\CEN Q 0.49 3.53 7.192 0.11

dhERG: human ether-a-go-go-related gene. Data shown are from n = 3 independent experiments.
Verapamil (ICso = 0.56 £ 0.096 uM) used as a reference compound.

bProperties predicted using StarDrop, version 6.5.1-1 (AST: cLogP = 5.700; pICso = 8.265)

eSI: selectivity index = hERG ICso/ PNF54 ICso
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The amides showed no hERG activity (90 & 103, ICso > 10 uM), however, antiplasmodium
potency was equally significantly diminished (ICso > 1.0 uM). Incorporation of the sulfone
group (135, hERG ICsp = 0.49 uM, SI = 0.1) in the benzimidazole ring resulted in decreased
hERG activity compared to the nitrile group (132, hERG ICso = 0.16 uM, SI = 0.3).

Antiplasmodium activity was also significantly reduced in both analogues.
3.7.3 Reducing the pKa of Basic Nitrogen

Decreasing the pKa of the basic nitrogen in a hERG inhibitor has the potential to decrease
hERG potency. At physiological Ph, the resulting ammonium species would not be
sufficiently stable to interact (via n-cation) with aromatic residues lining the hERG channel

binding pocket, thereby lowering the affinity of the compound for the channels.

In this project, the pKa of the piperidine nitrogen was reduced via B-fluorination. This choice
of fluorine was based on its low inductive effect and its negligible effect on compound size
and lipophilicity. This strategy was carried out on front-runners 67 (hERG ICso = 0.63 uM,
SI = 53) and 69 (hERG ICso = 0.86 uM, SI = 13), both of which contain a 3-CF3-1,2,4-

oxadiazole moiety at the 4-position of the lateral phenyl group.

Mono-fluorination and di-fluorination of 67 in the piperidine ring produced 151 and 152,
with 1.6- and 2.6-fold decreases in affinity, respectively (Table 3.15). The lowest hERG
affinity was achieved using a combination of piperidine p-mono-fluorination and insertion
of nitrogen in lateral phenyl group (157, hERG ICs0 = 1.34 uM). B-fluorination of 69 in the
ethylene linker (161, hERG ICso = 0.62 pM) was ineffective in reducing hERG affinity.
Hypothetically, the theory was proven, however, ineffective because low basicity was
accompanied by lower or complete loss of antiplasmodium potency. It must, however, be
noted that the activities obtain from mono-fluorinated analogues may not represent concise

SAR, unless they are separated into their respective diastereomers.

Table 3.15: In vitro hERG activity and in silico predicted cLogP, pKa and hERG pICso of AST

analogues with reduced pKa of piperidine basic nitrogen.

hERG hERG

d
Code Structure ICso (uM)= clogP» pKarc pICso? SI
o-N,
CF3)QN : N>
151 Q 0.98 4.16 7.79 6.860 6.67

152 Q 1.65 4.26 6.73 6.963 2.56
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hERG hERG

c d

Code Structure ICso (UM)= clogP? pKa pICso? SI
OH
NC@—S

159 Q 0.22 2.15 823 6.824 0.33

160 Q 0.20 3.67 7.82 7.252 0.24
NH

161 : 0.62 4.32 7.95 7.502 1.02
o
N
\
oN /N
cry N = N
156 0.49 3.68 873 7.131 2.05

157 1.34 3.31 7.61 6.485 <0.14

hERG: human ether-a-go-go-related gene. Data shown are from n = 3 independent experiments.
Verapamil (ICso = 0.56 + 0.096 uM) used as a reference compound.

bProperties predicted using StarDrop, version 6.5.1-1 (AST: cLogP = 5.700; pICso = 8.265)

Properties predicted using ChemDraw, version 19.0.1.28 (AST: pKa = 9.188)

dSI: selectivity index = hERG ICso/ PINF54 ICsg

3.7.4 Discreet Modifications

Subtle or discreet changes in the molecular architecture of a hERG inhibitor have the
potential to significantly alter molecular properties that may affect hERG affinity without
affecting antiplasmodium activity. These small discreet changes were focused on the

benzimidazole ring of front-runner 67 (hERG SI = 53).

As shown in Table 3.16, replacement of the benzimidazole ring with imidazo[1,2-a]pyridine
produced analogues with equipotent hERG activity (hERG ICso = 0.66 uM, SI = 0.78).
However, antiplasmodium potency was lost. Interestingly, azabenzimidazoles 147 (hERG
ICso = 2.72 uM) and 149 (hERG ICs0 = 5.07 uM) showed 4.3- and 8.0-fold decrease in hERG
affinity, respectively. Notably, the 5-azabenzimidazole 149 retained antiplasmodium
potency (PNF34 ICso = 0.017 pM) with SI = 298 compared to the closely related 4-
azabenzimidazole 147 (SI = 11). The low hERG affinity of 149 represents a 6200-fold
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increase in selectivity over hERG compared to that of AST. In both azabenzimidazole
derivatives, a-substitution appeared to increase hERG affinity as observed in compounds

148 and 150 (Table 3.106).

Table 3.16: In vitro hERG activity and in silico predicted clogP and hERG pICso of AST

analogues with discreetly modified benzimidazole ring.

Code Structure hERG clogP? hERG
pPICso?

d
ICs0 (uM)© SI

147 2.72 3.42 6.626 114

N
148 - Q 0.42 3.78  6.638 7.78

N
149 <) 5.07 3.42 6.621 298
N

150 0.83 4.25 6.645 7.41

dhERG: human ether-a-go-go-related gene. Data shown are from n = 3 independent experiments.
Verapamil (ICso = 0.56 £ 0.096 uM) used as a reference compound.

bProperties predicted using StarDrop, version 6.5.1-1 (AST: cLogP = 5.700; pICso = 8.265)

eSI: selectivity index = hERG ICso/ PINF54 ICso

3.7.5 hERG Affinity, Antiplasmodium Activity and Lipophilicity

As shown in Figure 3.10A, a weak but positive correlation (r2 = 0.092) exists between hERG
affinity and antiplasmodium potency. Generally, compounds that show high

antiplasmodium activity, are also strong inhibitors of hERG K+ channels.

Likewise, a weak correlation (r2 = 0.137) was identified between lipophilicity and hERG
affinity (Figure 3.10B).
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Figure 3.10: [A] Correlation plot between hERG activity (pICso = —log (hERG ICs, in Molar)) and
antiplasmodium potency (pICso = -log (PNF54ICso, in Molar)) and [B] correlation between hERG

activity (pICso) and lipophilicity (clogP)

However, it is worth mentioning that a combination of strategies (i.e., lowering lipophilicity

and other discreet modifications) was required to effectively achieve a favorable balance of

O Ring saturation
Amides

@ Zwitterions

O Reduced pKa

@ Discreetly modified

O Other

low hERG affinity, high antiplasmodium activity and optimal physicochemical properties.

A scoring profile (SP) plot was drawn to identify the best compounds meeting specific cut-
offs /limits for antiplasmodium potency (P/NF54), hERG channel activity and lipophilicity
(clogP). SI = 100 was set for hERG (i.e., PANF54 ICs0 < 0.100 uM; hERG ICso > 10 uM), while

clogP < 4 was set as the desired value for lipophilicity. The scoring limits used in the

StarDrop™ software tool are shown in Table 3.17.

Table 3.17: Parameters used for the determination of compound scoring profiles.

Property — Desired criteria Importance
Limits Score
<0.10 1.00

PINF54 ICso (uM) 0.10-0.25 1.00-0.60 99%
0.25-0.50 0.60-0.09
>0.50 <0.09

hERG ICso (uM) >10 - 99%

clogP <4 - 50%
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High antiplasmodium activity was of high importance to not only show potential for
administration of a low dose, but also to achieve a large safety margin over hERG affinity.
Compound 149 emerged as the best compound with SP = 0.24 (PNF54 ICso = 0.017 uM;
hERG ICso = 5.07 uM and clogP = 3.42). Other noteworthy compounds include 148 (SP:
0.16), 156 (SP: 0.11) and 147 (SP: 0.10), all of which have potential for further development
(Figure 3.11).
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Figure 3.11: Scoring profile (SP) plot showing overall compliance with hERG affinity (ICso > 10 uM),
antiplasmodium potency (PNF54 ICso < 0.10 uM) and lipophilicity (cLogP < 4) cut-offs. Scores

calculated un using StarDrop™ software, version 6.5.1-1

3.7.6 In silico Predicted hERG Affinity versus in vitro hERG Activity

A hERG plICso model in StarDrop was used to predict hERG affinity and guide the design
stage of the project. It is therefore crucial to cross-check the reliability of the tool within this

series of compounds.

AST

9.0 A (@)

8.0
o R? = 0.3636
S S
9 0 0%~
= o Q A~ B¢ (0]
< 6.0 | 59~ 09 o0
I e (@)
§ | e @8
£ 5.0 -

Q (@) (@)
4’.0 T T T T 1

In silico hERG pICsy,
Figure 3.12: Plot showing the correlation between predicted in silico hERG pICso using StarDrop™

software versus experimentally determined in vitro hERG Picso (pICso = —log (hERG ICso, in Molar))
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By plotting predicted pICso values versus experimental data (Figure 3.12), a weak positive
correlation (r2 = 0.364) was identified. This low value suggests that this model should be
used with caution, as significant ambiguities and inconsistencies in achieving accurate

computational predictive models for hERG affinity remains a significant challenge.34

3.8 In vitro Microsomal Metabolic Stability

Metabolic stability is a measure of the susceptibility of a chemical compound towards
biotransformation. In vitro, it is usually expressed as predicted intrinsic clearance (CLin) or
half-life (ti/2). Early determination of the metabolic properties of new chemical entities
(NCEs) is one of the most important steps of drug discovery as it enables rational prediction
of in vivo drug exposure, and early assessment of the risk for drug-drug interactions related
to inhibition or induction of drug metabolizing enzymes.3536 Drug metabolism occurs in
numerous tissues including the lungs, kidneys (renal), intestines, skin, and blood. However,
the liver is the primary organ responsible for drug metabolism, and accounts for the overall
pharmacokinetic profile of any drug. Other routes of drug metabolism are considered to be
negligible contributors.3” Therefore, a number of in vitro liver models have been developed

to determine the hepatic metabolic stability of drug candidates.

This study was conducted at the H3D, Division of Clinical Pharmacology, Department of
Medicine, University of Cape Town, South Africa. In the assay, hepatic sub-cellular fractions
called microsomes were used to determine the metabolic profile of selected compounds.
Microsomes contain drug metabolizing enzymes, primarily the cytochrome P450 (CYP-450)
enzymes which catalyze a wide ralnge of phase [ oxidative and reductive
biotransformations.38.39 The assay was carried out by incubating test compounds with
microsomes for 30 min and determining the percentage of compound which remains
unchanged. Details of the assay are provided in the experimental section (Chapter 6). The
metabolic stability of compounds with sub-micromolar potency (ICso < 0.1 uM), favorable
solubility (S7.4 >20 uM) and marginal toxicity (CHO SI > 100) were evaluated in human, rat,

and mouse liver microsomes (HLMs, RLMs and MLMs, respectively; Table 3.18.
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Table 3.18: In vitro metabolic stability of selected analogues

Metabolic Predicted CLjyu. Extraction ratio
Code A R B R; stability (%) (ul.min-1.mg1)b (En)
H R M H R M H R M
N
18 @Ey_- 3-F,4-CN CN 419 540 24.1 72.9 243.4 118.3 0.81 0.84 0.84
N
= < :N" N-©O
73 TR 4-CF3 I 92.3 519 799 11.6 53.3 18.9 0.42 0.54 0.42
e <N
3
N
29 @[\}-- CN 43.6 36.2 8.30 71.5 84.7 207.9 0.80 0.64 0.90
N
N ) - C N N-©.
74 g J|\/>— 68.6 554 614 31.9 49.2 40.7 0.65 0.51 0.64
CF3 -7 N
35 CF3 82.4 44.7 36.8 16.2 67.4 83.3 0.49 0.59 0.78
38 COzEt 0.58 0.34 1.14 431.3 475.6 373.2 0.96 0.91 0.94
-0
40 ’J\IL/> 13.5 10.6 4.11 167.9 187.9 266.0 0.91 0.80 0.92
.-"7N
-0
41 (:[N\> - 'J\IL/>— 76.2 37.5 44.5 22.8 82.2 67.4 0.57 0.64 0.75
N O
42 J|\/>—CF3 79.5 686 752 19.2 31.6 26.4 0.53 0.40 0.54
.2"7N
O
45 CN /J;N>””' 344 229 427 88.9 1234 71.3 0.84 0.72 0.76
-N
46 - CJL\>— 63.9 14.5 35.5 23.0 160.8 86.4 0.69 0.77 0.52
.2 "N
- _ -N
59 - X NT CJL\>— 124 11.8 2.72 174.0 179.4 300.5 0.91 0.79 0.93
.- "N
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Metabolic Predicted CLjx. Extraction ratio
Code A B R; stability (%) (ul.min-1.mg1)b (En)
H R M H R M H R M
-N
66 N Q7N 99.0 50.8 99.0 11.6 56.5 11.6 <0.42 0.54 <0.33
Cry -
-- SN
N -N
67 H (Jl\>—CF3 95.6 93.2 97.1 <11.6 <11.6 <l11.6 <0.42 <0.30 <0.33
-"”N
-N
68 -- - Q7N 79.3 50.9 593 19.7 56.3 43.6 <0.42 0.53 0.45
IS
27N
N
> o
69 JQ>—CF3 89.1 94.6 97.5 <11.6 <11.6 <11.6 <0.42 <0.30 <0.33
N\ // N
-N
120 (Ji\>A< 88.3 90.1 63.2 15.2 12.8 18.4 <0.40 <0.33 <047
.-" "N
N\ N
147 |/ N\>" 96.9 983 99.1 <11.6 <11.6 <l11.6 <0.42 <0.30 <0.33
H
N\ N -0
148 |/ N\>“ --< - JI\/>—CF3 96.6 95.0 98.3 <11.6 <11.6 <l11.6 <0.42 <0.30 <0.33
H

NN
149 @[N\%'

989 >99 9738

<l11.6 <11.6 <11.6

<0.42 <0.30 <0.33

150 L

N
151 @[

Fz 0
N-
__ N" /Jl\N/>_CF3

98.5 98.7 96.8

98.4 979 >99

<11.6 <11.6 <11.6

<11.6 <11.6 <11.6

<042 <0.30 <0.33

<0.42 <0.30 <0.33

Percentage (%) of test compound remaining after 30 min incubation with human (H), rat ® or mouse (M) live microsomes.
bPredicted intrinsic clearance (CLing) of unbound drug
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Cyanated analogues 18 and 29 were unstable (CLint > 71.5 yl.min-l.mg!, Ey > 0.64),
primarily in the rodent species. However, replacement of the phenylic 4-CN group with 4-
CFs improved stability (i.e., 35). The nitrile group is not readily metabolized. However, some
studies have shown its susceptibility towards CYP-mediated oxidation to amides and
related derivatives.40 As expected, the ester frontrunner 38 was rapidly metabolized (CLixnt
> 370 uyl.min-!.mg!) in all three species. However, 2 of 8 analogues bearing an ester
bioisostere showed improved stability (42 and 73, H/MLM > 75% remaining, CLint < 26
ul.min-1.mg-1), which was generally higher in HLM’s than in RLMs and MLM’s. With the 3-
methly-1,2,4-oxadiazole moiety fixed in the lateral phenyl group, substitution of CN (46)
with CF3 (73) in the benzyl moiety significantly improved stability by 1.5-fold across all
species. Stability was improved following removal of the benzyl moiety (66, H/MLM = 99%
remaining, CLint = <11.6 ul.min-l.mg1, Ey < 0.42). However, clearance in rat species was

still high (B4 = 0.54).

Although pyrrolidine analogue 59 did not meet the progression criteria for potency (ICso =
0.448 uM), its high activity within the diaminoalkyl linker SAR (phase I, SAR 4) pre-empted
testing to assess the effect of linker variations toward microsomal metabolism. This test

revealed loss of stability following piperidine/pyrrolidine interchange.

Interesting metabolism structure-property relationships (SPRs) can be derived regarding
the ester-group bioisosteres. For instance, the 3-/5-CHs-1,2,4-oxadiazole analogues
41/68 were less stable (up to 2-fold) than their 3-/5-CFs-substituted counterparts 42/69,
especially in rodent species. This use of CF3 is a proven and effective strategy for blocking
metabolism.4142 Oxazoline 45 was less stable (HLM, CLint = 88.9 pl.min-l.mg!) than to
oxadiazole match-pairs 42 or 46 (HLM CLint < 23 pl.min-l.mg-!). Similarly, unsubstituted
1,2,4-oxadiazole 40 was rapidly cleared (HLM CLint = 167.9 ul.min-1.mg-!) compared to the
S-substituted derivatives. In both cases, these observations suggest the significance of

blocking the 5-position, which is clearly a metabolic soft-spot in both 40 and 45.

Using the SPR derived from these data, the combination of (i) benzyl group truncation and
(ii) metabolic soft-spot blockade by the 3-/5-CF3 group in the oxadiazole moiety produced
high metabolic stability across all three species (67, >93% remaining, CLint = <11.6 ul.min-
lmg!l, Eu < 0.42). Interestingly, high stability was retained following substitution of
benzimidazole with azabenzimidazole (147 — 150), or introduction of stereochemistry by -
fluorination of piperidine ring (151; Table 3.18). These transformations were carried out

as strategies to mitigate hERG.

3.8.1 Metabolic Stability versus Lipophilicity

To discern the contribution of lipophilicity as a physicochemical attribute to metabolic

stability, lipophilic metabolism efficiency (LipMetE) was measured. LipMetE is calculated
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using Equation 2 and describes the relationship between lipophilicity and in vitro metabolic

clearance in HLMs.43
Equation 2: LipMetE = logD7.4 (or clogP) — log (CLint)

Where LipMetE is lipophilic metabolism efficiency, logD is the experimental partitioning
coefficient between water and n-octanol determined at pH 7.4 (interchangeable with
calculated lipophilicity, clogP) and CLint is the predicted in vitro intrinsic clearance.

By plotting logD (or clogP) versus predicted intrinsic clearance (CLint), the lipophilicity-
metabolism relationship can be visualized using data from the tested AST analogues
(phases I and II; Figure 3.13). Similar to the analogous LipE metric discussed previously,
the contribution of changes in lipophilicity to observed clearance is seen in compounds

that cluster along the same or similar 45° LipMetE line.
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Figure 3.13: LipMetE plot of cLogP vs log(CLin;, HLM) of AST analogues tested in vitro

For this set of analogues, LipMetE values vary from 2.38 to 4.50 (Figure 3.13). The
isolipophilic relationship between ethyl ester 38 and 3-/5-CHz-1,2,4-oxadiazoles 41/46
(clogP ~ 5.20) shows improved metabolic stability (ALipMetE = +1.23), free of the influence
of lipophilicity, but due to the removal of the labile ester moiety. The observed difference
in clearance between 5-CHs- (41) and 5-CF3- (42) substituted 1,2,4-oxadiazoles match
pairs (ALipMetE = +0.33) is clearly driven by the application of a metabolic soft-spot
blocking approach, which in this case outweighs the negligible increase in lipophilicity
resulting from CH3z/CF3 interchange (AclogP = 0.26 units). Compared to alkyl derivatives,

fluorinated derivatives show increased stability towards oxidative degradation.41.42 In this
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case, the bulky and electronegativity nature of the fluorine groups in CF3 blocks the
oxadiazole 3-/5-position soft-spot more efficiently than CHjz. Similarly, the observed 5.3-
fold clearance difference between pyrrolidine (§9) and its more stable piperidine (46) match
pair is not driven by lipophilicity, but rather by the effect of ring size, a phenomenon that

has been shown to affect metabolism.44:45

Removal of the benzyl moiety in 42 to produce 66/67 induces a 2-fold clearance
improvement, which is primarily driven by a reduction of lipophilicity (AclogP = -1.34
units). The intrinsic clearance prediction limit for the method used is 11.0 yl.min-!.mg-!,
and most stable compounds therefore appear isoefficient. However, this is not always the
case, as the effect of reducing the lipophilicity of benzimidazole compound 67 (clogP = 4.30,
LipMetE = 3.23) by incorporating a nitrogen atom in the benzimidazole ring to obtain
azabenzimidazole compound 149 (clogP = 3.42, LipMetE = 2.36) can easily be seen from

this plot.

3.9 In vivo Antimalarial Activity

To demonstrate proof-of-concept (PoC), the antimalarial efficacy of front-runner
compounds with high antiplasmodium activity, low cytotoxicity and favorable ADME
properties was tested in a Plasmodium berghei-infected mouse model. Compounds 73, 66,
67, and 69 were progressed to represent the first set of front-runner analogues with
favorable metabolic stability (MLMs, > 75% remaining; CLint < 20 pl.min-1.mg-!). This study
was conducted at the Swiss Tropical and Public Health Institute (Swiss TPH), Basel,
Switzerland. A standard 50 mg.kg! repeat dose was administered orally (po) to mice for
four consecutive days, and antimalarial efficacy was determined according to parasitemia
in infected untreated controls and treated animals (Table 3.19). In this model, curative

effects are achieved if recrudescence does not occur in mice 30 days after treatment.

Compounds 67 and 69, both of which are 3-CFs-1,2,4-oxadiazoles, showed high
parasitemia reduction (>85%) with mouse survival time/rate of 9 and 14 days, respectively.
However, compound 67 was the most efficacious with 99.5% reduction in parasitemia,
which correlates with in vitro potency (PfNF54 ICso = 0.012 uM), making it the first novel
structural analogue of AST demonstrating PoC in an animal model. Comparatively, the
reference drug CQ achieved 99.9% parasitemia reduction when administered at 4 x 30

mg.kg-!, with a mouse survival time of 21 days.
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Table 3.19: In vivo antimalarial activity of frontrunner compounds with chloroquine (CQ)

used as a control drug.

Dose o < st b . Mice
Code Structure (mg.kg-1) % Activity? MSD Cured

N
73 : N Q 4 x 50 40.0 4 0/3

66 ) 4 % 50 <39.9 4 0/3
e
N
H
N
cry N N
67 4 x 50 99.5 14 0/3
N
o
N
H
N—O
(N
cry” N N
69 (5 axso 89.8 9 0/3

cQ m 1 4x30 99.9 21 0/3
cl Nig

aNominal dose in mg.kg! administered orally (per os, po) once per day on 4 consecutive days (4, 24,
48, and 72 h post-infection)

bActivity = average parasitemia reduction compared with untreated controls

cMSD: mean survival days, the average lifespan of mice post infection (6 — 7 days for untreated
control mice). Mice with <40% parasitemia reduction were euthanized on day 4 to prevent death
from infection, otherwise occurring at day 6

The 3-CHs-1,2,4-oxadiazoles demonstrated low efficacy regardless of whether the benzyl
moiety was present or not (73 and 66). Based on these data, the CF3 group appears to be

a crucial part of the pharmacophore for antimalarial activity.
3.10 In vivo Pharmacokinetics (PK) and ADME Properties

To investigate the pharmacokinetic (PK) profiles of the structurally related compounds 67
and 69, dried-blood spot (DBS) samples collected from P. berghei-infected mice (whole
blood at 1h, 4h, 24h post-administration) at the Swiss TPH where subjected to
pharmacokinetics (PK) analysis. The studies were conducted at the Drug Discovery and

development Centre (H3D), Division of Clinical Pharmacology, Department of Medicine,
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University of Cape Town (UCT). The total- and free-blood concentrations of front-runners

are shown in Figure 3.14.

=

o

Total blood [C] uM
Free blood [C] uM

Time (h) Time (h)

Figure 3.14: Total blood (left) and free-blood (right) concentrations of compound 66 and 69 in

P.berghei-infected mice following oral administration at 4 x 50 mg.kg!

At 50 mg.kg! oral dose, both compounds 67 and 69 attained peak plasma concentrations
within the first 2 h (Figure 3.14), reaching concentrations ~1600-fold and ~106-fold above
their whole-cell activity (ICso = 0.012 uM and ICso = 0.066 uM), respectively. Plasma levels
were maintained above the ICso values for over 24 h. A similar observation was made in
unbound free drug (free blood). However, the concentration of 67 was > 2-fold compared
to that of 69 in both whole and free-blood, which explains the higher efficacy observed in
compound 67 despite their comparable metabolic stabilities (CLint = <11.6 ul.min-1.mg-1).
Additionally, the higher efficacy may be attributed to the 5-fold difference in whole-cell
activity, and the advantage that 67 has regarding possessing high gametocyte (EG/LG)
activity compared to 67, which has no LG activity.

The partitioning coefficient at pH 7.4 (logD;4) and solubility at pH 6.5 (Sss) were
determined for compounds 67 and 69, as well as 147 and 149. Experimental logD7.4
provides a quick and efficient snapshot of the intestinal absorption of a compound, and
may be used as an alternative to in vitro cell culture permeability models such as the
human colorectal carcinoma cells (Caco-2), with which there is a proven linear
correlation.46.47 Table 3.20 shows the logD, solubility and LipE (based of logD) of the tested

compounds.
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Table 3.20: ADME properties and hERG activity of front-runner compounds

R N ) =
N~g N-g O-N O-N
N N N N
LS O e
@[ S—NH @[ S—NH \ H—NH CL S—NH
N & Z N
H

CF; CF3 _N

N \ N
Property 67 69 147 149
logD7 4 3.22 2.92 0.24 -0.82
Se.5 120 140 150 195
LipE 4.70 4.26 6.71 8.59
hERG ICso, uM 0.63 0.86 2.72 5.07

logD7.4 = n-octanol-water partitioning coefficient experimentally determined at pH 7.4

S6.5 = kinetic HPLC solubility at physiological pH (6.5)

LipE = lipophilic efficiency based on experimental logD and whole-cell activity

The lower logD value for compound 69 (logD = 2.92; Table 3.20) may suggest lower
membrane permeability due to low lipophilicity compared to 67 (logD = 3.22). This is also
reflected in the higher solubility of 69. However, both compounds have favorable logD
values overall, and therefore permeability would not be expected to be different. And in this
case, low absorption may not be a contributing factor to the observed lower efficacy of 69
compared to 67. On the other hand, azabenzimidazoles 147 (logD = 0.24) and 149 (logD
= -0.82) display much lower logD values, which is also reflected in their high solubility.
Ideally, the permeability of 147 and 149 would be expected to be poor. However, the high
solubility may compensate for their poor absorptions, and therefore this chemical space
may offer an exciting opportunity for developing molecules with better ADME properties

and low hERG affinity.

3.11 Chapter Summary

In this chapter, the in vitro antiplasmodium activity and solubility of all analogues have
been discussed and SAR trends defined. Additionally, the potential for dual-stage activity
in gametocytes has been highlighted, with some compounds showing stage-specific activity
which was distinguished from cell toxicity via cytotoxicity assessment in two cell lines. To
investigate the contributing MoA, selected analogues that potently inhibit B-hematin
formation were identified. Although the SAR could not be defined, the high activity of some
analogues corroborates previous findings implicating the interaction of AST and its
analogues with the hemozoin degradation pathway. The chapter also discussed the
systematic and rational utilization of bioisosterism, metabolic soft-spot blockade and other
lipophilicity-reducing strategies to improve the microsomal metabolic stability of unstable
front-runner ester, leading to the discovery of 1,2,4-oxadiazoles displaying high
microsomal metabolic stability. A detailed account of the use of various strategies to reduce
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hERG affinity has been provided, and hERG SAR trends defined, leading to the

identification of a series of compounds with reduced cardiotoxicity risk associated with

hERG inhibition. Finally, the chapter concludes with a discussion of the in vivo efficacy of

front-runner compounds and provides a rationale for the observed activities via PK

profiling and determination of ADME parameters.
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CHAPTER 4

PHYSICOCHEMICAL PROFILING AND STRUCTURE-PROPERTY
RELATIONSHIPS (SPRs)

4.1 Chapter Overview

In this chapter, the physicochemical profiles of synthesized analogues are reported in the
context of their influence of various drug properties. The chapter begins by highlighting the
significance of physicochemical properties in drug molecules followed by an assessment of
compliance to drug-likeness using the guidelines defined by Lipinski’s rule-of-five (Ro5) and
Verber’s rules. This will be followed by an investigation of factors influencing solubility in
each compound series. Lastly, structure-property relationships (SPRs) are derived citing
specific examples of the impact of the approaches used to achieve optimum physicochemical

profile with respect to biological activity.

4.2 Significance of Physicochemical Properties in Drug Discovery

There are many studies in literature highlighting the influence of physicochemical properties
on both potency and ADME/tox profiles of drug molecules. For instance, lipophilicity affects
the pharmacokinetic (PK) profile of orally administered drugs. It influences solubility,
intestinal absorption, cellular permeability, plasma protein binding, metabolism, eventual
excretion and as well as safety (ADME/tox).12 Physicochemical and PK properties need to be
optimized early in drug discovery because poor absorption and related poor PK are among the

common reasons for attrition in the drug development process.3

The understanding of these properties has continued to evolve, with property-based design
(PBD) emerging as a vital tool for medicinal chemists since the late 90’s. After two decades,
Lipinski’s Ro5 remains as a useful guideline towards achieving ‘drug-likeness’ using
physicochemical parameters. In their seminal paper of 1997, Lipinski et al. examined
structural features of ‘orally’ administered drugs that entered phase II clinical trials by
correlating their physicochemical properties namely: molecular weight (MW), lipophilicity
(clogP) and number of hydrogen bond donors/acceptors (HBD/A) to the compounds’ aqueous
solubility, permeability and oral bioavailability.* Consequently, they devised a set of
criteria/rules called the RoS5, for triaging potential drug candidates based on these
descriptors. According to their rules, good oral absorption and permeability is more likely to
be achieved if a compound has molecular weight (MW) < 500 Daltons (Da); a clogP of < 5;
number of hydrogen-bond donors (HBD) is < 5; and the number of hydrogen-bond acceptors
(HBA) < 10 (a multiple of 5).1-# However, natural products (NPs, i.e., antibiotics), compounds

that are substrates to biological transporters, peptides and macrocycles belong to an oral
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chemical space which are exceptions, and extend beyond the RoS5 (bRo5).56 Additionally,
Veber et al. correlated a molecule’s topological polar surface area (PSA), which is closely
related to logD and therefore oral bioavailability. Verber’s rule suggests that compounds with
TPSA < 140 A2 and has 10 or fewer rotatable bonds, would have a high probability of achieving

good oral bioavailability in the rat PK models.”

In general, when a compound does not ‘comply’ with or violates these criteria, its properties
are considered to differ from those of the majority of drugs, which could suggest a higher risk
of poor PK or safety outcomes in vivo. However, as a caveat, being similar to known drugs
does not necessarily mean that a compound is more likely to become a drug. Therefore,
instead of restricting physical properties to these ‘rules’, it is imperative to use them only as
guidelines, and instead consider medicinal chemistry innovation, trends in current strategies
and utilize data-driven aspects for drug-likeness (especially lipophilicity), which may in fact

be specific to a project, compound series or chemical space.8

4.3 Evaluation of Physicochemical Properties

Lipinski’s and Verber’s descriptors (MW, clogP, HBD, HBA and TPSA) were determined and
predicted using StarDrop™, an in-silico tool provided by Optibrium Ltd. Plotting of each of
these parameters for each compound class allowed the assessment of the distribution and

frequency to assess compliance or violation.

Objective 2 and specific aims 3 and 4 of this project sought to improve solubility and
investigate factors that influence it. Therefore, the solubility of all the compounds was
determined using the lab adapted kinetic turbidimetric method. Compared to the HPLC
kinetic method, this method is less accurate due to its dependency on turbidity and the limit
associated with the order of test concentrations. However, it offers a quick and cost-effective
way of obtaining a solubility snapshot of compounds. Solubility was classified as low (S7.4 <
60 uM), moderate (S7.4 = 60 — 120 uM) and high (S7.4 > 120 uM). Briefly, a 10 mM DMSO stock
solution of the test compound was serially diluted using phosphate-buffered saline (PBS) at
pH 7.4 to obtain 0, 5, 10, 20, 40, 80, 160 and 200 uM concentrations in triplicate on a 96-
well microtiter plate. In order to cover the concentration gaps and increase accuracy, an
additional plate containing 60, 100 and 120 uM of drug was also prepared. After equilibration
and incubation at 25 °C for two (2 h, the UV-vis absorbance (Abs) was measured at 620 nm
using a spectrophotometer. The readings were then be plotted against the concentration to

identify the limit of solubility, indicated by the point at which Abs rose from the baseline.

To investigate factors influencing solubility, the solubility data was plotted against
experimentally determined physicochemical parameters i.e., thin layer chromatography (TLC)
retardation factor (Ry) values, high power/performance liquid chromatography (HPLC)

retention time (tr), melting points (m.p.) and predicted properties i.e., clogP.
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The Rr of final compounds was determined using 10% methanol/dichloromethane solvent
conditions and melting point determined using hot-stage microscopy (HSM). The details of all
procedures, materials used, including the HPLC instrument conditions are fully described in
chapter 6. Both predicted (in silico) and experimentally determined physicochemical
properties of all the compounds in this thesis are presented in tables Al to A8 of the

appendix.

Table 4.1: Median values of calculated physicochemical properties in comparison to drug-

likeness guidelines.

Targeted AST analogues CQ-AST
Property  iiteria! [n = 122] [n = 35]
470.2 492.7
Mw Sl (345.4-572.2) (377.9-564.16)
4.14 5.05
clogP <> (1.94-5.94) (4.05-6.04)
78.5 61.5
L LY (53.4-115.8) (45.98-91.80)
1 1
HBD <5 0-3) 122)
7 6
HBA <10 (6-9) (5-8)

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient;
TPSA = topological polar surface area in ngstrém (A) units; HBD = hydrogen bond donors; HBA = hydrogen
bond acceptors; AST = astemizole; CQ = chloroquine. Brackets [ | represents the range of values for a property
within the compound class; n = number of compounds in each compound class

tTargeted criteria are defined according to Lipinski’s Ro5 (MW, clogP, HBD & HBA) and Verber’s rule on TPSA
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4.3.1 Distribution and Compliance of Physicochemical Properties: AST Analogues

(Phases I and II)

As shown in Figure 4.1A, the AST series (130 analogues) had 73.8% compliance to Ro5 on
MW (345.4-572.2 Da) with 45.0% of total compounds falling between 451 and 500 Da, which
was also reflected in the mean value (470.2 Da, Table 4.9). An 81.4% compliance rate was
observed for lipophilicity (clogP, Figure 4.1B), in which 43.4% and 24.8% of all the
compounds fell within the 4.01-5.00 and 3.01-4.00 ranges, respectively. Only 17
compounds (12.4%) had clogP < 3, represented by mostly amides, which where inactive. It
is important to watch and assess molecules that occupy the lower quadrant of clogP,
because current trends show that lipophilicity of oral drugs has continued to decrease over
time compared to other properties. Therefore associated metrics such as LipE (or LLE) as

previously described, will continue to be very useful metrics in lead generation.8°

Ro5 violation for both MW and clogP was hugely accounted for by compounds possessing
the benzyl group or other bulky aliphatic moieties at the benzimidazole N-1 position.
However, following the truncation of these groups (phase II, SARs 3-6), a dramatic reduction

in both MW (mean = 439 Da) and clogP (mean = 3.69) was observed.

[A] [B]
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40 | 40 |
g g
g 30 g 30 -
o o
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g 20 4 g 20
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® 10 1 X 104
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Figure 4.1: The distribution plots of: (A) molecular weight, (B) clogP and (C) topological polar surface

area for astemizole analogues.

TPSA of all the AST analogues complied with Verber’s guideline (TPSA < 140 A2, Figure 4.1C),
with 93.8% compounds between 50 and 100 A2. As shown in Table A6 (Appendix), all the
compounds had the number of HBD and HBA within the RoS5, each averaging one (1) and

seven (7), respectively.

4.3.2 Distribution and Compliance of Physicochemical Properties: CQ-AST Hybrids

By virtue of being hybrid molecules resulting from the covalent merging of AST and CQ, the
AST-CQ hybrids generally had higher molecular weights, with an average of 492.7 Da (range
= 377.9 — 564.2 Da). Only 56.4% of hybrids had MW below 500 Da (Figure 4.2A), and these
generally were as a result of SAR 1 modifications. N-methyl and N-desmethyl benzimidazoles
169 and 168, respectively, account for the lower 5.1% quadrant with MW < 400 Da, while
compound 192, a 5-sulfonyl-benzimidazole derivative accounts for the higher MW quadrant

(>500 Da), represented by 2.6%.
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Figure 4.2: The distribution plots of: (A) molecular weight (B) cLogP and (C) topological polar surface
area for astemizole-chloroquine (AST-CQ) hybrids.

Similarly, higher lipophilicities were a general characteristic of the hybrids (clogP = 4.05 -
6.04) with the average of clogP = 5 (Table 4.9). Accordingly, only 46.2% (Figure 4.2B) of the
hybrids complied with the Ro5, represented mostly by compounds bearing polar groups
such as CN, SO;Me, SO2NH;, CONH,, CONHMe and pyridyl moieties. Conversely, total
compliance was achieved with Verber’s guideline on polar surface area (TPSA < 100 A2,
Figure 4.2C), an observation which comes as no surprise given the generally high lipophilic
nature of the hybrids. This is also reflected in the high number of compounds (59%) with
TPSA = 40 - 60 A2.

4.5 Structure-Property Relationships (SPRs)
4.5.1 Factors Influencing Solubility (AST Analogues and AST-CQ Hybrids)

Several strategies that are applied to improve aqueous solubility complement those used in
reducing hERG affinity. Therefore, similar strategies as those described in the previous
chapter for hERG, were also used to improve solubility. These included: (i) lipophilicity
lowering approaches (i.e., introduction of polar substituents in the scaffold and removal of
lipophilic groups such as halogens), (ii) replacement of benzyl/phenyl moieties with
heterocyclics (i.e., pyridyl), (iii) disruption of crystal packing/stacking via removal of
aromatic moieties and/or ring saturation (increase sp3-character) and (iv) influence of

crystallinity via the introduction of chirality. Derivation of SPRs was achieved by using
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correlation plots of solubility with both measured and predicted physicochemical

parameters as shown in Figures 4.3 — 4.5.

A] Solubility vs clogP B] Solubility vs TPSA
O AST analogues O AST analogues
0 AST-CQ hybrids O AST-CQ hybrids
"""""" Linear (AST analogues)  R2?=0.1641 +eeseeees Linear (AST analogues) R2=0.1312
--------- Linear (AST-CQ hybrids) R>=0.1459 -eeeeeeee Linear (AST-CQ hybrids) R? = 0.0223
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Figure 4.3: Correlation plots between solubility vs [A] lipophilicity and [B] topological polar surface

area

There were similar solubility trends obtained for both AST analogues and the AST-CQ
hybrids. The lipophilicity plot (Figure 4.3A) revealed that indeed reducing the lipophilicity of
the compounds generally resulted in improved or higher aqueous solubility. This is reflected
in the positive correlation (R? for AST analogues = 0.16 and R? for AST-CQ hybrids = 0.15)
obtained, albeit rather low. For instance, replacement of the 4-F group in the benzyl group
with water solubilizing groups such as sulfone (SO:Me), sulfonamide (SO2NH) or methyl
ester (CO2Me) resulted in a 2-fold or higher solubility of the hybrids. In both compound
classes, lowering lipophilicity via aromatic ring saturation, removal or benzimidazole N-1
methylation resulted in better solubility. Methylation of heteroatoms is particularly a
common strategy for improving solubility, especially in amides.10 The lipophilicity-lowering
effect on solubility is further corroborated by the TPSA plot (Figure 4.3B) in which a positive
but significantly low correlation (R? for AST analogues = 0.03 and R2 for AST-CQ hybrids =
0.13) was obtained.
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Pyridyl replacements for benzyl or phenyl groups generally produced molecules with
improved solubilities except in instances where lipophilic groups i.e., CF3 where present on
the heterocycle, in which case solubility was either maintained or reduced. Introduction of
heteroatoms (i.e., nitrogen) in an all-carbon aromatic ring impart lipophilicity lowering
effects, and have the ability to take part in both inter- and intramolecular hydrogen bonding
(IHB) interactions, which enhance solubility and may have surprising effects on biological
activity.11,12
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Figure 4.4: Correlation plots between solubility vs [A] HPLC retention time (¢z) and [B] melting point

There was a very weak correlation between melting point and solubility in AST analogues
(R2 = 0.03, Figure 4.4B) and none was present in AST-CQ hybrids (R2 = 0.003). However,
compounds with low melting points generally displayed higher solubilities. For instance,
this phenomenon was highly observed in molecules where an aromatic moiety (i.e., benzyl)
was either removed, or replaced with aliphatic moieties. Improved solubility would be
theoretically achieved because of reduced molecular crystal packing via the reduction or
disruption of aromatic n-n stacking, which is facilitated by either the removal of aromatic
rings (sp?, flat), or by the three-dimensional (3D) character brought about by chirality and

increased sp3-character in aliphatic moiety replacements.13

On the other hand, carboxylic acids and some pyridyl derivatives displayed moderate to high
solubilities despite their relatively high melting points. In both carboxylic acids and pyridyl
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compounds, higher melting points are as a result of increased crystal packing arising from

their potential to take part in inter/intramolecular hydrogen bonding interactions. However,

these same interactions also facilitate system polarity resulting in enhanced solubility.!4

Specific examples include compounds 142 and 149 (Figure 4.5).

Ty

142
m.p.: 135 °C
S 7 4: 160 pM

CF,

YN
/
O-N C N
P
\ S—NH
Z >N
H

149
m.p.: 146 °C
S 74: 160 uM

Figure 4.5: Structures of compounds 142 and 149

As expected, compounds with lower HPLC retention times (fz) were generally more soluble

compared to those with higher t& (R? for AST analogues = 0.10 and R? for AST-CQ hybrids =

0.13), although these correlations were significantly low.

A]
O AST analogues
0 AST-CQ hybrids
--------- Linear (AST analogues) R2=0.1625
--------- Linear (AST-CQ hybrids) Rz =0.275
Q
o |
1

HPLC retention time (min)

B]

clogP

O AST analogues
0 AST-CQ hybrids
--------- Linear (AST analogues) R2=0.5725
--------- Linear (AST-CQ hybrids) R?=0.1997
6.0 -
5.0 A
4.0
3.0 A
2.0 A
]..O T T T T T 1
00 05 10 15 20 25 3.0

HPLC retention time (min)

Figure 4.6: Correlation plots between [A] TLC retardation factor (R) vs HPLC retention time and [B]

lipophilicity (clogP) vs HPLC retention time (tz)
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The positive correlations between TLC retardation factor (R)-HPLC retention times (Figure
4.6A), and lipophilicity (clogP)-HPLC retention times (Figure 4.6B) provides further proof
that lipophilicity lowering strategies have been useful in improving the solubility of AST

analogues and hybrids.

4.5.2 Physicochemical Properties and Biological Activity
4.5.2.1 Multi-parameter Optimization of AST: A Short Holistic Overview

The success of this multi-parameter optimization of AST was contingent on obtaining
balance between biological activity (high antiplasmodium potency, low hERG affinity) and
optimal drug-like properties (physicochemical properties). Without detailing the SAR and
SPR of the obviously huge number of molecules involved, this subsection attempts to provide
a summary of the progress made by highlighting specific examples leading up the current

front-runner compound.

The identification of compound 149 (Figure 4.7) has been a result of the combination of
various strategies and approaches, and SAR-driven progression of molecules at each SAR
stage. At the outset of the project, solubility and potency were mildly enhanced following the
replacement of the benzylic 4-F and anisole 4-Ome groups in AST, with less lipophilic 4-CN
and polar 4-COzEt groups (38), respectively. However, despite being the best group for
activity and solubility in the Craig plot-guided SAR, the ethyl ester group obviously

introduced a metabolic liability.

200 -
= 150 - oN
R S S S N = a SO N
N N N N =~ ~.
= 100 A cFy N cry N
o N N N N N
3 O o O N :
© 50 - N N N @[ S—NH 'C[ S—NH
@ R N Don o N i
0 T T T T T
AST = 38 =) 47 =) 67 = 149
m.p.: 149°C 153°C 149°C 103°C 146°C
clogP:  5.700 5.216 5.421 4.079 3.419
MW: 4586 507.6 571.6 456.5 457.5
PfNF54 ICso: 86 nM 43 nM 21 nM 12 nM 17 nM
hERG ICs0:  0.9-4.2 nM ND 470 nM 630 nM 5,070 nM

Figure 4.7: Graphical representation of the progressive improvement of physicochemical properties,

antiplasmodium activity and hERG affinity of AST
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Following the identification metabolically stable 47, containing the 5-CFs-1,2,4-oxadiazole
moiety as a surrogate replacement (bioisostere) for the ester group, the solubility was
compromised (S7.4 = 10 uM) due to the high lipophilicity (clogP = 5.7) and molecular weight
(MW = 570), albeit improving both potency (Pf NF54 ICso = 21 nM) and hERG affinity (SI =
19). However, utilization of aromatic moiety truncation as a lipophilicity and MW-lowering
strategy led to 67, with gratifyingly enhanced potency, hERG selectivity (PfNF54 = 12 nM,
hERG SI = 53) and moderate solubility (100 uM). Additionally, the in vitro activity and
metabolic stability (CLint <11.0 ul.min-1.mg-1) translated to oral in vivo efficacy in P. berghei-
infected mice (99% activity when administered at 4 x 50 mg.kg1). Discreet modification of
67 via the insertion of the nitrogen at the 5-benzimidazole position resulted in closely related
149, an equipotent, highly selective (PINF54 = 17 nM, hERG SI = 298) and soluble (160 uM)
compound, without affecting microsomal metabolic stability, and other drug-like properties
(i.e., MW, TPSA).

4.5.2.2 AST-CQ Hybrids

The AST benzyl group portion of the hybrid allowed for changes with minimal effects on the
antiplasmodium potency, compared to other SAR changes. For instance, a 4-fold and 5-fold
lipophilicity-driven rise in solubility was observed following the replacement of the 4-F-
benzyl group (H-2, clogP = 5.55, S7.4 = 20 pM) with a 4-SO;Me-benzyl group (181, clogP
=4.37, S7.4 = 80 uM), or methyl group (169, clogP = 4.28, S74 = 100 uM), attributable to
increased polarity and removal of the aromatic moiety (reduction of crystal packing),
respectively. A similar trend to the one observed for SO,Me was also observed with CN and
OMe although solubility was lower (60 uM). The highest solubility was obtained following
replacement of the benzyl group with the methyl cyclopropane (171, S7.4 = 120 uM, Figure
4.8).
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PfNF54 ICso: 40 nM 46 nM 25 nM 70 nM

Figure 4.8: Graphical representation of the progressive improvement of physicochemical properties,

while maintaining antiplasmodium activity of AST-CQ hybrids

The larger size and bulkiness of the group appears to influence the r-n stacking ability of
the benzimidazole moiety to a higher extent, compared to the isopropyl group (169, S7.4 =
80 uM), although the two analogues have comparable lipophilicity (clogP ~5). Additionally,
the lower melting point (102 °C) and lipophilicity of the cyclopropyl analogue compared to
hybrids containing larger groups i.e., cyclobutyl (172, m.p. = 112 °C, clogP = 5.34),
cyclopentyl (174, m.p. = 136 °C, clogP = 5.63) and cyclohexyl (174, m.p. = 121 °C, clogP =
6.03) may explain the SPR observed within the series. Overall, the N-methyl (or N-desmethyl)
and N-methyl cyclopropyl groups provide the best balance of antiplasmodium potency and
drug-like properties (physicochemical attributes). Based on these findings, further
optimizations may consider hybrids 168, 169 and 171, as viable starting points for further

benzimidazole-CQ hybrid optimization.
4.6 Conclusion

The chapter has described the physicochemical properties and SPRs of both AST analogues
and AST-CQ hybrid molecules. The profiling revealed high compliance with existing drug-
like property classification guidelines such as Lipinski’s Ro5 and Verber’s rules. The SPRs
derived showed that solubility was influenced by several physicochemical properties with
low but notable correlations established with molecular lipophilicity (R2 for AST analogues
= 0.16, R2 for AST-CQ hybrids = 0.15), which is further reflected in TPSA and inter-property

correlations i.e., HPLC retention time (tr) and TLC retardation factor (Ry. Melting point
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affected solubility to a much lower extent, as evidenced by the weak correlations observed

(R2 for AST analogues = 0.03). The chapter concludes with an overview assessment of the

overall effects of the optimization approaches used in the project. The success of the AST

optimization is evident in azabenzimidazole 149, which possesses relatively high solubility

(160 uM) and selectivity of antiplasmodium activity over hERG affinity (SI = 298). The

identification of appropriate modifications on the AST-CQ hybrid H-2, that favor optimal

physicochemical properties and antiplasmodium activity provides viable SAR and SPR

starting points for further optimization and studies.
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CHAPTER 5
SUMMARY, CONCLUSIONS AND FUTURE WORK

5.1 Summary and Conclusions

5.1.1 Astemizole

The objective of this project was to disconnect the cardiotoxicity risk associated with AST,
from its antimalarial properties, improve solubility and optimize drug-like properties. The
project was envisaged to shed light on both structure-activity and structure-property
relationships (SAR and SPR), which would be useful in further development of the template
within the context of drug repositioning. SAR explorations were carried out rationally, and
in two phases (phase I and II) in which the front-runner(s) from exploratory phase I,
iteratively served as templates for the design of phase II analogues. Additionally, an SAR
guided approach was utilized within phase II to inform the transition from one SAR to

another.

The SAR design in this multi-parameter optimization was largely driven by potency.
However, it was carried out and underpinned by known medicinal chemistry strategies for
mitigating hERG liability, improving solubility, and maintaining drug-like properties.
Various organic synthesis protocols adapted from literature were used to prepare the
designed compounds . The compounds were fully characterized using NMR spectroscopy
and chromatographic techniques (TLC and HPLC-MS) to ensure high purity (>95%).
Additionally, solubility and other physicochemical properties i.e., melting point were also
determined. Thereafter, the compounds were evaluated for their in vitro antiplasmodium
activity (in both sensitive and resistance Pf parasite strains), cytotoxicity, hERG inhibition
and DMPK properties, following a sequential screening cascade in which the progression
criteria at each stage were defined. Potent and soluble compounds with low cytotoxicity and
high metabolic stability were progressed for in vivo proof-of-concept studies using the

P.berghei mouse infection model.

As shown in Figure 5.1, the potency SAR from phase I revealed the tolerance of deactivating
groups with negative inductive effects (i.e., 25-CF3, 35-CN, and 38-COzEt; PICs0’s < 0.035
uM) as optimal replacements for the anisole methoxy group found in AST. This high activity
was also extended to 1,2,3-oxadiazoles (41/46 and 42/47; PfICso’s < 65 uM) as bioisosteres

of the ethyl ester 38. However, CFz-substituted oxadiazole derivatives are more potent that
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their CHs counterparts. The 4-amino piperidine cyclic linker was validated as an essential
part of the antiplasmodium activity pharmacophore, as other replacements were detrimental
to the potency. Nevertheless, R/S stereoisomers of pyrrolidine containing analogues
produced superior, and equipotent sub-micromolar activity (58 and 59, PfICso = 0.40 uM)
within the SAR. Phase I series were characterized by poor metabolic stability (except 3-/5-
CF3-1,2,4-oxadiazole derivatives 41/46) and moderate to low solubility (S7.4 <100 uM) as

summarized in Figure 5.1.

N

( ¢ 4-CN replacements: @ O

25 35 38
OH < CF3 < CO3Et << H < CO,Me < SO,Me

e Heterocycles not tolerated. < Me < NO, < CO,H (0.025 - < 6)
2 2 . -
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O Low (< 60 um) & >0 & <9

Figure 5.1: Summary of the biological activity, solubility, microsomal metabolic stability, hERG and

efficacy profiles of phase I AST analogues. H/MLM = human/mouse liver microsomes

However, removal of the benzyl group (15), replacement with methyl (16) or incorporation of
carboxylic moiety improved solubility, albeit at the expense of potency (PfICso > 0.5 uM).
Generally, hERG inhibition was still an issue in the series, characterized by low selectivity

indices (SI < 20) owing to the low antiplasmodium activities of most analogues. When tested
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in vivo, as an efficacy snapshot, frontrunner compound 73 demonstrated low activity (40%

inhibition when administered

4 x 50 mg.kg! orally), an observation that was attributed to

its moderate solubility and metabolic stability.
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Figure 5.2: Summary of the biological activity, solubility, microsomal metabolic stability, hERG and

efficacy profiles of phase II AST analogues. H/MLM = human/mouse liver microsomes

As opposed to phase I analogues, the removal of the benzyl moiety resulted in a dramatic

rise in potency, and significant shifts in the solubility and metabolic stability profiles across

the SARs (Figure 5.2).
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For instance, N-desmethyl derivative 67 (Figure 5.2), containing a 3-CF3-1,2,4-oxadiazole
moiety, displayed nanomolar potency (PfICso = 0.012 uM), moderate solubility (S7.4 = 100
uM) and high microsomal metabolic stability (CLint <11.0 pl.min-1.mg-1). It had relatively low
cytotoxicity (CHO ICso = 1.95 puM, SI = 163) and lower hERG affinity (ICso = 0.63 uM, SI =
53) compared to 47 (ICso = 0.47 uM, SI = 19) match pair, which bears a 4-CN-benzyl group.
The hERG activity of compound 67 represented 1100-fold higher selectivity compared to
AST, calculated as the ratio of the selectivity indices of 67 and AST (Sls7/Slast = 53/0.035).
The high potency and microsomal metabolic stability of 67 translated to high in vivo efficacy
(99% activity) when dosed orally at a 4 x 50 mg.kg! in P.berghei-infected mice. The mice

displayed an average survival rate of fourteen (14) days post-treatment.

Further SAR explorations revealed several critical pharmacophoric features. For instance,
all amide replacements of the 1,2,4-oxadiazole moiety produced low activity (80 - 111, PfICso
> 1.28 uM, Figure 5.2). Replacement or extension of the 3-CF3/or 3-CH3s group on the 1,2,4-
oxadiazole moiety also produced lower activities (PfICso = 0.38 — 0.83 uM), with the exception
of the tbutyl group (120, PfICso = 0.064 uM), which retained CF3 activity, attributed to the
bioisosteric relationship of the two groups. Incorporation of the carboxylic acid group at that
position was detrimental to activity (122, PICso > 6 uM). The solubility of analogues in this
SAR was generally low, with the exception of hydroxyl (115), dimethyl amino, and carboxylic
acid (122) derivatives, which exhibited moderate solubilities (S7.4 = 100 — 120 uM).

Substitution at C-5 and/or C-6 of the benzimidazole ring generally produced lower activities,
especially in electron withdrawing groups i.e., SO>Me and CO.;H (142). However, methyl
(139, PfICso = 0.16 uM), methoxy (139, PfICso = 0.31 uM) and trifluoromethyl (133, PfICso =
0.42 uM) produced notable sub-micromolar activities (Figure 5.2). Similar to other SARSs,
solubility was higher in analogues containing highly solubilizing groups i.e., CO2H (142, S7.4

= 160 uM) compared to other groups, although potency was compromised.

B-fluorination around the piperidine nitrogen resulted in lower activity, with piperidine
mono-B-fluorination (151, PfICso = 0.15 uM) favored compared to that in the ethylene linker
(161, PICso = 0.60 uM). However, di-fluorination (152, PfICso < 10 uM) is detrimental to
potency. Notwithstanding this, high microsomal metabolic stability and moderate solubility
were retained. Insertion of a nitrogen atom in the lateral phenyl ring reduces the potency

(156, PfICso = 0.24 uM; Figure 5.2) and no significant change in solubility was observed.

The benzimidazole ring is of particular importance for antiplasmodium activity, as loss of
activity (PfICso = 0.86 — 3.27 uM) was observed following its replacement with other
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heterocycles such as benzoxazole (Figure 5.2). However, insertion of a nitrogen atom at C-5
and C-4 of the benzimidazole ring, to afford closely related 5- and 4-azabenzimidazoles,
resulted in either retention (149, PfICso = 0.017 uM) or only a mild reduction (147, PfICso =
0.24 uM) of whole cell activity, respectively. Additionally, azabenzimidazoles retain
microsomal metabolic stability (CLint <11 pl.min-l.mg?! or >99% remaining), display no
cytotoxicity (CHO ICso > 50 uM), and enhanced aqueous solubility (S7.4 >120 pM) compared

to the efficacious benzimidazole compound 67.

Phase II analogues generally displayed improved hERG profiles compared to those in phase
I. However, disconnection of antimalarial activity from hERG affinity was less effective in
several strategies that were used. For instance, despite the low hERG activities (ICso’s > 1.0
uM), the weak antiplasmodium activities of some of the analogues (i.e., amides, zwitterions,
and B-fluorinated analogues around the basic nitrogen) resulted in poor selectivity’s (SI <
5). Gratifyingly, discreet changes in the benzimidazole ring proved to be the most effective
strategy in lowering hERG activity and obliterating cytotoxicity (CHO cells). To this end, 5-
azabenzimidazole derivative 149 retained nanomolar antiplasmodium activity and produced
the lowest hERG activity (ICso = 5.07 uM), translating to a marginal 298 selectivity index for
antiplasmodium activity. This represents 6,200-fold higher selectivity compared to AST.
Coupled with its high solubility, non-cytotoxic (CHO SI > 2900) and high metabolic stability,
compound 149 is most selective, highly potent and drug-like (LLE or LipE = 4.35) AST
analogue in both this project, and to ever be prepared.!? Further investigations on 149 i.e.,

gametocyte and liver stage activities, PK and in vivo efficacy, are warranted.

While acknowledging that a selectivity index of 300 for hERG is still not ideal for ideal safety
in clinical terms, it is a significant achievement for this project. This project has revealed
critical antimalarial, gametocytocidal, hERG and solubility profiles and demonstrated the
potential for the repositioning of AST for malaria. The two front runners from this thesis (67
and 149, Figure 5.3) would be viable starting points for early lead optimization (LO)

programs.
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Figure 5.3: Structures and drug properties of AST and front-runner compounds 67 and 149

S 7.4 = solubility at pH 7.4; S5 = solubility at pH 6.5
LipE = lipophilic efficiency based on clogP (based on logD)

250 mg.kg! dose for 4 days
b30 mg.kg! dose for 4 days
ND = not determined

5.1.2 AST-CQ Hybrids

The AST and CQ hybridization component of this project was aimed at improving the
physicochemical properties and expand the SAR of the front-runner hybrid H-2 (Figure 5.4)

from the work of Musonda et al. The three (3) SARs explored furnished useful structural

information on the pharmacophore of the hybrid.

Activity is retained following the removal (168) or replacement of the benzyl moiety with
saturated aliphatic and pyridyl moieties. The hybrids substituted with aliphatic groups at
benzimidazole N-1 had better solubility compared to H-2, with methyl analogues 169 (S7.4 =
100 uM) and isopropyl analogues 171 (S74 = 120 uM) producing the best solubility in the
series. 2-CF3/-CHs-5-pyridyl analogues 189/190 (PfICso = 0.044 uM) were equipotent and
displayed higher activity than 2-pyridyl analogue 188, although solubility was still sub-

optimal (S7.4 < 80 uM).
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Figure 5.4: Summary of the solubility and antiplasmodium activity of AST-CQ hybrids

Regioisomerism of the fluoro group in the benzyl group is favored at the meta position, while
activity is reduced 2-fold at the ortho position. Replacement of the 4-F group is tolerated
over a wide range of both lipophilic and hydrophilic electron-withdrawing and donating
substituents (Figure 5.4). However, solubility increased with lower lipophilicity, exemplified

by sulfonamide and N-phenylacetamide (182 and 184, S;4 = 100 uM) analogues.

Activity was retained following substitution at the benzimidazole C-5 position with CN,
SO.Me and COzMe (191 — 193, PfICso < 0.053 uM). Additionally, solubility was also greatly
improved (S7.4 > 80 uM). SAR involving the substitution of the quinoline 7-Cl group was
consistent with that which has been reported in literature previously. Halogen, or halo group
containing (i.e., OCF3) substitutions generally produced higher activities compared to less
lipophilic groups. Bromine (204, PfICso = 0.033 uM) produced comparable activity to
chlorine, while potency was 2-fold lower in the fluorine-substituted hybrid. Solubility was
improved across the SAR (S7.4 = 40 — 120 uM) with the CN-substituted (205) having the best
solubility profile.
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Hybrids 168, 169, 181 and 187 (Figure 5.5) emerged as front-runners with the highest
lipophilic efficiencies (LipE > 3). Testing of these compounds against resistant strains, and

hERG inhibitory activity is warranted.

@?@*@@

168 169 181 187

H-2
| | N 0
(R) @»F C> H CHs @sogvm @—(
HN—

40

PfNF54 ICs, (nM): 30 25 40 28
LipE: 1.85 3.21 3.33 2.96 2.95
Solubility PBS; 4 (uM): 20 80 100 80 80

Figure 5.5: Structures and drug properties of H-2 and representative front-runner compounds 168,

169, 181 and 187

5.2 Hope for a New Stride in hERG Optimization?

It is only recent (2017) that the single-particle cryogenic electron microscopy (Cryo-EM)
structure of the hERG channel was solved,3 but even then, the scarcity of the structural
information regarding drug-bound and K+-bound hERG channels has limited the
understanding of the underlying inhibitory mechanism, not to mention the overly
promiscuous nature of the channels. This knowledge gap has forced the dependency of
medicinal chemistry approaches aimed at reducing hERG liabilities on in silico models and
SAR analysis, including the work reported in this Ph.D thesis. However, these approaches

are not always effective.

Utilizing the solved hERG K+ channel structure, Asai and co-workers* have recently (2021)
published work in which they have solved the Cryo-EM structure of hERGr K* channel
bound and unbound with AST, detailing the interactions involved between the drug and the
selectivity filter of the channels. Additionally, the team has attempted to elucidate the
possible inhibition model of the channel by AST (Figure 5.6) and similar drugs.

In their model, there are four different interactions involved between AST and the hERG K+
channels within the selectivity filter, namely: (i) n-n-interactions between Y652 residue and
the AST benzimidazole ring, (ii) electrostatic interactions between the charged piperidine

nitrogen of AST and the highly electronegative selectivity filter, (iii) hydrogen bonding
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between benzimidazole nitrogen N-3 and residue S642 and (iv) hydrophobic interactions
between the AST 4-F-benzyl group and other amino acid residues i.e., T623, V625 and F656
which among others, occupy the selectivity filter from all four hERG subunits, and forming

nine (9) different hydrophobic interactions (Figure 5.6F). They postulate that the anisole

moiety is fluctuated and disordered.

7_2“

Y652(A)

chain A

chainC

chain B

= ey

Anisole

Benzimidazole

/©/‘ 4- Ammoplperldme
F

Fluorobenzene

D

Y652(C)

2

F
V25(C)
o
s624(p) S624(C)
?" T623(C
Y652(B) ‘P} \/\ %

29

G648(D)

Yesé@:)

Y652(D) ¢ / ’

Figure 5.6: An extract from Asai et al.* showing AST binding model pharmacophore for QT-prolonging
drugs. (B) Structure of AST (Co — C; and N in ‘pink’ are pharmacophoric points. (C and D) AST shown
as ‘magenta’, bound to hERGr shown as ‘grey’. Image C is the density map while D is the differential
map. (E and F) Orthogonal views detailing the key residues involved in the binding of AST. Hydrogen

bonds and n-n-interactions shown as dashed lines.
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Contrary to previous findings regarding the involvement of residue F656 in hERG inhibition,
this work found essentially no interactions between the residue and AST, and therefore
asserted that the residue may only be involved in the inhibition as a mediator of drug
penetration. Furthermore, their data show the presence of K+ within a ‘plugged’ selectivity
filter by AST, revealing how the drug inhibits K+ conduction without inducing significant

conformational changes of the hERG channel.4

They affirm the need for further assessment of other inhibitors bound to the channel, and
the validation of pathways through-which inhibitors access hERG including the inactivation
of the channels during depolarization, in order to elucidate a universal selectivity and

binding mechanism for drugs.

Coupled with the hERG SAR revealed from the work in this Ph.D project, the findings of Asai
et al. will go a long way in the design of better molecules with lower hERG affinities. Front-
runner compounds from this Ph.D would serve as viable starting points for lead optimization

in the context of the repositioning AST for malaria.
5.3 Future Work Recommendations

While the project has explored the AST template to a large extent, there is room for further
SAR work. A summary of the proposed SAR for potential future work is shown in Figure 5.7.
It is recommended that the 5-CFs-1,2,4-oxadiazol-3-yl)phenethyl)piperidin-4-amine moiety
(Portion A; Figure 5.7) is unchanged, and instead focus is drawn towards the benzimidazole
or 5-azabenzimidaole (Portion B). However, the recommendation is that the structural
architecture of either benzimidazole or azabenzimidazole is preserved, in order to retain

antimalarial activity.

It will be wise to utilize the new information from the work of Asai et al.#, regarding the
putative interactions of AST with the hERG channel. An SAR exploration on focused on the
(aza)benzimidazole core may include connection of portion A at the azabenzimidazole C-4
(DM-1) or C-6 positions (DM-2 and DM-3) and blocking the original C-2 position with an
alkyl group (controlling clogP is, however, critical, Figure 5.7). This change has the potential
to shift the spatial orientation of the ring, and effectively prevent it from taking part in n-n-
interactions in the hERG channel selectivity filter. Secondly, removal of N-3 (DM-4) and N-
methylation of benzimidazole N-1 and N-3 (DM-5) may be an effective way to (i) introduce

sp3-character at C-2, thereby (ii) reducing the aromaticity (or planarity) of the moiety and
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(iii) lower the hydrogen bonding capability of the two nitrogen atoms (lower pKa) without

potentially affecting aqueous solubility significantly.>

/
N N N
- 00 O Uy
H
DM-5

H
CF;

DM-7 DM-6 DM-4 YN
clogP: 3.99 clogP: 4.14 clogP: 3.30 clogP: 3.93 O‘N/
N N N N Portion A
e S L5
_ — A
’ ’ <j N S—NH
N N HN.__N Z N
H H T/ N
DM-1

Portion B
DM-3 DM-2

clogP: 4.65 clogP: 4.45 clogP: 3.78

Figure 5.7: Proposed future work showing focused SAR on the azabenzimidazole core of compound
153

Blocking of potential metabolic soft spots in 149 (DM-6) and replacement of the
azabenzimidazole with closely related purine (DM-5), are all changes that may have the
potential to further induce low hERG affinity. Front-runner compound 153 should be tested
for in vivo efficacy in the same P. berghei model as compound 67. Additionally, the full PK
study of both 67 and 149 should be carried out in both healthy and infected mice, using
both the oral (p.o.) and intravenous (IV) routes. Furthermore, all analogues with significantly
reduced hERG activity should be profiled for antihistamine activity. The activity of the AST-
CQ hybrids in multi-drug resistance strains (i.e., PfK1) will have to be tested in to ascertain
if the hybrids retain the absence of potential to cross-resistance with CQ. Secondly, since
AST is (i) associated with a cardiotoxicity risk because of its very potent hERG activity, and
(ii) has been implicated in the inhibition of hemozoin biocrystallization, the hybrids should
be tested in the hERG assay and assessed for -hemozoin inhibition before any more
derivatives are prepared. Additionally, metabolic stability should be determined, and front-

runners progressed for in vivo efficacy studies in mice.

Should a hERG liability rise, SAR recommendations may involve exploring the
azabenzimidazole moieties (DM-8) and substitution of benzimidazole with SO;Me (DM-9,
Figure 5.8). In the case of cross-resistance with CQ, one suggestion might be to consider
incorporating a benzimidazole derived ‘chemosensitizer-like’ moiety such as the dihydro
pyrido[1,2-albenzimidazole (DM-10).
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Figure 5.8: Proposed AST-CQ hybrids of 169 with potential for improved solubility and

physicochemical properties
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CHAPTER 6
EXPERIMENTAL SECTION

6.1 Chapter Overview

In this chapter, all the experimental protocols used in the thesis are described. The chapter
provides supplementary information for synthetic procedures, physicochemical property
analysis and biological assays which are not fully outlined in the preceding chapters. The
chapter begins with a full description of the chemistry and characterization information of
all synthesized intermediates and final compounds. This is then followed by the description
of the biological assays used to assess the compounds, and finally, the physicochemical
analysis assays (i.e., solubility and logD). For existing compounds, characterization data
confirms the structure and matches the data in the literature, where methods were fully

adapted.

6.2 Chemistry
6.2.1 Reagents & Solvents

Commercially available chemicals and reagents were purchased from Sigma Aldrich, now
Merck (South Africa, SA), FluoroChem (UK), Enamine (USA) and/or Combi block (USA).
Anhydrous solvents dimethylformamide (DMF), tetrahydrofuran (THF) and 4N HCI in
dioxane were purchased from Merck (SA). Absolute ethanol (EtOH), methanol (MeOH), ethyl
acetate (EtOAc), n-hexane, dichloromethane (DCM) and acetone were purchased as
Analytical Reagent (AR) grade solvents from Kimix and/or Protea Chemicals Pty Ltd (SA).
The High-Performance Liquid Chromatography (HPLC) grade solvents were bought from
Sigma Aldrich (ammonium acetate and dimethyl sulfoxide, DMSO), Merck (Glacial acetic
acid) and Microsep (acetonitrile and methanol) for Chromatography and Mass spectrometry

and HPLC usage.

6.2.2 Physical & Spectroscopic Characterization
6.2.2.1 Liquid Chromatography with Mass Spectrometer (LC-MS)

Analysis was performed using an LC-MS system comprising of an Agilent 1260 Infinity
Binary Pump, Agilent 1260 Infinity Diode Array Detector (DAD), Agilent 1290 Infinity
Column Compartment, Agilent 1260 Infinity Standard Autos sampler, and an Agilent 6120
Quadrupole (Single) Mass Spectrometer equipped with APCI and ESI multimode ionization
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source. Purities were determined by Agilent LC-MS using a Kinetex Core C18 2.6 um column
(50 x 3 mm). The aqueous phase (Mobile Phase A) was comprised of 0.4% acetic acid in 10
Mm ammonium acetate in HPLC grade (Type-1) water, while the organic phase (Mobile Phase
B) was comprised of: 0.4% acetic acid, 10 Mm ammonium acetate in a 9:1 ratio of HPLC
grade methanol and Type-1 water. All compounds were run with a flow rate of 0.9 ml.min-!;

and were confirmed to have purity of > 95%.

Table 6.1: LC-MS gradient used for determining the purity (%), retention time (fr) and mass

(m/2z) of compounds.

Time o o Composition
(min) Y%oA %B A B
0.00 75 25 10 Mm ammonium 10 Mm ammonium

1.00 75 25 acetate (NH4Oac) acetate (0.4% Acetic
buffer (0.4% Acetic acid) in 90% HPLC

3.00 0 100 P4

450 o0 100 2cid HOAC). grade MeOH/ H,0.

5.20 75 25
6.00 75 25

6.2.2.2 Nuclear Magnetic Resonance (NMR)

Spectra were recorded on Varian Mercury (1H NMR on 300MHz) or Bruker (:H NMR on 400
or 600 MHz and 13C NMR on 101 or 151 MHz). All spectra were recorded in either deuterated
dimethyl sulfoxide (DMSO-de), chloroform (CDCls) or methanol (MeOD-ds) wusing
tetramethylsilane (TMS) as an internal standard. All chemical shifts (6) are recorded in parts
per million (ppm) and are rounded off to two decimal places; Coupling constants (J) are
recorded in hertz (Hz) and rounded off to two decimal places. Abbreviations used in the
assigning of 'H NMR signals are: br-s (broad singlet), br-d (broad doublet), br-t (broad
triplet), d (doublet), m (multiplet), s (singlet), t (triplet), q (quartet), dd (doublet of doublets),
ddd (doublet of doublet of doublets), ddq (doublet of doublets of quartets), td (triplet of
doublets), tt (triplet of triplets). 13C NMR spectra were recorded in proton-decoupled mode,

and the chemical shifts are listed without assignment.
6.2.2.3 Melting Point (m.p.) and Optical Polarimetry

Melting points were determined using a Reichert-Jung Thermovar hot-stage microscope
(HSM), coupled to a Reichert-dung Thermovar digital thermometer (20 °C — 350 °C). Specific

rotation was determined using the Rudolph research analytical autopol 1 automatic
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polarimeter. Samples were dissolved in 2 ml methanol (AR) and read using a 1 dm path

length tube at 22 °C.
6.2.3 Thin Layer Chromatography (TLC)

Thin Layer chromatographic (TLC) plates were purchased from either Merck or Sigma
Aldrich’s (SA or Germany) with specificity as Fas4 aluminium-backed pre-coated silica gel 60
plates. Detection and visualization of spots were performed using Ultraviolet (UV) at
wavelengths 254 and 366 nm, Iodine vapours (chamber) and Ninhydrin reagent. Product
purification was done with either gravity glass column chromatography or Biotage® Isolera™
One automated flash column chromatography system, using Merck Kieselgel 60:70 — 230

mesh on the Biotage equipment.
6.2.4 Synthesis & Characterization Information

General Procedure 1: Bromination of primary alcohols using Appel reaction

To a stirring solution of an appropriate alcohol (1.0 equiv) in DCM at O °C, triphenyl
phosphine, PPhs (1.5 equiv) and carbon tetrabromide, CBr4 (1.2 equiv) where added
successively. The resulting mixture was then allowed to warm to room temperature (18
°C), at which it was stirred for 2 hr. Upon completion (monitored via TLC), DCM was
evaporated in vacuo and diethyl ether (Et2O) added to the dry residue. Insoluble materials
were filtered, and the filtrate dry loaded on silica gel. Products were obtained following
purification via flash column chromatography, using 20 — 50% EtOAc/Hexanes as an

eluent.

4-(2-bromoethyl)-benzonitrile (1a)

Obtained from 4-(2-hydroxyethyl)benzonitrile (10.0 g, 67.9 mmol) as

1 a white crystalline solid (11.6 g, 81%). Rf(20% EtOAc/Hexanes) 0.74.
2 'H NMR (300 MHz, DMSO-dg) 6 7.78 (d, J = 8.3 Hz, 2H. H%), 7.49 (d,
J = 8.3 Hz, 2H, H3), 3.78 (t, J= 7.0 Hz, 2H, H?), 3.23 (t, J= 7.0 Hz,
2H, H2). Purity: 96%, tr = 2.753 min.

la g

2-(2-bromoethyl)pyridine (1b)

1b Obtained from 2-(23 1yridine-2-yl)jethan-1-ol (0.400 g, 3.25 mmol) as
o\ Br 1 a yellow liquid (0.423 g, 70%). Rr (50% EtOAc/Hexanes) 0.50. 1H
5@_2 NMR (300 MHz, DMSO-de) 6 8.52 (dd, J = 5.0, 1.4 Hz, 1H, H¢), 7.73
4 3 (td, J= 7.8, 1.4 Hz, 1H, H%), 7.32 (dd, J= 7.8, 1.3 Hz, 1H, H3), 7.25

(ddd, J= 7.8, 4.9, 1.3 Hz, 1H, H5), 3.86 (t, J = 6.9 Hz, 2H, H!), 3.28
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(t, J = 6.9 Hz, 2H, H?). LC-MS (APCI/ESI): found m/z = 186.9, 188.9 [M+H]* (cal. For
C7HsgBrN, 184.9, 186.9). LC-MS (APCI/ESI) Purity: 96%, tg = 2.422 min.

General Procedure 2: Preparation of amidoximes from nitriles

To a solution of an appropriate nitrile (1.0 equiv) in absolute ethanol (10 — 50 ml),
hydroxylamine hydrochloride (NH2OH-HCI, 1.2 equiv), triethylamine (TEA, 1.2 equiv) and
catalytic amounts of 8-hydroxyquinolone (1.0 mol%) were successively added. The
resulting mixture was refluxed at 79 °C for 1.5 hr. After completion (monitored via TLC),
the solvent was evaporated in vacuo, the residue diluted with water. The aqueous solution
was acidified to Ph 3 using 3N HCI, and the precipitate was filtered off, washed with 10%
HCI1 and dried as the product.

If no precipitate formed, the acidic aqueous solution was extracted with EtOAc (3 x 20 —
50 ml) and combine organic phases washed with brine (1 X 5 — 20 ml), dried over

anhydrous Na>SO4, and solvent evaporated in vacuo to afford the product.

4-(2-bromoethyl)-N-hydroxybenzimidamide (2)

2 Obtained from 1la (7.50 g, 35.7 mmol) as a light green crystalline

SHOYN Br . solid (7.17 g, 82%). Rs(50% EtOAc/Hexanes) 0.25. 'H NMR (300

\>_©_2 MHz, DMSO-ds) 6 9.57 (s, 1H, H5), 7.61 (d, J = 8.3 Hz, 2H, H%),
7.27 (d, J = 8.3 Hz, 2H, H3), 5.75 (s, 2H, H°), 3.74 (t, J= 7.1 Hz,
2H, H1), 3.14 (t, J= 7.1 Hz, 2H, H2). LC-MS (APCI*/ESI): found m/z = 244.0, 245.0 [M+H]*
(cal. For CoH1:BrN2O, 243.01, 244.01). Purity: 98%, tr = 2.135 min.

SH,N

N’-hydroxy-2-(methylthio) acetimidamide (112a)
Obtained from 2-(methylthio)acetonitrile (0.250 g, 2.86 mmol) as

112a
HOYN  S— 4 a yellow solid (0.272 g, 79%). 1TH NMR (400 MHz, DMSO-ds) 6 8.89
) \>—/3 (s, 1H, HY), 6.55 (s, 2H, H?), 3.43 (s, 2H, H3), 2.13 (s, 3H, H4).
HoN

2-(dimethylamino)-N’-hydroxyacetimidamide (112b)

Obtained from 2-(dimethylamino)acetonitrile (0.250 g, 2.97 mmol)

112b
HOVN \N as a dark brown solid (0.243 g, 70%). 'H NMR (400 MHz, DMSO-
v — 4
, ) , de) 6 8.90 (s, 1H, H!), 6.53 (s, 2H, H?), 3.35 (s, 2H, H3), 2.24 (s,
HoN

6H, H4).
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N’-hydroxycyclopropanecarboximidamide (112c)

Obtained from cyclopropanecarbonitrile (0.250 g, 3.73 mmol) as

112c
1HO N a white solid (0.335 g, 90%). 'H NMR (400 MHz, DMSO-dg) 6 8.91
v 4
, . (s, 1H, H1), 6.49 (s, 2H, H2) 0.71 - 0.52 (m, 2H, H%), 0.46 - 0.28
HoN

(m, 2H, H4), 0.20 (p, J = 4.8 Hz, 1H, H3).

N’-hydroxyisobutyrimidamide (112d)

Obtained from isobutyronitrile (0.200 g, 2.89 mmol) as a pale

112d
1 . yellow solid (0.271 g, 92%). 'H NMR (400 MHz, DMSO-de) 6 8.90
HOvN
) \>—<3 (s, 1H, H1), 6.51 (s, 2H, H2), 2.55 (hept, J = 5.9 Hz, 1H, H%), 1.05
H,N

(d, J = 5.9 Hz, 6H, H4).

N’-hydroxypivalimidamide (112e)

Obtained from pivalonitrile (0.250 g, 3.00 mmol) as a light green

112e
LovN solid (0.331 g, 95%). 'H NMR (400 MHz, DMSO-de) 6 8.90 (s, 1H,
) \>A<3 H1!), 6.55 (s, 2H, H?), 1.43 (s, 9H, H3).
HoN

3-(4-(2-bromoethyl)phenyl)-1,2,4-oxadiazole (3a)

To a solution containing 2 (0.150 g, 0.62 mmol) in triethyl
o-N : Y1 orthoformate (CH(EtO)s, 1.5 ml) and pyridine (1.5 ml), catalytic
2

amounts boron trifluoride etherate (BFs.Oetz) was added, and the

solution stirred at 80 °C for 1 hr. After completion (monitored via
TLC), the solvent was removed in vacuo and the product obtained by flash column
chromatography using 10% EtOAc/Hexanes. White crystalline solid (0.080 g, 51%). Ry
(40% EtOAc/Hexanes) 0.69. 'H NMR (300 MHz, Methanol-d4) 6 9.24 (s, 1H, H5), 8.04 (d,
J = 8.3 Hz, 2H, H%), 7.43 (d, J = 8.3 Hz, 2H, H3), 3.81 (t, J= 7.1 Hz, 2H, H!), 3.13 (t, J =
7.0 Hz, 2H, H2). LC (APCI*/ESI): Purity: 98%, tr = 2.412 min.

3-(4-(2-bromoethyl)phenyl)-5-methyl-1,2,4-oxadiazole (3b)

A mixture of 2 (0.100 g, 0.41 mmol) and acetyl chloride (350 ul,

3b
Br. 0.49 mmol) was refluxed in THF at 70 °C for 30 min. At
-N 1
)(l \>—©—2 completion, the reaction mixture quenched with water (5 ml), and
N
5 4 3 THF was evaporated under reduced pressure. The aqueous

mixture was extracted with DCM (3 x 15 ml), combined organic
extracts washed with brine (1 X 5 ml) and dried over anhydrous Na>SO4. Evaporating off
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solvent under vacuum afforded product as white crystalline solid (0.170 g, 80%). Rs(5%
MeOH/DCM) 0.62. 'H NMR (300 MHz, DMSO-ds) 6 7.68 (d, J= 8.3 Hz, 2H, H%), 7.38 (d, J
= 8.3 Hz, 2H, H3), 3.76 (t, J= 7.0 Hz, 2H, HY), 3.19 (t, J= 7.0 Hz, 2H, H?), 2.17 (s, 3H, H9).
LC (APCI*/ESI): Purity: 99%, tr = 2.438 min.

3-(4-(2-bromoethyl)phenyl)-5-(trifluoromethyl)-1,2,4-oxadiazole (3c)

3c To a mixture of 2 (6.75 g, 27.8 mmol) and pyridine (3 ml) in 50
Br.
o-N : )1 ml DCM, trifluoroacetic acid anhydride (TFAA, 4.63 ml, 33.4
\
CF3)QN 2 mmol) was added, and the solution stirred at 22 °C for 20 min.
4 3

The mixture was then poured in ice water (50 ml) and extracted
with EtOAc (3 x 50 ml). The combined organic extracts were washed with brine (1 x 10 ml)
and dried over anhydrous NaSOs4. The product was obtained after flash column
chromatography using 10 — 15% EtOAc/Hexanes as a pale-yellow oil (7.15 g, 76%). Ry
(40% EtOAc/Hexanes) 0.92. THNMR (300 MHz, DMSO-ds) 6 8.16 (d, J= 8.2, 2H, H%), 7.49
(d, J=8.2, 2H, H3), 3.80 (t, J= 7.0 Hz, 2H, H!), 3.24 (t, J= 7.0 Hz, 2H, H?). LC (APCI*/ESI):
Purity: 97%, tr = 2.631 min.

4-(2-bromoethyl)-N'-((ethoxycarbonyl)oxy)benzimidamide (3d)

To a solution of 2 (0.050 g, 0.21 mmol) in 1.5 ml acetone,

3d
5N Br ; K2CO3(0.031 g, 0.23 mmol) was added, and the solution kept
2
2 )—@—2 stirring at O °C. Ethyl chloroformate (22 ul, 0.23mmol,
6 OvN
O—§ 403 dissolved in 0.5 ml cold acetone) was added to the ice-cold
@)

solution, and the resulting mixture stirred at 0— 4 °C for 3 hr.
At completion (monitored via TLC), the reaction mixture was diluted with 10 ml water and
extracted with DCM (3 x 10 ml). The combined organic extracts were washed with brine
(1 x 5 ml) and dried over anhydrous Na>SO4. The solvent was evaporated in vacuo to afford
o-acylated oxime product as an off-white solid (0.070 g, 98%). Rf(50% EtOAc/Hexanes)
0.59. 'H NMR (300 MHz, DMSO-de) 6 7.63 (d, J= 8.3 Hz, 2H, H%), 7.35 (d, J= 8.3 Hz, 2H,
H3), 6.76 (s, 2H, H5), 4.19 (q, J= 7.10 Hz, 2H, H°), 3.76 (t, J= 7.05 Hz, 2H, HY), 3.17 (t, J
= 7.05 Hz, 2H, H?), 1.26 (t, J = 7.10 Hz, 3H, H?). LC-MS (APCI*/ESI): Purity: 99%, tr =
3.406 min.

General Procedure 3: EDCI/DMAP Amide Coupling
To a solution of 4-(2-bromoethyl) benzoic acid (1.0 equiv) in DCM under ice, DMAP (5

mol%) and EDCI (1.5 equiv) were added, and the solution stirred at room temperature (18
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— 20 °C) for 15 min. The appropriate amine (1.2 equiv) was then added (dropwise if
solution), and the resulting solution stirred at room temperature for 2 hr. After completion,
the reaction was diluted with another aliquot of initial amount of DCM used, and the
mixture washed with saturated NaHCOj3 (x3) followed by water (x2), then brine (x1). The
DCM phase was then dried over anhydrous NaxSO4, and the solvent evaporated in vacuo.

Pure products were obtained after washing the dry residue with diethyl ether.

(S)-4-(2-bromoethyl)-N-(1-hydroxypropan-2-yl)benzamide (4a)

4a Obtained from (S)-2-aminopropan-1-ol (0.100 g, 1.31 mmol) as
o Bry .| awhite solid (0.250 g, 80%). R¢(5% MeOH/DCM), 0.40. 'HNMR
Ho—7>5_N>;—©—2 (300 MHz, Methanol-ds) 6 7.78 (d, J = 8.3 Hz, 2H, H%), 7.34 (d,
6 43 J = 8.3 Hz, 2H, H3), 4.18 (tq, J = 6.8, 6.1 Hz, 1H, H5), 3.65 —
3.59 (m, 4H, H17), 3.20 (t, J= 7.2 Hz, 2H, H2), 1.24 (d, J= 6.1

Hz, 3H, H6). LC-MS (APCI*/ESI): found m/z = 286.0, 288.0 [M+H] * (cal. For C12H16BrNO,,
285.04, 287.03). Purity: 96%, tx = 2.593 min.

(S)-4-(2-bromoethyl)-N-(2-hydroxypropyl)benzamide (4b)

4b Obtained from (S)-1-aminopropan-2-ol (0.100 g, 1.31 mmol) as
75 Br. ; a white solid (0.285 g, 91%). R¢(5% MeOH/DCM), 0.38. THNMR
HO’<‘;N>|:_©_g (300 MHz, Methanol-d4) 6 8.12 (d, J= 8.4 Hz, 2H, H%), 7.21 (d,
° vl J=8.4 Hz, 2H, H3), 3.71 (qt, J= 6.8, 6.1 Hz, 1H, HS), 3.51 (t, J
= 7.2 Hz, 2H, H!), 3.12 (d, J= 6.1 Hz, 2H, H5), 2.91 (t, J= 7.2 Hz, 2H, H2), 1.22 (d, J= 6.8

Hz, 3H, H7). LC-MS (APCI*/ESI): found m/z = 286.0, 288.0 [M+H] * (cal. For C12H16BrNO,
285.04, 287.03). Purity: 98%, t = 2.508 min.

N’-acetyl-4-(2-bromoethyl)benzohydrazide (4c)

dc B Obtained from acethydrazide (0.150 g, 1.92 mmol) as a white

:5( o} : ) 1 solid (0.358 g, 65%). Rf(5% MeOH/DCM), 0.16. THNMR (300
° HN-NH 2 MHz, Methanol-d4) 6 7.83 (d, J = 8.3 Hz, 2H, H%), 7.41 - 7.35
L (m, 2H, H3), 3.66 (t, J= 7.1 Hz, 2H, H!), 3.23 (t, J= 7.1 Hz, 2H,
H2), 2.06 (s, 3H5). Purity: 96%, tr = 2.501 min.
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N'-((4-(2-bromoethyl)benzoyl)oxy)acetimidamide (7a)

7a Obtained from N-hydroxyacetamidine (4.90 g, 62.8 mmol) as
5 6 Br. ,a white solid (13.48 g, 90%), washed in ether and vacuum
H2N4< >—©—2 dried. Ry(7% MeOH/DCM) 0.42. HNMR (300 MHz, Methanol-
N 48 d4) 6 8.05 (d, J= 8.3 Hz, 2H, H%), 7.41 (d, J = 8.3, 2H, H3),
3.67 (t, J= 7.1 Hz, 2H, H1), 3.24 (t, J= 7.1 Hz, 2H, H?), 1.95

(s, 3H, H5). LC-MS (APCI*/ESI): found m/z = 284.8, 286.8 [M+H] * (cal. for C1:H13BrNsOg,
284.8, 286.8). Purity: 96%, tr = 2.511 min.

N-((4-(2-bromoethyl)benzoyl)oxy)-2,2,2-trifluoroacetimidamide (7b)

b 5 Obtained from 2,2,2-trifluoro-N-hydroxy ethanimidamide
r

CF30 : > 1 (3.35 g, 26.2 mmol) as a white solid (3.47 g, 78%). Rr(3%
H N—L
2 \Nwo 2 MeOH/DCM) 0.75. 'H NMR (300 MHz, DMSO-ds) 6 8.16 —
4 3
8.09 (m, 2H, H%), 7.71 (s, 2H, H5), 7.49 - 7.42 (m, 2H, H3),

3.80 (t, J= 7.0 Hz, 2H, H1), 3.24 (t, J = 7.0 Hz, 2H, H2). LC-MS (APCI/ESI): found m/z =
337.99, 339.99 [M+H] * (cal. for C11H10BrFsN20,, 338.99, 340.99). Purity: 98%, tr = 2.646

min.

General Procedure 4: Tosyl chloride mediated formation of oxazolines and 1,3,4-
oxadiazoles from B-keto/p-hydroxy amides

To a stirred suspension of 4a — 4c (1.0 equiv) in DCM (5 ml), TEA (3.0 equiv) was added
followed by tosyl chloride (TsCl, 2.0 equiv). The mixture was then stirred at 30 °C for 30
min. DCM was removed under vacuum, followed by addition of EtOAc (15 ml). The mixture
was washed with NaHCO3 (2 x 10 ml) and brine (10 ml), then dried over anhydrous Na>SO4
and solvent evaporated in vacuo. Crude solid products were purified by column

chromatography using 10 — 25% EtOAc/hexanes as an eluent.

(S)-2-(4-(2-bromoethyl)phenyl)-4-methyl-4,5-dihydrooxazole (5a)

54 Obtained from 4a (0.140, 0.48 mmol) as a white solid (0.092 g,
5 BN, | 70%). R (40% EtOAc/Hexanes), 0.30. IHNMR (300 MHz,
6)5:N/> < > 2 Methanol-d4) 6 7.85 (d, J= 8.3 Hz, 2H, H%), 7.33 (d, J= 8.3 Hz,
vl 2H, H3), 4.57 (dd, J = 9.3, 8.2 Hz, 1H, H"¢), 4.34 (ddq, J = 9.3,

7.7, 6.6 Hz, 1H, H), 4.01 (t, J= 8.0 Hz, 2H, H73), 3.63 (t, J = 7.2 Hz, 2H, H1), 3.19 (t, J =

7.2 Hz, 2H, H?), 1.32 (d, J= 6.6 Hz, 3H, H¢). LC-MS (APCI*/ESI): found m/z = 268.0, 270.0
[M+H] * (cal. for C12H14BrNO, 267.03, 269.02). Purity: 98%, tr = 2.745 min.
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(S)-2-(4-(2-bromoethyl)phenyl)-4-methyl-4,5-dihydrooxazole (5b)
5b Obtained from 4b (0.170, 0.59 mmol) as a white solid (0.136g,
"6 o Br 1 85%). Ry (40% EtOAc/Hexanes) 0.32. 'H NMR (300 MHz,
E Y < > 2
5N
4 3

Methanol-ds) 6 7.99 (d, J= 8.1 Hz, 2H, H#), 7.28 (d, J = 8.1 Hz,
2H, H3), 4.25 (dd, J= 14.1, 8.9 Hz, 1H, H5), 4.00 (ddq, J= 14.1,
6.3, 6.6 Hz, 1H, H6), 3.65 (t, J= 7.3 Hz, 2H, HY), 3.33, (dd, J = 8.9, 6.3 Hz, 1H, H5), 3.29
(t, J= 7.3 Hz, 2H, H2), 1.95 (d, J = 6.6 Hz, 3H, H7). LC-MS (APCI*/ES]I): found m/z = 268.0,
270.0 [M+H] * (cal. for C12H14BrNO, 267.03, 269.02). Purity: 98%, t = 2.807 min.

2-(4-(2-bromoethyl)phenyl)-5-methyl-1,3,4-oxadiazole (5c)

Obtained from 4c (0.150, 0.52 mmol) as a yellow crystalline
5 o ] solid (0.122 g, 88%). Ry (25% EtOAc/Hexanes) 0.5. 1H NMR

\f />_©_2 (300 MHz, Methanol-d4) 6 7.55 (d, J= 8.7 Hz, 2H, H?%), 7.41 (d,
2H, H3), 3.69 (t, J= 7.1 Hz, 2H, H!), 3.28 (t, J= 7.1 Hz, 2H, H2),
1.99 (s, 3H, H5). LC-MS (APCI/ESI): found m/z = 266.9, 268.9 [M+H] * (cal. For
C11H1:1BrN20O, 266.01, 268.00). Purity: 97%, tr = 2.747min.

4-(2-bromoethyl)phenol (6)

6 To a stirring solution of 4-methoxyphenethylbromide (0.250 g,
Br ; 1.16 mmol) in 5 ml DCM at -78 °C, boron tribromide (BBr3,

5
HO < > 2 720 ul, 4.19 mmol) was added. The mixture could warm to O °C

and stirred at that temperature for 12 hours. After completion,

the reaction mixture was cooled to — 50 °C and quenched by adding 2 ml water. The
mixture was diluted with saturated solution of ammonium chloride, NH4Cl (5 ml), and the
resulting solution extracted with EtOAc (2 x 25 ml). Combined organic phases were dried
over Na>SO4 and solvent evaporated under vacuum. The product was obtained after flash
chromatography using 10% EtOAc/Hexane as a light-yellow solid (0.107 g, 46%). Rf(25%
EtOAc/Hexanes) 0.50. 'H NMR (300 MHz, DMSO-ds) 6 9.23 (s, 1H, H5), 7.05 (d, J = 8.5
Hz, 2H, H*%), 6.69 (d, J = 8.5 Hz, 2H, H3), 3.63 (t, J = 7.4 Hz, 2H, H!), 2.99 (t, J= 7.4 Hz,
2H, H2). LC-MS (APCI/ES]I) Purity: 99%, tr = 2.356 min.

Ethyl 4-(2-bromoethyl)benzoate (8)
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A solution of 4-(2-bromoethyl) benzoic acid (0.500 g, 0.22
5/_ o > | mmol) and 9.5N aqueous HCI (S ml) in absolute ethanol (10 ml)
2

was refluxed at 80 °C for 2 hr. The mixture was then cooled to

room temperature (22 °C) and the solvent evaporated in vacuo.
The aqueous residue was diluted with 25 ml saturated NaHCO3 and extracted with EtOAc
(8 x 25 ml). Combined organic extracts were washed with water (2 x 15 ml), followed by
brine (1 x 10 ml), and dried over anhydrous NaSOs. After flash column chromatography
using 20% EtOAc/Hexanes as eluent, the product obtained as a yellow oil (0.476 g, 85%).
Rf(30% EtOAc/Hexanes), 0.79. 1TH NMR (300 MHz, Methanol-d4) 6 7.96 (d, J= 8.3 Hz, 1H,
H4), 7.37 (d, J= 8.3 Hz, 2H, H3), 4.35 (q, J= 7.1 Hz, 2H, H5), 3.79 (t, J= 7.0 Hz, 2H, H}),
3.12 (t, J= 7.0 Hz, 2H, H?), 1.38 (t, J= 7.1 Hz, 3H, H¢). LC-MS (APCI*/ESI) Purity: 99%,
tr = 2.543 min.

Methyl 4-(2-bromoethyl) benzoate (9)

9 To a solution of 4-(2-bromoethyl) benzoic acid (7.00 g, 30.6

"o Br, 1 mmol) in 4:1 toluene/MeOH (60 ml) under Iice,
}—@—Z trimethylsilyldiazomethane (2M solution in hexane) was added

° i dropwise until the yellow colour no longer dissipated (about 28

ml added in 25 minutes). The mixture was evaporated to
dryness in vacuo, followed by purification by flash column chromatography using 20%
EtOAc/Hexanes as eluent. Product obtained as a colorless oil (7.21 g, 97%). Ry (20%
EtOAc/Hexanes) 0.45. 'H NMR (400 MHz, DMSO-de) 6 7.96 (d, J = 8.4 Hz, 2H, H!), 7.20
(d, J = 8.4 Hz, 2H, H?), 3.85 (s, 3H, H95), 3.54 (t, J = 4.4 Hz, 2H, H%), 3.14 (t, J= 4.4 Hz,
2H, H3). LC-MS (APCI*/ESI): found m/z = 242.9, 244.9 [M+H]* (cal. For Ci0H1:BrOa,
241.99, 243.99). Purity: 99%, tr = 2.568 min.

4-N-Boc-(2-hydroxyethyl) piperazine (10)

10 To a stirring solution of 1-(2-hydroxyethyl) piperazine (0.50 g,

y HO 3.8 mmol) in 7 ml THF at 0°C, di-tert-butyl dicarbonate (Boc2O,
O)/_N/_\N J ! 0.922 g, 4.2 mmol) was added and the mixture stirred at 0 °C
g for 15 min. The mixture was then allowed to warm to ambient

temperature (18 °C) and stirred further for 2 hr. The solvent
was evaporated to about half the original volume, followed by addition of water (7 ml). The
solution was extracted with DCM (3 x 25 ml), combined organic phases washed with brine

(1 x 10 ml) and further dried over anhydrous Na2SO4. Solvent was evaporated under

Dickson Mambwe
Ph.D Thesis 2021 238



Chapter 6: Experimental Section

vacuum to give product as a light brown to brick reddish oil (0.866 g, 98%). Rs(10%
MeOH/DCM) 0.35. 'H NMR (300 MHz, CDCl3) 6 3.56 (t, J = 6.9 Hz, 2H, H!), 3.41 (m, J =
5.1 Hz, 4H, H%), 2.71 (t, J = 6.9 Hz, 2H, H?), 2.44 (m, J= 5.0 Hz, 4H, H3), 1.43 (s, 9H, H9).

General Procedure 5: Reduction of ketones to 2° alcohols using NaBH,4

Sodium borohydride (NaBHa4, 0.5 equiv) was added to a stirring solution of ketone (1.0
equiv) in 5 ml MeOH on an ice bath (0 — 3 °C). The reaction mixture was stirred at room
temperature (18 °C) for 2 hr. The mixture was diluted with 20 ml water and extracted with
DCM (3 x 20 ml). Combined organic phases where further washed with brine (1 x 10 ml),
followed by drying over anhydrous NaxSO4. The solvent was evaporated under vacuum to

give products. Flash column chromatography was conducted if required.

4-(1-hydroxyethyl)benzonitrile (11a)
Obtained from 4-acetylbenzonitrile (0.500 g, 3.44 mmol) as a

lla
1 \ ) C light-yellow oil (0.421 g, 83%). 'H NMR (300 MHz, DMSO-ds)
CN
HO Dy’ 6 7.77 (d, J = 8.3 Hz, 2H, H5), 7.54 (d, J = 8.3 Hz, 2H, H%),

5.39 (d, J= 4.3 Hz, 1H, H3), 4.80 (qd, J = 6.5, 4.3 Hz, 1H, H2),
1.32 (d, J = 6.5 Hz, 3H, H!). Purity: 99%, tz = 2.486 min.

4-(1-bromoethyl)benzonitrile (11b)

A mixture of 11a (0.180 g, 1.22 mmol) and bromotrimethyl

11b
] silane, TMSBr (0.178 ml, 1.35 mmol) was stirred at room
2
B>_©’CN temperature (18 °C) for 2 hr. Upon completion, volatile (TMS),O
¢
3 4

was evaporated under reduced pressure and DCM (10 ml)

added. Flash column chromatography was performed using
DCM to afford the pure product as a light-yellow oil (0.185 g, 72%). Rf(3% MeOH/DCM)
0.73. 1H NMR (300 MHz, DMSO-ds) 6 7.84 (d, J= 8.5 Hz, 2H, H%), 7.70 (d, J= 8.5 Hz, 2H,
H3), 5.54 (q, J= 6.9 Hz, 1H, H?2), 1.98 (d, J = 6.9 Hz, 3H, H!). Purity: 99%, tz = 2.782 min.

6-vinylnicotinonitrile (122)

To a solution of 6-bromonicotinonitrile (2.0 g, 10.9 mmol) in

122
1:1 1,4-dioxane/water (10 ml), (1,1-bis(diphenyl phosphino)
2 3 4
1 | S ferrocene) palladium(Il) dichloride, Pd(dppf)Cl2 (0.1 equiv) and
5
NC™ 7 N H caesium carbonate, Cs>CO3 (3.0 equiv) were added, and the

6
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solution stirred at 23 °C for 15 min with degassing using N.. Boronic ester 4,4,5,5-
tetramethyl-2-vinyl-1,3,2,-dioxaborolane (1.5 equiv) was then added to the degassed
mixture, and the resulting reaction mixture stirred at 85 °C for 16 hr under N
atmosphere. The reaction was cooled and extracted with EtOAc (3 x 30 ml), combined
organic phase dried on anhydrous Na>SO4 and concentrated in vacuo. The crude material
was purified by flash chromatography and isolated at 10 — 15% EtOAc/Hexane as brown
crystalline solid (0.298 g, 21%). Rf(20% EtOAc/Hexane), 0.49. 1H NMR (400 MHz, DMSO-
ds) 6 8.85 (d, J= 2.1 Hz, 1H, H¢), 8.13 (dd, J = 8.2, 2.1 Hz, 1H, H!), 7.66 (d, J = 8.2 Hz,
1H, H?), 6.91 (dd, J= 17.5, 10.9 Hz, 1H, H3), 6.43 (d, J= 17.5 Hz, 1H, HS), 5.71 d, J =
10.8 Hz, 1H, H%). LC-MS (APCI*/ESI): found m/z = 131.0 [M+H]* (cal. For CgHeN2, 130.05).
Purity: 96%, tr = 2.485 min.

General Procedure 6: Synthesis of isothiocyanates from primary amines

To a solution of appropriate amine (1.0 equiv) in DMF at 0 °C, 1,1-
thiocarbonyldiimidazole, TCDI (1.1 equiv), dissolved in an aliquot of DMF was added. The
resulting reaction mixture could rise to room temperature (24 °C) and stirred for 20 hr at
that temperature. The solvent was taken off in vacuo, the residue dissolved in EtOAc, and
washed with water (x4). The solvent was removed in vacuo, and residue triturated with
hexane and filtered. The filtrate was treated with activated charcoal and filtered through

Celite. Removal of solvent gave pure products.

Tert-butyl 4-isothiocyanatopiperidine-1-carboxylate (126a)

Obtained from tert-butyl 4-aminopiperidine-1-carboxylate (8.00
o g, 39.9 mmol) as a colourless oil (7.52 g, 78%). 1H NMR (400

NJ\O/}Q MHz, DMSO-ds) 6 4.11 — 3.98 (m, 2H, H2), 3.69 (tt, J=11.3, 4.1
/@2 Hz, 1H, H%), 3.09 - 2.94 (m, 2H, H?), 2.17 — 2.05 (m, 2H, H3),
1.92 - 1.83 (m, 2H, H3), 1.45 (s, 9H, H}1).

126a

SCN

3

Tert-butyl 3-fluoro-4-isothiocyanatopiperidine-1-carboxylate (126b)
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Obtained from  tert-butyl 4-amino-3-fluoropiperidine-1-
o carboxylate (1.00 g, 4.60 mmol) as a yellow oil (0.631 g, 53%).
Fﬂﬂé\lj\o* 1H NMR (400 MHz, DMSO-de) 6 4.73 (dtd, J= 48.8, 9.1, 4.5, 1H

s Hz, HS), 4.39 (qd, J = 10.3, 4.2 Hz, 1H, H%), 3.61 - 3.60 (m, 1H,
Hée), 3.55 - 3.51 (td, J= 12.1, 4.3 Hz, 1H, H2%), 3.01 — 2.90 (m,
2H, H2a.62), 1.83 (dt, J=13.5, 4.2 Hz, 1H, H3¢), 1.75 (dtd, J= 12.1, 9.5, 3.9 Hz, 1H, H3q),
1.41 (s, 9H, HY).

126b

SCN

3

General Procedure 7: Nucleophilic Aromatic Substitution (SyAr) and Nitro group

Reduction

Step 1, SyAr: A o-halo-nitro precursor (1.0 equiv), an appropriate amine (1.2 equiv), and
K2COs3 (1.5 equiv) were mixed in MeCN (10 — 15 ml). TEA (1.5 equiv) was added, and the
resulting mixture stirred at 65 °C for 4 — 18 hr. After completion, the mixture was cooled
to room temperature (18 °C), followed by the addition of water (10 — 15 ml) and EtOAc (15
— 25 ml). The mixture was separated, and the aqueous phase further extracted with EtOAc
(3 x 15 ml). Combined organic phases were dried over anhydrous Na;SO4, and solvent
evaporated in vacuo. Pure o-amino-nitro intermediates were obtained following

recrystallization from ethanol and used in the next step.

Step 2, Nitro group (NO2z) Reduction: To a solution of the crude o-amino-nitro
intermediates (1.0 equiv) in 1:1 MeOH/EtOAc (10 — 25 ml) was added 10% Pd/C (0.1
equiv), and the reaction mixture was stirred at 21 °C under a hydrogen (H2) atmosphere
using a double padded balloon. After 12 — 36 hr, TLC indicated reaction completion. The
reaction mixture was filtered through a bed of Celite, and the filtrate concentrated in vacuo
to afford products. If required, flash column chromatography using 20 - 70%

EtOAc/Hexanes was performed.

3-amino-4-(methylamino)benzonitrile (129a)

Obtained from 4-chloro-3-nitrobenzonitrile (0.500 g, 2.74 mmol) and
NG, NH25 methylamine (2M solution in THF, 1.64 ml, 3.29 mmol), as a dark

:@[N/ 4 brown solid (0.319 g, 79% over two steps). Ry (40% EtOAc/Hexane)
3 H 0.32. 'H NMR (300 MHz, DMSO-de) 6 7.58 (d, J = 1.6 Hz, 1H, H}Y),

129a
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7.28 (dd, J= 8.0, 1.6 Hz, 1H, H?), 6.21 (d, J = 8.0 Hz, 1H, H3), 5.02 (s, 2H, H?%), 2.71 (s,
3H, H#%). Purity: 99%, tz = 0.153 min.

N1-methyl-4-(trifluoromethyl)benzene-1,2-diamine (129b)

129b Obtained from 1-fluoro-2-nitro-4-(trifluoromethyl)benzene (0.500 g,

CF, NH25 2.39 mmol) and methylamine (2M solution in THF, 1.43 ml, 2.86
;@[N/ 4 mmol), as a dark brown solid (0.395 g, 87% over two steps). Rrf(20%

3 H EtOAc/Hexane) 0.36. 'H NMR (300 MHz, DMSO-ds) 6 6.86 — 6.80 (m,

2H, H%2), 6.43 (d, J = 8.0 Hz, 1H, H3), 5.00 (s, 2H, H5), 2.76 (s, 3H,
H#%). Purity: 98%, tr = 0.212 min.

4-methoxy-N1-methylbenzene-1,2-diamine (129c¢)

129¢ Obtained from 1-fluoro-4-methoxy-2-nitrobenzene (0.500 g, 2.92
o 1 NH25 mmol) and methylamine (2M solution in THF, 1.75 ml, 3.50 mmol),
6 ;@[N/4 as a blackish solid (0.293 g, 66% over two steps). Ry (40%
H EtOAc/Hexane) 0.31. 'H NMR (300 MHz, DMSO-dg) 6 6.80 (d, J =
1.2 Hz, 1H, H!), 6.48 (dd, J = 8.3, 1.2 Hz, 1H, H?), 6.23 (d, J= 8.3

Hz, 1H, H3), 5.05 (s, 2H, H5), 3.91 (s, 3H, H6), 2.69 (s, 3H, H4). Purity: 97%, tx = 0.182 min.

3

N1-methyl-4-(methylsulfonyl)benzene-1,2-diamine (129d)

Obtained from 1-fluoro-4-(methylsulfonyl)-2-nitrobenzene (0.500 g,

129d
s 2.28 mmol) and methylamine (2M solution in THF, 1.37 ml, 2.73
\Y/ 1
G/S\C[NHZ mmol), as a brown solid (0.388 g, 85% over two steps). Ry (40%
4
2 5 H/ EtOAc/Hexane) 0.45. 1H NMR (300 MHz, DMSO-ds) 6 7.40 — 7.38 (m,

2H, H12), 6.82 (d, J = 8.1 Hz, 1H, H3), 5.03 (s, 2H, H5), 3.01 (s, 3H,
H6), 2.75 (s, 3H, H#). Purity: 97%, t = 0.220 min.

Methyl 3-amino-4-(methylamino)benzoate (129¢)

Obtained from methyl 4-fluoro-3-nitrobenzoate (0.500 g, 2.51 mmol)

129e
0 1 s and methylamine (2M solution in THF, 1.50 ml, 3.01 mmol), as a
?J\CENH24 yellow solid (0.348 g, 77% over two steps). R;(40% EtOAc/Hexane)
6 ? 5 H/ 0.39. 'H NMR (300 MHz, DMSO-ds) 6§ 8.05 (d, J= 1.1 Hz, 1H, H}),

7.68 (dd, J= 8.2, 1.0 Hz, 1H, H?), 6.88 (d, J= 8.2 Hz, 1H, H3), 4.99
(s, 2H, H5), 3.88 (s, 3H, H°), 2.70 (s, 3H, H%). Purity: 99%, tz = 0.197 min.
4-fluoro-N1-methylbenzene-1,2-diamine (129f)
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Obtained from 1,4-difluoro-2-nitrobenzene (0.500 g, 3.14 mmol) and
methylamine (2M solution in THF, 1.88 ml, 3.77 mmol), as a dark oil
(0.347 g, 79% over two steps). Rr(20% EtOAc/Hexane) 0.42. 'H NMR
(300 MHz, DMSO-dg) 6 6.98 (d, J= 1.2 Hz, 1H, H!), 6.25 - 6.49 (m,
2H, H2%3), 5.03 (s, 2H, H5), 2.68 (s, 3H, H%). Purity: 99%, tr = 0.283

4-bromo-N1-methylbenzene-1,2-diamine (129g)

129¢

1 5
Br NH,
2 i: :N/4

H

3

Obtained from 4-bromo-1-fluoro-2-nitrobenzene (0.500 g, 2.30
mmol) and methylamine (2M solution in THF, 1.38 ml, 2.76 mmol),
as a dark brown solid (0.370 g, 81% over two steps). Ry (20%
EtOAc/Hexane) 0.38. 'H NMR (300 MHz, DMSO-dg) 6 7.01 (d, J =
1.0 Hz, 1H, H!), 6.78 - 6.71 (m, 2H, H23), 5.05 (s, 2H, H5), 2.69 (s,

3H, H4). Purity: 99%, tz = 0.291 min.

3-amino-4-((4-fluorobenzyl)amino)benzonitrile (163a)

163a

Obtained from 4-chloro-3-nitrobenzonitrile (0.250 g, 1.37 mmol)
and 4-fluorobenzylamine (0.205 g, 1.64 mmol), as a brownish
solid (0.293 g, 89% over two steps). Ry (50% EtOAc/Hexane)
0.21. 'H NMR (300 MHz, DMSO) 6 7.88 (d, J= 1.1 Hz, 1H, H}),
7.71 (dd, J= 8.0, 1.1 Hz, 1H, H?), 7.44 (d, J= 7.8 Hz, 2H, H9),
7.20 (d, J= 7.8 Hz, 2H, H5), 6.92 (d, J= 8.0 Hz, 1H, H3), 5.06 (s,

2H, H7), 4.90 (d, J= 5.9 Hz, 2H, H4. LC-MS (APCI*/ESI): found

m/z = 242.1 [M+H]* (cal. For C14H12FN3, 241.10). Purity: 98%, tz = 0.208 min.

N1-(4-fluorobenzyl)-4-(methylsulfonyl)benzene-1,2-diamine (163b)
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Obtained  from 1-fluoro-4-(methylsulfonyl)-2-nitrobenzene
(0.250 g, 1.14 mmol) and 4-fluorobenzylamine (0.171 g, 1.36
mmol), as a dark brown solid (0.310 g, 92% over two steps). Ry
(50% EtOAc/Hexane) 0.23. 1H NMR (300 MHz, DMSO-de) 6 7.51
- 7.47 (m, 2H, H.3), 7.49 (d, J= 8.0 Hz, 2H, H7), 7.25 (d, J= 8.0
Hz, 2H, H¢), 6.97 (d, J = 7.8 Hz, 1H, H%), 5.01 (s, 2H, HS8), 4.88
(d, J = 5.9 Hz, 2H, HS), 2.69 (s, 3H, H?). LC-MS (APCI*/ESI):

found m/z = 295.1 [M+H]* (cal. For C14H15sFN2O2S, 294.08). Purity: 98%, tr = 0.189 min.

Methyl 3-amino-4-((4-fluorobenzyl)amino)benzoate (163c)

163c

Obtained from methyl 4-fluoro-3-nitrobenzoate (0.250 g, 1.26
mmol) and 4-fluorobenzylamine (0.188 g, 1.50 mmol), as a
brown solid (0.310 g, 90% over two steps). R (50%
EtOAc/Hexane) 0.28. 'H NMR (300 MHz, DMSO-de) 6 8.10-8.01
(m, 2H, H.3), 7.87 (d, J = 8.3 Hz, 2H, H7), 7.38 (d, J = 8.3 Hz,
2H, H¢), 7.08 (d, J= 7.9 Hz, 1H, H%), 4.99 (s, 2H, HS8), 4.85 (d, J
= 6.1 Hz, 2H, HS), 3.85 (s, 3H, H2?). LC-MS (APCI*/ESI): found

m/z = 275.1 [M+H]* (cal. For Ci5sH15FN2O», 274.11). Purity: 98%, tr = 0.201 min.

N1-(cyclopropyl methyl)benzene-1,2-diamine (163d)

163d

1

8
2©:NH2
* NH

4
5

7 6

Obtained from 1-fluoro-2-nitrobenzene (0.250 g, 1.76 mmol) and
cyclopropylmethanamine (0.150 g, 2.11 mmol), as a brown solid
(0.272 g, 95% over two steps). Rr (50% EtOAc/Hexane) 0.24. 1H
NMR (300 MHz, DMSO) 6 7.01 (dd, J= 8.2, 1.1 Hz, 1H, H}!), 6.32
(dd, J = 8.0, 1.5 Hz, 1H, H%), 6.18 — 6.10 (m, 2H, H23), 5.10 (s,

2H, H¥), 4.91 (d, J= 6.0 Hz, 2H, H5), 3.10 - 3.05 (m, 1H, H¢), 1.81 - 1.74 (m, 4H, H7). LC-
MS (APCI*/ESI): found m/z = 163.1 [M+H]* (cal. For C10H14N2, 162.12). Purity: 98%, & =

0.258 min.

General Procedure 8: Synthesis of 2-chlorobenzimidazoles via CDI ring closure,
followed by POCIl;s chlorination

Stepl. CDI Closure: A mixture of either commercially obtained (123a-123c) or

synthesized benzene-1,2-diamine precursors (167a-167d), carbonyl diimidazole, CDI (1.5

equiv) and catalytic amounts of DMAP (1.0 mol%) was dissolved in dry THF (10 ml), and

the resulting mixture stirred at 22 °C for 2 — 12 hr. After completion (monitored via TLC),

the solvent was evaporated in vacuo and water (30 ml) added to the resulting residue.
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Benzimidazol-2-one products were obtained quantitatively, after filtering and subsequent
oven drying.

Step2. POCIl; Chlorination: Crude 245enzimidazole-2-one products (1.0 equiv) were
treated with POCIls (5.0 equiv) in a seal tube and stirred at 110 °C for 12 h. The reaction
mixture was then cooled to room temperature (22 °C), and excess POCls evaporated under
reduced pressure. The residue was then taken up in EtOAc (20 ml) and neutralized with
15% NaOH under ice cooling (0 °C) while stirring. After separation, the aqueous phase was
further extracted with EtOAc (3 x 20 ml). The combined organic extracts were then washed
with brine solution (10 ml), dried over anhydrous Na>SO4 and solvent evaporated in vacuo.
Pure products were obtained after flash chromatography using 20 — 50% EtOAc/Hexanes

as eluent.

2-chloro-5,6-difluoro-1H-benzo[d]imidazole (124h)

124h Obtained from 4,5-difluorobenzene-1,2-diamine, 123a (0.250g,

F e NN 1.73 mmol) as a reddish solid (0.278 g, 84%). Rs(5% MeOH/DCM),
\

DCEN%CI 0.76. 'H NMR (300 MHz, Methanol-ds) 6 7.54 (d, J = 6.8 Hz, 2H,

F 1 H

H!). LC-MS (APCI*/ESI): found m/z = 189.0, 191.0 [M+H]* (cal. For
C7H5CIF;N,, 188.00, 189.99). Purity: 98%, z = 2.632 min.

2,5,6-trichloro-1H-benzo[d]imidazole (124i)
Obtained from 4,5-dichlorobenzene-1,2-diamine, 123b (0.250g,

124i
CI NN 1.41 mmol) as a light green solid (0.215 g, 69%). Ry (5%
S>—CI
Clﬁﬁ_ MeOH/DCM), 0.81. 'H NMR (300 MHz, Methanol-di) 8 7.51 (s, 2H,
1

H1). LC-MS (APCI*/ESI): found m/z = 221.0, 223.0 [M+H]* (cal. For
C7H3Cl1F2No, 219.94, 221.93). Purity: 97%, tr = 2.687 min.

2-chloro-5,6-dimethyl-1H-benzo[d]imidazole (124;j)

124 Obtained from 4,5-dimethylbenzene-1,2-diamine, 123c (0.250g,
2 N 1.83 mmol) as a brown solid (0.259 g, 77%). Rf(5% MeOH/DCM),
2:®EN\>_CI 0.48. 'H NMR (300 MHz, Methanol-d4) 6 7.23 (s, 2H, H!), 2.68
1 H

(s, 6H, H2). LC-MS (APCI*/ESI): found m/z = 181.0, 183.0 [M+H]*
(cal. For CoHoCINa, 180.05, 182.04). Purity: 97%, t = 2.568 min.
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2-chloro-1-(cyclobutyl methyl)-1H-benzo[d]imidazole (165a)

165a

1

2 N
>—Cl
g N
4 5
7 6

Obtained from 163d (0.200 g, 1.22 mmol) as a white solid (0.232
g, 92%). Ry (4% MeOH/DCM), 0.63. 'H NMR (400 MHz, DMSO-
de) 6 7.44 (dd, J= 8.1, 1.5 Hz, 1H, H!), 7.28 (dd, J= 8.0, 1.5 Hz,
1H, H%), 6.80 (ddd, J= 8.1, 7.0, 1.0 Hz, 1H, H2), 6.71 (ddd, J =
8.0, 7.0, 1.1, 1H, H3), 4.80 (d, J = 6.8 Hz, 1H, H5), 3.11 - 3.08

(m, 1H, H®), 1.92 - 1.79 (m, 4H, H7). LC-MS (APCI*/ESI): found m/z = 207.1 [M+H]* (cal.
For C11H11CIN», 206.06). Purity: 98%, tr = 2.501 min.

2-chloro-1-(4-fluorobenzyl)-1H-benzo[d]imidazole-5-carbonitrile (165u)

165u

1

NC N
O
2 N

3 4
5

FFoos

Obtained from 163a (0.250 g, 1.03 mmol) as a pale yellow solid
(0.206 g, 69% over two steps). Rf(5% MeOH/DCM) 0.48. 'H NMR
(300 MHz, Methanol-ds4) 6 8.03 (d, J= 0.9 Hz, 1H, H1), 7.91 (dd,
J=28.0,0.9 Hz, 1H, H?), 7.60 (d, J= 8.2 Hz, H¢), 7.45 (d, J= 8.2
Hz, 2H, H?%), 7.29 (d, J= 8.0 Hz, 1H, H3), 5.60 (s, 2H, H%). LC-MS
(APCI*/ESI): found m/z = 286.0, 288.0 [M+H]* (cal. For
C15HoCIFN3, 285.05, 287.04). Purity: 98%, tr = 0.213 min.

2-chloro-1-(4-fluorobenzyl)-5-(methylsulfonyl)-1H-benzo[d]imidazole (165v)

165v
O
/ 1

s N
e
3 N

4 5
6

F 7

\ o

2

Obtained from 163b (0.250 g, 0.85 mmol) as a white solid (0.208
g, 72% over two steps). R¢(5% MeOH/DCM) 0.42. 'H NMR (300
MHz, Methanol-d4) 6 7.93 — 7.86 (m, 2H, H1.3), 7.58 (d, J= 8.1
Hz, H?), 7.49 (d, J= 8.1 Hz, 2H, H¢), 7.33 (d, J= 7.8 Hz, 1H, H%),
5.59 (s, 2H, H5), 2.81 (s, 3H, H?). LC-MS (APCI*/ESI): found m/z
=339.0, 341.0 [M+H]* (cal. for C15H12CIFN202S, 338.03, 340.03).
Purity: 98%, tr = 0.198 min.

Methyl 2-chloro-1-(4-fluorobenzyl)-1H-benzo[d]imidazole-5-carboxylate (165w)
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Obtained from 163c (0.250 g, 0.91 mmol) as a white solid (0.219
0 g, 75% over two steps). Rf(5% MeOH/DCM) 0.39. 'H NMR (300
Z\OJ\CEN%CI MHz, Methanol-ds4) 6 7.89 — 7.85 (m, 2H, H':3), 7.66 (d, J = 8.3
3 ; N . Hz, H?), 7.43 (d, J= 8.3 Hz, 2H, H¢), 7.29 (d, J= 8.0 Hz, 1H, H%),
d 5.60 (s, 2H, H5), 2.89 (s, 3H, H2). LC-MS (APCI*/ESI): found m/z
’ = 319.0, 321.0 [M+H]* (cal. for C16H12CIFN2O2, 318.06, 320.05).
Purity: 98%, tz = 0.188 min.

General Procedure 9: N-alkylation of 2-chlorobenzimidazoles

A mixture of 2-chlorobenzimidazole, or 124h — 124j (1.0 equiv), alkyl halide (1.2 equiv)
and K2COg3 (2.0 equiv) was either refluxed at 60 °C or stirred at room temperature (15 — 22
°C) in acetone for 2 — 12 hours. After completion (monitored via TLC), the solvent was
removed in vacuo. Water was added to the residue, followed by extracting with DCM (x3).
Combined organic layers were washed with brine (x3), dried over anhydrous Na»>SO4, and
the solvent evaporated in vacuo to give crude residue, which was triturated with n-pentane

to afford the pure products.

2-Chloro-1-methyl-1H-benzo[d]imidazole (12b).

12b Obtained from 2-chlorobenzimidazole (15.0 g, 98.3 mmol) and
1 methyl iodide (7.35 ml, 118 mmol), as a yellow solid (15.8 g,
z@E:%Cl 96%). Rr(5% MeOH/DCM) 0.85. 'H NMR (600 MHz, Methanol-
4 \ ds) 6 7.57 (dd, J = 8.5, 1.1 Hz, 1H, H!), 7.47 (dd, J= 8.1, 1.1

Hz, 1H, H#%), 7.33 (ddd, J= 8.5, 7.3, 1.1 Hz, 1H, H2), 7.28 (ddd,
J=8.1,7.3, 1.2 Hz, 1H, H3), 3.82 (s, 3H, H5). LC-MS (APCI*/ESI): found m/z = 167.0,
169.1 [M — H] - (cal. for CsH,CIN,, 166.03, 168.03). Purity: 99%, tz = 2.474 min.

2-Chloro-1-isopropyl-1H-benzo[d]imidazole (12c)

12¢ Obtained from 2-chlorobenzimidazole (0.400 g, 2.62 mmol) and

, LN 2-iodopropane (320 ul, 3.14 mmol), as a light/pale green solid
3©EN\>—C' (0.436 g, 85%). Rf(5% MeOH/DCM) 0.81. 'H NMR (600 MHz,
N )5\ 6 Methanol-d4) 6 7.68 (dd, J= 8.1, 1.4 Hz, 1H, H!), 7.58 (dd, J=

7.7, 1.5 Hz, 1H, H%), 7.30 (ddd, J = 8.1, 7.3, 1.4 Hz, 1H, H?),
7.26 (ddd, J=7.8, 7.2, 1.3 Hz, 1H, H3), 5.00 (sept, J= 7.0 Hz, 1H, HS), 1.65 (d, J= 7.0 Hz,
6H, H¢). LC-MS (APCI*/ESI): found m/z = 195.1, 197.1 [M - H] - (cal. for C10H1:CINg,
194.06, 196.04). Purity: 99%, tr = 2.690 min.
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4-((2-chloro-1-benzo[d]imidazol-1-yl) methyl)benzonitrile (12d)

12d

Obtained from 2-chlorobenzimidazole (7.00 g, 45.8 mmol) and
4-(bromomethyl)benzonitrile (10.8 g, 55.1 mmol), as a white
crystalline solid (12.1 g, 98%). R (5% MeOH/DCM) 0.65. 'H
NMR (400 MHz, Methanol-d4) 6 7.68 (d, J = 8.4 Hz, 2H, H"),
7.63 (dd, J=6.0, 0.8 Hz, 1H, H1), 7.39 (dd, J=6.5, 1.0 Hz, 1H,
H%), 7.34 (d, J= 8.4 Hz, 2H, H¢), 7.31 - 7.27 (m, 2H, H23), 5.59

(s, 2H, HS). LC-MS (APCI*/ESI): found m/z = 267.9, 269.9 [M+H]* (cal. for Ci5sH10CIN3,
267.06, 269.05). Purity: 99%, tr = 2.505 min.

2-chloro-5,6-difluoro-1-methyl-1H-benzo[d]imidazole (125h)

125h

F ! N
Lo
F N

1 \ 2

Obtained from 124h (0.250 g, 1.32 mmol) and methyl iodide
(99 pl, 1.58 mmol), as a pale/light green solid (0.212 g, 79%).
R (5% MeOH/DCM), 0.93. 'H NMR (400 MHz, Methanol-d4) &
7.42 (dd, J=7.4, 5.3 Hz, 1H, H!), 7.27 (dd, J= 7.5, 5.5 Hz, 1H,

H2), 3.83 (s, 3H, H3). LC-MS (APCI*/ESI): found m/z = 203.0, 205.0 [M+H]* (cal. for
CsHsCIF2N,, 202.01, 204.01). Purity: 99%, tx = 2.587 min.

2,5,6-trichloro-1-methyl-1H-benzo[d]imidazole (125i)

125i
Clu NN
o
Cl N
1 \
2

Obtained from 124i (0.200 g, 0.90 mmol) and methyl iodide (67
ul, 1.08 mmol), as a light purple solid (0.147 g, 69%). Rs (5%
MeOH/DCM), 0.90. 'H NMR (400 MHz, Methanol-d4) 6 7.51 (s,
1H, HY), 7.38 (s, 1H, H?), 3.83 (s, 3H, H3). LC-MS (APCI*/ESI):
found m/z = 234.9, 236.9 [M+H]* (cal. for CsHsCI3N,, 233.95,
235.95). Purity: 98%, tr = 2.501min.

2-chloro-1,5,6-trimethyl-1H-benzo[d]imidazole (125j)

125j

2 1

e

1 \
3

Obtained from 124j (0.240 g, 1.31 mmol) and methyl iodide (99
ul, 1.58 mmol), as a pale yellow solid (0.195 g, 76%). Ry (5%
MeOH/DCM), 0.83. tH NMR (400 MHz, Methanol-ds) 6 7.28 (s,
1H, H1), 7.19 (s, 1H, H%), 3.83 (s, 3H, H9%), 2.44 (s, 3H, H2), 2.40
(s, 3H, H3). LC-MS (APCI*/ESI): found m/z = 195.0, 197.0 [M+H]*
(cal. For C10H11CINg2, 194.06, 196.06). Purity: 97%, tr = 2.444 min.

2-chloro-1-(cyclobutyl methyl)-1H-benzo[d]imidazole (165a)
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Obtained from 2-chlorobenzimidazole (0.150 g, 0.98 mmol) and
(bromomethyl)cyclobutane (0.175 g, 1.18 mmol) as a white solid
(0.201 g, 93%). Rf(6% MeOH/DCM), 0.80. 1H NMR (400 MHz,
DMSO-deg) 6 7.59 (dd, J= 7.9, 1.3 Hz, 1H, H!), 7.32 (dd, J = 8.0,
1.5 Hz, 1H, H*%, 6.83 - 6.70 (m, 2H, H2:3), 4.89 (d, J = 6.2 Hz,
1H, H5), 3.08 (m, 1H, H¢), 1.89 - 1.73 (m, 6H, H78). LC-MS

(APCI*/ESI): found m/z = 221.1 [M+H]* (cal. For Ci12H3CIN,, 220.08). Purity: 98%, & =

2.593 min.

2-chloro-1-(cyclopentyl methyl)-1H-benzo[d]imidazole (165c)

165c

1

2 N
(e
3 N
4 5
6
7

8

Obtained from 2-chlorobenzimidazole (0.150 g, 0.98 mmol) and
(bromomethyl)cyclopentane (0.192 g, 1.18 mmol) as a white solid
(0.213 g, 93%). Ry (6% MeOH/DCM), 0.67. 'H NMR (300 MHz,
DMSO-de) 6 7.66 (dd, J= 8.1, 1.1 Hz, 1H, H?), 7.38 (dd, J= 8.0,
1.5 Hz, 1H, H%), 6.88 — 6.72 (m, 2H, H23), 4.28 (d, J = 6.0 Hz,
1H, H5), 2.94 - 2.89 (m, 1H, H¢), 1.75 - 1.69 (m, 4H, H7), 1.55 -
1.49 (m, 4H, H8). LC-MS (APCI*/ESI): found m/z = 235.1 [M+H]*

cal. For C13H15CIN2, 234.09). Purity: 98%, tr = 2.588 min.
( y

2-chloro-1-(cyclohexyl methyl)-1H-benzo[d]imidazole (165d)

165d

1

2 N
e
3 N
4 5
7

8

Obtained from 2-chlorobenzimidazole (0.150 g, 0.98 mmol) and
(bromomethyl)cyclohexane (0.208 g, 1.18 mmol) as a White solid
(0.233 g, 96%). Rf(6% MeOH/DCM), 0.65. 'H NMR (300 MHz,
DMSO-de) 6 7.54 (dd, J= 7.9, 1.1 Hz, 1H, H?), 7.35 (dd, J= 8.0,
1.2 Hz, 1H, H%, 6.88 - 6.75 (m, 2H, H2:3), 491 (d, J = 5.8 Hz,
1H, H5), 2.88 — 2.85 (m, 1H, H¢), 1.85-1.79 (m, 4H, H7), 1.66 -
1.61 (m, SH, H89). LC-MS (APCI*/ESI): found m/z = 249.1

[M+H]* (cal. For C14H17CIN,, 248.11). Purity: 98%, tx = 2.597 min.

1-benzyl-2-chloro-1H-benzo[d]imidazole (165e¢)
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Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
(chloromethyl)benzene (0.200 g, 1.57 mmol) as a white
crystalline solid (0.314 g, 91%). Rf(4% MeOH/DCM) 0.61. 'H
NMR (300 MHz, Methanol-ds4) 6 7.72 (dd, J= 8.0, 1.5 Hz, 1H, H1),
7.61 - 7.48 (m, 4H, H+78), 7.36 - 7.22 (m, 4H, H23), 7.34 (d, J
= 8.4 Hz, 2H, H¢), 7.31 - 7.27 (m, 2H, H23), 5.61 (s, 2H, H5). LC-
MS (APCI*/ESI]): found m/z = 243.0, 245.0 [M+H]* (cal. For

C14H1:1CIN», 242.06, 264.06). Purity: 99%, tr = 2.508 min.

2-chloro-1-(2-fluorobenzyl)-1H-benzo[d]imidazole (165f)

165f

1

2 N
o
3 N

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
1-(bromomethyl)-2-fluorobenzene (0.296 g, 1.57 mmol) as a
white crystalline solid (0.336 g, 98%). Rr(4% MeOH/DCM) 0.62.
IH NMR (300 MHz, Methanol-d4) 6 7.75 — 7.60 (m, 3H, H.6.7),
7.58 - 7.43 (m, 3H, H*8.9), 7.39 - 7.19 (m, 1H, H23), 5.56 (s, 2H,
HS). LC-MS (APCI*/ESI): found m/z = 261.0, 263.0 [M+H]* (cal.
For C14H10CIFNy, 260.05, 262.05). Purity: 99%, &= 2.587 min.

2-chloro-1-(3-fluorobenzyl)-1H-benzo[d]imidazole (165g)

165¢g

1

2 N
s
3 N

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
1-(bromomethyl)-3-fluorobenzene (0.296 g, 1.57 mmol) as a
white solid (0.326 g, 95%). Ry (4% MeOH/DCM) 0.60. 'H NMR
(300 MHz, Methanol-d4) 6 7.69 — 7.62 (m, 2H, H.8), 7.52 (dt, J =
7.5, 1.3 Hz, 1H, H9), 7.49 — 7.42 (m, 2H, H+7), 7.36 — 7.20 (m,
1H, H239), 5.60 (s, 2H, H5). LC-MS (APCI*/ESI): found m/z =
261.0, 263.0 [M+H]* (cal. For Ci14Hi0CIFN2, 260.05, 262.05).

Purity: 99%, tr = 2.601 min.

2-chloro-1-(4-fluorobenzyl)-1H-benzo[d]imidazole (165h)
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Obtained from 2-chlorobenzimidazole (3.00 g, 19.7 mmol) and
1-(bromomethyl)-4-fluorobenzene (4.46 g, 23.6 mmol) as a white
solid (4.95 g, 97%). Ry(5% MeOH/DCM) 0.61. 'H NMR (300 MHz,
Methanol-d4) 6 7.62 (d, J= 8.0 Hz, 2H, H?), 7.55 (dd, J= 7.5, 0.8
Hz, 1H, HY), 7.33 (dd, J= 7.0, 1.0 Hz, 1H, H%), 7.25 (d, J= 8.0
Hz, 2H, H¢), 7.20 - 6.98 (m, 2H, H23), 5.56 (s, 2H, H5). LC-MS
(APCI*/ESI]): found m/z = 261.0, 263.0 [M+H]* (cal. for

C1sH10CIN3, 260.05, 262.05). Purity: 99%, tr = 2.593 min.

2-chloro-1-(4-methoxybenzyl)-1H-benzo[d]imidazole (165i)

165i

1

2 N
s
3 N

4 5

6
8—0 7

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
1-(bromomethyl)-4-methoxybenzene (0.316 g, 1.57 mmol) as a
white solid (0.278 g, 90%). Ry (5% MeOH/DCM) 0.56. 'H NMR
(300 MHz, Methanol-d4) 6 7.69 (d, J= 8.3 Hz, 2H, H7), 7.58 (dd,
J=17.1,1.1 Hz, 1H, HY), 7.39 (dd, J= 7.0, 1.0 Hz, 1H, H%), 7.30
(d, J= 8.4 Hz, 2H, HS), 7.27 - 7.21 (m, 2H, H2:3), 5.59 (s, 2H, H5),
3.32 (s, 3H, H?8). LC-MS (APCI*/ESI): found m/z = 273.1, 275.1

M+H]* (cal. For Ci5H13CIN2O, 272.07, 274.07). Purity: 99%, tr = 2.495 min.
[ y

2-chloro-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazole (165j)

165j
1

) N
(Lo
3 N

4 5
6

CF; 7

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
1-(bromomethyl)-4-methoxybenzene (0.316 g, 1.57 mmol) as a
white solid (0.359 g, 98%). R;(5% MeOH/DCM) 0.68. 'H NMR
(300 MHz, Methanol-d4) 6 7.63 (d, J= 8.0 Hz, 2H, H7), 7.52 (dd,
J=17.8,1.2Hz, 1H, H}), 7.39 (dd, J= 7.9, 1.0 Hz, 1H, H*%), 7.30
(d, J= 8.0 Hz, 2H, H¢), 7.25-7.19 (m, 2H, H23), 5.58 (s, 2H, H5).

LC-MS (APCI*/ESI): found m/z = 311.0, 313.0 [M+H]* (cal. For Ci5H1oCIF3N2, 310.05,
312.05). Purity: 99%, tz = 2.598 min.

2-chloro-1-(4-(methylsulfonyl)benzyl)- 1H-benzo[d]imidazole (165k)
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Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
(0.391 g, 1.57
mmol) as a white solid (0.375 g, 89%). R¢(5% MeOH/DCM) 0.58.
1H NMR (400 MHz, Methanol-d4) 6 7.69 (d, J = 8.2 Hz, 2H, H7),
7.49 (dd, J=17.5, 1.0 Hz, 1H, H?), 7.32 (d, J = 8.2 Hz, 2H, HY),
7.26 (dd, J=7.8, 1.3 Hz, 1H, H%), 7.20 - 7.11 (m, 2H, H23), 5.60
(s, 2H, H5), 3.39 (s, 3H, H8). LC-MS (APCI*/ESI): found m/z =

1-(bromomethyl)-4-(methylsulfonyl)benzene

321.0, 323.09 [M+H]* (cal. For C15H13CIN202S, 320.04, 322.04). Purity: 99%, tr = 2.495

min.

4-((2-chloro-1H-benzo[d]imidazol-1-yl)methyl)benzene sulfonamide (165l)

1651

1

2 N
sus
3 N

4 5

6

HoN-g” 7

\

O

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
4-(bromomethyl)benzenesulfonamide (0.367 g, 1.57 mmol) as a
white solid (0.341 g, 85%). Ry(5% MeOH/DCM) 0.53. 'H NMR
(300 MHz, Methanol-d4) 6 7.75 (d, J= 8.0 Hz, 2H, H7), 7.53 (dd,
J=7.2,1.0Hz 1H, HY), 7.42 (d, J = 8.0 Hz, 2H, H°), 7.29 (dd, J
=7.5,1.3 Hz, 1H, H%), 7.22 - 7.15 (m, 2H, H23), 5.58 (s, 2H, H5).
LC-MS (APCI*/ESI): found m/z = 306.0, 308.0 [M+H]* (cal. for

C14H12CIN3OS, 305.04, 307.04). Purity: 99%, tzr = 2.435 min.

2-chloro-1-(4-nitrobenzyl)-1H-benzo[d]imidazole (165m)

1

4

O,N

165m

2 N
Gy
3 N

5

6

Obtained from 2-chlorobenzimidazole (0.400 g, 2.62 mmol) and
1-(bromomethyl)-4-nitrobenzene (0.680 g, 3.14 mmol) as a pale-
yellow solid (0.734 g, 97%). Rs(5% MeOH/DCM) 0.70. 'H NMR
(300 MHz, Methanol-d4) 6 7.73 (d, J= 7.9 Hz, 2H, H7), 7.58 (dd,
J=6.9, 1.0 Hz, 1H, H!), 7.40 (dd, J= 6.5, 1.0 Hz, 1H, H*%), 7.30
(d, J=7.9 Hz, 2H, H¢), 7.28 - 7.20 (m, 2H, H23), 5.60 (s, 2H, H5).
LC-MS (APCI*/ESI): found m/z = 287.9, 289.9 [M+H]* (cal. for

C14H10CIN3O2, 287.05, 289.05). Purity: 99%, tr = 2.558 min.

Methyl 4-((2-chloro-1H-benzo[d]imidazol-1-yl)methyl)benzoate (1650)
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Obtained from 2-chlorobenzimidazole (0.400 g, 2.62 mmol) and
methyl 4-(bromomethyl)benzoate (0.720 g, 3.14 mmol) as a white
solid (0.774 g, 98%). Rr (5% MeOH/DCM) 0.60. 'H NMR (400
MHz, Methanol-d4) 6 7.73 (d, J = 8.2 Hz, 2H, H7), 7.66 (dd, J =
6.9, 1.3 Hz, 1H, H!), 7.41 (dd, J= 6.5, 1.1 Hz, 1H, H%), 7.35 (d,
J = 8.2 Hz, 2H, H¢), 7.30 - 7.25 (m, 2H, H23), 5.58 (s, 2H, H9),
3.89 (s, 3H, H?8). LC-MS (APCI*/ESI): found m/z = 301.1, 303.1

M+H]* (cal. for C16H13C1N302, 300.07, 302.06). Purity: 99%, tr= 2.515 min.
[ y

2-chloro-1-((6-methylpyridin-2-yl)methyl)-1H-benzo[d]imidazole (165r)

165r

;
2 N
e
N

4 5
9 N\

\ 6

8

7

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
2-(bromomethyl)-6-methylpyridine hydrobromide (0.420 g, 1.57
mmol) as a dark purple solid (0.281 g, 83%). Rf(5% MeOH/DCM)
0.52. 'H NMR (300 MHz, Methanol-ds4) 6 7.53 (t, J = 8.0 Hz, 1H,
H7), 7.47 (dd, J= 7.2, 1.3 Hz, 1H, H}), 7.39 (dd, J= 6.8, 1.0 Hz,
1H, H%), 7.30 - 7.18 (m, 4H, H23.6:8), 5.60 (s, 2H, HS), 2.35 (s, 3H,
H9). LC-MS (APCI*/ESI): found m/z = 258.0, 260.0 [M+H]* (cal.

For C14H12CIN3, 257.07, 259.07). Purity: 99%, tr = 2.487 min.

2-chloro-1-((6-methylpyridin-3-yl)methyl)-1H-benzo[d]imidazole (165s)

165s

2 : N
O
3 N

Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
S-(bromomethyl)-2-methylpyridine hydrobromide (0.420 g, 1.57
mmol) as a purple solid (0.271 g, 80%). Rf(5% MeOH/DCM) 0.50.
H NMR (300 MHz, Methanol-d4) 6 8.21 (d, J = 1.9 Hz, 1H, HS),
7.88 (dd, J= 8.0, 1.9 Hz, 1H, H¢), 7.49 - 7.42 (m, 1H, H.7), 7.37
(dd, J= 7.1, 1.2 Hz, 1H, H%), 7.29 - 7.22 (m, 4H, H253), 5.58 (s,
2H, H5), 2.36 (s, 3H, H9). LC-MS (APCI*/ESI): found m/z=258.0,

260.0 [M+H]* (cal. For C14H12CINa, 257.07, 259.07). Purity: 98%, tz = 2.490 min.

2-chloro-1-((6-(trifluoromethyl)253yridine-3-yl)methyl)-1H-benzo[d]imidazole (165t)
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Obtained from 2-chlorobenzimidazole (0.200 g, 1.31 mmol) and
5-(bromomethyl)-2-(trifluoromethyl)pyridine (0.376 g, 1.57
mmol) as a white solid (0.402 g, 98%). R¢(5% MeOH/DCM) 0.56.
1H NMR (300 MHz, Methanol-d4) 6 8.12 (d, J = 1.3 Hz, 1H, HS),
7.92 (dd, J=7.5, 1.3 Hz, 1H, H¢), 7.53 - 7.50 (m, 1H, H.7), 7.41
(dd, J=7.5, 1.3 Hz, 1H, H%), 7.30 — 7.24 (m, 4H, H23), 5.60 (s,
2H, H5). LC-MS (APCI*/ESI): found m/z = 312.0, 314.0 [M+H]*
(cal. For C14HoClF3N3, 311.04, 313.04). Purity: 99%, tr = 2.532 min.

165t

N-(4-((2-chloro-1H-benzo[d]imidazol-1-yl)methyl)phenyl)acetamide (165n)

165n Compound 165m (0.400g, 1.38 mmol) was subjected to nitro
1 group reduction following general procedure 2, step 2. After
2®EN\>_C| which, the amine product 165m’ (0.356 g, 1.38 mmol) was
4 \ dissolved in dry THF (5 ml) and cooled to O °C and TEA (1.5
equiv) added. While stirring, acetyl chloride (1.2 equiv) was

8 6
}*N 7 added dropwise. The reaction was quenched with water (5 ml)

and the resulting mixture extracted with EtOAc (3 x 15 ml).
Combined EtOAc phase was washed with brine and dried over anhydrous Na>SO4. The
solvent was evaporated in vacuo, to obtain the product as a light brown solid (0.264 g,
98%). Rr(5% MeOH/DCM) 0.42. 'H NMR (300 MHz, Methanol-d4) 6 7.65 — 7.59 (m, 2H,
HY7), 7.42 (dd, J= 6.9, 1.0 Hz, 1H, H%), 7.31 (d, J = 8.2 Hz, 2H, H¢), 7.29 - 7.22 (m, 2H,
H23), 5.60 (s, 2H, HS), 2.19 (s, 3H, H8). LC-MS (APCI*/ESI): found m/z = 300.1, 302.1
[M+H]* (cal. for C16H14CIN3O, 299.08, 301.08). Purity: 99%, tr = 2.450 min.

4-((2-chloro-1H-benzo[d]imidazol-1-yl)methyl)benzoic acid (165p)

165p Compound 1650 (0.400 g, 1.31 mmol) was dissolved in methanol

) NN (15 ml) and 2M KOH added (3.3 ml, 6.55 mmol). The resulting
\

3®EN>_ cl mixture was refluxed at 79 °C for 2 hr. After completion, the

4
° solution was cooled to O °C, and while stirring the mixture was

6 acidified with 3N HCI to pH 2. The carboxylic acid precipitate was
filtered and dried as an off white solid (0.378 g, 98%). Ry (5%
MeOH/DCM) ~0.05. 'H NMR (300 MHz, Methanol-d4) 6 7.78 (d, J= 8.2 Hz, 2H, H7), 7.61
(dd, J= 8.3, 1.5 Hz, 1H, H}), 7.42 (dd, J= 7.1, 1.3 Hz, 1H, H%), 7.32 (d, J = 8.2 Hz, 2H,
H¢), 7.30 - 7.25 (m, 2H, H2:3), 5.59 (s, 2H, HS5), 4.00 (s, 3H, H8). LC-MS (APCI*/ESI): found

HO,C 7
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m/z=287.1,289.1 [M+H]* (cal. for C15H11CIN20O2, 286.05, 288.05). Purity: 99%, tr= 0.289

min.

4-((2-chloro-1H-benzo[d]imidazol-1-yl)methyl)-N-methyl benzamide (165q)

165q Following EDCI/DMAP amide coupling in general procedure 3,

, N obtained from165p (0.200, 0.69 mmol) and methylamine (2M in
3©[N\>_CI THF, 1.2 equiv) as a brown solid (0.125 g, 98%). Ry (5%

4 5 MeOH/DCM) 0.40. 'H NMR (300 MHz, Methanol-d4) 6 7.69 -

. 5 7.55 (m, 2H, HY.7), 7.39 (dd, J= 7.1, 1.0 Hz, 1H, H%), 7.32 (d, J =
8/N 4 7 8.4 Hz, 2H, H¢), 7.28 — 7.22 (m, 2H, H2.3), 5.58 (s, 2H, H5), 4.02

(s, 3H, H?8). LC-MS (APCI*/ESI): found m/z=300.1, 302.1 [M+H]*
(cal. for C16H14CIN30, 299.08, 301.08). Purity: 99%, tr = 2.461 min.

General Procedure 10: Preparation of Meldrum acid Enamine Intermediates

A solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (1.5 equiv) in triethyl orthoformate (5
equiv) was refluxed at 148 °C for 1 h. The mixture was then cooled to room temperature
and an appropriate 3-substituted aniline (1.0 equiv) was added to the solution. The
mixture was further refluxed at 148 °C for 2 h, then cooled to room temperature (25 °C).

The precipitates were filtered and washed with diethyl ether to give pure products.

5-(((3-fluorophenyl)amino)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (198a)

. 198a Obtained from 3-fluoroaniline (1.00 g, 9.0 mmol) as a yellow

3 1 o solid (2.26 g, 95%). Rf(20% EtOAc/Hexane), 0.45. 1H NMR

F/©\N/G\jj\o (400 MHz, DMSO-de) 6 11.25 (d, J = 14.4 Hz, 1H, HS5), 8.59

toeh o 0&7 (d, J= 14.4 Hz, 1H, H¢), 7.58 (d, J= 10.8 Hz, 1H, H%), 7.51

- 7.37 (m, 2H, H1.3), 7.09 (td, J = 8.1, 2.3 Hz, 1H, H?), 1.68

(s, 6H). LC-MS (APCI*/ESI): found m/z = 266.1 [M+H]* (cal. For Ci13H12FNO4, 265.08).
Purity: 98%, tr = 2.468 min.

5-(((3-bromophenyl)amino)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (198b)

Obtained from 3-bromoaniline (1.00 g, 5.81 mmol) as a yellow

198b
S/@ o crystalline solid (1.82 g, 98%). Ry(20% EtOAc/Hexane), 0.38.

6
Br ijo 1H NMR (400 MHz, DMSO-de) 6 11.23 (d, J= 14.1 Hz, 1H, H9),
oo N | 8T (d, J=14.1 Hz, 1H, H¢), 7.90 (t, J= 2.2 Hz, 1H, H%), 7.58

(d, J = 8.0 Hz, 1H, HY), 7.44 (d, J = 8.0 Hz, 1H, H3), 7.37 (t, J
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= 8.0 Hz, 1H, H?), 1.67 (s, 6H, H?). LC-MS (APCI*/ESI): found m/z = 326.0, 328.0 [M+H]*
(cal. For C13H12BrNO4, 324.99, 326.99). Purity: 98%, tr = 2.462 min.

2,2-dimethyl-5-(((3-(trifluoromethyl)phenyl)amino)methylene)-1,3-dioxane-4,6-
dione (198c)

, 198c Obtained from 3-(trifluoromethyl)aniline (1.00 g, 6.21 mmol)

3 1 o) as a brown solid (1.92 g, 98%). Rf(20% EtOAc/Hexane), 0.41.

CFs@\”yO 1H NMR (400 MHz, DMSO-de) 6 11.25 (d, J= 14.0 Hz, 1H, H5),

5 0 0&7 8.57 (d, J = 14.0 Hz, 1H, H¢), 8.09 (dd, J = 2.0, 1.3 Hz, 1H,

H%), 7.92 - 7.81 (m, 1H, HY), 7.69 (ddd, J = 7.8, 2.0, 1.5 Hz,

1H, H3), 7.59 (dd, J= 7.9, 6.9 Hz, 1H, H?),1.67 (s, 6H, H7). LC-MS (APCI*/ESI): found m/z
= 316.1 [M+H]* (cal. For C14H12F3NO4, 315.07). Purity: 99%, tr = 2.402 min.

3-(((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl) amino) benzonitrile (198d)

Obtained from 3-aminobenzonitrile (1.00 g, 8.46 mmol) as a

3 A 1 o yellow solid (2.21 g, 96%). Rf(20% EtOAc/Hexane), 0.25. 1H

NC/Q\”/%A)J\O NMR (400 MHz, DMSO-ds) 6 11.30 (d, J = 14.3 Hz, 1H, H5),

5 0o o/b 8.64 (d, J=14.3 Hz, 1H, H¢), 8.16 (t, J= 1.9 Hz, 1H, H%), 7.97

-7.85 (m, 1H, HY), 7.77 - 7.67 (m, 1H, H3), 7.61 (t, J= 7.9 Hz,

1H, H2), 1.68 (s, 6H, H7). LC-MS (APCI*/ESI): found m/z = 273.0 [M+H]* (cal. For
C14H12N204, 272.08). Purity: 98%, tr = 2.231 min.

198d

2,2-dimethyl-5-(((3-(trifluoromethoxy)phenyl)amino)methylene)-1,3-dioxane-4,6-
dione (198e)
, 198e Obtained from 3-(trifluoromethoxy)aniline (1.00 g, 5.64
3/©\1 0 mmol) as a yellow solid (1.83 g, 98%). Rf(20% EtOAc/Hexane),
o ”/G\I‘\O 0.39. NMR (400 MHz, DMSO-de) 6 11.28 (d, J= 14.5 Hz, 1H,
I HS), 8.61 (d, J= 14.5 Hz, 1H, HS), 7.33 (t, J = 8.2 Hz, 1H, H?),
7.18 (t, J=2.1 Hz, 1H, H%), 7.09 (dd, J= 8.2, 2.1 Hz, 1H, H}),
6.89 (dd, J= 8.2, 2.1 Hz, 1H, H3), 1.69 (s, 6H, H?). LC-MS (APCI*/ESI): found m/z = 332.1
[M+H]* (cal. For Ci14H12F3NOs, 331.07). Purity: 98%, tr = 2.495 min.
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5-(((3-methoxyphenyl)amino)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (198f)

198f Obtained from 3-methoxyaniline (1.00 g, 8.12 mmol) as a

3 2 ] o yellow solid (2.09 g, 93%). R¢(20% EtOAc/Hexane), 0.30. NMR

O/©\N/7\ijo (400 MHz, DMSO-de) 6 11.21 (d, J= 14.5 Hz, 1H, H¢), 8.60 (d,

L 7 M o O/%s J=14.5 Hz, 1H, H7), 7.33 (t, J= 8.3 Hz, 1H, H2), 7.20 (t, J =

2.1 Hz, 1H, H5), 7.11 (dd, J= 8.3, 2.1 Hz, 1H, H!), 6.83 (dd, J

= 8.3, 2.1 Hz, 1H, H3), 3.80 (s, 3H, H%), 1.67 (s, 6H, H8). LC-MS (APCI*/ESI): found m/z =
278.1 [M+H]* (cal. For C14H15NOs, 277.10). Purity: 98%, tr = 2.304 min.

2,2-dimethyl-5-(((3-nitrophenyl)amino)methylene)-1,3-dioxane-4,6-dione (198g)

198g Obtained from 3-nitroaniline (1.00 g, 7.24 mmol) as a yellow

3 1 0 solid (2.07 g, 98%). Rf(20% EtOAc/Hexane), 0.35. NMR (400

OZN/Q\H/G\ILO MHz, DMSO-de) 6 11.19 (d, J= 14.3 Hz, 1H, H5), 8.59 (d, J=

e O/%7 14.3 Hz, 1H, H¢), 7.33 (t, J= 8.0 Hz, 1H, H?), 7.26 (t, J= 1.9

Hz, 1H, H%), 7.10 (dd, J = 8.0, 1.9 Hz, 1H, H!), 6.93 (dd, J =

8.0, 1.8 Hz, 1H, H3), 1.68 (s, 6H, H?). LC-MS (APCI*/ESI): found m/z = 293.1 [M+H]* (cal.
for C13H12N206, 292.07). Purity: 98%, tr = 2.300 min.

General Procedure 11: Preparation of 4-chloroquinoline intermediates

A mixture of Meldrum’s acid enamine (198a - j) and diphenyl ether (10 ml) were irradiated
under microwave at 225 °C for 5 min. Diethyl ether (10 ml) was added to the mixture, and
the resulting precipitates were collected and washed with ether to give a mixture of 7- and

S-substututed quinolin-4-ols in quantitative yields.

Without purification nor characterization, these intermediates were suspended in dry
toluene (5 ml) and POCl3 (2 equiv) was added. The mixture was stirred for 2 h at 100 °C,
then cooled to room temperature (23 °C). Excess POCls was quenched by adding ice water
(5 ml) and the resulting aqueous mixture was extracted with DCM (3 x 20 ml). The organic
phase was dried over anhydrous Na>SO4, and the solvent was removed in vacuo. The 7-
chloroquinoline products were separated by flash chromatography using 8 — 20%

EtOAc/Hexane.

4-chloro-7-fluoroquinoline (201a)
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Obtained from 198a (1.00 g, 3.77 mmol) as a white solid (0.504

201a
ol g, 73%). Rf(20% EtOAc/Hexane), 0.41. 1H NMR (400 MHz, DMSO-
1
ms ds) 6 8.85 (d, J = 4.2 Hz, 1H, H%), 8.24 (dd, J = 9.5, 1.5 Hz, 1H,
FYY N H3), 7.85 (dd, J= 9.2, 2.2 Hz, 1H, H!), 7.74 (d, J= 4.2 Hz, 1H, H5),

7.72 - 7.65 (m, 1H, H2). LC-MS (APCI*/ESI): found m/z = 182.0,
184.0 [M+H]* (cal. For CoHsCIFN, 181.01, 183.00). Purity: 99%, t = 2.435 min.

7-bromo-4-chloroquinoline (201b)

Obtained from 198b (1.00 g, 3.07 mmol) as a white solid (0.586

201b
ol g, 79%). R;(20% EtOAc/Hexane), 0.38. 1H NMR (400 MHz, DMSO-
1
i@\/js de) 6 8.87 (d, J= 4.8 Hz, 1H, H4), 8.32 (d, J= 1.7 Hz, 1H, H3), 8.13
Br” 7 N (dd, J=8.9, 1.7 Hz, 1H, H2), 7.90 (d, J = 8.9 Hz, 1H, H), 7.82 (d,

J=4.8 Hz, 1H, H5). LC-MS (APCI*/ESI): found m/z = 241.9, 243.9
[M+H]* (cal. For CoHsBrCIN, 240.9, 242.9). Purity: 99%, t = 2.567 min.

4-chloro-7-(trifluoromethyl)quinoline (201c)
Obtained from 198c (1.00 g, 3.17 mmol) as a white solid (0.436

201c
e g, 59%). Rf(20% EtOAc/Hexane), 0.35. 'H NMR (600 MHz, DMSO-
ms ds) 8 9.00 (d, J= 4.7 Hz, 1H, H), 8.47 — 8.38 (m, 2H, H13), 8.03
4
CFs 5 N (dd, J= 8.7, 1.9 Hz, 1H, H2), 7.96 (d, J = 4.7 Hz, 1H, H5). LC-MS

(APCI*/ESI): found m/z = 232.0, 234.0 [M+H]* (cal. For
C10HsCIF3N, 231.01, 233.00). Purity: 98%, tr = 2.523 min.

4-chloroquinoline-7-carbonitrile (201d)

Obtained from 198d (1.00 g, 3.68 mmol) as a white solid (0.454

201d

.o g, 65%). Ry(20% EtOAc/Hexane), 0.32. 'H NMR (400 MHz, DMSO-

mS de) 6 8.99 (d, J= 4.8 Hz, 1H, H%), 8.68 (d, J= 1.5 Hz, 1H, H3), 8.34
=4

NC™ 5 N (dd, J= 8.7, 1.5 Hz, 1H, H?), 8.05 (d, J = 8.7 Hz, 1H, H1), 7.95 (d,

J= 4.8 Hz, 1H, H5). LC-MS (APCI*/ESI): found m/z = 189.0, 191.0
[M+H]* (cal. For C1oHsCIN2, 188.01, 190.01). Purity: 98%, tz = 2.301 min.

4-chloro-7-(trifluoromethoxy)quinoline (201e)
Obtained from 198e (1.00 g, 3.02 mmol) as a white solid (0.421

201e

1 cl g, 56%). Rf(20% EtOAc/Hexane), 0.40. 'TH NMR (400 MHz, DMSO-
m5 de) 6 8.92 (d, J = 4.8 Hz, 1H, H%), 8.34 (dd, J= 9.2, 1.5 Hz, 1H,
4
gF 5 N H?), 8.02 (d, J= 1.5 Hz, 1H, H3), 7.84 (d, J= 4.8 Hz, 1H, HS), 7.77
3
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(d, J = 9.2 Hz, 1H, H!). LC-MS (APCI*/ESI): found m/z = 248.0, 250.0 [M+H]* (cal. For
C10HsCIF3NO, 247.00, 249.00). Purity: 98%, tz = 2.568 min.

4-chloro-7-methoxyquinoline (201f)
Obtained from 198f (1.00 g, 3.61 mmol) as a white solid (0.338 g,

201f
cl 48%). Rr(20% EtOAc/Hexane), 0.25. 1H NMR (600 MHz, DMSO) &
1
ms 8.75 (d, J= 4.8 Hz, 1H, H5), 8.09 (d, J= 9.2 Hz, 1H, HI), 7.58 (d,
07 N J= 4.8 Hz, 1H, HS), 7.47 (d, J= 2.6 Hz, 1H, H4), 7.40 (dd, J= 9.2,
3

2.6 Hz, 1H, H2), 3.95 (s, 3H, H3). LC-MS (APCI*/ESI): found m/z =
194.0, 196.0 [M+H]* (cal. For C10HsCINO, 193.03, 195.03). Purity: 98%, tx = 2.326 min.

4-chloro-7-nitroquinoline (201g)
Obtained from 198g (1.00 g, 3.42 mmol) as a white solid (0.453

201g
Cl g, 63%). Rf(20% EtOAc/Hexane), 0.38. 1TH NMR (600 MHz, DMSO-
]
i@\)jii ds) 6 9.06 (d, J=4.7 Hz, 1H, H%), 8.87 (d, J= 1.1 Hz, 1H, H3), 8.50
O2N N4 - 843 (m, 2H, H%?), 8.02 (d, J = 4.7 Hz, 1H, H5). LC-MS

3

(APCI*/ESI): found m/z = 209.0, 211.0 [M+H]* (cal. for
CoHsCIN202, 208.00, 210.00). Purity: 98%, tr = 2.495 min.

General Procedure 12: Preparation of 2-aminobenzimidazoles via SyAr between

amines and 2-chlorobenzimidazoles

A mixture of an appropriate 2-chlorobenzimidazole (1.0 equiv), an appropriate mono N-
tert-butyl or N-ethyl carboxylate protected cyclic diamine (1.5 equiv), and TEA (2.0 equiv)
was stirred at 155 °C in a seal tube for 6 — 36 hours. Alternatively, the mixture would be
irradiated in a microwave reactor for 5 — 30 minutes at 150 °C, using toluene as solvent.
After completion (monitored via TLC), the residue was cooled and diluted with 10%
MeOH/DCM. The mixture was washed with saturated NaHCO3 solution (x3), then brine
(x1), and dried over anhydrous Na>SO4. The solvent was evaporated in vacuo to obtain a
crude residue which was either triturated with n-pentane (or diethyl ether) or purified via

flash column chromatography to afford the pure products.

Ethyl 4-((1 H-benzo[d]imidazol-2-yl)amino)piperidine-1-carboxylate (13a)
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Obtained from 2-chlorobenzimidazole (5.0 g, 32.8 mmol) and

1357l ?_ O>=O ethyl 4-aminopiperidine-1-carboxylate (8.46 g, 49.1 mmol), as

N a light brown solid (8.22 g, 79%). Rf(10% MeOH/DCM), 0.35.

s AN ° IH NMR (600 MHz, Methanol-ds) & 7.18 (dd, J = 5.8, 3.2 Hz,
ZCEN\%NH 2H, H?), 6.95 (dd, J = 5.8, 3.2 Hz, 2H, H1), 4.11 (q, J = 7.1 Hz,
toH 2H, HS), 4.09 (m, 2H, H5), 3.80 (tt, J = 10.6, 4.0 Hz, 1H, H3),

3.05 - 2.99 (m, 2H, H5), 2.08 - 2.01 (m, 2H, H%4), 1.48 - 1.39
(m, 2H, H%), 1.25 (t, J= 7.1 Hz, 3H, H7). LC-MS (APCI*/ESI): found m/z = 289.0 [M+H] *
(cal. For Ci15H2ooN4O2, 288.16). Purity: 98%, tr = 2.258 min.

2-chloro-1-methyl-1H-benzo|[d]imidazole (13b)
Obtained from 12b (13 g, 77.4 mmol) and ethyl 4-

13b
;_ o aminopiperidine-1-carboxylate (20.0 g, 116 mmol), as a brown
10 \ O crystalline solid (19.8 g, 85%). Rys(5% MeOH/DCM), 0.48. 'H
] Qe /8 NMR (400 MHz, Methanol-ds4) 6 7.28 (dd, J = 7.7, 0.9 Hz, 1H,
N
2@[ SNH H1), 7.12 (dd, J = 7.9, 1.0 Hz, 1H, H%), 7.04 (ddd, J = 7.7, 7.1,
3
TN 0.9 Hz, 1H, H2), 6.99 (ddd, J= 8.0, 7.1, 1.1 Hz, 1H, H3), 4.51 —
5

4.44 (m, 2H, H8), 4.13 (q, J= 7.1 Hz, 2H, H9), 3.92 (tt, J= 11.1,
4.0 Hz, 1H, H6), 3.51 (s, 3H, H5), 3.07 — 2.95 (m, 2H, Hs), 2.09 — 1.99 (m, 2H, H7), 1.50 -
1.51 (m, 2H, H7), 1.27 (t, J = 7.1 Hz, 3H, H19). LC-MS (APCI+/ESI): found m/z = 303.2
[M+H] * (cal. For C16H20N402, 302.17). Purity: 99%, t = 2.381 min.

Ethyl 4-((1-isopropyl-1H-benzo[d]imidazol-2-yl) amino) piperidine-1-carboxylate
(13c)

Obtained from 12c¢ (0.400 g, 2.04 mmol) and ethyl 4-
10/_ o aminopiperidine-1-carboxylate (0.526 g, 3.06 mmol), as a
1 =0 brown solid (0.538 g, 80%). Rf(5% MeOH/DCM), 0.55. 'H NMR

N
1 </7 Yo (400 MHz, Methanol-ds) 6 7.34 (dd, J = 7.6, 1.2 Hz, 1H, H),
ZCEN\*NH ° 7.29 (dd, J= 7.7, 1.2 Hz, 1H, H%), 7.02 (ddd, J= 7.7, 7.2, 1.3
Y B\ Hz, 1H, H3), 6.96 (ddd, J= 7.6, 7.2, 1.3 Hz, 1H, H2), 4.58 (sept,
5 6

J= 6.9 Hz, 1H, H5), 4.20 - 4.07 (m, 4H, H%.10), 3.92 (tt, J= 10.8,
4.0 Hz, 1H, H7), 3.06 — 2.95 (m, 2H, H9), 2.13 - 2.06 (m, 2H, H8), 1.56 (d, J = 6.9 Hz, 6H,
H6), 1.54 — 1.43 (m, 2H, H8), 1.27 (t, J = 7.1 Hz, 3H, H!1). LC-MS (APCI*/ESI): found m/z
= 331.2 [M+H] * (cal. For C1sH26N402, 330.21). Purity: 99%, t = 2.501 min.
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13d

CN
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amino) piperidine-1-
Obtained from 12d (9.00 g, 33.5 mmol) and tert-butyl 4-
aminopiperidine-1-carboxylate (10.1 g, 50.2 mmol), as a light
brown solid (8.67 g, 60%). Rf(10% MeOH/DCM), 0.68. 'H NMR
(600 MHz, Methanol-d4) 6 7.64 (d, J = 8.6 Hz, 2H, H7), 7.32 (dd,
J=17.9, 1.1 Hz, 1H, HY), 7.22 (d, J= 8.6 Hz, 2H, H¢), 7.04 (ddd,
J=79, 7.2, 1.3 Hz, 1H, H?), 6.97 (dd, J= 8.2, 1.3 Hz, 1H, H%),
6.93 (ddd, J= 8.2, 7.2, 1.1 Hz, 1H, H3), 5.34 (s, 2H, H5), 4.07 -
4.02 (m, 2H, H19), 3.94 (tt, J=11.0, 4.0 Hz, 1H, H8), 2.99 — 2.88

(m, 2H, H10), 2.05 - 2.00 (m, 2H, H9), 1.51 - 1.32 (m, 11H, H%11). LC-MS (APCI*/ESI):
found m/z = 432.2 [M+H] * (cal. For C25H29N502, 431.23). Purity: 98%, tk = 2.673 min.

Tert-butyl
carboxylate (56a)

56a

CN

(R)-3-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)amino)pyrrolidine-1-

Obtained from 12d (0.300 g, 1.12 mmol) and tert-butyl (S)-3-
aminopyrrolidine-1-carboxylate (293 pl, 1.68 mmol) as a light
brown solid (0.304 g, 65%). Rf(10% MeOH/DCM), 0.50. 'H NMR
(600 MHz, Methanol-d4) 6 7.70 (d, J= 8.3 Hz, 2H, H7), 7.49 (dd,
J=17.9, 1.2 Hz, 1H, H!), 7.38 (d, J = 8.3 Hz, 2H, H¢), 7.32 (ddd,
J=79,7.0, 1.4 Hz, 1H, H?), 7.28 (dd, J= 8.1, 1.2 Hz, 1H, H%),
7.25 (ddd, J=8.1,7.0, 1.4 Hz, 1H, H3), 5.62 (s, 2H, H5), 4.70 (tt,
J=6.8,4.2 Hz, 1H, H8), 3.73 (dd, J=12.9, 6.8 Hz, 1H, H!?), 3.55

- 3.47 (m, 2H, H!0.11), 3.40 (ddd, J=11.5, 8.4, 5.7 Hz, 1H, H!9), 2.55 (ddd, J= 15.0, 8.4,
6.8 Hz, 1H, H9), 2.29 (ddd, J = 11.5, 8.2, 4.1 Hz, 1H, H9), 1.48 (s, 9H, H!2). LC-MS
(APCI*/ESI): found m/z = 418.2 [M+H] * (cal. for C24H27NsO2, 417.22). Purity: 99%, tr =

2.801 min.

Tert-butyl (S)-3-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl) amino) pyrrolidine-1-

carboxylate (56b)
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Obtained from 12d (0.200 g, 0.75 mmol) and tert-butyl (R)-3-
12/% aminopyrrolidine-1-carboxylate (192 pl, 1.12 mmol) as a light
10 i brown solid (0.243 g, 78%). Rf(10% MeOH/DCM), 0.50. 1H NMR
n 9@1“: O (600 MHz, Methanol-ds) 6 7.68 (d, J = 8.4 Hz, 2H, H7), 7.43 (dd,
SCE'\?—NH J=17.8,1.2 Hz, 1H, HY), 7.39 (d, J = 8.4 Hz, 2H, H¢), 7.30 (ddd,
4 5\\©\ J=17.8,7.0, 1.2 Hz, 1H, H?), 7.26 (dd, J = 8.0, 1.2 Hz, 1H, H%),
6 o 7.21 (ddd, J= 8.0, 7.0, 1.4 Hz, 1H, H3), 5.63 (s, 2H, H9), 4.66 (tt,
J=7.1,4.0 Hz, 1H, H8), 3.70 (dd, J= 12.5, 7.1 Hz, 1H, H11), 3.57
- 3.48 (m, 2H, H10.11)  3.35 (ddd, J= 10.5, 8.9, 5.0 Hz, 1H, H!9), 2.53 (ddd, J= 15.0, 8.9,
7.1 Hz, 1H, H9), 2.21 (ddd, J = 11.5, 8.9, 4.0 Hz, 1H, H9), 1.46 (s, 9H, H!2). LC-MS
(APCI*/ESI): found m/z = 418.2 [M+H] * (cal. for C24H27NsO2, 417.22). Purity: 98%, tr =
2.876 min.

56b

Tert-butyl-6-(1-(4-cyanobenzyl)-1-benzo[d]imidazol-2-yl)-2,6-diazaspiro[3.4]octane-
2-carboxylate (56c)

Obtained from 12d (0.151 g, 0.57 mmol) and tert-butyl 2,6-
19( diazaspiro [3.4] octane-2-carboxylate (181 g, 0.85 mmol) after
o

56c¢

1 12 NAO irradiation under microwave for 6 min, as a white crystal
2®EN\>_N8<3C/“ (0.173 g, 55%). Rs(7% MeOH/DCM), 0.63. H NMR (600 MHz,
3 Z N s 10 Methanol-d4) 6 7.69 (d, J = 8.3 Hz, 2H, H7), 7.40 (dd, J= 7.9,

1.2 Hz, 1H, HY), 7.28 (d, J= 8.3 Hz, 2H, H¢), 7.13 (ddd, J= 7.9,
de 7.4, 1.2 Hz, 1H, H?), 7.10 (dd, J = 8.0, 1.3 Hz, 1H, H%), 7.04
(ddd, J= 8.0, 7.4, 1.2 Hz, 1H, H3), 5.49 (s, 2H, H5), 3.84 (br-s,
4H, H11.12), 3.69 (s, 2H, H?), 3.58 (t, J= 6.9 Hz, 2H, H9), 2.15 (t, J= 6.9 Hz, 2H, H19), 1.43
(s, 9H, H13). LC-MS (APCI*/ESI): found m/z = 444.2 [M+H] * (cal. for C26H29Ns502, 443.23).
Purity: 99%, tr = 2.409 min

NC 7

Tert-butyl 4-(1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)piperazine-1-carboxylate
(56d)
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Following general procedure 4, obtained from 12d (0.500 g,

56d
1 ﬂé 1.87 mmol) and tert-butyl piperazine-1-carboxylate (0.522 g,
2 @EN%N/_\N _{) 2.80 mmol) after irradiation under microwave for 6 min. Pale
N, s yellow solid (0.593 g, 76%). R;(10% MeOH/DCM), 0.48. 'H

NMR (600 MHz, Methanol-ds4) 6 7.69 (d, J = 8.4 Hz, 2H, H),
7.53 (dd, J=7.9, 0.9 Hz, 1H, H1), 7.32 (d, J= 8.4 Hz, 2H, H9),
7.19 (ddd, J= 7.9, 5.8, 1.0 Hz, 1H, H?), 7.15 - 7.12 (m, 2H,
H3.4), 5.44 (s, 2H, H5), 3.61 — 3.49 (br, 4H, H9), 3.21 — 3.12 (m, 4H, HS8), 1.47 (s, 9H, H19).
LC-MS (APCI*/ESI): found m/z = 418.2 [M+H] * (cal. for Co4H27NsO2, 417.22). Purity: 99%,
tr = 2.574 min.

Tert-butyl (R)-4-(1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)-2-methylpiperazine-1-
carboxylate (56¢€)

Obtained from 12d (0.250 g, 0.93 mmol) and tert-butyl (R)-2-
methylpiperazine-1-carboxylate (0.281 g, 1.40 mmol) after
irradiation under microwave for 25 min, as a white solid
(0.290 g, 72%). R (10% MeOH/DCM), 0.55. 'H NMR (600
MHz, Methanol-d4) 6 7.69 (d, J = 8.7 Hz, 2H, H?), 7.53 (dd, J
= 8.0, 0.9 Hz, 1H, HY), 7.28 (d, J= 8.7 Hz, 2H, H¢), 7.20 (ddd,
J=8.0, 6.8, 1.6 Hz, 1H, H?), 7.17 (dd, J = 8.1, 1.6 Hz, 1H,
H4), 7.14 (ddd, J= 8.1, 6.8, 1.1 Hz, 1H, H3), 5.47 (s, 2H, HS), 4.32 - 4.25 (m, 1H, H9), 3.93
- 3.88 (m, 1H, H!1), 3.45 - 3.38 (m, 1H, H109), 3.29 - 3.23 (m, 1H, H!!), 3.22 (dd, J=12.3,
2.0 Hz, 1H, Hs&¢), 3.13 (dd, J= 12.3, 3.7 Hz, 1H, H8), 2.97 (td, J= 12.2, 3.4 Hz, 1H, H10),
1.46 (s, 9H, H13), 1.19 (d, J = 6.8 Hz, 3H, H!2). LC-MS (APCI*/ESI): found m/z = 432.2
[M+H]* (cal. for C25H2oNs502, 431.23). Purity: 99%, tr = 2.599 min.

Ethyl 4-((5,6-difluoro-1-methyl-1H-benzo[d]imidazol-2-yl)
carboxylate (130h)

amino) piperidine-1-

Obtained from 125h (0.180 g, 0.88 mmol) and tert-butyl 4-
aminopiperidine-1-carboxylate (0.265 g, 1.32 mmol), as a
brown solid (0.184 g, 57%). Rf(5% MeOH/DCM), 0.78. 'H
NMR (400 MHz, DMSO-de) 6 7.40 (dd, J = 7.4, 5.3 Hz, 1H,
HY), 7.32 (dd, J= 7.5, 5.5 Hz, 1H, H?), 6.69 (d, J = 7.6 Hz,
1H, H%), 4.51 — 4.42 (m, 2H, H7), 3.91 (tt, J= 11.2, 4.0 Hz,
1H, HS), 3.52 (s, 3H, H3), 3.09 — 2.98 (m, 2H, H73), 2.15 - 2.06 (m, 2H, H¢), 1.59 — 1.51

8>LO
130h >=o
N

1 7

L
F N !

2 \ 3
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(m, 2H, Héa), 1.39 (s, 9H, H8). LC-MS (APCI*/ESI): found m/z = 367.2 [M+H]* (cal. for
C18H24F2N4O2, 366.19). Purity: 98%, tx = 2.579 min.

Ethyl 4-((5,6-dichloro-1-methyl-1H-benzo[d]imidazol-2-yl)
carboxylate (130i)

8>LO>=O
N

7

amino) piperidine-1-

Obtained from 125i (0.130 g, 0.55 mmol) and tert-butyl 4-
aminopiperidine-1-carboxylate (0.166 g, 0.83 mmol), as a
light brown solid (0.143 g, 65%). Rf(5% MeOH/DCM), 0.79.
1H NMR (400 MHz, DMSO-de) 6 8.12 (s, 1H, H1), 8.03 (s, 1H,
H2), 6.70 (d, J= 7.3 Hz, 1H, H%), 4.51 - 4.46 (m, 2H, H7¢), 3.92
(tt, J=10.9, 4.1 Hz, 1H, H5), 3.52 (s, 3H, H3), 3.10 - 3.02 (m,
2H, H7), 2.09 - 2.00 (m, 2H, H¢¢), 1.52 - 1.47 (m, 2H, H¢), 1.39 (s, 9H, H8). LC-MS
(APCI*/ESI): found m/z = 399.1, 401.1 [M+H]* (cal. for C18H24C12N4O2, 398.13, 400.12).
Purity: 96%, tk = 2.530 min.

130i

1

Cl N gz—g
TL .
Cl N

2 \'3

Ethyl 4-((1,5,6-trimethyl-1H-benzo[d]imidazol-2-yl) amino) piperidine-1-carboxylate
(130j)

130 Obtained from 125j (0.180 g, 0.91 mmol) and tert-butyl 4-
J
aminopiperidine-1-carboxylate (0.276 g, 1.38 mmol), as a

1

10>LO>=O
N

9
7

light brown solid (0.225 g, 69%). Rs(5% MeOH/DCM), 0.69.
1H NMR (400 MHz, DMSO-de) 6 7.37 (s, 1H, H1), 7.22 (s, 1H,

H%), 6.65 (d, J= 7.2 Hz, 1H, H¢), 4.54 — 4.46 (m, 2H, H%), 3.92
(tt, J= 10.9, 4.2 Hz, 1H, H7), 3.51 (s, 3H, H?%), 3.07 — 2.99 (m,
° 2H, H9%), 2.24 (s, 3H, H2), 2.19 (s, 3H, H3), 2.11 - 1.10 (m, 2H,

Hse), 1.51 — 1.44 (m, 2H, H88), 1.32 (s, 9H, H19). 13C NMR (151
MHz, DMSO-de) 6 155.37, 148.83, 141.43, 134.66, 131.86, 130.93, 115.73, 60.87, 50.80
(2C), 48.30, 32.18, 31.09 (2C), 19.89, 19.62, 13.93 (3C). LC-MS (APCI*/ESI): found m/z =
359.2 [M+H]* (cal. for C20H30N4O2, 358.24). Purity: 98%, tr = 2.499 min.

poces

3 ) \

Tert-butyl 4-((7-chloroquinolin-4-yl)amino)piperidine-1-carboxylate (170)
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Obtained from 4,7-dichloroquine (5.00 g, 25.2 mmol) and
0 tert-butyl 4-aminopiperidine-1-carboxylate (7.60 g, 37.9
i@xjj\oﬁ mmol), as a pale-yellow solid (7.11 g, 78%). Ry (10%
°HN : MeOH/DCM), 0.59. 'H NMR (400 MHz, DMSO-ds) 6 8.38 (d,
2 e J=5.4Hz, 1H, H%, 8.24 (d, J=9.0 Hz, 1H, H!), 7.94 (d, J=
CIm NS 2.2 Hz, 1H, H3), 7.55 (d, J = 5.4 Hz, 1H, H5), 6.96 (dd, J =
9.0, 2.2 Hz, 1H, H?), 6.61 (d, J= 5.5 Hz, 1H, H¢), 4.04 - 3.89
(m, 2H, H%), 3.73 (tt, J= 10.6, 4.0 Hz, 1H, H7), 2.97 - 2.81 (m, 2H, H%), 1.94 (td, J= 12.7
Hz, 2H, Hs8¢), 1.54 — 1.34 (m, 11H, H8210), LC-MS (APCI*/ESI): found m/z = 362.1 [M+H]*
(cal. for C19H24CIN302, 361.16). Purity: 99%, tr = 2.564 min.

Tert-butyl (1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-yl)carbamate
(203)

203 . Obtained from 169h (4.00 g, 15.2 mmol) and tert-butyl
%_ piperidin-4-ylcarbamate (4.58 g, 22.9 mmol), as a pale-
ZCENVNESCS}NL:O yellow solid (4.64 g, 72%). Rf(10% MeOH/DCM), 0.52. 'H
; . NMR (400 MHz, Methanol-d4) 6 7.63 (d, J = 8.2 Hz, 2H, H7),
d 7.48 (dd, J = 8.0, 1.3 Hz, 1H, H!), 7.29 (d, J = 8.2 Hz, 2H,
’ H¢), 7.16 (ddd, J = 8.0, 6.6, 1.2 Hz, 1H, H2), 7.10 - 7.03 (m,
2H, H34), 5.48 (s, 2H, H5), 3.61 — 3.49 (m, 4H, HS8), 3.29 (tt,
J=11.0, 3.9 Hz, 1H, H10), 3.21 — 3.18 (m, 2H, H%), 3.01 - 2.93 (m, 2H, H%), 1.46 (s, 9H,
H11). LC-MS (APCI*/ESI): found m/z=425.2 [M+H] * (cal. for Co4H290FN4O2, 424.23). Purity:
99%, tr=2.522 min.

General Procedure 13: Preparation of 2-aminobenzimidazoles via DCC-mediated

cyclocondensation of aromatic 1,2-diamines with isothiocyanates

To a solution of commercially sourced or synthesized aromatic 1,2-diamines (129a-129g,
1.0 equiv) in 15 ml MeCN, isothiocyanate (126a — 126b, 1.1 equiv) and TEA (1.2 equiv)
were added, and the mixture refluxed at 85 °C for 1 hr. DCC (1.2 equiv) was then added,
and the reaction mixture was refluxed at 85 °C for 11 hr. After completion (monitored via
TLC), MeCN was evaporated in vacuo, and the residue adsorbed on silica gel. Pure
products were obtained after purification via flash chromatography using 10%

MeOH/DCM as eluent.

Tert-butyl 4-((5-cyano-1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidine-1-
carboxylate (130a)
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Obtained from 129a (0.280 g, 1.90 mmol) and 126a (0.507
9>LO>=O g, 2.10 mmol), as a light brown solid (0.573 g, 85%). Rs(5%
N MeOH/DCM), 0.53. 'H NMR (400 MHz, DMSO-ds) 6 7.97 (d,
NC\CEN%N: g i J=1.4Hz, 1H, HY), 7.78 (d, J= 7.5 Hz, 1H, H3), 7.52 (dd, J
2 N ° = 7.5, 1.4 Hz, 1H, H?), 6.75 (d, J= 7.5 Hz, 1H, H5), 4.49 -
4.41 (m, 2H, Hse), 3.94 (tt, J= 10.8, 4.0 Hz, 1H, H¢), 3.50 (s,
3H, H4), 3.08 - 2.95 (m, 2H, H82), 2.10 — 2.01 (m, 2H, H7), 1.50 — 1.43 (m, 2H, H7?), 1.43
(s, 9H, H9). LC-MS (APCI*/ESI): found m/z = 356.2 [M+H]* (cal. For C19H25N502, 355.20).
Purity: 99%, tr = 2.397 min.

130a

3 \ 4

Ethyl 4-((1-methyl-5-(trifluoromethyl)-1H-benzo[d]imidazol-2-yl) amino) piperidine-
1-carboxylate (130b)

Obtained from 129b (0.300 g, 1.57 mmol) and 126a (0.420

130b 9>LO>=O g, 1.73 mmol), as an off white solid (0.520 g, 83%). Ry (5%

N MeOH/DCM), 0.73. 'H NMR (300 MHz, DMSO-de) 6 7.47 (d,

CF?’\C[N\%N: / i J=1.6 Hz, 1H, HY), 7.31 (d, J = 8.2 Hz, 1H, H3), 7.23 (dd, J

2 N ° = 8.2, 1.6 Hz, 1H, H?), 6.72 (d, J = 7.7 Hz, 1H, H9), 4.04 -

3.84 (m, 3H, Hé:8¢), 3.54 (s, 3H, H%), 3.00 - 2.72 (m, 2H, H82),

2.09 - 1.86 (m, 2H, H7), 1.57 — 1.32 (m, 11H, H729). LC-MS (APCI*/ESI): found m/z =
399.2 [M+H]* (cal. For Ci7H21F3N4O2, 398.19). Purity: 99%, tz = 2.588 min.

3 \4

Tert-butyl 4-((5-methoxy-1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidine-1-
carboxylate (130c)

Obtained from 129c¢ (0.250 g, 1.64 mmol) and 126a (0.437
130c 10>LO/L_O g, 1.81 mmol), as a light brown solid (0.501 g, 85%). Ry(5%
N . MeOH/DCM), 0.51. 1H NMR (400 MHz, DMSO-ds) 6 7.43 (d,
;O\CEN\*NH? 8 J= 1.4 Hz, 1H, H1), 7.25 (dd, J = 7.5, 1.4 Hz, 1H, H3), 7.16
3 N 6 (d, J= 7.5 Hz, 1H, H%, 6.69 (d, J= 7.9 Hz, 1H, H¢), 4.50 -
4.43 (m, 2H, Ho%), 3.91 (tt, J= 11.0, 4.1 Hz, 1H, H7), 3.86 (s,
3H, H5), 3.51 (s, 3H, H?), 3.07 - 2.96 (m, 2H, H%), 2.10 - 1.99 (m, 2H, H8¢), 1.51 — 1.45
(m, 2H, Hsa), 1.41 (s, 9H, H10). LC-MS (APCI*/ESI): found m/z = 361.2 [M+H]* (cal. For
C19H28N403, 360.22). Purity: 97%, tr = 2.393 min.
Tert-butyl 4-((1-methyl-5-(methylsulfonyl)-1H-benzo[d]imidazol-2-yl) amino)

4 \5

piperidine-1-carboxylate (130d)
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Obtained from 129d (0.300 g, 1.50 mmol) and 126a (0.400

130d10>40 g, 1.64 mmol), as a light brown solid (0.538 g, 88%). R¢(5%

N>=O MeOH/DCM), 0.57. 'H NMR (400 MHz, DMSO-de) 6 8.03 (d,

S\S:P O A J=1.1 Hz, 1H, H!), 7.83 (d, J= 7.8 Hz, 1H, H4), 7.41 (dd, J
2 :@[,\?—NHB ’ = 7.8, 1.1 Hz, 1H, H3), 6.73 (d, J = 7.9 Hz, 1H, HS), 4.50 —
¢\ 4.43 (m, 2H, Ho%), 3.92 (tt, J= 10.9, 4.1 Hz, 1H, H?), 3.61 (s,

3H, H?2), 3.49 (s, 3H, H9), 3.10 — 3.01 (m, 2H, H%), 2.10 -
2.00 (m, 2H, Hse¢), 1.51 — 1.44 (m, 2H, H?8?8), 1.44 (s, 9H, H10). LC-MS (APCI*/ESI): found
m/z = 409.2 [M+H]* (cal. For C19H28N402S, 408.18). Purity: 96%, tr = 2.492 min.

Methyl 2-((1-(tert-butoxycarbonyl) piperidin-4-yl) amino)-1-methyl-1H-
benzo[d]imidazole-5-carboxylate (130e€)
Obtained from 129e (0.250 g, 1.38 mmol) and 126a (0.370
130e 10>LO>=O g, 1.53 mmol), as an off white solid (0.434 g, 81%). Rr(5%
N MeOH/DCM), 0.55. 'H NMR (400 MHz, DMSO-de) 6 8.10 (d,
?)KCEN%NI-: 8 i J=1.3 Hz, 1H, H}), 7.89 (dd, J= 7.7, 1.3 Hz, 1H, H3), 7.58
3 N 6 (d, J=7.7 Hz, 1H, H%, 6.75 (d, J= 7.6 Hz, 1H, H°), 4.49 -
4.42 (m, 2H, H%), 3.91 (tt, J= 10.9, 4.2 Hz, 1H, H7), 3.78 (s,
3H, H2), 3.51 (s, 3H, H5), 3.08 — 2.98 (m, 2H, H%), 2.08 - 2.01 (m, 2H, Hse), 1.50 — 1.42
(m, 2H, Hs8a), 1.40 (s, 9H, H9). LC-MS (APCI*/ESI): found m/z = 389.2 [M+H]* (cal. for
C20H28N404, 388.21). Purity: 98%, tr = 2.403 min.

4 \ g

Ethyl 4-((5-fluoro-1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidine-1-
carboxylate (130f)

Obtained from 129f (0.250 g, 1.78 mmol) and 126a (0.475
130f 9>LO>=O g, 1.96 mmol), as a light brown solid (0.545 g, 88%). Rs(5%
N MeOH/DCM), 0.53. 'H NMR (400 MHz, DMSO-ds) 6 7.49
F\C[N%Nlj . i (dd, J= 8.5, 1.3 Hz, 1H, H!), 7.39 (dd, J= 7.9, 1.5 Hz, 1H,
2 N ° H3), 6.85 (ddd, J= 8.0, 7.9, 1.3 Hz, 1H, H?), 6.68 (d, J= 7.1
Hz, 1H, HS), 4.54 — 4.46 (m, 2H, Hs¢), 3.93 (tt, J=11.2, 4.1
Hz, 1H, H¢), 3.52 (s, 3H, H%), 3.01 - 2.93 (m, 2H, H#82), 2.15 -2.08 (m, 2H, H7¢), 1.56 - 1.49
(m, 2H, H73), 1.38 (s, 9H, H9). LC-MS (APCI*/ESI): found m/z = 349.2 [M+H]* (cal. for
C18H25FN4O2, 348.20). Purity: 99%, tz = 2.553 min.

3 \4

Ethyl 4-((5-bromo-1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidine-1-
carboxylate (130g)
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Obtained from 129g (0.250 g, 1.24 mmol) and 126a (0.331
g, 1.37 mmol), as a dark brown solid (0.422 g, 83%). Rs(5%
MeOH/DCM), 0.62. 'H NMR (400 MHz, DMSO-de) 6 7.35 (d,
J=1.3 Hz, 1H, H}), 7.28 (d, J= 7.8 Hz, 1H, H?3), 7.13 (dd, J
=7.8, 1.3 Hz, 1H, H?), 6.71 (d, J= 7.1 Hz, 1H, H5), 4.51 -
4.43 (m, 2H, Hse), 3.92 (tt, J= 10.9, 4.0 Hz, 1H, H9), 3.51 (s,

3H, H%), 3.07 — 2.98 (m, 2H, H?&), 2.10 — 2.01 (m, 2H, H7¢), 1.59 - 1.51 (m, 2H, H72), 1.42
(s, 9H, H9). LC-MS (APCI*/ESI): found m/z = 409.1, 411.1 [M+H]* (cal. For C18H25BrN4Oo,
408.12, 410.11). Purity: 98%, tz = 2.591 min.

Tert-butyl 4-((1H-imidazo[4,5-b]pyridine-2-yl)amino)piperidine-1-carboxylate (144c)

144c¢ 7>Lo
=0

N

6
N

N ;4 /‘

1 N 5
S—NH

ZE):N

3 H

Obtained from pyridine-2,3-diamine (0.200 g, 1.83 mmol)
and 126a (0.489 g, 2.02 mmol), as a an off white solid (0.516
g, 89%). Ry (10% MeOH/DCM), 0.22. 'H NMR (400 MHz,
Methanol-d4) 6 8.53 (dd, J = 5.0, 1.4 Hz, 1H, H?), 7.63 (dd,
J=8.2, 1.3 Hz, 1H, H3), 7.19 (dd, J = 8.2, 5.0 Hz, 1H, H?),
4.11 — 4.05 (m, 2H, H¢¢), 3.83 (tt, J= 10.6, 4.0 Hz, 1H, H4),

3.06 - 2.98 (m, 2H, Heéa), 2.11 — 2.03 (m, 2H, H5¢), 1.58 — 1.51 (m, 2H, H52), 1.38 (s, 9H,
H7). LC-MS (APCI*/ESI): found m/z = 318.2 [M+H] * (cal. For C16H23N502, 317.19). Purity:

98%, tr=2.169 min.

Tert-butyl
carboxylate (144d)

7>LO>:o

N

1 N\ N >:/4 s
S—NH
ULy

3 H

144d

6

4-((5-methyl-1H-imidazo[4,5-b]pyridin-2-yl)amino)piperidine-1-

Obtained from 6-methylpyridine-2,3-diamine (0.200 g, 1.62
mmol) and 126a (0.433 g, 1.78 mmol), as a pale orange solid
(0.500 g, 93%). R (10% MeOH/DCM), 0.29. 'H NMR (400
MHz, Methanol-d4) 6 7.29 (d, J= 8.3 Hz, 1H, H3), 6.50 (d, J =
8.3 Hz, 1H, H?), 4.09 - 4.01 (m, 2H, H¢¢), 3.81 (tt, J = 10.6,
4.0 Hz, 1H, H*%), 3.02 - 2.93 (m, 2H, H¢?), 2.25 (s, 3H, H!), 2.09

~2.01 (m, 2H, H5¢), 1.62 — 1.55 (m, 2H, H5%), 1.40 (s, 9H, H7). LC-MS (APCI*/ES]I): found
m/z = 332.2 [M+H] * (cal. for C17H2sNs0,, 331.20). Purity: 98%, tc = 2.208 min.

Tert-butyl 4-((1H-imidazo[4,5-c]pyridin-2-yl)Jamino)piperidine-1-carboxylate (144e)
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Obtained from pyridine-3,4-diamine (0.200 g, 1.83 mmol)
and 126a (0.489 g, 2.02 mmol), as a white solid (0.481 g,
83%). Rr (10% MeOH/DCM), 0.22. 'H NMR (400 MHz,
Methanol-d4) 6 8.79 (d, J= 1.8 Hz, 1H, H!), 8.23 (dd, J= 5.1,
1.8 Hz, 1H, H?), 7.38 (d, J= 5.1 Hz, 1H, H3), 4.10 - 4.03 (m,
2H, He¢e), 3.82 (tt, J= 10.8, 4.1 Hz, 1H, H%), 3.09 - 3.01 (m,

2H, Hbq), 2.14 - 2.08 (m, 2H, H5%), 1.60 - 1.53 (m, 2H, H5?), 1.43 (s, 9H, H7). LC-MS
(APCI*/ESI): found m/z = 318.2 [M+H] * (cal. for C16H23Ns502, 317.19). Purity: 98%, tr =

2.098 min.

Tert-butyl

4-((6-chloro-1H-imidazo[4,5-c]pyridin-2-yl)amino)piperidine-1-

carboxylate (144f)

144f

1

A

Z >N
2 H

6>LO>=O
N

Obtained from 6-chloropyridine-3,4-diamine (0.200 g, 1.39
mmol) and 126a (0.371 g, 1.53 mmol), as a white solid (0.392
g, 80%). R (10% MeOH/DCM), 0.34. 'H NMR (400 MHz,
Methanol-ds) 6 8.81 (s, 1H, H!), 7.55 (s, 1H, H2?), 4.09 - 4.01
(m, 2H, H5e), 3.80 (tt, J = 10.8, 4.1 Hz, 1H, H3), 3.10 - 3.03
(m, 2H, H59), 2.11 - 2.07 (m, 2H, H%), 1.58 — 1.51 (m, 2H,

H4a), 1.42 (s, 9H, H¢). LC-MS (APCI*/ESI): found m/z = 352.2, 354.2 [M+H] * (cal. for
C16H22CIN502, 351.15, 353.14). Purity: 98%, tzr = 2.355 min.

Tert-butyl
(144g)

4-((1H-benzo[d]imidazol-2-yl)Jamino)-3-fluoropiperidine-1-carboxylate

144g

y
2 N
N

1 H

N
7
3 /e

NH F

Obtained from benzene-1,2-diamine (0.200 g, 1.85 mmol) and
126b (0.530 g, 2.03 mmol), as a white solid (0.482 g, 78%). Ry
(6% MeOH/DCM), 0.38. 'H NMR (400 MHz, Methanol-d4)
7.22 (dd, J = 5.9, 3.2 Hz, 2H, H?), 6.98 (dd, J = 5.9, 3.2 Hz,
2H, H}), 4.33 (dtd, J = 48.8, 9.1, 4.2 Hz, 1H, H¢), 3.81 (qd, J
=11.2, 4.3 Hz, 1H, H3), 3.33 (d, J = 10.1 Hz, 1H, H7¢), 2.98 -

2.93 (m, 1H, H5¢), 2.89 — 2.80 (m, 2H, H7a53), 2.19 — 2.11 (m, 1H, H4%), 1.49 — 1.41 (m, 1H,

H4), 1.32 (s, 9H, Hs). LC-MS (APCI*/ESI): found m/z =

335.2 [M+H] * (cal. For

C17H23FN4Oo, 334.18). Purity: 98%, tr = 2.365 min.

General Procedure 14: Reductive amination using titanium isopropoxide
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A solution of aryl amine (1.0 equiv) and ketone (1.2 equiv) in anhydrous THF (10 ml) was
degassed by purging with N for 15 min. Titanium isopropoxide, Ti(iOPr)s4 (3.0 equiv) was
then added, and the resulting mixture degassed further for 15 min. The reaction was
stirred under nitrogen atmosphere for 12 h at 23 °C. When the amine was consumed, or
the reaction could not proceed further, sodium triacetoxy borohydride, Na(OAc);BH (1.0
equiv) was added, and the resulting mixture stirred at 23 °C for 6 hr. The reaction was
quenched by adding saturated NaHCO3 (15 ml), after which the resulting mixture was
extracted with EtOAc (3 x 30 ml). Combined organic phases were washed with water (2 x
10 ml), and then by brine (10 ml). Pure products were obtained following purification via

column chromatography with 4 — 5% MeOH/DCM as eluent.

Tert-butyl 4-((1H-indol-2-yl)amino)piperidine-1-carboxylate (144a)

L44a 8>LO Obtained from 2-aminobenzoxazole (0.250 g, 1.86 mmol) and

=0 tert-butyl 4-oxopiperidine-1-carboxylate (0.445 g, 2.23 mmol)

1 N , as a white solid (0.577 g, 98%). R¢(6% MeOH/DCM), 0.47. 1H

ZCEN\}—NHS 6 NMR (600 MHz, Methanol-ds) 6 7.41 (dd, J = 8.2, 1.2 Hz, 1H,

: 0 H%), 7.29 (dd, J= 7.8, 1.3 Hz, 1H, H!), 7.10 (ddd, J= 8.2, 7.0,

1.1 Hz, 1H, H3), 6.85 (ddd, J= 7.8, 7.0, 1.2 Hz), 4.09 - 4.01

(m, 2H, H7), 3.82 (tt, J= 11.2, 4.0 Hz, 1H, HS5), 2.98 - 2.90 (m, 2H, H7), 2.10 - 1.99 (m,

2H, H¢¢), 1.58 - 1.51 (m, 2H, H¢e), 1.42 (s, 9H, H8). LC-MS (APCI*/ESI): found m/z = 318.2
[M+H]* (cal. For C17H23N303, 317.17). Purity: 97%, tr = 2.334 min.

4

Tert-butyl 4-((1H-benzo[d]imidazol-2-yl)Jamino)-3,3-difluoropiperidine-1-carboxylate
(144Db)

144b s>éo Obtained from 2-aminobenzimidazole (0.650 g, 4.88 mmol)
g >=O and tert-butyl 3,3-difluoro-4-oxopiperidine-1-carboxylate

. N 7 (1.38 g, 5.86 mmol) as a white solid (0.395 g, 23%). Rr(6%
2©[N\>_'§::EF MeOH/DCM), 0.41. 'H NMR (400 MHz, Methanol-da4) § 7.28
2 ; H (dd, J = 5.6, 3.1 Hz, 2H, H?), 7.01 (dd, J = 5.6, 3.1 Hz, 2H,

H!), 4.09 - 3.98 (m, 2H, H3:6¢), 3.01 - 2.95 (m, 1H, H5¢), 2.88
- 2.79 (m, 2H, H52.62), 2,15 - 2.09 (m, 1H, H%), 1.51 - 1.48 (m, 1H, H%?), 1.40 (s, 9H, H7).
LC-MS (APCI*/ESI): found m/z = 353.2 [M+H] * (cal. For C17H22F2N4O2, 352.17). Purity:
98%, tr = 2.487 min.

Tert-butyl 4-(1H-benzo[d]imidazol-2-yl)piperidine-1-carboxylate (63)
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63 To a stirring solution of N-Boc-4-formylpiperidine (0.400 g,

8 1.88 mmol) and freshly activated 4A molecular sieves in

; —é
ZCEN\)—@N _{) toluene (10 ml) at 24°C was added o-phenylenediamine (0.305
3 N [0)
4 H 6 7

g, 2.82 mmol). The reaction mixture was then bubbled with one

balloon of oxygen (O2) and stirred at room temperature (24°C)
for 12 h. Molecular sieves were filtered over filter paper, and the filtrate was concentrated
under vacuum before being purified via flash chromatography with 6 — 7% MeOH/DCM
to afford the product. Pale yellow solid (0.401 g, 85%). Rf(10% MeOH/DCM), 0.51. tH NMR
(400 MHz, Methanol-d4) 6 7.21 (dd, J = 5.6, 3.1 Hz, 2H, H%4), 6.92 (dd, J = 5.6, 3.1 Hz,
2H, H23), 4.10 - 4.06 (m, 2H, H7¢), 3.82 (tt, J= 10.8, 4.2 Hz, 1H, HS5), 3.09 - 3.01 (m, 2H,
H72),2.10-2.03 (m, 2H, H®¢), 1.51 - 1.45 (m, 2H, H¢9), 1.39 (s, 9H, H8). LC-MS (APCI*/ESI):
found m/z = 302.2 [M+H] * (cal. For Ci17H23N302, 301.18). Purity: 98%, tzk = 2.402 min.

Tert-butyl 4-(1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)piperidine-1-carboxylate
(637)

63' . A mixture of 63 (0.200 g, 0.66 mmol) a with 4-

. Aé (bromomethyl)benzonitrile (0.196 g, 0.80 mmol) and K>CO3
2 @EN%@N_&O (0.110 g, 0.80 mmol) in DMF (5 ml) was stirred at 70°C for 8
’ 4 N ; 9 10 0 hours. After completion, DMF was taken off using the gene-
vac and the residue take up in 10% MeOH/DCM and filtered.
Flash column chromatography at 5 - 7% MeOH/DCM
afforded the product. Yellow solid (0.591 g, 88%). Rr (8%
MeOH/DCM), 0.59. 'H NMR (400 MHz, Methanol-d4) 6 7.59 (d, J = 8.2 Hz, 2H, H7), 7.29
(dd, J= 8.0, 1.3 Hz, 1H, HY), 7.18 (d, J = 8.2 Hz, 2H, H¢), 6.98 (ddd, J= 8.0, 7.2, 1.2 Hz,
1H, H?), 6.88 (dd, J= 8.2, 1.3 Hz, 1H, H%), 6.79 (ddd, J= 8.2, 7.2, 1.1 Hz, 1H, H3), 5.35 (s,
2H, H?%), 4.05 - 3.99 (m, 2H, H1%), 3.91 (tt, J= 11.2, 4.3 Hz, 1H, HS), 2.97 - 2.89 (m, 2H,
H102) 2.02 - 1.97 (m, 2H, H%), 1.49 — 1.35 (m, 11H, H%11). LC-MS (APCI*/ESI): found m/z
=417.2 [M+H] * (cal. For CasH2sN4O2, 416.22). Purity: 98%, tr = 2.644 min.

6
NC 7

General Procedure 15: N-ethyl and N-tert-butyl (Boc) carboxylate deprotection
N-ethyl and N-tert-butyl (Boc) carboxylate intermediates were refluxed in 48% HBr
solution for 2 hr at 120 °C and stirred in DCM with TFA (10 equiv) for 1 hr at 23 °C,
respectively.

a) 48% Aqueous HBr workup: After completion, the reaction mixture was cooled and

diluted with deionized water, followed by neutralizing with 15% NaOH. The
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aqueous solution was extracted with DCM, and the combined organic layers

washed with brine and dried over anhydrous NaSO4. Evaporating off the solvent

in vacuo and washing residue in diethyl ether afforded the free amines.

b) TFA workup: After completion, DCM and TFA were evaporated in vacuo and the
residue taken up 50% MeOH/DCM and stirred with Amberlyst A-21 free base resin

at room temperature (23°C) until pH was neutral. The mixture was then filtered,

and the filtrate evaporated in vacuo to afford free amines.

N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (14a)

14a
NH
’ 5
2 N 2 4
H—NH
2 N
1 H

Obtained from 13a (8.00 g, 28.0 mmol) as a white crystalline
solid (3.52 g, 58%). Rr(10% MeOH/DCM), 0.08. 'H NMR (600
MHz, Methanol-d4) 6 7.43 (dd, J = 6.0, 3.1 Hz, 2H, H?2), 7.30
(dd, J=6.0, 3.1 Hz, 2H, H1), 4.03 (tt, J= 10.6, 4.1 Hz, 1H, H3),
3.59 - 3.54 (m, 2H, H5¢), 3.30 - 3.24 (m, 2H, H5?), 2.39 - 2.33
(m, 2H, H%), 2.04 — 1.96 (m, 2H, H%y). LC-MS (APCI*/ESI):

found m/z=217.2 [M+H] * (cal. For Ci12H16N4, 216.29). Purity: 98%, tr = 0.621 min.

1-Methyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (14b)

Obtained from 13b (18.0 g, 59.6 mmol) as a white solid (12.2
g, 89%). Rr (10% MeOH/DCM), 0.17. 'H NMR (400 MHz,
Methanol-d4) 6 7.27 (dd, J= 7.9, 1.2 Hz, 1H, HY), 7.11 (dd, J=
7.6, 1.5 Hz, 1H, H%), 7.05 - 6.96 (m, 2H, H23), 3.85 (tt, J=11.1,
4.0 Hz, 1H, H¢), 3.51 (s, 3H, H5), 3.22 - 3.10 (m, 2H, Hs¢), 2.79
(td, J = 12.5, 2.6 Hz, 2H, Hsa), 2.23 - 2.00 (m, 2H, H7¢), 1.56

(dtd, J=13.4, 12.0, 4.0 Hz, 2H, H72). LC-MS (APCI*/ESI): found m/z= 231.2 [M+H] * (cal.
For Ci13Hi1sNs, 230.15). PL'lI'ity: 99%, tr= 0.703 min.

1-Isopropyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (14c)

Obtained from 13c (0.500 g, 1.52 mmol) as a white solid (0.336
g, 86%). R (10% MeOH/DCM), 0.23. 'H NMR (400 MHz,
Methanol-d4) 6 7.37 (dd, J= 7.7, 1.2 Hz, 1H, H?), 7.30 (dd, J =
8.0, 1.2 Hz, 1H, H%), 6.96 (ddd, J = 8.0, 7.2, 1.3 Hz, 1H, H3),
6.77 (ddd, J=7.7, 7.2, 1.3 Hz, 1H, H2), 4.55 (hept, J= 6.8 Hz,
1H, H5), 4.20 (tt, J= 10.8, 4.0 Hz, 1H, H7), 3.98 - 3.91 (m, 2H,

HO%), 3.05 — 2.96 (m, 2H, H%), 2.11 — 2.03 (m, 2H, Hs¢), 1.59 (d, J = 6.8 Hz, 6H, H6), 1.55
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- 1.47 (m, 2H, H8a). LC-MS (APCI*/ESI): found m/z = 259.2 [M+H] * (cal. For Ci5H22N4,
258.18). Purity: 99%, tr = 0.877 min.

4-((2-(piperidin-4-ylamino)-1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (14d)

14d

CN

Obtained from 13d (8.50 g, 28.0 mmol) as a light yellow solid
(6.40 g, 98%). Rf(10% MeOH/DCM), 0.05. 'H NMR (400 MHz,
Methanol-d4) 6 7.67 (d, J = 8.4 Hz, 2H, H7), 7.32 (dd, J= 7.9,
0.9 Hz, 1H, HY), 7.25 (d, J= 8.4 Hz, 2H, H¢), 7.05 (ddd, J= 7.9,
7.1, 1.1 Hz, 1H, H?), 6.99 (dd, J = 8.0, 1.5 Hz, 1H, H*%), 6.94
(ddd, J=8.0, 7.1, 1.1 Hz, 1H, H3), 5.37 (s, 2H, H5), 3.89 (tt, J

=11.1,4.1 Hz, 1H, H?), 3.07 (dt, J=12.9, 3.6 Hz, 2H, H10¢), 2.74 (td, J= 12.5, 2.6 Hz, 2H,
H02) 2,11 - 2.01 (m, 2H, H%), 1.46 (dtd, J = 13.3, 11.9, 4.07 Hz, 2H, H%). LC-MS
(APCI*/ESI): found m/z = 332.2 [M+H] * (cal. For C20H25Ns0O, 331.18). Purity: 99%, tr =

0.303 min.

(R)-4-((2-(Pyrrolidine-3-ylamino)-1H-benzo[d]imidazol-1-yl)methyl) benzonitrile (57a)

Obtained from 56a (0.280 g, 0.67 mmol) as a pale-yellow solid
(0.181 g, 85%). R¢(10% MeOH/DCM), 0.10. 'H NMR (600 MHz,
Methanol-d4) 6 7.73 (d, J = 8.4 Hz, 2H, H7), 7.55 (dd, J = 8.0,
1.2 Hz, 1H, HY), 7.43 (d, J = 8.4 Hz, 2H, H¢), 7.38 (ddd, J= 8.0,
7.1, 1.5 Hz, 1H, H?), 7.31 (dd, J = 8.2, 1.2 Hz, 1H, H%), 7.29
(ddd, J=8.2, 7.1, 1.4 Hz, 1H, H3), 5.60 (s, 2H, H5), 4.69 (tt, J
= 6.7, 4.3 Hz, 1H, H¥), 3.79 (dd, J = 12.8, 6.7 Hz, 1H, Hlle),

3.61 — 3.55 (m, 2H, H10e11a) 352 (ddd, J = 11.5, 8.2, 5.7 Hz, 1H, H10a), 2.56 (ddd, J =
14.7, 8.2, 6.7 Hz, 1H, H%), 2.31 (ddd, J=11.5, 8.2, 4.3 Hz, 1H, H%). LC-MS (APCI*/ESI):
found m/z = 318.2 [M+H] * (cal. For C19H19Ns, 317.16). Purity: 99%, tr = 2.499 min.

(S)-4-((2-(pyrrolidin-3-ylamino)-1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (57b)

57b 10

CN

Obtained from 56b (0.200 g, 0.47 mmol) as a pale-yellow solid
(0.114 g, 75%). Rf(10% MeOH/DCM), 0.11. 'H NMR (600 MHz,
Methanol-d4) 6 7.70 (d, J = 8.3 Hz, 2H, H7), 7.41 (dd, J= 7.8,
1.2 Hz, 1H, H!?), 7.35 (d, J= 8.3 Hz, 2H, H¢), 7.29 (ddd, J= 7.8,
7.2, 1.2 Hz, 1H, H?), 7.24 (dd, J = 8.1, 1.2 Hz, 1H, H%), 7.19
(ddd, J= 8.1, 7.2, 1.4 Hz, 1H, H3), 5.64 (s, 2H, H5), 4.62 (tt, J

= 7.0, 4.1 Hz, 1H, H8), 3.66 (dd, J = 12.3, 7.0 Hz, 1H, Hll¢), 3.55 — 3.46 (m, 2H, H10e11a),
3.30 (ddd, J= 10.9, 8.5, 5.1 Hz, 1H, H10), 2.52 (ddd, J= 15.0, 8.5, 7.0 Hz, 1H, H%), 2.19
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(ddd, J=11.5, 8.5, 4.1 Hz, 1H, H%). LC-MS (APCI*/ESI): found m/z = 318.2 [M+H] * (cal.
for C19H19Ns, 317.16). Purity: 97%, tr = 2.401 min.

4-((2-(2,6-diazaspiro[3.4]octan-6-yl)-1H-benzo[d]imidazol-1-yl) methyl) benzonitrile

(57¢)

57c

4 5

NC 7

12

9

1 NH
2 N y
\>—N 1
3 N 10

Obtained from 56¢ (0.160 g, 0.36 mmol) as a pale-yellow solid
(0.121 g, 98%). R (10% MeOH/DCM), 0.10. 'H NMR (600
MHz, Methanol-d4) 6 7.70 (d, J = 8.1 Hz, 2H, H7), 7.38 (dd, J
=7.8, 1.2 Hz, 1H, HY), 7.25 (d, J= 8.1 Hz, 2H, H¢), 7.10 (ddd,
J=1738,7.2,12 Hz, 1H, H?), 7.08 (dd, J = 8.1, 1.3 Hz, 1H,
H%), 7.02 (ddd, J= 8.1, 7.2, 1.2 Hz, 1H, H3), 5.45 (s, 2H, H5),

3.77 (br-s, 4H, H1.12), 3.71 (s, 2H, H8), 3.50 (t, J= 6.8 Hz, 2H, H9), 2.11 (t, J= 6.8 Hz, 2H,
H19). LC-MS (APCI*/ESI): found m/z = 344.1 [M+H] * (cal. for Co1H21Ns, 343.18). Purity:
99%, tr = 0.426 min.

4-((2-(piperazin-1-yl)-1H-benzo[d]imidazol-1-yl)methyl)benzonitrile (57d)

57d

1

4 5

NC 7

Ol
3 N _/

8 9

NH

Obtained from 56d (0.500 g, 1.20 mmol) as a pale-yellow solid
(0.353 g, 93%). Rf(10% MeOH/DCM), 0.12. 'H NMR (400
MHz, Methanol-d4) 6 7.63 (d, J = 8.3 Hz, 2H, H7), 7.50 (dd, J
=7.7,0.9 Hz, 1H, H!), 7.31 (d, J= 8.3 Hz, 2H, H¢), 7.19 (ddd,
J=17.7,6.1, 1.0 Hz, 1H, H?), 7.12 - 7.07 (m, 2H, H3:4), 5.39
(s, 2H, HS), 3.58 — 3.39 (br, 4H, H9), 3.20 - 3.11 (m, 4H, HS).

LC-MS (APCI*/ESI): found m/z = 318.1 [M+H] * (cal. for C1oH1oNs, 317.16). Purity: 98%,

tr = 2.134 min.

(S)-4-((2-(3-methylpiperazin-1-yl)-1H-benzo[d]imidazol-1-yl)methyl)benzonitrile

(57€)

Obtained from S56e (0.280 g, 0.65 mmol) as a yellow solid
(0.210 g, 98%). Rf(10% MeOH/DCM), 0.15. 'H NMR (600
MHz, Methanol-d4) 6 7.62 (d, J = 8.5 Hz, 2H, H7), 7.49 (dd, J
=7.9,0.9 Hz, 1H, HY), 7.22 (d, J= 8.5 Hz, 2H, H¢), 7.20 (ddd,
J=17.9, 6.9, 1.2 Hz, 1H, H?), 7.15 (dd, J = 8.1, 1.2 Hz, 1H,
H4), 7.14 (ddd, J= 8.1, 6.9, 1.1 Hz, 1H, H3), 5.43 (s, 2H, H5),

4.30 - 4.21 (m, 1H, H9), 3.89 — 3.82 (m, 1H, Hil¢), 3.33 — 3.20 (m, 1H, H1%), 3.01 — 2.93
(m, 1H, H!1a), 2.66 (dd, J= 13.0, 2.2 Hz, 1H, Hs¢), 2.43 (dd, J= 12.9, 3.7 Hz, 1H, Hsa), 2.22
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(td, J=12.7, 3.6 Hz, 1H, H102), 1.18 (d, J = 6.9 Hz, 3H, H!2). LC-MS (APCI*/ESI): found
m/z = 332.2 [M+H] * (cal. for C2oH21Ns, 331.18). Purity: 96%, tr = 2.094 min.

4-((2-(piperidin-4-yl)-1H-benzo[d]imidazol-1-yl)methyl)benzonitrile (64)
Obtained from 63’ (0.500 g, 1.20 mmol) as a pale-yellow solid
(0.372 g, 98%). R (10% MeOH/DCM), 0.21. 'H NMR (400

1 9 10
ZQN%NH MHz, Methanol-di) 6 7.49 (d, J = 8.0 Hz, 2H, H7), 7.33 (dd, J
YN, = 7.7,1.1 Hz, 1H, H!), 7.26 (d, J = 8.0 Hz, 2H, H¢), 7.18 (ddd,
6 J=7.7,6.5,1.0 Hz, 1H, H2), 7.08 — 6.98 (m, 2H, H34), 5.41
NG 7 (s, 2H, H5), 3.55 — 3.40 (br, 4H, H19), 3.29 (tt, J = 10.2, 3.8 Hz,

1H, Hg), 3.18 - 3.12 (m, 4H, H9%). LC-MS (APCI*/ESI): found
m/z=317.2 [M+H] * (cal. for Coo0H20N4, 316.17). Purity: 98%, tr = 2.208 min.

1-methyl-2-(piperidin-4-ylamino)-1H-benzo[d]imidazole-5-carbonitrile (131a)
Obtained from 130a (0.500 g, 1.41 mmol) as an off white solid

131a
1 N (0.319 g, 89%). R¢(5% MeOH/DCM), 0.13. H NMR (400 MHz,
5
NC\@EN\>—NH 5 Methanol-ds) 6 7.97 (d, J = 1.4 Hz, 1H, HY), 7.78 (d, J = 7.5
2NN Hz, 1H, H3), 7.52 (dd, J = 7.5, 1.4 Hz, 1H, H?), 3.94 (tt, J =
4

10.8, 4.0 Hz, 1H, HS), 3.50 (s, 3H, H%), 3.21 - 3.13 (m, 2H,
H7¢), 3.08 - 2.99 (m, 2H, H73), 2.09 — 1.98 (m, 2H, H¢¢), 1.52 - 1.39 (m, 2H, He¢a). LC-MS
(APCI*/ESI): found m/z = 256.2 [M+H] * (cal. for C14H17Ns, 255.15). Purity: 99%, tr = 0.699

min.

1-methyl-N-(piperidin-4-yl)-5-(trifluoromethyl)-1H-benzo[d]imidazol-2-amine (131b)
Obtained from 130b (0.480 g, 1.21 mmol) as a white solid

131b

N (0.348 g, 97%). R¢(5% MeOH/DCM), 0.17. 'H NMR (300 MHz,

1 6
CFB\@EN\>—NH 7 DMSO-de) 6 7.46 (d, J = 1.3 Hz, 1H, H!), 7.33 (d, J = 8.2 Hz,
YN, ’ 1H, H3), 7.25 (dd, J= 8.2, 1.3 Hz, 1H, H2), 6.98 (d, J= 7.1 Hz,

1H, H5), 4.12 - 3.93 (m, 1H, H¢), 3.56 (s, 3H, H%), 3.44 — 3.25
(m, 2H, Hse), 3.05 (td, J= 12.5, 3.0 Hz, 2H, Hs84), 2.24 — 2.08 (m, 2H, H72), 1.87 — 1.66 (m,
2H, H7). LC-MS (APCI*/ESI): found m/z = 299.1 [M+H] * (cal. for C14H17F3N4, 298.14).
Purity: 99%, tr = 0.813 min.
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5-methoxy-1-methyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131c)

Obtained from 130c¢ (0.470 g, 1.31 mmol) as a light brown
PPN 6 /8 solid (0.322 g, 95%). Rf(5% MeOH/DCM), 0.10. 'H NMR (400
2 \CE S—NH MHz, Methanol-d4) 6 7.44 (d, J= 1.1 Hz, 1H, HY), 7.27 (dd, J
’ A 7.5, 1.1 Hz, 1H, H3), 7.17 (d, J= 7.5 Hz, 1H, H%), 3.92 (tt, J
11.0, 4.1 Hz, 1H, H9), 3.85 (s, 3H, H?), 3.52 (s, 3H, H5), 3.19
—-3.11 (m, 2H, H8¢), 3.07 — 2.98 (m, 2H, H82), 2.10 - 2.01 (m, 2H, H7), 1.53 - 1.41 (m, 2H,
H72). LC-MS (APCI*/ESI): found m/z = 261.2 [M+H] * (cal. for C14H20N4O, 260.16). Purity:
99%, tr = 0.690 min.

131c NH

4 \5

1-methyl-5-(methylsulfonyl)-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131d)
Obtained from 130d (0.490 g, 1.20 mmol) as a light brown
0 . solid (0.314 g, 85%). Rf(5% MeOH/DCM), 0.09. 'H NMR (400
) S/\CEN%NHG 7 MHz, Methanol-d4) 6 7.89 (d, J= 1.3 Hz, 1H, H!), 7.81 (d, J =
3 N 7.8 Hz, 1H, H4%), 7.40 (dd, J= 7.8, 1.3 Hz, 1H, H3), 3.91 (tt, J
=10.9, 4.1 Hz, 1H, H¢), 3.52 (s, 3H, H5), 3.38 (s, 3H, H?), 3.19
- 3.12 (m, 2H, Hs¢), 3.07 — 2.98 (m, 2H, H82), 2.09 - 2.00 (m, 2H, H7), 1.51 - 1.43 (m, 2H,
H7a). LC-MS (APCI*/ESI): found m/z = 309.1 [M+H] * (cal. for C14H20N40>S, 308.13). Purity:
97%, tr = 0.643 min

131d NH

4 \ 5

Methyl 1-methyl-2-(piperidin-4-ylamino)-1H-benzo[d]imidazole-5-carboxylate (131e)
Obtained from 130e (0.495 g, 1.28 mmol) as an off white solid
] s )8 (0.341 g, 93%). Rf(5% MeOH/DCM), 0.08. 'H NMR (400 MHz,
?J\@[N»_NH ! Methanol-ds4) 6 8.12 (d, J= 1.3 Hz, 1H, H1), 7.90 (dd, J= 7.7,
’ 4 N\ 5 1.3 Hz, 1H, H3), 7.57 (d, J= 7.7 Hz, 1H, H%), 3.90 (tt, J= 10.9,
4.2 Hz, 1H, H¢), 3.79 (s, 3H, H?), 3.52 (s, 3H, H5), 3.20 - 3.13
(m, 2H, Hse), 3.09 - 3.01 (m, 2H, H8?), 2.08 — 2.02 (m, 2H, H7¢), 1.51 - 1.43 (m, 2H, H7?).
LC-MS (APCI*/ESI): found m/z = 289.2 [M+H] * (cal. for C15sH20N4O2, 288.16). Purity: 98%,
tr = 0.661 min.

5-fluoro-1-methyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131f)

131f N Obtained from 130f (0.490 g, 1.41 mmol) as a light brown
] s )7 solid (0.342 g, 98%). Rs(5% MeOH/DCM), 0.11. 'H NMR (400
F N
\C[ S>—NH ° MHz, Methanol-ds) 6 7.51 (dd, J = 8.2, 1.3 Hz, 1H, H1), 7.40
2 N
3 \ 4 (dd, J=7.9, 1.5 Hz, 1H, H3), 6.87 (ddd, J= 8.0, 7.9, 1.3 Hz,

1H, H2), 3.92 (tt, J= 11.2, 4.1 Hz, 1H, H5), 3.52 (s, 3H, H4),

Dickson Mambwe
Ph.D Thesis 2021 276



Chapter 6: Experimental Section

3.19-3.10 (m, 2H, H7¢), 3.04 - 2.93 (m, 2H, H7?), 2.09 - 2.00 (m, 2H, H¢), 1.50 - 1.39 (m,
2H, H¢a). LC-MS (APCI*/ESI): found m/z = 249.2 [M+H] * (cal. for C13H17FN4, 248.14).
Purity: 97%, tr = 0.802 min.

5-bromo-1-methyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131g)

131g N Obtained from 130g (0.380 g, 0.93 mmol) as a brown solid

. (0.273 g, 95%). Rf(5% MeOH/DCM), 0.12. 'H NMR (400 MHz,

Br\@EN%N: p Methanol-ds) & 7.35 (d, J = 1.3 Hz, 1H, H1), 7.28 (d, J = 7.8
2 : N\ Hz, 1H, H3), 7.13 (dd, J = 7.8, 1.3 Hz, 1H, H2), 3.92 (tt, J =

4 10.9, 4.0 Hz, 1H, H9), 3.51 (s, 3H, H%), 3.20 - 3.12 (m, 2H,

H7¢), 3.07 - 2.99 (m, 2H, H72), 2.10 - 2.00 (m, 2H, H¢), 1.49 -
1.38 (m, 2H, H¢a). LC-MS (APCI*/ESI): found m/z = 309.1 [M+H] * (cal. for C13H17BrNg,
308.06, 310.06). Purity: 98%, tz = 0.856 min.

5,6-difluoro-1-methyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131h)
Obtained from 130h (0.160 g, 0.44 mmol) as a light brown

131h
NH
1 . solid (0.108 g, 93%). Ry(5% MeOH/DCM), 0.13. H NMR (400
F 4
j@EN\>—NH 5 MHz, Methanol-ds) 6 7.45 (dd, J = 7.4, 5.3 Hz, 1H, H1), 7.34
Foy N (dd, J = 7.5, 5.5 Hz, 1H, H?), 3.92 (tt, J = 11.2, 4.0 Hz, 1H,

3

H4), 3.52 (s, 3H, H3), 3.19 - 3.10 (m, 2H, Hé¢), 3.05 — 2.96 (m,
2H, Hea), 2.10 — 1.98 (m, 2H, H5¢), 1.49 — 1.38 (m, 2H, H53). LC-MS (APCI*/ESI): found m/z
= 267.1 [M+H] * (cal. for C1sH16F2N4, 266.13). Purity: 96%, tz = 0.822 min.

5,6-dichloro-1-methyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131i)
Obtained from 130i (0.130 g, 0.33 mmol) as a brown solid
1 4 N (0.084 g, 86%). Ry(5% MeOH/DCM), 0.14. 'H NMR (400 MHz,
C'j@[N%NH 5 Methanol-di) 6 8.15 (s, 1H, H!), 8.04 (s, 1H, H2), 3.92 (tt, J =
Cl N 10.9, 4.1 Hz, 1H, H%), 3.51 (s, 3H, H3), 3.21 - 3.12 (m, 2H,
He¢e), 3.09 - 3.01 (m, 2H, H62), 2.09 - 2.00 (m, 2H, H%¢), 1.48 —
1.37 (m, 2H, Hb52). LC-MS (APCI*/ESI): found m/z = 299.1, 301.1 [M+H] * (cal. for

C13H16Cl2N4, 298.08, 300.07). Purity: 99%, tr = 0.811 min.

131i

2 \3
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1,5,6-trimethyl-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (131j)
Obtained from 130j (0.200 g, 0.56 mmol) as a light brown

131j NH
1 ) | solid (0.127 g, 88%). R;(5% MeOH/DCM) 0.12. 1H NMR (400
2
:C[N\%NH 7 MHz, Methanol-ds) 6 7.39 (s, 1H, H), 7.28 (s, 1H, H*), 3.91
YN, (tt, J= 10.9, 4.1 Hz, 1H, H6), 3.51 (s, 3H, H5), 3.20 — 3.11 (m,

2H, Hsge¢), 3.06 — 2.98 (m, 2H, H?®), 2.26 (s, 3H, H?), 2.20 (s,
3H, H3), 2.09 - 1.98 (m, 2H, H7¢), 1.50 - 1.39 (m, 2H, H73). LC-MS (APCI*/ES]I): found m/z
= 259.2 [M+H] * (cal. For Ci5sH2oN4, 258.18). Purity: 98%, tr = 0.733 min.

N-(piperidin-4-yl)benzo[d]oxazol-2-amine (145a)

145a Obtained from 144a (0.500 g, 1.58 mmol) as a white

NH crystalline solid (0.329 g, 96%). Rf(10% MeOH/DCM), 0.10.

) @ENH%Z& ' IH NMR (400 MHz, Methanol-ds) & 7.38 (dd, J = 8.0, 1.0 Hz,
3 o 1H, H%), 7.22 (dd, J= 7.8, 1.2 Hz, 1H, H!), 7.08 (ddd, J= 8.0,

4

7.0, 1.1 Hz, 1H, H3), 6.79 (ddd, J= 7.8, 7.0, 1.1 Hz), 3.92 (tt,
J=11.0, 4.0 Hz, 1H, H5), 3.79 — 3.70 (m, 2H, H7), 3.09 — 2.99 (m, 2H, H7?), 2.08 - 1.97
(m, 2H, H¢), 1.46 — 1.37 (m, 2H, H¢). LC-MS (APCI*/ESI): found m/z=218.1 [M+H] * (cal.
for C12H15N30, 217.12). Purity: 99%, tr = 0.559 min.

N-(3,3-difluoropiperidin-4-yl)-1H-benzo[d]imidazol-2-amine (145b)

Obtained from 144b (0.350 g, 1.00 mmol) as a white solid
(0.245 g, 98%). Rr(10% MeOH/DCM), 0.21. 'H NMR (400 MHz,
o—NH
] 4 {, 56 Methanol-d4) 6 7.21 (dd, J = 5.6, 3.2 Hz, 2H, H?), 6.98 (dd, J=
N

2@[ S—NH F F 5.6, 3.2 Hz, 2H, H!), 4.11 — 3.99 (m, 2H, H3.6¢), 2.99 — 2.86 (m,
’ 1 H 1H, H?%e), 2.65 — 2.49 (m, 2H, H5263), 2.11 — 2.05 (m, 1H, H%),
1.48 - 1.39 (m, 1H, H%). LC-MS (APCI*/ESI): found m/z =

253.1 [M+H] * (cal. for C12H14F2N4, 252.12). Purity: 98%, tz = 0.356 min.

145b

N-(piperidin-4-yl)-1H-imidazo[4,5-b]pyridin-2-amine (145c)
Obtained from 144c¢c (0.480 g, 1.51 mmol) as a white solid
NH6 (0.322 g, 98%). Rf(10% MeOH/DCM), 0.18. 'H NMR (400 MHz,
1ENIN\>_NH4 f Methanol-ds) 6 8.39 (dd, J = 5.3, 1.5 Hz, 1H, HY), 7.58 (dd, J =
2NF N 8.0, 1.5 Hz, 1H, H3), 7.13 (dd, J = 8.0, 5.3 Hz, 1H, H2), 3.89 (tt,
J=10.9, 3.8 Hz, 1H, H4), 3.95 - 3.86 (m, 2H, H¢¢), 3.08 — 2.98

145c

3 H
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(m, 2H, H¢2), 2.03 - 1.94 (m, 2H, H>%¢), 1.54 - 1.43 (m, 2H, H52). LC-MS (APCI*/ESI): found
m/z=218.1 [M+H] * (cal. for C11HisNs, 217.13). Purity: 98%, tz = 0.359 min.

5-methyl- N-(piperidin-4-yl)-1H-imidazo[4,5-b]pyridin-2-amine (145d)

Obtained from 144d (0.470 g, 1.42 mmol) as a pale orange solid
145d NH

_ | (0.321 g, 98%). Ry(10% MeOH/DCM), 0.18. 'H NMR (400 MHz,

1\ENIN\>_N"T 5 Methanol-ds) 6 7.21 (d, J = 8.1 Hz, 1H, H3), 6.53 (d, J = 8.1 Hz,

2 AN 1H, H2), 3.90 (tt, J = 10.8, 3.9 Hz, 1H, H¢), 3.98 — 3.89 (m, 2H,

Hee), 3.01 — 2.93 (m, 2H, H64), 2.33 (s, 3H, H1), 2.05 - 1.96 (m,

2H, H5¢), 1.59 - 1.50 (m, 2H, H52). LC-MS (APCI*/ESI): found m/z = 232.2 [M+H] * (cal. for
C12H17Ns, 231.15). Purity: 98%, tk = 0.298 min.

3 H

N-(piperidin-4-yl)-1H-imidazo[4,5-c]279yridine-2-amine (145e)
Obtained from 144e (0.450 g, 1.42 mmol) as a white solid (0.300
N' | g 98%). Rf(10% MeOH/DCM), 0.12. 'H NMR (400 MHz,
'\CEN%NH“ 5 Methanol-d4) 6 8.56 (d, J= 1.5 Hz, 1H, H!), 8.19 (dd, J= 5.3, 1.5
2NFON Hz, 1H, H?), 7.29 (d, J = 5.3 Hz, 1H, H3), 3.91 (tt, J= 10.9, 4.0
Hz, 1H, H%), 4.01 — 3.92 (m, 2H, H¢), 2.98 — 2.89 (m, 2H, H¢a),
2.08 - 1.97 (m, 2H, H5¢), 1.59 - 1.51 (m, 2H, H59). LC-MS (APCI*/ESI): found m/z=218.1

[M+H] * (cal. For C11H1sNs, 217.13). Purity: 98%, tz = 0.246 min.

145e

3 H

6-chloro-N-(piperidin-4-yl)-1H-imidazo[4,5-c]279yridine-2-amine (145f)

Obtained from 144f (0.370 g, 1.05 mmol) as a white solid (0.252
NH

)+ & 95%). Rf (10% MeOH/DCM), 0.19. 'H NMR (400 MHz,
3

145f

1
NTS N\>_NH Methanol-d4) & 8.56 (s, 1H, H1), 7.66 (s, 1H, H2), 3.89 (tt, J =
=
o~ N 10.7, 3.9 Hz, 1H, H3), 3.96 — 3.85 (m, 2H, H5¢), 3.05 — 2.93 (m,

2H, HS%?3), 2.08 — 1.99 (m, 2H, H%), 1.56 — 1.48 (m, 2H, H*). LC-
MS (APCI*/ESI): found m/z = 252.1, 254.1 [M+H] * (cal. For C11H14CINs, 251.09, 253.09).
Purity: 99%, tr = 0.256 min.

N-(3-fluoropiperidin-4-yl)-1H-benzo[d]imidazol-2-amine (145g)
Obtained from 144g (0.470 g, 1.41 mmol) as a white solid (0.256
1 4QH g, 78%). Ry (10% MeOH/DCM), 0.19. 'H NMR (400 MHz,
ZCEN\)—N; lf Methanol-d4) § 7.19 (dd, J = 5.5, 3.1 Hz, 2H, H?), 6.85 (dd, J =
2 N 5.5, 3.1 Hz, 2H, H!), 4.30 (dtd, J = 49.3, 10.3, 4.5 Hz, 1H, H9),
3.79 (qd, J=11.0, 4.2 Hz, 1H, H3), 3.18 (d, J= 11.6 Hz, 1H, H7e),
2.90 - 2.81 (m, 1H, H5¢), 2.73 — 2.58 (m, 2H, H7252), 2.03 — 1.91 (m, 1H, H%), 1.44 - 1.36

145¢g

1 H
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(m, 1H, H#). LC-MS (APCI*/ESI): found m/z = 235.1 [M+H] * (cal. For C12H15FN4, 234.13).
Purity: 98%, tr = 0.295 min.

‘7-chloro-N-(piperidin-4-yl)quinolin-4-amine (171)

171 o Obtained from 170 (7.00 g, 19.4 mmol) as a pale-yellow solid
@Hm (4.95 g, 98%). R;(10% MeOH/DCM), 0.13. 'H NMR (400 MHz,

, HN DMSO) & 8.78 (s, 1H, H19), 8.56 — 8.34 (m, 2H, H1.4), 7.85 (s, 1H,
mj H3), 7.77 (d, J = 6.4 Hz, 1H, H5), 7.56 (d, J = 8.5 Hz, 1H, H?2),
A 6.77 (d, J = 6.0 Hz, 1H, H¢), 3.95 (tt, J= 11.1, 4.2 Hz, 1H, H7),

3.56 - 3.25 (m, 2H, H%), 3.07 (td, J= 12.4, 3.5 Hz, 2H, H%), 2.18 - 2.01 (m, 2H, Hse), 1.82
(dtd, J= 12.4, 10.8, 3.9 Hz, 2H, H82). LC-MS (APCI*/ESI): found m/z = 262.1 [M+H]* (cal.
for C14H16CIN3, 261.10). Purity: 99%, tr = 0.179 min.

1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-amine (204)
Obtained from 203 (4.50 g, 10.6 mmol) as a pale-yellow solid

L N204s o (3.37 g, 98%). Rs(10% MeOH/DCM), 0.12. 'H NMR (400
3©EN>_N/\I(>*NH2 MHz, Methanol-d4) 6 7.70 (d, J = 8.1 Hz, 2H, H7), 7.36 (dd,
‘ 5 J=17.8, 1.2 Hz, 1H, HY), 7.25 (d, J = 8.1 Hz, 2H, HS), 7.07
Q)e (ddd, J= 7.8, 6.5, 1.2 Hz, 1H, H2), 6.95 — 6.88 (m, 2H, H34),
F_7 5.42 (s, 2H, H9), 3.56 (dt, J = 11.9, 3.9 Hz, 2H, Hs¢), 3.48 —

3.41 (m, 3H, H8=210), 3.19 - 3.10 (m, 2H, H%), 2.21 - 2.15 (m, 2H, H%). LC-MS (APCI*/ESI):
found m/z = 325.2 [M+H]* (cal. for C19H21FN4, 324.18). Purity: 98%, tz = 0.159 min.

General Procedure 16: Bimolecular Nucleophilic Substitution (Syx2), Synthesis of
Target Compounds

A solution of appropriate amine (1.0 equiv) and K>CO3s (1.5 equiv) in MeCN was stirred
under reflux at 80 °C for 30 minutes. An appropriate alkyl bromide (1.2 equiv) was then
added, and the resulting mixture further stirred under reflux at 85 °C for 5 — 24 hours.
After completion, MeCN was taken off under reduced pressure, the residue taken up in
10% MeOH/DCM and filtered. The filtrate was adsorbed on silica gel, after which column
chromatography was performed using a 3 — 10% MeOH/DCM gradient as eluent, to afford

final compounds.
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4-(2-(4-((1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl)ethyl)benzonitrile (15)

15

2

2

9 8
NC /
6
N

1 3 5

N 4
Cro
N

1 H

Obtained from 14a (2.50 g, 11.6 mmol) and 1la (2.91 g, 13.9
mmol) as a pale-yellow solid (3.40 g, 85%); m.p.: 88 — 89 °C; Ry
(10% MeOH/DCM), 0.35. 'H NMR (400 MHz, Methanol-d4) 6 7.65
(d, J=8.3 Hz, 2H, H9), 7.44 (d, J= 8.3 Hz, 2H, HS), 7.20 (dd, J =
5.8, 3.2 Hz, 2H, H!), 6.98 (dd, J = 5.8, 3.2 Hz, 2H, H?), 3.68 (tt,
J=10.7, 4.2 Hz, 1H, H3), 3.12 — 3.02 (m, 2H, H5¢), 2.99 — 2.88

(m, 2H, H6), 2.74 — 2.65 (m, 2H, H7), 2.35 (td, J = 11.8, 2.6 Hz, 2H, H5), 2.17 — 2.04 (m,
2H, H4), 1.70 — 1.58 (m, 2H, H4). 13C NMR (101 MHz, Methanol-ds) 6 154.17, 146.02,
137.01, 131.98 (2C), 129.49 (2C), 120.18 (2C), 118.44, 111.29 (2C), 109.68, 59.02, 51.93
(2C), 49.32, 32.73, 31.58 (2C). LC-MS (APCI*/ESI): found m/z = 346.2 [M+H] * (cal. For
C21H23Ns, 345.20). Purity: 99%, tx = 0.196 min.

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

(16)

16 12 1"

Obtained from 14b (0.100 g, 0.43 mmol) and 1a (0.110 g, 0.52
mmol) as a pale yellow solid (0.129 g, 84%); m.p.: 111 -112 °C;
Rf (10% MeOH/DCM) 0.39. 'H NMR (400 MHz, Methanol-d4) 6
7.44 (d, J= 8.3 Hz, 2H, H1?), 7.23 (d, J = 8.3 Hz, 2H, H!!), 7.06
(dd, J=7.2, 1.1 Hz, 1H, H}), 6.92 (dd, J= 7.5, 1.6 Hz, 1H, H%),
6.85 - 6.76 (m, 2H, H23), 3.57 (tt, J = 11.1, 4.2 Hz, 1H, H9),
3.31 (s, 3H, H5), 2.94 - 2.85 (m, 2H, Hse), 2.77 — 2.69 (m, 2H,

H9), 2.52 - 2.45 (m, 2H, H!9), 2.11 (td, J= 12.0, 2.4 Hz, 1H, H8?), 1.97 - 1.88 (m, 2H, H7e),
1.47 (dtd, J = 12.2, 11.5, 3.8 Hz, 2H, H73). 13C NMR (101 MHz, Methanol-d4) 6 154.23,
146.12, 140.98, 134.53 (2C), 131.97 (2C), 129.50, 120.75, 119.31, 118.45, 114.34,
109.65, 106.97, 59.09, 52.28 (2C), 49.87, 32.79, 31.58 (2C), 27.18. LC-MS (APCI*/ESI):
found m/z = 360.2 [M+H] * (cal. For C22H2sNs, 359.21). Purity: 99%, tr= 0.212 min.
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4-(2-(4-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl) ethyl)

benzonitrile (17)

17 14 13 Obtained from 14d (0.100 g, 0.30 mmol) and 1a (0.076 g, 0.36
NC 2 mmol) as a white solid (0.119 g, 86%). M.p.: 122 - 124 °C; Ry

N h (10% MeOH/DCM) 0.40. *H NMR (300 MHz, DMSO-de) 6 7.79 (d,

s ANON. /| J=83Hz 2H, H), 7.73 (d, J = 8.3 Hz, 2H, H'9), 7.45 (d, J -
3©EN\>_NH 8.2 Hz, 2H, H7), 7.27 (d, J = 8.2 Hz, 2H, H¢), 7.21 (dd, J = 7.6,
) 5\\©\CN 1.3 Hz, 1H, HY), 7.01 (dd, J= 7.7, 1.2 Hz, 1H, H?), 6.97 - 6.91
T (m, 1H, H%), 6.86 - 6.79 (m, 1H, H3), 5.38 (s, 2H, H5), 4.01 (tt, J

=10.5, 3.7 Hz, 1H, H?), 3.75 - 3.69 (m, 2H, H!9), 2.90 - 2.89 (m, 2H, H!!), 2.83 - 2.75 (m,
2H, H!?), 2.56 — 2.48 (m, 2H, H10), 2.08 - 1.98 (m, 2H, H9), 1.95-1.86 (d, J= 12.8 Hz, 2H,
H9). 13C NMR (101 MHz, DMSO-ds) 6 154.49, 147.47, 144.34, 143.48, 143.30, 134.72,
132.97 (2C), 132.46 (2C), 130.28 (2C), 128.10 (2C), 121.17, 119.50, 118.98, 115.62,
110.56, 109.13, 108.13, 59.12, 52.59 (2C), 50.50, 44.60, 33.39, 32.32(2C). LC-MS
(APCI+/ESI): found m/z = 461.2 [M+H]* (cal. For CaoH2sNe, 460.24). Purity: 98%, tr =
2.382min.
4-((2-((1-phenethylpiperidin-4-yl)amino)-benzimidazoyl)methyl)benzonitrile (31)
Obtained from 14d (0.080 g, 0.24 mmol) and (2-

14 13
> 15©—1§ bromoethyl)benzene (0.054 g, 0.30 mmol) as a pale yellow
N h crystalline solid (0.078 g, 75%). M.p.: 105 — 107 °C; Rr(10%
) - N A * MeOH/DCM) 0.32. 'H NMR (400 MH z, Methanol-d4) 6 6 7.67 (d,
3©EN>_NH J=8.6 Hz, 2H, H7), 7.34 (dd, J= 7.9, 0.9 Hz, 1H, H!), 7.30-7.16
4 5\\e©\CN (m, 7H, H613.14.15) 7.06 (ddd, J = 8.6, 7.1, 1.4 Hz, 1H, H2), 7.00
7

(dd, J= 7.9, 1.5 Hz, 1H, H4), 6.95 (ddd, J= 7.9, 7.1, 1.1 Hz, 1H,
H3), 5.38 (s, 2H, H5), 3.86 (tt, J= 11.0, 4.2 Hz, 1H, H8), 3.13 - 3.06 (m, 2H, H10), 2.88 —
2.81 (m, 2H, H!1), 2.74 — 2.67 (m, 2H, H12), 2.43 - 2.34 (m, 2H, H1%), 2.17 - 2.07 (m, 2H,
Ho%), 1.72 — 1.58 (m, 2H, H%). 13C NMR (151 MHz, Methanol-ds) 6 154.02, 143.26, 142.00,
136.25, 135.98, 133.31, 131.78 (2C), 128.96 (2C), 128.22 (2C), 127.32 (2C), 122.04,
119.56, 118.65, 114.96, 111.56, 108.09, 60.01, 52.32 (2C), 49.39, 44.56, 31.83, 31.13
(2C). LC-MS (APCI+/ESI): found m/z = 435.1 [M+H] * (cal. For CasH0Ns, 435.24). Purity:
99%, tz = 2.313 min.
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4-((2-((1-(4-hydroxyphenethyl)piperidin-4-yl)Jamino)-1-benzimidazyl) methyl)

benzonitrile (32)

Obtained from 14d (0.070 g, 0.21 mmol) and 6 (0.055 g, 0.27

mmol) as a pale yellow crystalline solid (0.060g, 63%). M.p.: not

N determined; Ry (10% MeOH/DCM) 0.29. 'H NMR (400 MHz,

, N g /10 Methanol-d4) 6 7.67 (d, J = 8.5 Hz, 2H, H14), 7.35 (d, J= 7.9,

@E D—NH ’ 2H, H7), 7.26 (d, J= 8.5 Hz, 2H, H13), 7.12 - 7.07 (m, 3H, H.9),

4 7.02 (ddd, J= 7.6, 7.1, 1.1 Hz, 1H, H?), 6.95 (dd, J= 8.1, 1.1

6 oN Hz, 1H, H%), 6.75 (ddd, J = 8.0, 7.1 Hz, 1H, H3), 5.41 (s, 2H,

H5), 3.96 (tt, J = 10.7, 4.0 Hz, 1H, H8), 3.38 (td, J = 12.5, 3.1

Hz, 2H, H1%3), 3.01 — 2.95 (m, 2H, H!!), 2.90 - 2.79 (m, 4H, H10e12) 2.24 — 2.18 (m, 2H,

H9), 1.81 - 1.78 (m, 2H, H9). 13C NMR (151 MHz, Methanol-d4) 6 155.63, 143.25, 140.05,

136.58, 135.56, 133.18, 132.33 (2C), 128.23 (2C), 128.08 (2C), 126.35 (2C), 121.22,

119.45, 119.04, 115.07, 110.25, 107.89, 60.35, 52.65 (2C), 49.55, 44.38, 31.85, 30.64

(2C). LC-MS (APCI+/ESI): found m/z = 452.1 [M+H]* (cal. For C2sH20Ns0, 451.24). Purity:
98%, tr = 2.130 min.

32 1413
HO

4-((2-((1-(4-(methylsulfonyl) phenethyl) piperidin-4-yl) amino)-1H-benzo[d]imidazol-
1-yl) methyl) benzonitrile (33)
Obtained from 14d (0.080 g, 0.24 mmol) and 1-(2-bromoethyl)-

33 1413
O\;('S? S 4-(methylsulfonyl)benzene (0.076 g, 0.29 mmol) as a white
* N | crystalline solid (0.108 g, 88%). M.p.: 231 — 233 °C; R;(10%
s AN " MeOH/DCM) 0.31. H NMR (600 MH z, DMSO-ds) 6 7.82 (d, J
3©EN\>_NH = 7.9 Hz, 2H, H4), 7.79 (d, J = 8.0 Hz, 2H, H7), 7.52 (d, J= 7.9
) 5\\©\CN Hz, 2H, H13), 7.27 (d, J = 8.0 Hz, 2H, H¢), 7.22 (dd, J= 7.8, 1.5
* 7 Hz, 1H, H!), 7.01 (dd, J= 7.8, 1.3 Hz, 1H, H%), 6.94 (ddd, J =

7.8,7.2,1.2 Hz, 1H, H?), 6.83 (ddd, J= 7.8, 7.2, 1.1 Hz, 1H, H3), 5.39 (s, 2H, H5), 3.76 (tt,
J=10.3, 4.0 Hz, 1H, HS), 3.18 (s, 3H, H!5), 2.94 - 2.89 (m, 2H, H10¢), 2.87 — 2.83 (m, 2H,
H11), 2.62 - 2.54 (m, 2H, H!?), 2.13 - 2.05 (m, 2H, H0%), 2.00 - 1.93 (m, 2H, H%), 1.55 -
1.45 (m, 2H, H%). 13C NMR (151 MHz, DMSO-de) 6 154.44, 143.48, 143.27, 138.89,
134.69, 132.97 (2C), 130.04 (2C), 128.07 (2C), 127.27 (2C), 121.13, 119.11, 118.94,
115.58,110.51, 108.11, 59.27, 52.58, 50.46 (2C), 44.53, 44.07, 33.10, 32.28 (2C), 16.88.
LC-MS (APCI+/ESI): found m/z = 514.2 [M+H] * (cal. For C29H31Ns02S, 513.22). Purity:
99%, tr = 2.157 min.
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4-((2-((1-(4-methylphenethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-yl)
methyl) benzonitrile (34)

34 14 13 Obtained from 14d (0.080 g, 0.24 mmol) and 1-(2-bromoethyl)-
15 9 4-methylbenzene (0.058 g, 0.29 mmol) as a pale yellow

N ! crystalline solid (0.082 g, 76%). M.p.: 179 — 181 °C; Rf(10%

, on /" | MeOH/DCM) 0.44. 'H NMR (600 MH z, Methanol-ds)  7.66 (d,
3©EN\>_NH J=8.5Hz, 2H, H), 7.34 (dd, J= 7.9, 1.2 Hz, 1H, H!), 7.25 (d, J
) 5\\©\CN = 8.5 Hz, 2H, H¢), 7.10 (br-s, 4H, H13.14), 7.06 (ddd, J= 8.0, 7.2,

° 7 1.3 Hz, 1H, H?), 7.01 (dd, J= 7.6, 1.2 Hz, 1H, H%), 6.95 (ddd, J =

7.6, 1.5 Hz, 1H, H3), 5.38 (s, 2H, H5), 3.87 (tt, J= 10.9, 4.6 Hz, 1H, HS), 3.19 — 3.12 (m,
2H, H1%e), 2.84 — 2.81 (m, 2H, H!1), 2.78 — 2.72 (m, 2H, H!2), 2.51 - 2.44 (m, 2H, H!09),
2.29 (s, 3H, H15), 2.18 - 2.08 (m, 2H, H%), 1.68 (dtd, J=12.1, 11.1, 3.6 Hz, 2H, H%). 13C
NMR (151 MHz, Methanol-ds) 6 153.84, 142.27, 141.48, 135.86, 135.61, 133.83, 132.24
(2C), 128.80 (2C), 128.14 (2C), 127.09 (2C), 121.34, 119.66, 118.01, 114.83, 111.01,
107.58, 59.63, 52.01 (2C), 49.43, 44.22, 31.79, 30.84 (2C), 19.61. LC-MS (APCI+/ESI):
found m/z = 450.2 [M+H] * (cal. For C29H31Ns, 449.26). Purity: 99%, tr = 2.365 min.

4-((2-((1-(4-(trifluoromethyl)phenethyl)piperidin-4-yl)amino)- 1H-benzo[d]imidazol-1-
yl) methyl) benzonitrile (35)

35 14 13 Obtained from 14d (0.080 g, 0.24 mmol) and 1-(2-bromoethyl)-
CF3 N 4-(trifluoromethyl)benzene (0.073 g, 0.29 mmol) as a pale yellow
N h crystalline solid (0.095 g, 79%). M.p.: 92 - 93 °C; Rf (10%
2 1 N & * MeOH/DCM) 0.51. 'H NMR (400 MHz, Methanol-d4) 6 7.66 (d, J
SCEN%NH = 8.4 Hz, 2H, H!4), 7.58 (d, J= 8.0 Hz, 2H, H7), 7.42 (d, J= 8.4
T ) cN | Hz, 2H, H13), 7.33 (dd, J = 8.0, 1.2 Hz, 1H, H!), 7.25 (d, J= 8.0

7

Hz, 2H, H¢), 7.06 (ddd, J= 8.0, 7.3, 1.2 Hz, 1H, HS), 7.00 (dd, J
= 8.1, 1.3 Hz, 1H, H%), 6.95 (ddd, J= 8.1, 7.3, 1.1 Hz, 1H, H3), 5.38 (s, 2H, H?), 3.84 (tt, J
=10.9, 4.1 Hz, 1H, H?), 3.08 - 3.02 (m, 2H, H1%), 2.94 - 2.89 (m, 2H, H!1), 2.72 - 2.64 (m,
2H, H!?), 2.36 — 2.30 (m, 2H, H0a), 2.13 — 2.05 (m, 2H, H%), 1.63 (dtd, J=11.8, 10.0, 3.8
Hz, 2H, H%). 13C NMR (151 MHz, Methanol-d4) 6 153.93, 144.51, 142.30, 141.56, 133.84,
132.23 (2C), 128.96 (2C), 128.26 (q, J = 22.3 Hz), 127.11 (2C), 124.93 (2C), 123.53,
121.30, 119.57, 118.02, 114.79, 110.99, 107.51, 59.30, 52.12 (2C), 49.85, 44.19, 32.43,
30.77 (2C). LC-MS (APCI+/ESI): found m/z = 504.2 [M+H] * (cal. For Ca9H2sF3Ns, 503.23).
Purity: 99%, tr = 2.633 min.
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4-((2-((1-(4-nitrophenethyl)piperidin-4-yl)amino)-1H-benzimidazol-1-yl) methyl)

benzonitrile (36)

36 4 13 Obtained from 14d (0.080 g, 0.24 mmol) and 1-(2-bromoethyl)-
O,N 4-nitrobenzene (0.067 g, 0.29 mmol) as a light orange solid
N (0.089 g, 77%). M.p.: 86 — 88 °C; Rf(10% MeOH/DCM) 0.49. 'H
, Ny " | NMR (600 MHz, Methanol-ds) 6 8.16 (d, J= 8.0 Hz, 2H, H!4), 7.66
3©EN\>_NH (d, J= 7.7 Hz, 2H, H7), 7.48 (d, J = 8.0 Hz, 2H, H13), 7.33 (dd, J
EFQCN = 7.9, 1.2 Hz, 1H, HY), 7.25 (d, J = 7.7 Hz, 2H, HS), 7.06 (ddd, J
¢ 7 =709, 7.0, 1.2 Hz, 1H, H?), 7.00 (dd, J = 8.0, 1.2 Hz, 1H, H%),
6.95 (ddd, J= 8.0, 7.0, 1.4 Hz, 1H, H3), 5.38 (s, 2H, H5), 3.84 (tt, J=11.2, 5.4 Hz, 1H, H3),
3.06 — 3.00 (m, 2H, H!%), 2.99 - 2.93 (m, 2H, H!1), 2.73 - 2.65 (m, 2H, H!2), 2.37 - 2.28
(m, 2H, H104), 2.12 - 2.08 (m, 2H, H%), 1.63 (dtd, J=12.2, 11.7, 3.3 Hz, 2H, H%,). 13C NMR
(151 MHz, Methanol-d4) 6 153.92, 148.04, 146.57, 142.32, 141.52, 133.84, 132.25 (2C),
129.46 (2C), 127.13 (2C), 123.16 (2C), 121.32, 119.60, 118.06, 114.80, 110.94, 107.53,
58.94, 52.05 (2C), 49.82, 44.21, 32.40, 31.32 (2C). LC-MS (APCI+/ESI): found m/z=481.2
[M+H] * (cal. For C2sH2sNeO2, 480.23). Purity: 99%, tr = 2.306 min.

Methyl 4-(2-(4-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-
yl)ethyl)benzoate (37)

37_0 " 13 Obtained from 14d (0.200 g, 0.60 mmol) and 9 (0.176 g, 0.72

15 12 mmol) as a pale-yellow solid (0.263 g, 89%); m.p.: 166 — 167

© N °C; Ry(10% MeOH/DCM) 0.34. 'H NMR (600 MHz, Methanol-

, N é;im ds) 6 7.94 (d, J= 8.3 Hz, 2H, H!4), 7.66 (d, J= 8.4 Hz, 2H, H7),

SCEN%N'G" ] 7.37 - 7.30 (m, 3H, H1.13), 7.25 (d, J = 8.4 Hz, 2H, H¢), 7.06

A on (ddd, g= 7.7, 7.3, 1.3 Hz, 1H, H?), 7.00 (dd, J = 7.8, 1.3 Hz,

1H, H%), 6.95 (ddd, J= 7.8, 7.3, 1.1 Hz, 1H, H3), 5.37 (s, 2H,
H5), 3.88 (s, 3H, H15), 3.83 (tt, J= 10.9, 4.1 Hz, 1H, H8), 3.07 — 3.00 (m, 2H, H%), 2.92 —
2.88 (m, 2H, H!!), 2.70 - 2.64 (m, 2H, H12), 2.35 - 2.28 (m, 2H, H10), 2.12 — 2.06 (m, 2H,
H9%), 1.67 — 1.58 (m, 2H, H%). 13C NMR (151 MHz, Methanol-d4)  167.12, 153.94, 145.77,
142.31, 141.59, 133.85 (2C), 132.23 (2C), 129.33 (2C), 128.53 (2C), 127.94, 127.10,
121.29, 119.55, 118.02, 114.79, 110.99, 107.50, 59.34, 52.13 (2C), 51.08, 49.88, 44.18,
32.67, 31.37 (2C). LC-MS (APCI*/ESI): found m/z = 494.2 [M+H] * (cal. For C3oH31Ns02,
493.25). Purity: 99%, tr = 2.330 min.
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Ethyl 4-(2-(4-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl)
ethyl) benzoate (38)

38 Obtained from 14d (0.150 g, 0.45 mmol) and 8 (0.140 g, 0.54
1}—0 N 12 mmol) as a pale-yellow solid (0.125 g, 55%); m.p.: 152 — 154
® 0 " °C; Rf(10% MeOH/DCM) 0.45. 'H NMR (400 MHz, Methanol-
Q 0 ds) 6 7.95 (d, J= 8.2 Hz, 2H, H!4), 7.67 (d, J = 8.5 Hz, 2H, H7),
ZCEN%N: 9 7.36 (d, J= 8.2 Hz, 2H, H13), 7.33 (dd, J= 7.9, 0.9 Hz, 1H, H}),
’ N 7.25 (d, J= 8.5 Hz, 2H, H¢), 7.06 (ddd, J= 7.9, 7.3, 1.1 Hz, 1H,

4 7
5\\©\CN H2), 7.01 (dd, J = 8.0, 1.1 Hz, 1H, H%), 6.95 (ddd, J = 8.0, 7.3,
1.1 Hz, 1H, H3), 5.38 (s, 2H, H5), 4.35 (q, J = 7.1 Hz, 2H, H15),
3.85 (tt, J= 10.9, 4.1 Hz, 1H, Hs), 3.09 — 3.05 (m, 2H, H19), 2.93 — 2.90 (m, 2H, H!1), 2.74
~2.69 (m, 2H, H12), 2.40 — 2.33 (m, 2H, H19), 2.14 — 2.09 (m, 2H, H9), 1.68 — 1.60 (m, 2H,
Ho), 1.38 (t, J = 7.1 Hz, 3H, H16). 13C NMR (151 MHz, Methanol-ds) 8 167.54, 154.80,
146.40, 143.20, 142.42, 134.74, 133.14 (2C), 130.20 (2C), 129.41 (2C), 129.21 (2C),
128.00, 122.21, 120.50, 118.92, 115.69, 111.91, 108.43, 61.52, 60.13, 53.01 (2C), 50.68,
45.11, 33.46, 32.16 (2C), 14.08. LC-MS (APCI*/ESI): found m/z = 508.2 [M+H] * (cal. For
Cs1H33Ns02, 507.26). Purity: 99%, &= 2.419 min.

4-(2-(4-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl) ethyl)

benzoic acid (39)

39 o 5w To a solution of 37 (0.180 g, 0.37 mmol) in 10 ml methanol,
° 2M aqueous KOH (912 ul, 1.82 mmol) was added, and the
© N b resulting mixture stirred at 79 °C for 2 hr. Following
) N @011 completion, the reaction mixture was cooled to 0 °C, and
3©EN\>_NH8 , acidified to pH 2 while stirring. The product was filtered and

4
5\\©\ CN obtained after recrystallization in methanol and drying, as a

6

white solid (0.170 g, 96%); m.p.: 181 - 183 °C; Ry (10%
MeOH/DCM), 0.11. 'H NMR (600 MHz, DMSO-ds) 6 7.88 (d, J= 8.0 Hz, 2H, H5), 7.79 (d,
J= 8.1 Hz, 2H, H7), 7.37 (d, J= 8.0 Hz, 2H, H4), 7.28 (d, J= 8.1 Hz, 2H, H¢), 7.23 (dd, J
= 8.0, 1.2 Hz, 1H, HY), 7.02 (dd, J= 7.9, 1.3 Hz, 1H, H%), 6.95 (ddd, J= 8.0, 7.3, 1.2 Hz,
1H, H?), 6.84 (ddd, J= 7.9, 7.3, 1.2 Hz, 1H, H3), 6.78 (d, J= 3.9 Hz, 1H, HS), 5.42 (s, 2H,
H5), 3.86 (tt, J= 10.3, 4.2 Hz, 1H, H9), 3.17 - 3.10 (m, 2H, H!l¢), 2.96 — 2.90 (m, 2H, H12),
2.86 -2.79 (m, 2H, H13), 2.45 - 2.52 (m, 2H, H!1a), overlap with DMSO signal), 2.08 — 2.00
(m, 2H, H10¢), 1.73 — 1.63 (m, 2H, H10a), 13C NMR (151 MHz, DMSO-de) 6 167.77, 154.33,
143.45, 143.07, 134.65, 132.97 (2C), 129.90 (2C), 129.85 (2C), 129.42 (2C), 129.29,
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128.08, 127.45, 121.21, 119.03, 115.61, 110.52, 108.22, 58.29, 51.96 (2C), 49.52, 44.61,
32.07, 31.05 (2C). LC-MS (APCI*/ESI): found m/z = 480.2 [M+H] * (cal. For C29H29N502,
479.23). Purity: 96%, tr = 0.155 min.

4-((2-((1-(4-(1,2,4-oxadiazol-3-yl) phenethyl) piperidin-4-yl) amino)-1-
benzo[d]imidazol-1-yl) methyl) benzonitrile (40)
Obtained from 14d (0.080 g, 0.24 mmol) and 3a (0.073 g, 0.29

o-N io” b mmol) as a pale-yellow solid (0.087 g, 72%); m.p.: 98 — 100 °C;
15|QN » Rf(10% MeOH/DCM), 0.59. 'H NMR (600 MHz, Methanol-d4) 6
1 N o 7.65 (d, J = 8.7 Hz, 2H, H!4), 7.63 (dd, J= 8.0 Hz, 2H, H7), 7.42
2©EN>_N: 9 (d, J=8.7 Hz, 2H, H®9), 7.33 (dd, J= 7.9, 1.1 Hz, 1H, H}), 7.24
° " N (d, J= 8.0 Hz, 2H, H®), 7.06 (ddd, J= 7.9, 7.2, 1.0 Hz, 1H, H?),
° N CN | 7.00(dd, J=8.0, 1.0 Hz, 1H, H%), 6.95 (ddd, J= 8.0, 7.2, 1.1 Hz,

1H, H3), 5.37 (s, 2H, H5), 3.84 (tt, J=11.1, 4.2 Hz, 1H, H8), 3.06
—3.01 (m, 2H, H!9), 2.94 — 2.87 (m, 2H, H!1), 2.70 - 2.66 (m, 2H, H!?), 2.36 — 2.30 (m, 2H,
H19), 2.12 - 2.08 (m, 2H, H9), 1.67 — 1.58 (m, 2H, H9). 13C NMR (151 MHz, Methanol-ds4) &
154.10, 145.93, 142.30, 141.53, 140.68, 133.85, 132.25 (2C), 131.97 (2C), 129.47 (2C),
127.13 (2C), 121.34, 119.63, 118.44, 118.05, 114.82, 111.01, 109.67, 107.56, 58.97,
52.10 (2C), 49.83, 44.23, 32.67, 31.33 (2C). LC-MS (APCI*/ESI): found m/z = 504.2 [M+H]
* (cal. For C3oH29N7O, 503.24). Purity: 97%, tg = 2.356 min.

4-((2-((1-(4-(5-methyl-1,2,4-oxadiazol-3-yl) phenethyl) piperidin-4-yl) amino)-1H-
benzo[d]imidazol-1-yl) methyl) benzonitrile (41)

Obtained from 14d (0.080 g, 0.24 mmol) and 3b (0.077 g, 0.29
mmol) as a pale-yellow solid (0.076 g, 61%); m.p.: 148 — 150 °C;

41

oy I\ R;(10% MeOH/DCM) 0.48. 'H NMR (600 MHz, Methanol-ds) &
15N | 8.02(d, J=79 Hz, 2H, H), 7.70 (d, J = 8.0 Hz, 2H, H), 7.47
2 N é;) 0 | (d, J=7.9 Hz, 2H, H'3), 7.41 (dd, J = 7.9, 0.9 Hz, 1H, H), 7.30
3@[N\>—NH ’ (d, J = 8.0 Hz, 2H, HS), 7.17 (ddd, J = 7.9, 7.1, 1.0 Hz, 1H, H?),
i) 7.12 (dd, J= 8.0, 1.0 Hz, 1H, H%), 7.08 (ddd, J= 8.0, 7.1, 1.0 Hz,

o~ N 1H, H?), 5.46 (s, 2H, H5), 4.04 (tt, J = 10.5, 4.1 Hz, 1H, H¥), 3.75

- 3.63 (m, 2H, H19), 3.44 — 3.38 (m, 2H, H11), 3.26 — 3.18 (m, 2H,
H12), 3.18 - 3.12 (m, 2H, H19), 2.65 (s, 3H, H!5), 2.40 — 2.31 (m, 2H, H9), 1.99 — 1.89 (m,
2H, H9). 13C NMR (151 MHz, Methanol-ds) 6 177.47, 167.78, 152.31, 141.41, 139.89,
132.95, 132.38 (2C), 129.12 (2C), 127.43 (2C), 127.07 (2C), 125.74, 122.33, 121.13,
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119.23, 117.95, 114.13, 111.28, 108.49, 57.10, 51.63 (2C), 44.63, 30.15, 29.19 (20C),
29.09, 10.64. LC-MS (APCI*/ESI): found m/z= 518.2 [M+H] * (cal. For C31H31N7O, 517.26).
Purity: 97%, tr = 2.447 min.

4-((2-((1-(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)
amino)-1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (42)

phenethyl) piperidin-4-yl)

Obtained from 14d (0.080 g, 0.24 mmol) and 3¢ (0.093 g, 0.29
mmol) as a pale-yellow solid (0.107 g, 78%); m.p.: 125 — 126
°C; Rf(10% MeOH/DCM) 0.58. 'H NMR (600 MHz, Methanol-
ds) 6 8.05 (d, J = 8.3 Hz, 2H, H!4), 7.67 (d, J= 8.4 Hz, 2H, H7),
7.46 (d, J= 8.3 Hz, 2H, H13), 7.33 (dd, J= 7.8, 0.9 Hz, 1H, H}),
N 7.25 (d, J= 8.4 Hz, 2H, H¢), 7.06 (ddd, J= 7.8, 7.3, 1.0 Hz, 1H,
H2), 7.01 (dd, J= 8.0, 1.1 Hz, 1H, H%), 6.95 (ddd, J = 8.0, 7.3,
! 1.1 Hz, 1H, H3), 5.38 (s, 2H, H5), 3.85 (tt, J= 10.9, 4.1 Hz, 1H,
H8), 3.12 - 3.05 (m, 2H, H9), 2.97 - 2.91 (m, 2H, H!1), 2.77 — 2.70 (m, 2H, H12), 2.41 -
2.33 (m, 2H, H!9), 2.14 - 2.09 (m, 2H, H9), 1.71 - 1.60 (m, 2H, H9). 13C NMR (151 MHz,
Methanol-d4) 6 169.07, 165.92 (q, J= 23.9 Hz), 153.92, 144.84, 142.32, 141.55, 133.86,
132.26 (2C), 129.34 (2C), 127.46 (2C), 127.13 (2C), 122.94, 121.33, 119.61, 118.04,
117.07, 115.27, 111.02, 107.55, 59.27, 52.14 (2C), 49.82, 44.23, 32.59, 31.31 (2C). LC-
MS (APCI*/ESI): found m/z = 572.2 [M+H] * (cal. For C31H28F3N7O, 571.23). Purity: 97%,
tr = 2.732 min.

42

4-((2-((1-(4-(5-ox0-4,5-dihydro-1,2,4-oxadiazol-3-yl)
amino)-1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (43)

phenethyl) piperidin-4-yl)

43
O N 11
H
2
3

4
5

& 7

12
"
N
1 10
N /_>—’8 .
S—NH
N
CN

IO

Obtained from 14d (0.080 g, 0.24 mmol) and 3d (0.091 g, 0.29
mmol) as a white solid (0.085 g, 68%); m.p.: 181 — 183 °C; Ry
(10% MeOH/DCM) 0.13. 'H NMR (600 MHz, Methanol-ds4) 6
7.78 (d, J= 8.3 Hz, 2H, H4), 7.67 (d, J = 8.5 Hz, 2H, H7), 7.39
(d, J= 8.3 Hz, 2H, H!3), 7.36 (dd, J= 7.9, 1.0 Hz, 1H, H!), 7.26
(d, J= 8.5 Hz, 2H, H¢), 7.10 (ddd, J=7.9, 7.3, 1.1 Hz, 1H, H?),
7.04 (dd, J = 8.1, 1.1 Hz, 1H, H%), 6.99 (ddd, J= 8.1, 7.3, 1.1
Hz, 1H, H3), 5.42 (s, 2H, H5), 4.00 (tt, J= 10.7, 4.0 Hz, 1H, H9),
3.53 - 3.47 (m, 2H, H9), 3.22 - 3.18 (m, 2H, H!!), 3.09 - 3.05

(m, 2H, H1?), 3.02 - 2.95 (m, 2H, H19), 2.31 - 2.26 (m, 2H, H9), 1.91 - 1.83 (m, 2H, H9). 13C
NMR (151 MHz, Methanol-d4) 6 163.99, 153.43, 142.08, 140.79, 140.44, 133.71, 132.29
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(2C), 128.91 (2C), 127.10 (2C), 126.43 (2C), 125.94, 121.60, 120.08, 118.02, 114.83,
111.07, 107.88, 57.60, 51.58 (2C), 48.28, 48.16, 44.40, 30.71, 29.56 (2C). LC-MS
(APCI*/ESI): found m/z = 520.2 [M+H] * (cal. For C3oH20N702, 519.24). Purity: 98%, & =
2.595 min.

(S)-4-((2-((1-(4-(5-methyl-4,5-dihydrooxazol-2-yl) phenethyl) piperidin-4-yl) amino)-
1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (44)
Obtained from 14d (0.050 g, 0.15 mmol) and 5a (0.049 g, 0.18

15 N, 41'-44 13 Y mmol) as a pale-yellow solid (0.045 g, 58%); m.p.: 67 — 69 °C;
ﬂ:o “ Rf(10% MeOH/DCM), 0.33. 'H NMR (400 MHz, Methanol-d4) 6
N 1 N o 7.83 (d, J= 8.2 Hz, 2H, H!4), 7.67 (d, J= 8.3 Hz, 2H, H7), 7.36
2©EN\>_N: 9 - 7.30 (m, 3H, H3.1), 7.25 (d, J= 8.3 Hz, 2H, H¢), 7.06 (ddd, J
3 " N =7.9,7.2, 1.4 Hz, 1H, H?), 7.01 (dd, J = 8.2, 1.2 Hz, 1H, H%),
° ) CN| 6.96 (ddd, J= 8.2, 7.2, 1.4 Hz, 1H, H3), 5.38 (s, 2H, H5), 4.91

7

(ddq, J= 14.3, 9.3, 6.3 Hz, 1H, H1¢), 4.11 (dd, J= 14.3, 7.4 Hz,
1H, H15), 3.85 (tt, J=11.0, 5.5 Hz, 1H, H8), 3.57 (dd, J=9.3, 7.4 Hz, 1H, H!5), 3.11 - 3.03
(m, 2H, H10), 2.95 - 2.85 (m, 2H, H!!), 2.76 — 2.66 (m, 2H, H!2?), 2.42 - 2.32 (m, 2H, H10),
2.15-2.06 (m, 2H, H9), 1.71 - 1.58 (m, 2H, H9), 1.42 (d, J = 6.3 Hz, 3H, H!7). 13C NMR
(101 MHz, Methanol-d4) 6 164.81, 153.92, 143.99, 142.30, 141.56, 133.87, 132.25 (2C),
128.53 (2C), 127.99 (2C), 127.13 (2C), 125.45, 121.32, 119.61, 118.03, 114.84, 111.03,
107.55, 76.71, 60.25, 59.26, 52.11 (2C), 49.78, 44.25, 32.51, 31.25 (2C), 19.76. LC-MS
(APCI*/ESI): found m/z = 519.2 [M+H] * (cal. For C32H34NgO, 518.28). Purity: 98%, tr=

2.676 min. Specific rotation, [a]2°p = +8.11°

(S)-4-((2-((1-(4-(4-methyl-4,5-dihydrooxazol-2-yl) phenethyl) piperidin-4-yl) amino)-
1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (45)
Obtained from 14d (0.047 g, 0.14 mmol) and 5b (0.047 g, 0.17

o iS . mmol) as a pale pale-yellow solid (0.061 g, 81%); m.p.: 104 —
1E'[N\>_©_§ 106 °C; Ry (10% MeOH/DCM), 0.34. 'H NMR (400 MHz,
©o " | Methanol-di) 6 7.84 (d, J = 8.2 Hz, 2H, H'%), 7.66 (d, J = 8.5 Hz,
LN e/ 2HH), 7.35-7.32 (m, 3H, HI%Y), 7.25 (d, J= 8.5 Hz, 2H, H),
3E:[N\>—NH 7.06 (ddd, J = 7.7, 7.2, 1.0 Hz, 1H, H2), 7.00 (dd, J = 8.1, 0.8

U oy 7 1H HY, 695 (ddd, J=8.1,7.3, 1.1 Hz, 1H, H9), 538 s,

6 5 2H, H9), 4.57 (dd, J= 9.3, 8.0 Hz, 1H, H15), 4.35 (ddq, J = 9.3,
7.5, 6.6 Hz, 1H, H1¢), 4.01 (dd, J = 8.0, 7.5 Hz, 1H, H!5), 3.86
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(tt, J=10.9, 4.1 Hz, 1H, HS), 3.12 - 3.08 (m, 2H, H!9), 2.93 - 2.89 (m, 2H, H!1), 2.76 -
2.72 (m, 2H, H!?), 2.44 - 2.37 (m, 2H, H19), 2.14 — 2.09 (m, 2H, H9), 1.70 - 1.62 (m, 2H,
H9), 1.33 (d, J = 6.6 Hz, 3H, H17). 13C NMR (151 MHz, Methanol-d4) 6 164.50, 153.88,
143.90, 142.29, 141.50, 133.85, 132.26 (2C), 128.57 (2C), 128.11 (2C), 127.12 (2C),
125.25, 121.35, 119.64, 118.04, 114.82,111.02, 107.58, 74.04, 61.23, 59.16, 52.08 (2C),
49.68, 44.25, 32.39, 31.14 (2C), 20.09. LC-MS (APCI*/ESI): found m/z = 519.2 [M+H] *
(cal. For C32H34N6O, 518.28). Purity: 98%, tr = 2.700 min. Specific rotation, [a]25p = +7.78°

4-((2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)amino)-1H-
benzo[d]imidazol-1-yl)methyl)benzonitrile (46)
46 Obtained from 14d (0.100 g, 0.30 mmol) and 7a (0.103 g, 0.36
N-O 1413 mmol) as a pale yellow solid (0.100 g, 65%). M.p.: 147 — 149 °C;
15 ~N 1 Rf(10% MeOH/DCM), 0.56. 'H NMR (300 MHz, Methanol-d4)
8.05 (d, J = 8.3 Hz, 2H, H!4), 7.68 (d, J = 7.9 Hz, 2H, H7), 7.47
2©EN>—NH 9 (d, J= 8.3 Hz, 2H, H!3), 7.33 (dd, J= 7.8, 1.0 Hz, 1H, H!), 7.28
N - 7.23 (m, 2H, H2¢), 7.08 (dd, J = 7.9, 0.9 Hz, 1H, H%), 7.02 —
CN| 6.91 (m, 1H, H3), 5.39 (s, 2H, H5), 3.90 - 3.78 (m, 2H, H19), 3.07
—-2.98 (m, 2H, H!1), 2.95 -2.88 (m, 2H, H!?), 2.71 - 2.63 (m, 2H,
H10), 2.43 (s, 3H, H!5), 2.34 — 2.36 (m, 2H, H9), 2.11 - 2.06 (m, 2H, H9). 13C NMR (101
MHz, Methanol-d4) & 175.43, 164.40, 153.97, 144.61, 142.33, 141.62, 133.90, 132.27
(2C), 129.32 (2C), 127.15 (2C), 126.55 (2C), 121.32, 119.61, 118.04, 114.87, 112.03,
111.05, 107.54, 59.27, 52.13 (2C), 49.88, 44.27, 32.64, 31.38 (2C), 9.05. LC-MS
(APCI+/ESI): found m/z = 517.9 [M+H] * (cal. For C3:H3:1N7O, 517.24). HPLC Purity: 98%,
tr = 2.453 min.

4-((2-((1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)amino)-
1-benzimidazol-1-yl)methyl)benzonitrile (47)

47 Obtained from 14d (0.100 g, 0.30 mmol) and 7b (0.122 g, 0.36

o M® mmol) as a white solid (0.128 g, 75%). M.p.: 117 — 119 °C; Ry
i@—@—iﬂ (10% MeOH/DCM), 0.67. 'H NMR (300 MHz, Methanol-d,) &
CFs N 8.12 (d, J= 8.3 Hz, 2H, H4), 7.68 (d, J = 8.2 Hz, 2H, H7), 7.53
s AN @“’ (d, J= 8.3 Hz, 2H, H19), 7.33 (dd, J= 7.7, 1.1 Hz, 1H, H1), 7.26
SCEN\*NH ~7.17 (m, 2H, H26), 7.05 (dd, J= 7.9, 1.2, 1H, H%), 7.01 — 6.92

) on| m, 1H, H?), 5.39 (s, 2H, H9), 3.86 (tt, J= 10.9, 3.8 Hz, 1H, H8),

¢ 7 3.05 - 2.97 (m, 2H, H19), 2.97 - 2.89 (m, 2H, H!1), 2.72 - 2.67

5
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(m, 2H, H1?), 2.33 - 2.25 (m, 2H, H19), 2.10 - 2.02 (m, 2H, H9), 1.72 - 1.55 (m, 2H, H9). 13C
NMR (151 MHz, Methanol-d4) 6 168.93, 165.33 (q, J = 24.0 Hz), 154.01, 144.75, 142.46,
141.97, 134.02, 132.45 (2C), 129.45 (2C), 127.88 (2C), 127.58 (2C), 123.03, 121.67,
119.69, 118.12,116.99, 115.31, 111.13, 107.58, 59.33, 52.20 (2C), 49.95, 44.44, 32.62,
31.24 (2C). LC-MS (APCI+/ESI): found m/z=571.9 [M+H]* (cal. For C31H2s8F3N70O, 571.23).
HPLC Purity: 97%, tr = 2.699 min.

4-((2-((1-(4-(5-methyl-1,3,4-oxadiazol-2-yl)phenethyl)piperidin-4-yl)amino)-1H-
benzo[d]imidazol-1-yl)methyl)benzonitrile (48)
Obtained from 14d (0.100 g, 0.30 mmol) and 7a (0.096 g, 0.36

48
)NLN\ /N 12 mmol) as a white solid (0.074 g, 48%). M.p.: 125 - 127 °C; Ry
15~ ™ | (10% MeOH/DCM), 0.56. 'H NMR (300 MHz, Methanol-d:)
, )10 | 7.95(d,J=8.3 Hz, 2H, H!4), 7.67 (d, J = 8.1 Hz, 2H, H7), 7.45
2©[N\>—NH ? (d, J= 8.3 Hz, 2H, H19), 7.34 (dd, J = 7.9, 1.2, 1H, H1), 7.25 (d,
S ': J = 8.0 Hz, 2H, H6), 7.06 (td, J = 7.5, 1.6 Hz, 1H, H2), 7.03 -
s~ N 6.92 (m, 2H, H34), 5.38 (s, 2H, H5), 3.84 (tt, J = 10.8, 3.9 Hz,

1H, H?), 3.06 — 2.98 (m, 2H, H19), 2.93 - 2.86 (m, 2H, H11), 2.71
- 2.63 (m, 2H, H1?), 2.61 (s, 3H, H!5), 2.35 - 2.27 (m, 2H, H19), 2.11 - 2.03 (m, 2H, H9),
1.73 — 1.55 (m, 2H, H9). 13C NMR (101 MHz, Methanol-d4 6 164.40, 153.97, 144.61,
142.33, 141.62, 138.43, 133.90, 132.27(2C), 129.32 (2C), 127.15 (2C), 126.55 (2C),
121.32,119.61, 118.04, 114.87, 112.34, 111.05, 107.54, 59.27, 52.13 (2C), 49.88, 44.27,
32.64, 31.38 (2C), 9.25. LC-MS (APCI+/ESI): found m/z = 517.9 [M+H]* (cal. For
C31H31N7O, 517.24). HPLC Purity: 97%, tr = 2.514 min.

4-((2-((1-(2-(1H-pyrazyl)ethyl)piperidin-4-yl)amino)-1-benzimidazyl) methyl)

benzonitrile (49)

Obtained from 14d (0.084 g, 0.25 mmol) and 2-bromoethyl-1H-

13
* EEN\'N_1§11 pyrazole (0.054 g, 0.30 mmol) as a yellow solid (0.057g, 53%).
N M.p.: 129 - 131 °C; R(10% MeOH/DCM) 0.42. 'H NMR (300
, Nl MHz, DMSO-ds) 6 7.79 (d, J= 8.3 Hz, 2H, H7), 7.71 (dd, J= 7.3,
3©EN\>_NH 1.9 Hz, 1H, H13), 7.40 (dd, J = 7.3, 1.8 Hz, 1H, H15), 7.27 (d, J
) s\\QCN = 8.3 Hz, 2H, H6), 7.22 (dd, J= 7.4, 7.3 Hz, 1H, H'4), 7.01 (dd,
° 7 J=17.5, 1.3, 1H, H!), 6.94 (ddd, J = 8.0, 7.5, 1.1 Hz, 1H, H2),

6.82 (dd, J= 8.0, 1.2 Hz, 1H, H#), 6.57 (ddd, J= 8.0, 7.5, 1.1 Hz, 1H, H3), 5.38 (s, 2H, H5),
4.21 (t, J = 6.6 Hz, 1H, H12), 3.70 (tt, J= 10.2, 3.8 Hz, 1H, H8), 2.84 — 2.78 (m, 2H, H10),
2.70 (t, J= 6.6 Hz, 2H, H11), 2.17 — 2.05 (m, 2H, H10), 1.93 - 1.85 (m, 2H, H9), 1.55 — 1.41
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(m, 2H, H9). 13C NMR (101 MHz, DMSO-ds) 6 154.49, 143.49, 143.33, 138.76, 134.73,
132.97 (2C), 130.42 (2C), 128.11, 121.15, 118.96, 115.63, 112.43, 110.57, 108.13,
105.22, 57.93, 52.67 (2C), 50.37, 49.59, 44.61, 32.34 (2C). LC-MS (APCI+/ESI): found
m/z =426 [M+H] * (cal. For C2sH27N7, 425.23). Purity: 98%, tr = 2.122 min.

4-((2-((1-(2-(292yrrolid-2-yl)ethyl)piperidin-4-yl)amino)-1-benzimidazyl) methyl)

benzonitrile (50)

Obtained from 14d (0.100 g, 0.30 mmol) and 1b (0.067 g, 0.36

14 13
>0 5 N2 mmol) as an off-white solid (0.101 g, 75%). M.p.: 138 — 140 °C;
DI R;(10% MeOH/DCM) 0.27. 'H NMR (400 MHz, Methanol-ds) &
Y 10 8.45 (dd, J = 5.0, 1.9 Hz, 1H, H16), 7.76 (dd, J = 7.7, 1.8 Hz,
3 @[N\>—NH 1H, H'4), 7.67 (d, J= 8.5 Hz, 2H, H7), 7.37 - 7.32 (m, 2H, H1.15),
i 7.29 — 7.23 (m, 3H, H6.13), 7.06 (ddd, J= 7.9, 7.1, 1.5 Hz, 1H,
o~ M| H2,7.00 (d, J=8.0, 1.4, 1H, HY), 6.95 (ddd, J= 8.1, 7.1, 1.1

Hz, 1H, H3), 5.38 (s, 2H, H5), 3.86 (tt, J= 10.9, 4.1 Hz, 1H, H?),
3.11 - 3.06 (m, 2H, H19), 3.05 — 3.00 (m, 2H, H!1), 2.88 — 2.82 (m, 2H, H!?), 2.45 - 2.36
(m, 2H, H9), 2.15 - 2.08 (m, 2H, H9, 1.70 - 1.59 (m, 2H, H9). 13C NMR (101 MHz,
Methanol-ds4) & 159.50, 153.95, 148.38, 142.32, 141.61, 137.33, 133.90, 132.27 (2C),
127.15 (2C), 123.58, 121.67, 121.33, 119.62, 118.04, 114.88, 111.05, 107.56, 57.71,
52.02 (2C), 49.73, 44.27, 34.19, 31.22 (2C). LC-MS (APCI+/ESI): found m/z=437.2 [M+H]
* (cal. For Co7H2sNg, 436.24). Purity: 99%, tr = 2.134 min.

4-((2-((1-(2-(piperidin-1-yl)ethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-yl)
methyl) benzonitrile (51)

51 1w 13 Obtained from 14d (0.060 g, 0.18 mmol) and 1-(2-
15 CN 12 bromoethyl)piperidine (0.040 g, 0.22 mmol) as a white solid

_N> " (0.036 g, 45%). M.p.: 105 — 107 °C; Rf(10% MeOH/DCM) 0.18.

N @ 10 1H NMR (400 MHz, Methanol-ds) 6 7.67 (d, J = 8.4 Hz, 2H, H),
2@[ S—NH ° 7.33 (dd, J= 7.4, 0.9 Hz, 1H, H1), 7.25 (d, J = 8.4, 2H, H"), 7.05
i ’: (ddd, J = 8.2, 7.4, 1.1 Hz, 1H, H?), 7.00 (dd, J = 8.1, 1.2 Hz,
o~ N | 1H, HY, 6.94 (ddd, J = 8.1, 7.4, 1.1 Hz, 1H, H3), 5.37 (s, 2H,

H5), 3.81 (tt, J = 10.9, 5.3 Hz, 1H, H8), 2.94 (t, J = 3.1 Hz, 2H,
H12), 2.60 — 2.52 (m, 4H, H10e,11), 2.51 — 2.48 (m, 4H, H10313¢), 2.25 (dtd, J = 12.3, 11.8,
2.6 Hz, 2H, H132), 2.05 — 1.88 (m, 2H, H%), 1.65 — 1.52 (m, 6H, H%14), 1.49 — 1.41 (m, 2H,
H15). 13C NMR (101 MHz, Methanol-ds) & 154.01, 142.35, 141.71, 133.91, 132.25 (2C),
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127.15 (2C), 121.28, 119.54, 118.04, 114.86, 111.04, 107.49, 55.83, 54.81, 54.51 (2C),
52.63 (2C), 49.91, 44.24, 31.45 (2C), 25.09 (2C), 23.68. LC-MS (APCI+/ESI): found m/z =
443.2 [M+H]* (cal. For C27H34Ne, 442.28). Purity: 98%, tr = 2.236 min.

4-((2-((1-(2-morpholinoethyl)piperidin-4-yl)Jamino)-1H-benzo[d]imidazol-1-yl) methyl)

benzonitrile (52)

52 1/4_1\3 . Obtained from 14d (0.070 g, 0.21 mmol) and 4-(2-
O\_/N_> y bromoethyl)morpholine (0.047 g, 0.25 mmol) as a pale-yellow

N solid (0.039 g, 42%). M.p.: 111 — 112 °C; Rf(10% MeOH/DCM)

s AN e 0.19. 1H NMR (400 MHz, Methanol-ds) & 7.69 (d, J = 8.3 Hz,
SCE,?_NH 2H, H7), 7.34 (dd, J = 7.8, 1.0 Hz, 1H, H!), 7.26 (d, J = 8.3 Hz,
) s\\QCN 2H, HS), 7.07 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H, H?), 7.02 (dd, J =

° 8.0, 0.9 Hz, 1H, H%), 6.97 (ddd, J = 8.0, 7.2, 1.1 Hz, 1H, H3),

5.40 (s, 2H, H5), 3.90 (tt, J = 10.6, 5.2 Hz, 1H, H8), 3.73 — 3.69 (m, 4H, H4), 3.27 (t, J =
6.9 Hz, 2H, H12), 2.89 (t, J = 7.0 Hz, 2H, H!1), 2.67 (m, 4H, H10e13¢) 2.59 — 2.52 (m, 4H,
H10a,13a), 2.22 — 2.15 (m, 2H, H%), 1.78 — 1.72 (m, 2H, H%). 13C NMR (101 MHz, Methanol-
ds) 6 142.22, 133.85, 132.28 (2C), 127.13 (2C), 121.44, 119.83, 118.02, 114.91, 112.34,
111.09, 107.71, 66.22, 54.28, 54.01 (2C), 53.44 (2C), 52.22 (2C), 48.89, 44.34, 30.18 (2C).
LC-MS (APCI+/ESI): found m/z = 445.2 [M+H] * (cal. For C26H32N6O, 444.26). Purity: 99%,
tr = 2.025 min.

(R)-4-((2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl) pyrrolidine-3-yl) amino)-
1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (58)

58 N<o Obtained from 57a (0.070 g, 0.22 mmol) and 7a (0.075 g, 0.26
16 _</N/ 15 mmol) as a pale-yellow solid (0.087 g, 78%); m.p.: 74 — 76 °C;

b R;(10% MeOH/DCM), 0.37. H NMR (600 MHz, Methanol-ds)

B | 8.02(d, J= 8.3 Hz, 2H, H15), 7.66 (d, J= 8.4 Hz, 2H, H), 7.45

L AON @1 (d, J= 8.3 Hz, 2H, H14), 7.33 (dd, J= 7.7, 1.1 Hz, 1H, H1), 7.25
SCEN\*NH (d, J= 8.4 Hz, 2H, H°), 7.06 (ddd, J= 7.7, 7.3, 1.0 Hz, 1H, H?),
* Q\@CN 7.01 (dd, J = 8.0, 1.3 Hz, 1H, H4), 6.96 (ddd, J = 8.0, 7.3, 1.1

o 7 Hz, 1H, H3), 5.36 (s, 2H, H5), 4.49 (tt, J = 6.8, 4.3 Hz, 1H, H8),

2.99 - 2.89 (m, 4H, H10.11.12), 2.86 — 2.74 (m, 3H, H10.13), 2.59
(d, J= 6.8 Hz, 1H, H!1), 2.46 — 2.34 (m, 4H, H%16), 1.85 — 1.79 (m, 1H, H9. 13C NMR (151
MHz, Methanol-ds) & 175.43, 167.62, 154.06, 145.66, 142.19, 141.48, 133.92, 132.27
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(2C), 129.32 (2C), 127.73 (2C), 127.13 (2C), 121.90, 121.34, 119.79, 118.01, 115.07,
111.06, 107.63, 60.32, 56.79, 52.70, 52.04, 44.32, 34.41, 31.40, 10.00. LC-MS
(APCI*/ESI): found m/z = 504.2 [M+H] * (cal. For C30H20N7O, 503.24). Purity: 98%, tr =
2.917 min. Specific rotation, [a]25p = -4.59°.

(S)-4-((2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)294yrrolidine-3-yl) amino)-
1H-benzo[d]imidazol-1-yl)methyl)benzonitrile (59)

N Obtained from 57b (0.070 g, 0.22 mmol) and 7a (0.075 g, 0.26
— 9
59

N
' Na\@ﬁ‘ mmol) as a pale-yellow solid (0.089 g, 80%); m.p.: 75 — 77 °C;
R;(10% MeOH/DCM), 0.36. 'H NMR (600 MHz, Methanol-d4) &

. 2 N 11: 8.00 (d, J = 8.1 Hz, 2H, H!5), 7.65 (d, J = 8.2 Hz, 2H, H7), 7.45

) NN @ (d, J= 8.1 Hz, 1H, H4), 7.32 (dd, J= 7.9, 1.2 Hz, 1H, H!), 7.25
3©EN\>_N6H , (d, J= 8.2 Hz, 2H, H¢), 7.05 (ddd, J= 7.9, 7.0, 1.1 Hz, 1H, H2),
' s@CN 7.01 (dd, J = 8.0, 1.0 Hz, 1H, H%), 6.96 (ddd, J = 8.0, 7.0, 1.0
Hz, 1H, H3), 5.36 (s, 2H, H5), 4.49 (tt, J= 7.0, 4.1 Hz, 1H, H8),

3.09 — 2.98 (m, 2H, H10.11), 2,98 — 2.80 (m, 5H, H!1.12,13), 2.69 - 2.61 (m, 1H, H19), 2.48 —
2.38 (m, 4H, H9.16), 1.91 — 1.80 (m, 1H, H9). 13C NMR (151 MHz, Methanol-di) & 176.27,
168.51, 154.80, 146.19, 143.02, 142.19, 134.78, 133.17 (2C), 130.22 (2C), 128.67 (2C),
128.01 (2C), 122.89, 122.26, 120.75, 118.90, 115.98, 111.96, 108.56, 61.02, 57.44,

53.68, 52.84, 45.24, 35.04, 32.09, 10.90. LC-MS (APCI*/ESI): found m/z = 504.2 [M+H] *
(cal. For C30H20N~7O, 503.24). Purity: 97%, tr = 2.745 min. Specific rotation, [a]?5p = +4.58°.

1"

4-((2-(2-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)-2,6-diazaspiro[3.4]octan-6-yl)-
1H-benzo[d]imidazol-1-yl)methyl)benzonitrile (60)

NO Obtained from 57¢ (0.055 g, 0.16 mmol) and 7a (0.055 g, 0.19
17/<N/ 1 mmol) as a pale-yellow solid (0.065 g, 77%); m.p.: 113 — 115
60 1‘; °C; Rr(10% MeOH/DCM), 0.40. 'H NMR (600 MHz, Methanol-
) N 8 N ds) 6 8.02 (d, J= 8.2 Hz, 2H, H!%), 7.68 (d, J= 8.3 Hz, 2H, H7),
3©EN\>_NCE“ 7.43 (d, J= 8.2 Hz, 2H, H4), 7.39 (dd, J= 7.9, 1.2 Hz, 1H, H}),
) s 7.27 (d, J= 8.3 Hz, 2H, H¢), 7.12 (ddd, J= 7.9, 7.5, 1.0 Hz, 1H,
ds H2), 7.06 (dd, J= 8.1, 1.2 Hz, 1H, H%), 7.02 (ddd, J= 8.1, 7.5,
NC 7

1.0 Hz, 1H, H3), 5.47 (s, 2H, H5), 3.64 (s, 2H, H8), 3.54 (t, J =
6.9 Hz, 2H, H9), 3.26 (m, 4H, H11.12), 2.82 — 2.77 (m, 2H, H13), 2.77 — 2.73 (m, 2H, H14),
2.42 (s, 3H, H7), 2.12 (t, J= 6.9 Hz, 2H, H10). 13C NMR (151 MHz, Methanol-ds) 6 175.43,
167.62, 155.97, 145.30, 142.84, 141.26, 135.41, 132.41 (2C), 129.40 (2C), 127.73 (2C),
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126.70 (2C), 121.93, 120.37,118.01, 115.53, 111.11, 108.32, 63.00, 59.92, 59.05, 48.58,
46.77, 40.63, 35.33, 33.53, 29.33, 10.00. LC-MS (APCI*/ESI): found m/z = 530.2 [M+H] *
(cal. For C32H31N7O, 529.26). Purity: 97%, tr = 2.340 min.

4-((2-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)piperazin-1-yl)-1H-
benzo[d]imidazol-1-yl)methyl)benzonitrile (61)
Obtained from 57d (0.078 g, 0.25 mmol) and 7a (0.084 g, 0.29

14 N,
\S\O mmol) as a pale-yellow solid (0.094 g, 76%); m.p.: 141 — 143
61 1312 °C; Rf(10% MeOH/DCWM), 0.43. 'H NMR (600 MHz, Methanol-
2 NN — » ds) 6 8.02 (d, J= 8.0 Hz, 2H, H!3), 7.70 (d, J= 8.2 Hz, 2H, H7),
SCE,?_N\_/N o | 7.52(dd, J=8.2, 1.1 Hz, 1H, H!), 7.46 (d, J = 8.0 Hz, 2H, H'2),
55 e 7.32 (d, J= 8.2 Hz, 2H, H¢), 7.19 (ddd, J= 8.2, 5.6, 1.6 Hz, 1H,
W 6 H?), 7.14 - 7.10 (m, 2H, H34), 5.42 (s, 2H, H5), 3.30 — 3.27 (br-

t, 4H, HS), 2.95 - 2.91 (m, 2H, H109), 2.73 - 2.71 (m, 2H, H1}),
2.71 - 2.67 (m, 4H, H9), 2.42 (s, 3H, H!4). 13C NMR (151 MHz, Methanol-d4) 6 176.38,
168.49, 158.60, 146.88, 143.14, 141.54, 135.53, 133.33 (2C), 130.30 (2C), 128.56 (2C),
128.00 (2C), 123.00, 122.69, 118.84, 117.96, 112.12, 110.28, 60.04, 53.13 (2C), 51.03
(2C), 49.05, 47.64, 33.53, 10.88. LC-MS (APCI*/ESI): found m/z = 504.2 [M+H] * (cal. For
C30H20N70, 503.24). Purity: 99%, tr = 2.512 min.
(S)-4-((2-(3-methyl-4-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperazin-1-yl)-
1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (62)

Obtained from 57e (0.110 g, 0.33 mmol) and 7a (0.114 g, 0.40

17 N
\E:O mmol) as a pale-yellow solid (0.115 g, 67%); m.p.: 77 — 80 °C;
6 V.| Ry(10% MeOH/DCM), 0.49. 1H NMR (600 MHz, Methanol-ds) &
LN Tl Ve 8.01 (d, J = 8.4 Hz, 2H, H1¢), 7.69 (d, J = 8.6 Hz, 2H, H7), 7.52
3®[N\>—N_KN 13 (dd, J= 8.0, 0.9 Hz, 1H, H!), 7.44 (d, J = 8.4 Hz, 2H, H15), 7.31
4 s ° N (d, J= 8.6 Hz, 2H, HS), 7.18 (ddd, J = 8.0, 6.1, 1.7 Hz, 1H, H2),
Q)e 7.13 - 7.10 (m, 2H, H34), 5.42 (s, 2H, H5), 3.40 - 3.34 (m, 1H,
NC 7 H!1), 3.30 - 3.26 (m, 1H, H9), 3.21 (ddd, J = 12.3, 9.9, 2.8 Hz,

1H, H11), 3.03 — 2.96 (m, 2H, H&810), 2.95 — 2.82 (m, 3H, H8.13), 2.76 — 2.68 (m, 2H, H14),
2.67 - 2.62 (m, 1H, H19), 2.41 (s, 3H, H17), 1.05 (d, J = 6.3 Hz, 3H, H!2?). 13C NMR (151
MHz, Methanol-ds) 6 176.88, 169.00, 158.98, 147.63, 143.73, 142.06, 136.12, 133.86
(2C), 130.84 (2C), 129.09 (2C), 128.48 (2C), 123.51, 123.18, 119.35, 118.44, 112.64,
110.72, 58.12, 55.79, 55.30, 51.71, 51.21, 48.18, 33.06, 30.73, 15.59, 11.41. LC-MS
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(APCI*/ESI): found m/z = 518.2 [M+H] * (cal. For C31H31N7O, 517.26). Purity: 99%, tz =
2.531 min. Specific rotation, [a]2%p = +7.74°.
4-((2-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-1H-
benzo[d]imidazol-1-yl)methyl)benzonitrile (65)
s N Obtained from 64 (0.100 g, 0.32 mmol) and 7a (0.109 g, 0.38
\E/\O mmol) as a yellow solid (0.137 g, 85%. M.p.: 158 — 160 °C; Ry
9 (10% MeOH/DCM), 0.45. 'H NMR (400 MHz, Methanol-d4) &
, 65 N 8.04 (d, J= 8.2 Hz, 2H, H!4), 7.74 — 7.62 (m, 3H, H.7), 7.47 (d,
2®[N\>_@N ¥ J=8.2Hz 2H, HY), 7.33 (ddd, J = 7.8, 7.0, 2.0 Hz, 1H, H?),
’ 4 N , O 10 "’ 7.30 -7.19 (m, 4H, H349), 5.67 (s, 2H, HS), 3.21 - 3.12 (m, 2H,
H10¢), 3.07 - 2.91 (m, 3H, H811), 2.77 — 2.69 (m, 2H, H12), 2.43
(s, 3H, H!%), 2.32 - 2.21 (m, 2H, H109), 2.09 (dtd, J= 13.8, 12.0,
6.9 Hz, 2H, H%), 1.91 - 1.82 (m, 2H, H%). 13C NMR (101 MHz,
Methanol-d4) & 175.50, 167.63, 157.88, 145.93, 142.46, 141.78, 134.81, 132.52 (2C),
129.42 (2C), 127.72 (2C), 126.91 (2C), 122.73, 122.33, 121.84, 118.18, 117.90, 111.37,
109.80, 59.31, 52.84 (2C), 45.76, 34.15, 32.60, 30.25 (2C), 9.99. LC-MS (APCI*/ESI):
found m/z = 503.2 [M+H] * (cal. For C31H30NeO, 502.25). Purity: 99%, tr = 2.558 min.
N-(1-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-1H-

6
NC 7

benzo[d]imidazol-2-amine (66)

66 Obtained from 14a (0.85 g, 3.93 mmol) and 7a (1.35 g, 4.72
-0 9 8 mmol) as a pale-yellow solid (1.18 g, 75%); m.p.: 171 — 173 °C;
10)I\N/>_©_€e Rf(10% MeOH/DCM), 0.20. 'H NMR (400 MHz, Methanol-d4) 6
N 8.04 (d, J = 8.3 Hz, 2H, H9), 7.46 (d, J = 8.3 Hz, 2H, H?), 7.20
ZCEN\)—NHS 4 i (dd, J= 5.8, 3.2 Hz, 2H, H2), 6.98 (dd, J = 5.8, 3.2 Hz, 2H, H}),
N 3.69 (tt, J= 10.9, 4.3 Hz, 1H, H3), 3.10 - 3.03 (m, 2H, HS), 2.97
- 2.91 (m, 2H, H¢), 2.75 - 2.68 (m, 2H, H7), 2.42 (s, 3H, H!9),
2.40 - 2.31 (m, 2H, H9), 2.15 - 2.08 (m, 2H, H%), 1.71 — 1.59 (m, 2H, H%). 13C NMR (101
MHz, Methanol-d4) 6 176.08, 167.11, 154.29, 145.78, 137.16, 129.36 (2C), 127.75 (2C),
121.89, 120.10, 111.31, 59.21, 51.95 (2C), 49.33, 43.55, 32.72, 31.63 (2C), 9.99. LC-MS
(APCI*/ESI): found m/z = 403.2 [M+H] * (cal. For Ca3H26NsO, 402.22). Purity: 98%, tr =
2.469 min.

2

1 H
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phenethyl) piperidin-4-yl)-1H-

benzo[d]imidazol-2-amine (67)

67

Obtained from 14a (0.250 g, 1.16 mmol) and 7b (0.474 g, 1.39
mmol) as a white crystalline solid (0.290 g, 55%). M.p.: 102 —
104 °C; Rf (10% MeOH/DCM), 0.38. 'H NMR (400 MHz,

N Methanol-d4) 6 8.02 (d, J= 8.4 Hz, 2H, H9), 7.43 (d, J = 8.4 Hz,
) N 3 / 2H, H8), 7.22 - 7.17 (m, 2H, H2), 7.02 - 6.98 (m, 2H, H!), 3.68
ZCEN%NH (tt, J= 10.8, 4.2 Hz, 1H, H3), 3.11 - 3.00 (m, 2H, HS), 2.99 -
— 2.90 (m, 2H, H¢), 2.75 - 2.66 (m, 2H, H7), 2.41 — 2.29 (m, 2H,
H5), 2.14 - 2.08 (m, 2H, H%), 1.71 - 1.60 (m, 2H, H%). 13C NMR (101 MHz, Methanol-d4) 6
175.88, 167.09, 154.23, 146.99, 137.35, 129.44 (2C), 127.15 (2C), 121.78, 120.00, 119.8
(@, J = 32.9 Hz), 110.11, 59.33, 50.05 (2C), 49.76, 43.67, 33.02, 30.33 (2C). LC-MS
(APCI*/ESI): found m/z = 457.2 [M+H] * (cal. For C23H23F3NeO, 456.19). Purity: 98%, tr =
2.533 min.

1-Methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1H-

benzo[d]imidazol-2-amine (68)

68 Obtained from 14b (0.150 g, 0.65 mmol) and 7a (0.223 g, 0.78

mmol) as a pale-yellow solid (0.203 g, 75%); m.p.: 134 — 136

lo/ o °C; Rf(10% MeOH/DCM), 0.34. 'H NMR (600 MHz, Methanol-
BN N ds) 6 8.04 (d, J = 8.1 Hz, 2H, H1?), 7.47 (d, J = 8.1 Hz, 2H, H11),
1 6 /8 7.28 (dd, J=7.9, 1.1 Hz, 1H, H!), 7.12 (dd, J= 8.3, 1.2 Hz, 1H,
ZCEN\)—NH ! H4), 7.03 (ddd, J= 8.3, 7.1, 1.0 Hz, 1H, H3), 7.00 (ddd, J= 7.9,
' N\5 7.1, 1.0 Hz, 1H, H2), 3.79 (tt, J= 11.1, 4.2 Hz, 1H, HS), 3.52 (s,

3H, H5), 3.14 - 3.07 (m, 2H, H8), 2.98 - 2.92 (m, 2H, H9), 2.75
~2.70 (m, 2H, H19), 2.42 (s, 3H, H13), 2.37 - 2.30 (m, 2H, H8), 2.17 - 2.10 (m, 2H, H7), 1.74
~ 1.65 (m, 2H, H7). 13C NMR (151 MHz, Methanol-ds) 6 175.47, 167.62, 154.22, 145.84,
141.16, 134.55, 129.38 (2C), 127.75 (2C), 121.87, 120.72, 119.28, 114.37, 106.95, 59.27,
52.30 (2C), 49.86, 32.76, 31.57 (2C), 27.18, 10.00. LC-MS (APCI+/ESI): found m/z = 417.2
[M+H] * (cal. For C24H2sNeO, 416.23). Purity: 99%, t: = 2.530 min.
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1-Methyl-N-(1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-
1H-benzo[d]imidazol-2-amine (69)

69 Obtained from 14b (0.150 g, 0.65 mmol) and 7b (0.266 g, 0.78

oo mmol) as a white solid (0.202 g, 66%). M.p.: 90 - 92 °C; Rs(10%

io/ 10 MeOH/DCM), 0.35. 'H NMR (400 MHz, Methanol-da) 6 8.08 (d,
cFy” N N | J=8.2Hz 2H, H12),7.50 (d, J= 8.2 Hz, 2H, H!1), 7.29 (dd, J =
, ! N QS 7.7, 1.1 Hz, 1H, HY), 7.12 (dd, J = 8.1, 1.2 Hz, 1H, H%), 7.03
SCEN\%NH (ddd, J= 8.1, 7.3, 1.0 Hz, 1H, H3), 7.00 (ddd, J= 7.7, 7.3, 1.0
“ Hz, 1H, H2), 3.80 (tt, J= 11.0, 4.3 Hz, 1H, H¢), 3.53 (s, 3H, H9),

3.14 - 3.09 (m, 2H, H¥), 2.99 - 2.90 (m, 2H, H9), 2.77 - 2.71
(m, 2H, H19), 2.36 — 2.29 (m, 2H, HS), 2.16 - 2.09 (m, 2H, H"), 1.73 - 1.65 (m, 2H, H?). 13C
NMR (151 MHz, Methanol-d4) 6 175.77, 167.02, 155.12, 146.04, 140.96, 134.63, 130.01
(2C), 127.65 (2C), 121.66, 120.98, 120.08, 119.07 (q, J=33.0 Hz), 114.45, 106.99, 59.78,
52.31 (2C), 49.97, 32.77, 31.54 (2C), 27.11. LC-MS (APCI*/ESI): found m/z = 471.2 [M+H]
* (cal. For C24H2sF3NgO, 470.20). Purity: 99%, tr = 2.606 min.

1-Isopropyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1H-
benzo[d]imidazol-2-amine (70)
Obtained from 14c¢ (0.030 g, 0.12 mmol) and 7a (0.040 g, 0.14

70 mmol) as a pale-yellow solid (0.047 g, 91%); m.p.: 183 — 185

)NI\’O/ /a 1 °C; Rf(10% MeOH/DCM), 0.37. 1H NMR (600 MHz, Methanol-
1N A da) 6 8.05 (d, J = 8.6 Hz, 2H, H13), 7.48 (d, J = 8.6 Hz, 2H, H!2),
1 ;)9 7.35(dd, J=7.9, 1.2 Hz, 1H, H!), 7.29 (dd, J= 7.6, 1.1 Hz, 1H,
2©[N>—NH 8 H4), 7.02 (ddd, J= 7.6, 7.1, 1.1 Hz, 1H, H3), 6.96 (ddd, J= 7.9,

’ 4 55\ . 7.1, 1.2 Hz, 1H, H2), 4.61 (hept, J= 6.9 Hz, 1H, H9), 3.80 (tt, J

=11.1,4.2 Hz, 1H, H7), 3.16 - 3.09 (m, 2H, H9), 3.00 — 2.93 (m,
2H, H19), 2.77 - 2.73 (m, 2H, H1), 2.43 (s, 3H, H!4), 2.39 - 2.32 (m, 2H, H9), 2.17 - 2.10
(m, 2H, HS®), 1.73 - 1.66 (m, 2H, HS8), 1.57 (d, J = 6.9 Hz, 6H, H¢). 13C NMR (151 MHz,
Methanol-d4) 6 175.48, 167.63, 153.03, 145.79, 141.73, 132.06, 129.39 (2C), 127.77 (2C),
121.91, 120.49, 118.98, 114.76, 109.88, 59.25, 52.33 (2C), 50.00, 45.94, 32.73, 31.51
(2C), 19.40 (2C), 9.99. LC-MS (APCI*/ESI): found m/z = 445.2 [M+H] * (cal. For C26H32N6O,
444.26). Purity: 97%, tr = 2.581 min.
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Methyl 4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl)
benzoate (79)

Obtained from 14b (5.00 g, 21.7 mmol) and 9 (0.096 g, 6.37

72 1 mmol) as a cream white solid (5.78 g, 68%). M.p.: 148 — 149 °C;

ve 0 Rr(10% MeOH/DCM), 0.46. 'H NMR (400 MHz, Methanol-d4) 6
© N ? 7.95 (d, J= 8.3 Hz, 2H, H'?), 7.37 (d, J= 8.3 Hz, 2H, H!1), 7.27

, LN 6 / s (dd, J=7.4, 1.3 Hz, 1H, H!), 7.13 (dd, J= 7.5, 1.6 Hz, 1H, H%),
3©EN\>_NH 7.07 - 6.97 (m, 2H, H23), 3.89 (s, 3H, H19), 3.78 (tt, J = 11.2,
¢ \5 4.2 Hz, 1H, H°), 3.52 (s, 3H, H5), 3.15 - 3.06 (m, 2H, Hs8¢), 2.96

~2.88 (m, 2H, HY), 2.72 — 2.65 (m, 2H, H1), 2.32 (td, J = 12.1,
2.5 Hz, 2H, Hsa), 2.17 - 2.09 (m, 2H, H7¢), 1.69 (dtd, J = 12.2, 10.2, 3.8 Hz, 2H, H7a). 13C
NMR (101 MHz, Methanol-ds) & 167.16, 154.29, 145.88, 141.29, 134.58, 129.35 (2C),
128.57 (2C), 127.95, 120.69, 119.23, 114.39, 106.92, 59.43, 52.31 (2C), 51.11, 49.87,
32.76, 31.59 (2C), 27.16. LC-MS (APCI*/ESI): found m/z = 393.2 [M+H]* (cal. For
Co3HasN40,, 392.22). Purity: 98%, tk = 0.422 min.

Ethyl 4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl) ethyl)
benzoate (80)

Obtained from 14b (0.100 g, 0.43 mmol) and 8 (0.134 g, 0.52
mmol) as a pale-yellow solid (0.134 g, 77%); m.p.: 75 - 76 °C;

13 12 1
(@)
W/ )/.—Q—g) Rf(10% MeOH/DCM) 0.48. 'H NMR (400 MHz, Methanol-di) &
9

80

© N 7.49 (d, J = 8.0 Hz, 2H, H12), 7.35 (d, J = 8.0 Hz, 2H, H11), 7.29
AN QB (dd, J= 7.8, 1.2 Hz, 1H, H1), 7.09 (dd, J= 7.9, 1.0 Hz, 1H, H4%),
3©EN\>_NH 6.98 (ddd, J="7.8, 7.1, 0.9 Hz, 1H, H2), 6.81 (ddd, J= 7.9, 7.1,

a0\ 1.1 Hz, 1H, H3), 4.45 (q, J = 6.9 Hz, 2H, H13), 3.82 (tt, J= 11.1,

4.0 Hz, 1H, H¢), 3.50 (s, 2H, H5), 3.11 - 3.05 (m, 2H, Hs¢), 2.91
—-2.83 (m, 2H, H9), 2.72 - 2.65 (m, 2H, H!9), 2.39 - 2.31 (m, 2H, H??), 2.09 — 1.98 (m, 2H,
H7¢), 1.48 - 1.39 (m, 2H, H79), 1.33 (t, J= 6.9 Hz, 3H, H!4). 13C NMR (151 MHz, Methanol-
ds) 6 165.23, 153.28, 144.58, 141.35, 133.65, 129.98 (2C), 129.48 (2C), 128.65, 121.21,
120.78, 116.58, 109.58, 62.58, 59.54, 52.54 (2C), 50.66, 32.44, 31.56 (2C), 23.56, 14.53.
LC-MS (APCI*/ESI): found m/z = 407.2 [M+H] * (cal. For C24H30N4O2, 406.24). Purity: 99%,
tr = 2.046 min.
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1-methyl-2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl) amino)-
1H-benzo[d]imidazole-5-carbonitrile (132)

Obtained from 131a (0.080 g, 0.32 mmol) and 7a (0.108 g, 0.38
mmol) as a cream white solid (0.095 g, 69%). m.p.: 97 — 99 °C;

132
e 11 10
i )—@—i R;(10% MeOH/DCM), 0.21. 'H NMR (400 MHz, Methanol-ds) &
12 N 8
N 8.04 (d, J= 8.1 Hz, 2H, H11), 7.92 (d, J = 1.4 Hz, 1H, H1), 7.75
1 7

NC N (d, J= 7.5 Hz, 1H, H3), 7.49 (dd, J = 7.5, 1.4 Hz, 1H, H2), 7.29
]@E,\P_NH (d, J= 8.1 Hz, 2H, H19), 3.85 (tt, J= 10.8, 4.0 Hz, 1H, H5), 3.51

\
R (s, 3H, H4), 3.21 - 3.13 (m, 2H, H7), 3.01 — 2.93 (m, 2H, H8),

2.74 - 2.69 (m, 2H, H9), 2.41 (s, 3H, H!?), 2.38 — 2.29 (m, 2H,
H7a), 2.17 — 2.09 (m, 2H, H¢), 1.74 — 1.64 (m, 2H, H6a). 13C NMR (151 MHz, Methanol-da)
6 175.38, 159.17, 141.45, 139.33, 137.69, 133.76, 128.62 (2C), 127.91 (2C), 125.89,
121.34, 119.77, 118.32, 115.05, 106.31, 59.49, 56.675, 52.03 (2C), 34.63, 32.29, 31.64
(2C), 16.79. LC-MS (APCI*/ESI): found m/z = 442.2 [M+H]* (cal. for C2sH27N7O, 441.23).
Purity: 98%, &k = 2.201 min.

1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-5-

(trifluoromethyl)-1H-benzo[d]imidazol-2-amine (133)

133 Obtained from 131b (0.080 g, 0.27 mmol) and 7a (0.092 g, 0.32
12 1 mmol) as an off white solid (0.081 g, 62%). m.p.: 156 — 157 °C;

0
13){\@—@—; Rs(10% MeOH/DCM), 0.29. 'H NMR (400 MHz, DMSO-ds) &
N | 8.01(d, J=7.8 Hz, 2H, H'?), 7.50 (d, J= 7.8 Hz, 1H, H!1), 7.47

CFe AN ) (s, 1H, H?), 7.31 (d, J= 8.2 Hz, 1H, H3), 7.23 (d, J= 8.2 Hz, 1H,
7

:@[N\*NH&; H2), 6.81 (s, 1H, H5), 3.81 (m, 1H, H¢), 3.55 (s, 3H, H%), 3.11 —

2, 3.04 (m, 2H, Hs¢), 2.96 — 2.88 (m, 2H, H9), 2.77 — 2.68 (m, 2H,

Hs8a), 2.44- 2.38 (m, 2H, H19), 2.08 (s, 3H, H!3), 2.04 - 2.00 (m,
2H, H7¢), 1.68 — 1.59 (m, 2H, H73). 13C NMR (151 MHz, DMSO-ds) 6 175.87, 162.17, 141.65,
139.23, 137.69, 133.76, 128.62 (2C), 127.91 (2C), 125.56, 124.22 (q, J=27.3 Hz), 122.18,
119.23, 112.15, 107.35, 59.55, 56.68, 52.32 (2C), 34.87, 32.88, 29.35 (2C), 11.95. LC-
MS (APCI*/ESI): found m/z = 485.2 [M+H]* (cal. for Co5H27F3NeO, 484.22). Purity: 99%, tr
= 2.382 min.
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5-methoxy-1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-
yl)-1H-benzo[d]imidazol-2-amine (134)

134 Obtained from 131c¢ (0.080 g, 0.31 mmol) and 7a (0.106 g, 0.37

o 12 1 mmol) as a light brown solid (0.074 g, 54%). m.p.: 109 — 111
13)NI\N/>_©_§9 °C; Rf(10% MeOH/DCM), 0.22. 'H NMR (400 MHz, Methanol-
N ds) 6 8.01 (d, J= 8.0 Hz, 2H, H!?), 7.44 (d, J= 1.4 Hz, 1H, H}),

O LN o : ° 7.30 (dd, J= 7.5, 1.4 Hz, 1H, H3), 7.21 (d, J= 7.5 Hz, 1H, H*%),
’ :@E A 7.10 (d, J= 8.0 Hz, 2H, H!!), 3.86 (tt, J= 10.7, 3.9 Hz, 1H, H9),
) \5 3.86 (s, 3H, H2), 3.51 (s, 3H, HS), 3.20 - 3.12 (m, 2H, Hs¢), 2.96

~ 2.88 (m, 2H, H9), 2.74 — 2.68 (m, 2H, H19), 2.41 (s, 3H, H13),
2.37 - 2.29 (m, 2H, H83), 2.09 — 1.99 (m, 2H, H7), 1.71 - 1.63 (m, 2H, H7a). 13C NMR (151
MHz, Methanol-ds) & 175.30, 162.37, 156.97, 142.04, 139.43, 137.71, 133.85, 128.88
(2C), 127.97 (2C), 126.32, 113.23, 112.42, 100.22, 59.64, 56.79, 52.37 (2C), 34.56, 32.19,
31.11 (2C), 56.81, 16.90. LC-MS (APCI*/ESI): found m/z = 447.2 [M+H]* (cal. For
CasHsoN6O2, 446.24). Purity: 97%, tk = 2.214 min.

1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-5-
(methylsulfonyl)-1H-benzo[d]imidazol-2-amine (135)

135 Obtained from 131d (0.080 g, 0.26 mmol) and 7a (0.089 g, 0.31
12 11 mmol) as an off white solid (0.082 g, 64%). m.p.: 202 - 204 °C;

0
13){\@—@—; R;(10% MeOH/DCM), 0.19. 'H NMR (400 MHz, Methanol-da) &
9

N 8.01 (d, J= 8.2 Hz, 2H, H12), 7.83 (d, J= 1.3 Hz, 1H, H1), 7.77
8\559 N QB (d, J= 7.8 Hz, 1H, H%), 7.35 (dd, J= 7.8, 1.3 Hz, 1H, H3), 7.21
’ JCEN\*NH (d, J= 8.2 Hz, 2H, H!1), 3.88 (tt, J= 10.9, 4.0 Hz, 1H, HS), 3.53

“oN (s, 3H, H2), 3.39 (s, 3H, H5), 3.19 — 3.12 (m, 2H, Hse), 2.98 —

2.92 (m, 2H, H9), 2.75 - 2.70 (m, 2H, H19), 2.42 (s, 3H, H!3),
2.37-2.99 (m, 2H, H8?), 2.15 - 2.07 (m, 2H, H7), 1.69 - 1.60 (m, 2H, H73). 13C NMR (151
MHz, Methanol-ds) 6 175.82, 161.11, 141.58, 139.44, 138.09, 133.86, 132.03, 128.54
(2C), 127.85 (2C), 120.11, 119.35,116.19, 112.38, 59.63, 56.74, 52.38 (2C), 47.09, 34.85,
32.71, 31.70 (2C), 16.96. LC-MS (APCI*/ESI): found m/z = 495.2 [M+H]* (cal. for
C25H30N603S, 494.21). Purity: 99%, tr = 2.043 min.
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Methyl 1-methyl-2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)

amino)-1H-benzo[d]imidazole-5-carboxylate (136)

1
O)KCE
b

4

136

12 N

N’O
13)|\N/ : )
)

N 6
>—NH
N\

5

10
9
N
8

7

Obtained from 131e (0.200 g, 0.69 mmol) and 7a (0.238 g, 0.83
mmol) as a white solid (0.255 g, 78%). m.p.: 98 — 99 °C; Rs(10%
MeOH/DCM), 0.20. 'H NMR (400 MHz, Methanol-ds) 6 8.16 (d,
J=0.9 Hz, 1H, H}), 8.02 (d, J= 7.9 Hz, 2H, H!?), 7.89 (dd, J=
7.8, 1.0 Hz, 1H, H3), 7.58 (d, J= 7.8 Hz, 1H, H%), 7.36 (d, J =
7.9 Hz, 2H, H!1), 3.89 (tt, J=11.2, 4.5 Hz, 1H, H¢), 3.80 (s, 3H,
H2), 3.52 (s, 3H, H5), 3.20 - 3.13 (m, 2H, Hs8¢), 2.97 — 2.89 (m,

2H, H9), 2.77 - 2.69 (m, 2H, H19), 2.41 (s, 3H, H13), 2.35 - 2.27
(m, 2H, H8a), 2.17 — 2.09 (m, 2H, H7¢), 1.71 — 1.63 (m, 2H, H7s). 13C NMR (151 MHz,
Methanol-ds) & 175.90, 167.32, 162.30, 141.55, 139.12, 137.87, 133.64, 128.36 (2C),
127.96 (2C), 125.68, 124.34, 119.35, 116.64, 112.44, 59.51, 56.72, 52.95 (2C), 52.22,
34.72, 32.99, 31.77 (2C), 16.85. LC-MS (APCI*/ESI): found m/z = 475.2 [M+H]* (cal. For
C26HsoN6Oa, 474.24). Purity: 98%, tr = 2.245 min.

5-fluoro-1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-
1H-benzo[d]imidazol-2-amine (137)

Obtained from 131f (0.080 g, 0.32 mmol) and 7a (0.109 g, 0.38
mmol) as a light brown solid (0.091 g, 65%). m.p.: 72 — 74 °C;
Rf(10% MeOH/DCM), 0.25. tH NMR (400 MHz, Methanol-d4) 6
N 8.03 (d, J= 8.1 Hz, 2H, H11), 7.54 (dd, J= 8.3, 1.2 Hz, 1H, H}),
! s /' | 7.41(dd,J=7.6,1.5Hz, 1H, H3), 7.32 (d, J = 8.1 Hz, 2H, H19),
6.88 (ddd, J= 8.0, 7.6, 1.3 Hz, 1H, H?), 3.91 (tt, J=11.2, 4.1
4 Hz, 1H, HS), 3.52 (s, 3H, H%), 3.19 — 3.10 (m, 2H, H7), 2.99 -
2.91 (m, 2H, H8), 2.76 - 2.69 (m, 2H, H9), 2.41 (s, 3H, H!?), 2.35
—2.29 (m, 2H, H7?), 2.16 — 2.09 (m, 2H, H¢), 1.70 - 1.61 (m, 2H, H¢a). 13C NMR (151 MHz,
Methanol-d4) 6 176.66, 160.23, 156.85 (d, J = 23.1 Hz), 141.45, 140.87, 138.23, 134.15,
128.54 (2C), 127.20 (2C), 120.08, 116.75, 110.55, 102.92, 59.33, 56.28, 52.26 (2C),
34.75, 32.29, 31.54 (2C), 16.98. LC-MS (APCI*/ESI): found m/z = 435.2 [M+H]* (cal. for
C24H27FN6O, 434.22). Purity: 98%, tr = 2.028 min.
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5-bromo-1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-
1H-benzo[d]imidazol-2-amine (138)

12

Br N ;6
\@E S—NH
2 N
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Obtained from 131g (0.080 g, 0.26 mmol) and 7a (0.089 g, 0.31
mmol) as a light brown solid (0.099 g, 77%). M.p.: 75 - 76 °C;
Rf(10% MeOH/DCM), 0.30. 'H NMR (400 MHz, Methanol-d4) 6
8.03 (d, J= 8.1 Hz, 2H, H!!), 7.83 (d, J= 1.3 Hz, 1H, HY), 7.54
(d, J=7.8 Hz, 1H, H3), 7.43 (dd, J= 7.8, 1.3 Hz, 1H, H?), 7.35
(d, J= 8.1 Hz, 2H, H!9), 3.86 (tt, J= 10.9, 4.0 Hz, 1H, H5), 3.52
(s, 3H, H4%), 3.20 — 3.12 (m, 2H, H7¢), 3.01 - 2.93 (m, 2H, H?),
2.75-2.70 (m, 2H, H9), 2.42 (s, 3H, H!?), 2.32 - 2.23 (m, 2H,

H7a), 2.14 — 2.09 (m, 2H, H¢), 1.71 — 1.63 (m, 2H, H¢a). 13C NMR (151 MHz, Methanol-da)
6 175.94, 160.08, 141.28, 141.10, 138.36, 134.05, 128.77 (2C), 127.86 (2C), 126.44,
119.06, 118.29, 116.11, 112.49, 59.67, 56.71, 52.28 (2C), 34.76, 32.90, 31.63 (2C),
16.88. LC-MS (APCI*/ESI): found m/z = 495.2, 457.2 [M+H]* (cal. For C24H27BrNeO,
494.14, 496.14). Purity: 98%, tz = 2.285 min.

5,6-difluoro-1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-
yl)-1H-benzo[d]imidazol-2-amine (140)
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Obtained from 131h (0.080 g, 0.30 mmol) and 7a (0.103 g, 0.36
mmol) as a pale yellow solid (0.072 g, 53%). M.p.: 175 - 177 °C;
Rf(10% MeOH/DCM), 0.38. 'H NMR (400 MHz, Methanol-ds) 6
7.99 (d, J= 8.0 Hz, 2H, H19), 7.45 (dd, J= 7.4, 5.3 Hz, 1H, H}),
7.36 (dd, J= 7.5, 5.5 Hz, 1H, H?), 7.28 (d, J = 8.0 Hz, 2H, H9),
3.85 (tt, J=11.1, 4.2 Hz, 1H, H%), 3.51 (s, 3H, H3), 3.20 - 3.12
(m, 2H, H¢¢), 2.97 — 2.91 (m, 2H, H7), 2.75 - 2.69 (m, 2H, H3),
2.41 (s, 3H, H11), 2.35 - 2.28 (m, 2H, Hé?), 2.18 — 2.01 (m, 2H,

H5¢), 1.73 — 1.65 (m, 2H, H53). 13C NMR (151 MHz, Methanol-ds) 6 176.22, 163.45, 144.04,
143.89, 141.92, 139.34, 138.04, 133.87, 128.75 (2C), 127.86 (2C), 119.29, 108.23,
107.93, 59.45, 56.51, 52.33 (2C), 34.98, 32.74, 31.77 (2C), 16.86. LC-MS (APCI*/ESI):
found m/z = 453.2 [M+H]* (cal. For Co4H26F2N6O, 452.21). Purity: 99%, tx = 2.223 min.
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5,6-dichloro-1-methyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-

4-yl)-1H-benzo[d]imidazol-2-amine (141)

141 Obtained from 131i (0.080 g, 0.27 mmol) and 7a (0.089 g, 0.32
10 9 mmol) as a cream white solid (0.060 g, 46%). m.p.: 188 — 190

-0
. )NI\N/>—©—i °C; Rr(10% MeOH/DCM), 0.39. 'H NMR (400 MHz, Methanol-
7
N ds) 6 8.19 (s, 1H, H?), 8.15 (s, 1H, H?), 8.04 (d, J= 8.1 Hz, 2H,
()
5

Cl N H19), 7.43 (d, J= 8.1 Hz, 2H, H9), 3.86 (tt, J=11.2, 4.4 Hz, 1H,
\

CIJCEN%NH H4), 3.51 (s, 3H, H3), 3.20 — 3.12 (m, 2H, H¢¢), 2.97 — 2.90 (m,
2 \

3 2H, H7), 2.75 - 2.69 (m, 2H, H?8), 2.41 (s, 3H, H!1), 2.35 - 2.29

(m, 2H, Héa), 2.15 - 2.09 (m, 2H, H5¢), 1.71 - 1.64 (m, 2H, H5e).
13C NMR (151 MHz, Methanol-ds) & 175.45, 162.66, 141.86, 139.11, 137.87, 133.98,
130.03, 129.93, 128.83 (2C), 127.71 (2C), 119.22, 117.43, 116.99, 59.38, 56.44, 52.23
(2C), 34.90, 32.69, 31.62 (2C), 16.93. LC-MS (APCI*/ESI): found m/z = 485.2, 487.2
[M+H]* (cal. for C24H26C12N6O, 484.15, 486.15). Purity: 99%, tx = 2.400 min.

1,5,6-trimethyl-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-
1H-benzo[d]imidazol-2-amine (139)

139 Obtained from 131j (0.080 g, 0.31 mmol) and 7a (0.108 g, 0.37

o T2 mmol) as a light brown solid (0.066 g, 48%). m.p.: 120 — 122
13)NI\N/>—©—§)9 °C; Rf(10% MeOH/DCM), 0.33. 'H NMR (400 MHz, Methanol-
N ds) 6 8.01 (d, J= 7.8 Hz, 2H, H12), 7.39 (s, 1H, H!), 7.31 - 7.18

2 ! N, e/ ’ (m, 3H, H+11), 3.85 (tt, J= 11.0, 4.2 Hz, 1H, H¢), 3.51 (s, 3H,
3:(;[ \>_NH H5), 3.19 - 3.12 (m, 2H, Hs¢), 2.99 — 2.93 (m, 2H, H9), 2.76 -
5 2.69 (m, 2H, H19), 2.43 (s, 3H, H13), 2.37 — 2.30 (m, 2H, Hs?),

2.25 (s, 3H, H?), 2.19 (s, 3H, H3), 2.06 — 1.92 (m, 2H, H7¢), 1.69
- 1.62 (m, 2H, H7?). 13C NMR (151 MHz, Methanol-d4) 6 176.22, 162.48, 141.73, 139.19,
137.65, 133.83, 132.01, 129.27, 128.76 (2C), 127.88 (2C), 119.19, 116.21, 108.54, 59.44,
56.56, 52.29 (2C), 34.92, 32.73, 31.66 (2C), 19.86, 19.72, 16.80. LC-MS (APCI*/ESI):
found m/z = 445.3 [M+H]* (cal. for C26H32N6O, 444.26). Purity: 98%, tr = 2.301 min.
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N-(1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-

yl)benzo[d]oxazol-2-amine (146)

o-N,
CF3)QN

1

4

0l

5

N
Oyt
3 O

Obtained from 145a (0.050 g, 0.23 mmol) and 3¢ (0.089 g, 0.28
mmol) as a white solid (0.066 g, 63%). m.p.: 97 — 99 °C; R¢(10%
MeOH/DCM), 0.42. 'H NMR (400 MHz, Methanol-ds) 6 8.04 (d,
J=7.8 Hz, 2H, H!!), 7.56 (dd, J= 8.1, 1.4 Hz, 1H, H%), 7.33 -
7.18 (m, 3H, H%10), 6.95 (ddd, J=7.8, 7.1, 1.1 Hz, 1H, H3), 6.85
(ddd, J= 8.0, 7.1, 1.2, 1H, H?), 3.95 (tt, J= 11.5, 4.2 Hz, 1H,
H5), 3.08 - 2.99 (m, 2H, H7), 2.96 - 2.87 (m, 2H, HS), 2.73 -

2.64 (m, 2H, H9), 2.40 — 2.29 (m, 2H, H73), 2.12 — 2.04 (m, 2H, H¢¢), 1.68 — 1.55 (m, 2H,
Hé). 13C NMR (101 MHz, Methanol-ds) 8 174.23, 166.23, 155.24, 148.23, 137.54, 129.32
(2C), 127.95 (2C), 121.01, 119.25, 118.12 (g, J = 29.5 Hz), 111.23, 61.25, 51.24 (2C),
50.28, 43.65, 33.30, 30.85 (2C). LC-MS (APCI*/ESI): found m/z = 458.2 [M+H] * (cal. For
CosH2oFsNsOz, 457.17). Purity: 98%, tr = 2.261 min.

N-(1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-1H-

imidazo[4,5-b]pyridin-2-amine (147)

147

Obtained from 145b (0.050 g, 0.23 mmol) and 3¢ (0.089 g, 0.28
mmol) as a pale yellow solid (0.079 g, 75%). m.p.: 88 — 90 °C;
Rf(10% MeOH/DCM), 0.22. 'H NMR (400 MHz, Methanol-d4) 6
8.33 (dd, J=5.4, 1.4 Hz, 1H, H!), 7.90 (d, J= 8.1 Hz, 2H, H19),
7.45 - 7.32 (m, 3H, H39), 7.19 (dd, J = 7.8, 5.4 Hz, 1H, H?),
3.96 (tt, J=10.2,4.0 Hz, 1H, H%), 3.12 - 3.01 (m, 2H, H¢), 2.95
-2.86 (m, 2H, H7), 2.73 - 2.66 (m, 2H, H8), 2.38 - 2.27 (m, 2H,
Héa), 2.10 -2.01 (m, 2H, H5¢), 1.69 — 1.58 (m, 2H, H%a). 13C NMR

(101 MHz, Methanol-ds) 6 171.15, 158.65, 152.24, 148.89, 140.53, 138.65, 130.25 (2C),
128.33 (2C), 124.58, 122.30, 118.69, 116.58 (g, J = 32.9 Hz), 60.32, 51.62, 49.58 (2C),
34.55, 31.57 (2C). LC-MS (APCI*/ESI): found m/z = 458.2 [M+H] * (cal. for C2oH2F3N7O,
457.18). Purity: 98%, tz = 2.106 min.
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5-methyl-N-(1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-
1H-imidazo[4,5-b]pyridin-2-amine (148)

148 Obtained from 145c (0.100 g, 0.43 mmol) and 3¢ (0.166 g, 0.52
O’N\ 03 . mmol) as a pale-yellow solid (0.158 g, 78%). m.p.: 105 — 107
CF; \N>_©_> ;1 °C; Re(10% MeOH/DCM), 0.32. 'H NMR (400 MHz, Methanol-
N . ds) 6 7.95 (d, J= 8.2 Hz, 2H, H!9), 7.61 (d, J= 8.3 Hz, 1H, H3),
\(NIN»_NS 5 7.38 (d, J= 8.2 Hz, 2H, H9), 6.86 (d, J = 8.3 Hz, 1H, H?), 3.98
2 FN (tt, J= 10.2, 4.0 Hz, 1H, H%), 3.13 — 3.08 (m, 2H, Hb¢), 3.01 -
2.91 (m, 2H, H7), 2.79 — 2.67 (m, 2H, H8), 2.45 - 2.31 (m, 2H,
Héa), 2.18 — 2.08 (m, 2H, H5¢), 1.99 (s, 3H, H!), 1.69 — 1.58 (m, 2H, H5?). 13C NMR (101
MHz, Methanol-d4) 6 172.23, 165.23, 155.32, 145.30, 136.95, 130.01 (2C), 128.32 (2C),
121.88, 119.52, 118.52 (q, J = 29.3 Hz), 111.02, 61.32, 51.25 (2C), 50.20, 43.65, 34.08,
31.29 (2C), 24.19. LC-MS (APCI*/ESI): found m/z = 472.2 [M+H] * (cal. For Ca3H24F3N~O,
471.20). Purity: 98%, tr = 2.324 min.

1

3 H

N-(1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-1H-
imidazo[4,5-c]pyridin-2-amine (149)

149 Obtained from 145d (0.100 g, 0.46 mmol) and 3¢ (0.178 g, 0.55
o-N, 09 . mmol) as a pale-yellow solid (0.158 g, 75%). m.p.: 145 — 147
\N>_©_> .| °C; Rr(10% MeOH/DCM), 0.23. 'H NMR (600 MHz, Methanol-
QB ds) 6 8.44 (d, J = 0.8 Hz, 1H, H1), 8.23 — 8.14 (m, 3H, H210),

XN : 5 7.61 (d, J= 7.9 Hz, 2H, H9), 7.52 (d, J = 6.3 Hz, 1H, H3), 4.07
(tt, J= 10.3, 4.4 Hz, 1H, H%), 3.66 — 3.50 (m, 2H, He¢e), 3.34 —
3.26 (m, 2H, H7), 3.22 - 3.17 (m, 2H, H?), 3.09 (td, J=13.3, 3.2
Hz, 2H, H¢?), 2.35 - 2.27 (m, 2H, H5¢), 1.97 (dtd, J= 13.2, 10.8, 3.9 Hz, 2H, H52). 13C NMR
(101 MHz, Methanol-ds) 6 179.32, 166.53, 148.5, 147.50, 140.58, 138.96, 137.56, 133.56,
129.39 (2C), 127.45 (2C), 123.56, 116.08 (q, J = 28.5 Hz), 111.32, 62.98, 52.89, 49.32

(2C), 33.58, 32.08 (2C). LC-MS (APCI*/ESI): found m/z = 458.2 [M+H] *+ (cal. for
C22H22F3N70, 457.18). Purity: 980/0, R= 2.196 min.
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6-chloro-N-(1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-
1H-imidazo[4,5-c]pyridin-2-amine (150)

150 Obtained from 145e (0.100 g, 0.40 mmol) and 3¢ (0.152 g, 0.47
o—N>_<j;§_g mmol) as a pale-yellow solid (0.155 g, 79%). m.p.: 113 — 114 °C;
\
6

CFs%\N N Rf(10% MeOH/DCM), 0.33. 'H NMR (600 MHz, Methanol-ds) &
1 @5 8.51 (s, 1H, H), 8.06 (d, J= 7.9 Hz, 2H, H9), 7.48 (d, J = 7.9 Hz,

N7 N\>_NH 4 2H, H8), 7.29 (s, 1H, H2), 4.02 (tt, J= 11.0, 4.2 Hz, 1H, H3), 3.55
a7 N (dt, J = 12.8, 3.9 Hz, 2H, H5¢), 3.33 — 3.27 (m, 2H, H¢), 3.20 -

3.13 (m, 2H, H7), 3.05 (td, J=12.5, 4.0 Hz, 2H, H52), 2.31 - 2.23
(m, 2H, H%), 1.92 (dtd, J= 14.0, 11.9, 4.1 Hz, 2H, H#?). 13C NMR (101 MHz, Methanol-d4)
6 177.23, 167.23, 162.35, 147.56, 139.56, 138.85, 137.33, 132.41, 129.09 (2C), 128.02
(2C), 122.30, 115.95 (q, J=29.6 Hz), 110.25, 63.25, 51.62, 50.25 (2C), 34.65, 31.24 (2C).
LC-MS (APCI*/ESI): found m/z = 492.1 [M+H] * (cal. For C22H2:1ClF3N7O, 491.14). Purity:
98%, tr = 2.454 min.

N-(3-fluoro-1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-
1H-benzo[d]imidazol-2-amine (151)

Obtained from 145f (0.200 g, 0.85 mmol) and 3¢ (0.329 g, 1.03

151
o-N n_10 mmol) as a pale yellow solid (0.286 g, 71%). m.p.: 84 — 86 °C;
9
\N\> < > \/ . Rf (10% MeOH/DCM) 0.45. 1H NMR (600 MHz, Methanol-d4) 6
CF
° °—N 8.03 (d, J=7.8 Hz, 2H, H!!), 7.44 (d, J= 7.8 Hz, 2H, H!9), 7.21
4 7

AN (s | (dd, J=6.2,3.1 Hz, 2H, H!), 6.9 (dd, J= 6.2, 3.1 Hz, 2H, H?),

CE DNHCF 449 (dtd, J=49.6, 9.1, 4.5 Hz, 1H, HY), 3.83 (qd, J= 10.3, 4.7
Hz, 1H, H3), 3.30 - 3.22 (m, 1H, H7¢), 3.00 — 2.85 (m, 3H, H5¢),
2.79 - 2.69 (m, 2H, H9), 2.39 - 2.26 (m, 2H, H527a), 2.19 (dt, J = 14.3, 4.4 Hz, 1H, H4%),
1.61 (dtd, J=11.6, 9.2, 3.9 Hz, 1H, H#). 13C NMR (101 MHz, Methanol-ds) & 13C NMR (101
MHz, Methanol-ds) & 169.10, 154.51, 145.13, 136.93, 129.39 (2C), 127.37 (2C), 122.80
(2C), 120.25 (2C), 111.38 (g, J = 28.5 Hz), 91.08, 89.31, 58.73, 55.70 (d, J = 19.5 Hz),
54.28 (d, J = 36.3), 51.05, 32.82, 29.57. LC-MS (APCI*/ESI): found m/z = 475.2 [M+H]*
(cal. for Ca3H22F4NeO, 474.18). Purity: 99%, tr = 2.597 min.

2 N

1 H
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N-(3,3-difluoro-1-(4-(3-(trifluoromethyl)-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-
yl)-1H-benzo[d]imidazol-2-amine (152)

Obtained from 145g (0.050 g, 0.20 mmol) and 3¢ (0.076 g, 0.24
mmol) as a yellow solid (0.042 g, 43%). m.p.: 87 — 89 °C; Rr(10%
MeOH/DCM) 0.46. 'H NMR (400 MHz, Methanol-ds4) 6 7.95 (d, J
= 8.1 Hz, 2H, H19), 7.52 (d, J= 8.1 Hz, 2H, H9), 7.26 (dd, J= 6.0,
2.9 Hz, 2H, H!), 6.92 (dd, J = 6.0, 2.9 Hz, 2H, H?), 4.08 (m, 1H,
H3), 3.35 - 3.23 (m, 1H, H¢), 3.05 - 2.85 (m, 3H, H>%7), 2.80 —
2.69 (m, 2H, H8), 2.37 — 2.24 (m, 2H, H52.69), 2,19 (td, J = 13.5,

3.9 Hz, 1H, H%#), 1.61 (dtd, J= 12.0, 9.3, 4.0 Hz, 1H, H%). 13C NMR (101 MHz, Methanol-
ds) 6 13C NMR (101 MHz, Methanol-ds4) 6 171.23, 155.23, 146.32, 135.62, 129.85 (2C),
128.05 (2C), 123.56, 123.01, 121.53 (2C), 119.65 (2C), 113.53 (q, J = 29.0 Hz), 96.32,
88.56, 59.08, 56.32 (t, J = 23.2 Hz), 53.21 (t, J = 28.3), 50.32, 33.32, 28.95. LC-MS
(APCI*/ESI): found m/z = 493.2 [M+H]* (cal. For Co3H21FsNeO, 492.17). Purity: 99%, tr =

2.499 min.

4-(2-(4-((1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl)acetyl)benzonitrile (158)

158

NC

Obtained from 14b (0.300 g,
bromoacetyl)benzonitrile (0.350 g, 1.57 mmol) as a yellow solid
(0.358 g, 74%); Ry (10% MeOH/DCM) 0.38. 'H NMR (300 MHz,
Methanol-d4) 6 7.39 (d, J = 7.9 Hz, 2H, H!!), 7.22 (d, J = 7.9 Hz,
2H, H19), 7.02 (dd, J= 8.0, 1.1 Hz, 1H, H!), 6.89 (dd, J= 7.7, 1.5
Hz, 1H, H%), 6.81 — 6.69 (m, 2H, H23), 3.91 (tt, J= 11.0, 4.1 Hz,
1H, H¢), 3.42 (s, 3H, HS), 2.66 (s, 2H, H9), 2.48 — 2.32 (m, 2H, Hse),
2.06 (td, J= 13.1, 3.0 Hz, 1H, H8), 1.96 — 1.85 (m, 2H, H7), 1.49

1.30 mmol) and 4-(2-

(dtd, J= 14.1, 11.0, 3.0 Hz, 2H, H73). 13C NMR (101 MHz, Methanol-ds) 6 185.32, 154.22,
145.32, 138.65, 132.32 (2C), 131.24, 128.57 (2C), 123.65, 122.35, 119.32, 117.25,
112.29, 110.95, 55.58, 53.39, 50.25 (2C), 33.59 (2C), 29.50. LC-MS (APCI+/ESI): found
m/z = 374.2 [M+H] * (cal. for C22Ha3NsO, 373.19). Purity: 99%, tz= 2.123 min.
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4-(1-hydroxy-2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl)
benzonitrile (159)

ethyl)

Following general procedure 5, obtained from 158 (0.320 g, 0.86
mmol) as a yellow solid (0.321 g, 93%); Rr(10% MeOH/DCM) 0.29.
'H NMR (300 MHz, Methanol-d4) 6 7.79 (d, J = 8.0 Hz, 2H, H12),
7.60 (d, J = 8.0 Hz, 2H, H1}), 7.36 (dd, J= 7.8, 1.3 Hz, 1H, H}),
ZCEN%N: /| 6.95 (dd, J= 8.1, 1.2 Hz, 1H, H%), 6.78 - 6.61 (m, 2H, H23), 4.83
3 N (t, J= 6.5 Hz, 1H, H19), 3.91 (tt, J= 10.5, 3.9 Hz, 1H, H¢), 3.41 (s,
5 3H, H5), 2.65 -2.52 (m, 2H, Hs¢), 2.41 (d, J= 6.5 Hz, 2H, H9), 2.09

(td, J=12.9, 4.1 Hz, 1H, H8), 1.95 - 1.83 (m, 2H, H7), 1.50 (m,
2H, H72). 13C NMR (101 MHz, Methanol-d4) § 153.24, 143.20, 139.55, 133.78 (2C), 130.65,
129.54 (2C), 124.08, 123.25, 119.85, 116.32, 112.99, 110.21, 69.33, 54.52, 52.32, 50.45
(2C), 34.52 (2C), 28.01. LC-MS (APCI*/ESI): found m/z = 376.2 [M+H] * (cal. for C22H2s5N50,
375.21). Purity: 98%, tr= 2.352 min.

159

12
NC

4-(1-fluoro-2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl)
benzonitrile (160)

ethyl)

To a stirring solution of 159 (0.300 g, 0.80 mmol) in dry DCM
(10 ml) at -70 °C, diethylaminosulfur trifluoride, DAST (117 ul,

160

12
NC

1"

10

F

9

0.88 mmol) was added dropwise. The resulting mixture was then

N stirred at that temperature for 2 hr. Upon completion the

1 8

;6 /\
2 N
3 N

4 \
5

temperature was allowed to reach O °C, after which the reaction
was quenched by adding 10% NaHCO3 (5 ml). The mixture was
extracted with DCM (3 x 20 ml), and combined organic phase

washed with brine and dried over anhydrous Na>SO4. Removal
of solvent followed by purification via flash column chromatography afforded the product
as a yellow solid (0.289 g, 96%); Rf(10% MeOH/DCM) 0.45. 'H NMR (400 MHz, Methanol-
ds) 67.79 (d, J= 8.1 Hz, 2H, H12), 7.43 (d, J= 8.1 Hz, 2H, H!!), 7.10 (dd, J= 8.0, 1.3 Hz,
1H, H!), 6.95 (dd, J= 7.7, 1.3 Hz, 1H, H%), 6.83 - 6.70 (m, 2H, H23), 5.43 (dt, J=45.2, 6.5
Hz, 1H, H9), 3.92 (tt, J= 10.5, 4.1 Hz, 1H, H¢), 3.38 (s, 3H, HS), 2.95 - 2.83 (m, 2H, Hs¢),
2.79 - 2.68 (m, 2H, H9), 2.33 - 2.21 (m, 2H, H8a), 1.98 — 1.86 (m, 2H, H7), 1.49 (dtd, J =
13.0, 10.5, 4.1 Hz, 2H, H73). 13C NMR (101 MHz, Methanol-d4) § 153.25, 144.25, 140.25,
134.85 (2C), 130.25 (2C), 128.20, 121.45, 120.08, 117.98, 114.62, 110.25, 106.32, 98.25
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(d, J=19.2 Hz), 53.25 (2C), 49.65, 33.25, 30.30 (2C), 28.25. LC-MS (APCI*/ESI): found
m/z = 378.2 [M+H] * (cal. for C22H24FNs, 377.20). Purity: 99%, tr= 2.415.

N-(1-(2-fluoro-2-(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl) phenyl) ethyl) piperidin-
4-yl)-1-methyl-1H-benzo[d]imidazol-2-amine (161)

161 Following general procedure 2, followed by cyclocondensation
as in 3¢, obtained from 160 (0.200 g, 0.53 mmol) as a yellow
solid (0.139 g, 54%); m.p.: 103 — 104 °C; Ry (10% MeOH/DCM)
N 0.50. 'H NMR (400 MHz, Methanol-d4) 6 7.81 (d, J = 8.0 Hz,
8 2H, H!?),7.45 (d, J= 8.0 Hz, 2H, H!!), 7.08 (dd, J= 8.0, 1.3 Hz,
1H, H!), 6.92 (dd, J= 7.8, 1.3 Hz, 1H, H%), 6.80 - 6.68 (m, 2H,
H23), 5.42 (dt, J=49.5, 6.8 Hz, 1H, H!9), 3.95 (tt, J= 10.2, 4.0
Hz, 1H, H¢), 3.51 (s, 3H, H?5), 3.02 - 2.89 (m, 2H, Hs¢), 2.82 —
2.69 (m, 2H, H9), 2.27 (td, J= 12.0, 3.1 Hz, 2H, H8a), 2.02 - 1.91 (m, 2H, H7), 1.60 - 1.48
(m, 2H, H74). 13C NMR (101 MHz, Methanol-d4) 6 168.52, 162.52, 147.37, 143.21, 139.45,
133.20 (2C), 129.58 (2C), 127.62, 121.54, 120.31, 119.07, 113.55, 110.86, 106.80, 93.85
(d, J=19.2 Hz), 52.32 (2C), 48.25, 33.45, 29.56 (2C), 27.41. LC-MS (APCI*/ESI): found

m/z = 489.2 [M+H] * (cal. for C24H24F4NgO, 488.19). Purity: 99%, tr= 2.498 min.

6-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)

nicotinonitrile (154)

amino) piperidin-1-yl) ethyl)

154 A mixture of 14b (0.150 g, 0.65 mmol) and 153 (0.089 g, 0.68

" mmol) in 10 ml MeCN was purged and degassed with N for 15

Ne—" N0 minutes. Zinc chloride, ZnCl, (0.003 g, 2.5 mol%) was then

12 1 N added, the resulting reaction mixture sealed off and stirred at

, N 6 50 °C for 4 hr. After completion, the solvent was taken off in
. @EI\?_NH ’ vacuo, and water (5 ml) was added to the residue. The mixture
4 \5 was extracted with EtOAc (3 x 15 ml), combined organic

extracts washed with brine, and dried over anhydrous NasSOa,.
Following column chromatography, the product was isolated as a pale yellow solid (0.142
g, 61%). Rr(10% MeOH/DCM), 0.25. 'H NMR (300 MHz, Methanol-ds4) 6 8.67 (d, J= 0.9
Hz, 1H, H19), 8.11 (dd, J= 8.1, 0.9 Hz, 1H, H!2), 7.59 - 7.40 (m, 2H, H}11), 7.26 (dd, J =
7.8, 1.3 Hz, 1H, H%), 6.98 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H, H?), 6.82 (ddd, J= 7.8, 6.9, 1.2
Hz, 1H, H3), 3.91 (tt, J= 10.4, 4.1 Hz, 1H, H°), 3.52 (s, 3H, H5), 3.19 - 3.08 (m, 2H, Hs3e),
2.95 - 2.84 (m, 2H, H9), 2.73 - 2.57 (m, 4H, H8210), 2.09 — 1.87 (m, 2H, H7), 1.69 — 1.55
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(m, 2H, H72). 13C NMR (151 MHz, Methanol-da) 8 170.54, 151.32, 145.20, 142.84, 139.25,
133.62, 124.54, 123.99, 123.21, 116.98, 114.25, 109.32, 105.65, 56.35, 49.55, 49.01
(2C), 33.54, 31.54 (2C), 28.79. LC-MS (APCI*/ESI): found m/z = 361.2 [M+H]* (cal. for
C21H24Ne, 360.21). Purity: 96%, tx = 2.301 min.

6-(2-(4-((1H-benzo[d]imidazol-2-yl) amino)-3-fluoropiperidin-1-yl) ethyl)

nicotinonitrile (155)

Following the procedure for 154, obtained from 145g (0.150 g,

11455 0.64 mmol) and 153 (0.088 g, 0.67 mmol) as a yellow solid

NC— N\ g (0.079 g, 34%). Rr(10% MeOH/DCM) 0.31. 'H NMR (400 MHz,

1w 12 /" | Methanol-ds) & 8.55 (d, J= 1.0 Hz, 1H, H!¥), 8.20 (dd, J = 8.1,

, N ° 2 67 1.0 Hz, 1H, H13), 8.03 (d, J= 8.1 Hz, 1H, H!?), 7.26 — 7.22 (m,
3CEN\>_NH F 2H4), 6.98 - 6.93 (m, 2H23), 4.51 (dtd, J = 48.5, 9.5, 4.1 Hz,
4+ H 1H, H¢), 3.89 (qd, J=10.8, 4.4 Hz, 1H, H5), 3.23 - 3.12 (m, 1H,

H7¢), 2.96 - 2.84 (m, 3H, Hs810), 2.77 — 2.65 (m, 2H, H!1), 2.34
—2.20 (m, 2H, H7a84), 2,11 (dt, J= 13.1, 4.2 Hz, 1H, H%), 1.59 (dtd, J= 12.0, 9.3, 4.2 Hz,
1H, H%). 13C NMR (101 MHz, Methanol-d4) 6 13C NMR (101 MHz, Methanol-ds4) 6 160.09,
152.58, 149.28, 139.66, 135.47, 128.45, 123.78 (2C), 123.07, 118.65, 112.97 (2C),
110.32, 109.74, 88.57, 53.21, 50.87, 35.86, 33.97, 30.57. LC-MS (APCI*/ESI): found m/z
= 365.2 [M+H]* (cal. for CooH21FNe, 364.18). Purity: 99%, tk = 2.298 min.

1-methyl-N-(1-(2-(5-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)pyridin-2-yl)ethyl)
piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (156)

Following general procedure 2, followed by cyclocondensation
as in 3¢, obtained from 154 (0.120 g, 0.33 mmol) as a pale
oN_ N\ 10 yellow solid (0.075 g, 48%). m.p.: 131 - 133 °C; Rf (10%
cFy” N2 N || MeOH/DCM), 0.14. 'H NMR (400 MHz, Methanol-ds) 6 8.52 (d,
AN 8 J=1.1Hz, 1H, H13),8.11 (dd, J= 8.0, 1.1 Hz, 1H, H1?), 7.61 -
3©[N\>_NH 7.45 (m, 2H, H.11), 7.29 (dd, J= 8.0, 1.2 Hz, 1H, H%), 7.01 (ddd,

5 J=17.8, 6.5, 1.1 Hz, 1H, H?), 6.80 (ddd, J = 8.0, 6.5, 1.2 Hz,
1H, H3), 3.95 (tt, J = 11.0, 4.2 Hz, 1H, HS), 3.51 (s, 3H, H5),

3.12 (td, J = 12.2, 4.1 Hz, 2H, Hs¢), 2.92 - 2.81 (m, 2H, H9), 2.73 - 2.58 (m, 4H, Hsa.10),
2.12 - 1.90 (m, 2H, H7), 1.67 — 1.52 (m, 2H, H73). 13C NMR (151 MHz, Methanol-d4) 6
173.87,169.54, 152.24, 149.25, 144.52, 141.56, 139.65, 134.65, 124.98, 123.54, 123.04,
116.51 (q, J = 28.9 Hz), 113.25, 108.98, 105.65, 58.62, 49.97, 49.06 (2C), 33.68, 30.85
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(2C), 28.10. LC-MS (APCI*/ESI): found m/z = 472.2 [M+H]* (cal. for C23H24F3N7O, 471.20).
Purity: 98%, &k = 2.019 min.

N-(3-fluoro-1-(2-(5-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)pyridin-2-yl) ethyl)
piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (157)

Following general procedure 2, followed by cyclocondensation

157
" as in 3¢, obtained from 1855 (0.060 g, 0.16 mmol) as a pale

-N N
O/ N1 | yellow solid (0.038 g, 48%). m.p.: 109 — 111 °C; Ry (10%
cF” N 512 /" MeOH/DCM) 0.43. 'H NMR (400 MHz, Methanol-ds) 6 8.43 (d,

N *\s /| J=0.9Hz, 1H, H%), 8.22 (dd, J = 7.9, 0.9 Hz, 1H, H3), 7.60 -
@[ >—NH F 7.45 (m, 3H, H1412), 6.98 (dd, J = 6.1, 3.2 Hz, 2H, H23), 4.51
+ H (dtd, J= 47.8, 10.2, 3.9 Hz, 1H, H¢), 3.85 (qd, J= 11.2, 4.5 Hz,
1H, H5), 3.28 — 3.19 (m, 1H, H7¢), 2.98 — 2.83 (m, 3H, Hse.10),
2.76 — 2.65 (m, 2H, H!1), 2.33 - 2.19 (m, 2H, H7a83), 2.15 (dt, J = 13.9, 4.0 Hz, 1H, Ho%),
1.59 (dtd, J=13.2, 9.0, 4.0 Hz, 1H, H9%). 13C NMR (101 MHz, Methanol-ds) 6 13C NMR (101
MHz, Methanol-ds) 6 167.96, 152.56, 144.36, 138.87, 129.39 (2C), 128.59 (2C), 124.65
(2C), 119.63 (2C), 112.34 (q, J = 28.5 Hz), 89.32, 87.98, 60.58, 56.95 (d, J = 19.5 Hz),
55.63 (d, J = 36.3), 50.82, 32.66, 28.65. LC-MS (APCI*/ESI): found m/z = 476.2 [M+H]*
(cal. for C2oH21F4N7O, 475.17). Purity: 99%, tz = 2.157 min.

1-methyl-2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl) amino)-
1H-benzo[d]imidazole-5-carboxylic acid (142)
To a solution of 136 (0.200 g, 0.42 mmol) in 10 ml methanol,

14211 10 2M aqueous KOH (1.1 ml, 2.1 mmol) was added, and the
12)‘£§>—©—§8 resulting mixture stirred at 79 °C for 2 hr. Following

N completion, the reaction mixture was cooled to 0 °C, and

o it 1 N 5 ( " | acidified to pH 2 while stirring. The product was filtered and
2[ I N>_ NH obtained after recrystallization in methanol and drying, as an

° \4 off white solid (0.181 g, 94%). m.p.: 134 — 136 °C; Rf(10%

MeOH/DCM), 0.08. 'H NMR (400 MHz, Methanol-ds) & 8.11
(d, J= 1.3 Hz, 1H, HY), 8.01 (d, J = 8.0 Hz, 2H, H1l), 7.89 (dd, J= 7.8, 1.3 Hz, 1H, H?),
7.58 (d, J = 7.8 Hz, 1H, H3), 7.36 (d, J = 8.0 Hz, 2H, H19), 3.87 (tt, J= 10.7, 4.0 Hz, 1H,
H5), 3.52 (s, 3H, H4), 3.20 — 3.12 (m, 2H, H7¢), 2.97 - 2.90 (m, 2H, H8), 2.78 — 2.69 (m, 2H,
HY), 2.44 (s, 3H, H!2), 2.36 — 2.27 (m, 2H, H7a), 2.18 — 2.09 (m, 2H, Hee), 1.71 — 1.64 (m,
2H, H63). 13C NMR (151 MHz, Methanol-da) 6 175.87, 167.22, 161.89, 141.49, 139.19,
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137.77,133.78, 128.44 (2C), 127.10 (2C), 125.86, 124.13,119.45, 116.48, 112.58, 56.98,
52.88 (2C), 52.29, 34.69, 33.01, 31.65 (2C), 16.98. LC-MS (APCI*/ESI): found m/z = 461.2
[M+H]* (cal. for C2sH2sNgO3, 460.22). Purity: 96%, tr = 0.135 min.

N-cyclopropyl-1-methyl-2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl)

piperidin-4-yl) amino)-1H-benzo[d]imidazole-5-carboxamide (143)

143 Following general procedure 2, obtained from 142 (0.080 g,
13 12 0.17 mmol) and cyclopropylamine (0.012 g, 0.21 mmol) as a

14)’{;)/ ! . white solid (0.045 g, 81%). m.p.: 85 - 87 °C; Ry (10%

N MeOH/DCM), 0.12. 'H NMR (400 MHz, Methanol-d4) 6 8.10

N T N Qg (d, J=1.3 Hz, 1H, H}), 7.99 (d, J= 8.0 Hz, 2H, H13), 7.87 (dd,
K 4[ IN*NH J=17.7,1.3 Hz, 1H, H4, 7.58 (d, J= 7.7 Hz, 1H, H5), 7.36 (d,
’ ° \6 J = 8.0 Hz, 2H, H!?), 3.86 (tt, J= 10.7, 4.0 Hz, 1H, H7), 3.51
(s, 3H, H¢), 3.37 (tt, 9.1, 7.8 Hz, 1H, H?), 3.20 - 3.11 (m, 2H,
H9%), 2.97 - 2.89 (m, 2H, H19), 2.78 - 2.68 (m, 2H, H!), 2.43 (s, 3H, H!4), 2.35 - 2.27 (m,
2H, H%), 2.17 - 2.09 (m, 2H, Hs&¢), 1.71 - 1.64 (m, 2H, H?a), 1.22 - 1.16 (br-d, 4H, H3). 13C
NMR (151 MHz, Methanol-d4) 6 175.55, 167.22, 159.98, 141.58, 139.22, 137.64, 133.63,
128.28 (2C), 127.04 (2C), 125.65, 124.08, 119.33, 116.56, 112.59, 57.02, 52.75 (2C),
52.33, 34.73, 33.05, 31.44 (2C), 26.77, 16.56, 8.08 (2C). LC-MS (APCI*/ESI): found m/z

= 500.2 [M+H]* (cal. for C2sHssN7O2, 499.27). Purity: 95%, tz = 0.159 min.

General Procedure 16: Sy2 reaction using mesylates

A solution of an appropriate alcohol (1.2 equiv) and TEA (3.0 equiv) in 5 ml anhydrous
DCM was cooled to O °C, after which mesyl chloride, MsCl1 (1.0 or 2.0 eq) in 2 ml DCM was
added and the reaction mixture stirred at that temperature for 30 min. Amine 14d (1.0
equiv) and TEA (1.0 equiv) in 4 ml anhydrous DCM was added to the cold mesylate reaction
mixture, and the resulting solution stirred at room temperature (23 °C) for 4 hr. At
completion, reaction mixture was cooled and diluted with 10 ml DCM, washed with
saturated NaHCO3 (3 x 10 ml), followed by brine, and dried over anhydrous NasSOas.
Products isolated after purification via by column chromatography using 4 - 7%

MeOH/DCM as the eluent.
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4-((2-((1-(2-(4-(methylsulfonyl)piperazin-1-yl)ethyl)piperidin-4-yl)amino)-1H-
benzo[d]imidazol-1-yl)methyl)benzonitrile (53)
Obtained from 14d (0.080 g, 0.24 mmol), 2-(piperazinyl)ethanol

15 145313 (0.038 g, 0.29 mmol) and MsCl (44.9 ul, 0.58 mmol) as a yellow
o%"N/\:\N 1211 crystalline solid (0.081 g, 65%). m.p.: 164 — 167 °C; Ry (10%

N MeOH/DCM) 0.22. 'H NMR (400 MHz, Methanol-ds) § 7.69 (d, J

» NN @10 - 8.5 Hz, 2H, H7), 7.41 (dd, J= 7.8, 0.9 Hz, 1H, H1), 7.30 (d, J =
SCEN%NH 8.5 Hz, 2H, H¢), 7.16 (ddd, J= 7.8, 7.2, 1.5 Hz, 1H, H?), 7.12 (dd,
) sﬂCN J=8.0, 1.4 Hz, 1H, H4), 7.08 (ddd, 8.0, 7.2, 1.3 Hz, 1H, H3), 5.46

° T (s, 2H, H5), 4.03 (tt, J= 10.7, 4.0 Hz, 1H, H8), 3.64 (m, 2H, H14e),

3.45-3.31 (m, 6H, H11.12,14a) 3,24 — 3.18 (m, 2H, H13¢), 2.86 (s,
3H, H!9), 2.82 - 2.77 (m, 2H, H10), 2.66 — 2.48 (m, 4H, H10a132a) 2. 32 — 2.27 (m, 2H, H%),
2.06 — 1.93 (m, 2H, H%). 13C NMR (101 MHz, Methanol-d4) 6§ 147.22, 135.54, 132.98 (2C),
128.54 (2C), 121.32, 119.09, 117.78, 115.66, 113.76, 110.87, 107.21, 66.34, 54.58,
53.99, 53.05 (2C), 52.01 (2C), 48.33, 44.56 (2C), 35.23, 31.78 (2C). LC-MS (APCI+/ESI):
found m/z = 522.1 [M+H]* (cal. for C27H3sN702S, 521.2). Purity: 95%, tr = 0.523 min.

4-N-Boc-(2-(4-((1-(4-cyanobenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-
yl)ethyl)piperazine (54)

Obtained from 14d (0.160 g, 0.42 mmol), 10 (0.132 g, 0.58

54
o B mmol) and MsCl (44.4 ul, 0.58 mmol) as a pale yellow crystalline
12
N N ; 0 . _ oM. )
15>LO>\‘_ Y, _>11 solid (0.119 g, 46%). m.p.: 121 — 123 °C; Rf(10% MeOH/DCM)
N 0.28. 'H NMR (600 MHz, Methanol-d4) 6 7.67 (d, J= 8.4 Hz, 2H,
10
) NN A H7), 7.35 (dd, J= 7.6, 1.2 Hz, 1H, HY), 7.25 (d, J = 8.4 Hz, 2H,
S—NH
3®EN>_ H¢), 7.08 (ddd, J= 7.6, 1.3 Hz, 1H, H?), 7.03 (dd, J= 7.9 Hz, 1.3
4
5\\©\CN Hz, 1H, H4), 6.98 (ddd, 7.9, 7.6, 1.3 Hz, 1H, H3), 5.40 (s, 2H, H5),
6
! 3.94 (tt, J=10.6, 4.0 Hz, 1H, H8), 3.46 (m, 4H, H4), 3.35 (t, J =

6.8 Hz, 2H, H!2), 2.98 (t, J= 6.8 Hz, 2H, H!!), 2.81 (m, 2H, H!3¢),
2.69 (m, 2H, H1%), 2.49 (m, 4H, H102,13a) 2 21 (m, 2H, H%), 1.80 (m, 2H, H%), 1.46 (s, 9H,
H15). 13C NMR (151 MHz, Methanol-ds4) 6 156.37, 155.04, 143.60, 142.65, 135.21, 133.68
(2C), 128.52 (2C), 122.87, 121.27,119.42, 116.29, 112.45, 111.23, 109.15, 81.34, 66.87,
54.85 (2C), 54.04 (2C), 53.49 (2C), 50.00, 45.72, 31.21 (2C), 28.64 (3C). LC-MS
(APCI+/ESI): found m/z = 544.2 [M+H] * (cal. for C31H41N70O2, 543.33). Purity: 97%, tr =
2.103 min.
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4-((2-((1-(2-(piperazin-1-yl)ethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-
yl)methyl)benzonitrile (55)

55 Following general procedure 16, obtained from 54 (0.070 g, 0.13

1413 ; mmol) as a pale-yellow solid (0.054 g, 95%). m.p.: 104 — 106 °C;
HN\_/N_> ) Rf(10% MeOH/DCM) 0.17. 'H NMR (400 MHz, Methanol-d4) 6

N 7.70 (d, J= 8.5 Hz, 2H, H7), 7.33 (dd, J= 7.6, 1.0 Hz, 1H, H}),

) NN é;gm 7.28 (d, J = 8.5 Hz, 2H, H¢), 7.09 (ddd, J= 8.1, 7.6, 1.0 Hz, 1H,
3®EN\>_NH H2?), 7.06 (dd, J = 8.1, 1.1 Hz, 1H, H%), 6.99 (ddd, J = 8.1, 7.5,
) 5\\©\CN 1.0 Hz, 1H, H3), 5.39 (s, 2H, HS), 3.88 (tt, J= 10.4, 4.9 Hz, 1H,

° 7 H8), 3.75 - 3.68 (m, 4H, H!4), 3.27 (t, J= 6.6 Hz, 2H, H12), 2.89

(t, J = 6.6 Hz, 2H, H!1), 2.65 (m, 4H, H!0e13¢) 253 (m, 4H,
H10a,132) 217 (m, 2H, H%), 1.79 (m, 2H, H%). 13C NMR (101 MHz, Methanol-d4) 6 145.67,
134.56, 133.21 (2C), 127.55 (2C), 120.94, 119.50, 117.98, 114.84, 112.54, 111.22,
107.85, 66.87, 54.30, 53.98 (2C), 53.24 (2C), 52.08 (2C), 48.76, 44.47, 30.23 (2C). LC-MS
(APCI+/ESI): found m/z = 444.2 [M+H] * (cal. for C26H3a3N7, 443.28). Purity: 99%, tr= 0.435

min.

General Procedure 17: Benzimidazole N-1 Alkylation, Synthesis of Target
Compounds

A mixture of 15 or 66 (1.0 equiv), alkyl bromide (1.2 equiv) and K2CO3 (1.5 equiv) in 5 ml
DMF was stirred under nitrogen at 70 °C for 12 hours. After cooling to ambient
temperature (23 °C), the mixture was diluted with EtOAc (25 ml). The resulting mixture
was washed with water (3 x 30 ml), combined aqueous layers were then extracted with
EtOAc (2 x 20 ml). Thereafter, combined EtOAc layers where further washed with 5% LiCl
(2 x 10 ml), brine (15 ml), then dried over anhydrous Na>SO4 and concentrated under
reduced pressure. The crude product was triturated with Et,O to obtain products. Further
purification was performed by flash chromatography if required (based on LCMS-purity
check).
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4-((2-((1-(4-cyanophenethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-yl) methyl)-

2-fluorobenzonitrile (18)

18

1514
NC

Obtained from 15 (0.070 g, 0.20 mmol) and 4-(bromomethyl)-2-
fluorobenzonitrile (0.054 g, 0.24 mmol) as a white solid (0.077 g,
81%). m.p.: 79 — 81 °C; Rr(10% MeOH/DCM) 0.44. 'H NMR (400
MHz, Methanol-d4) 6 7.68 — 7.58 (m, 3H, H1.15), 7.46 — 7.40 (m,
3H, H"14), 7.33 (ddd, J= 7.8, 7.2, 1.1 Hz, 1H, H?), 7.06 (dd, J =
7.9, 1.4 Hz, 1H, H4%), 7.00 (d, J= 7.6 Hz, 1H H¢), 6.98 — 6.93 (m,
1H, H3), 6.89 (d, J= 6.7 Hz, 1H, H8), 5.42 (s, 2H, H5), 3.84 (tt, J
=11.2, 5.4 Hz, 1H, H9), 3.04 - 2.98 (m, 2H, H!?), 2.91 - 2.90 (m,
2H, H12), 2.71 - 2.63 (m, 2H, H13), 2.31 - 2.27 (m, 2H, H!9), 2.10

—-2.01 (m, 2H, H19). 13C NMR (101 MHz, Methanol-d4) 6 161.26, 158.78, 154.01, 146.14,
141.66, 133.71, 131.96, 129.93, 129.79, 129.48, 128.64, 128.42, 121.45 (d, J=22.3 Hz),
119.65, 118.73, 114.89, 112.63, 109.64, 107.40, 59.07, 52.18, 50.45 (2C), 39.12, 32.80,
31.46 (2C). LC-MS (APCI/ESI): found m/z = 479.1 [M+H]* (cal. for C2oH27FNs, 478.23).
Purity: 99%, tr = 2.325 min.

2-((2-((1-(4-cyanophenethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-yl) methyl)-

5-fluorobenzonitrile (19)

19

1514

Obtained from 15 (0.070 g, 0.20 mmol) and 2-(bromomethyl)-5-
fluorobenzonitrile (0.054 g, 0.24 mmol) as a white solid (0.076 g,
79%). m.p.: 82 — 84 °C; Rr(10% MeOH/DCM) 0.43. 'H NMR (400
MHz, DMSO-de) 6 7.93 (dd, J= 8.5, 2.7 Hz, 1H, H8), 7.72 (d, J =
8.2 Hz, 2H, H15), 7.49 — 7.40 (m, 3H, HL14), 7.25 (d, J= 7.7 Hz,
1H, H¢), 6.97 (dd, J = 7.7, 5.3 Hz, 1H, H7), 6.83 (ddd, J = 7.9,
7.2, 1.1 Hz, 1H, H?), 6.63 - 6.57 (m, 2H, H34), 5.49 (s, 2H, H5),
3.82 (tt, J=10.4, 3.9 Hz, 1H, H9), 2.93 - 2.87 (m, 2H, H1l¢), 2.83
(m, 2H, H!'?), 2.61 - 2.53 (m, 2H, H!3), 2.16 — 2.02 (m, 2H, H!1a),

1.95 (m, 2H, H1%), 1.47 (m, 2H, H10a). 13C NMR (101 MHz, Methanol-ds) 6 164.45, 157.55,
154.23, 145.24, 141.03, 134.88, 130.45, 129.35, 128.88, 128.75, 128.60, 128.32, 121.33,
119.45,118.21, 115.75 (d, J= 19.5 Hz), 112.87, 109.53, 107.37, 59.33, 52.21, 51.65 (2C),
39.33, 32.65, 31.08 (2C). LC-MS (APCI/ESI): found m/z = 479.1 [M+H] * (cal. for
CooH27FNe, 478.23). Purity: 99%, tx = 2.330 min.
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4-((2-((1-(4-cyanophenethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-yl)methyl)-

3-fluorobenzonitrile (20)

20 Obtained from 15 (0.070 g, 0.20 mmol) and 4-(bromomethyl)-3-

15 14 fluorobenzonitrile (0.054 g, 0.24 mmol) as a pale yellow solid

NC S (0.070 g, 73%). m.p.: 87 — 89 °C; R;(10% MeOH/DCM) 0.40. 1H

N N NMR (600 MHz, Methanol-d4) § 7.69 (dd, J= 3.9, 0.6 Hz, 1H, H8),

L AN @0” 7.65 (d, J = 8.0 Hz, 2H, H15), 7.43 (d, J = 8.0 Hz, 2H, H4), 7.34
3©EN\>_N? (dd, J = 8.0, 0.8 Hz, 1H, H7), 7.10 — 7.05 (m, 2H, H!¢), 7.05 -
Yo { N 7.01 (m, 2H, H24), 7.00 - 6.95 (m, 1H, H3), 5.39 (s, 2H, H5), 3.84

F 8 (tt, J=11.1, 4.2 Hz, 1H, H9), 3.08 — 2.99 (m, 2H, H1lle), 2.95 —

2.92 - 2.84 (m, 2H, H!?), 2.70 - 2.61 (m, 2H, H19), 2.34 - 2.27
(m, 2H, H!a), 2.12 — 2.05 (m, 2H, H10), 1.64 — 1.58 (m, 2H, H102), 13C NMR (151 MHz,
Methanol-d4) 6 164.06, 162.35, 153.87, 145.98, 141.56, 133.85, 131.98 (2C), 128.94 (2C),
128.19, 122.88, 121.50, 119.74, 118.44, 114.92, 114.06 (d, J=21.6 Hz), 113.10, 109.69,
107.62, 99.84, 58.99, 52.13 (2C), 49.89, 43.97, 32.70, 31.36 (2C). LC-MS (APCI+/ESI):
found m/z=479.1 [M+H] * (cal. for C2oH27FNe, 478.23). Purity: 99%, tr = 2.325 min.

4-(2-(4-((1-(4-methoxybenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl) ethyl)

benzonitrile (21)

21 Obtained from 15 (0.070 g, 0.20 mmol) and 1-(bromomethyl)-
15 14 4-methoxybenzene (0.040 g, 0.24 mmol) as a pale yellow solid
NC 1312 (0.082 g, 88%). m.p.: 93 — 94 °C; R¢(10% MeOH/DCM) 0.45. 'H
N NMR (600 MHz, Methanol-d4) 6 7.64 (d, J = 8.2 Hz, 2H, H7),
z@EN%’\%:&H 7.42 (d, J= 8.0 Hz, 2H, H15), 7.30 (dd, J= 7.8, 1.5 Hz, 1H, H}),
3 : N . 7.12 - 7.01 (m, 4H, H23.6), 6.94 (ddd, J= 7.8, 7.2, 1.1 Hz, 1H,
5\\©\O/ H3), 6.85 (d, J= 8.0 Hz, 2H, H4), 5.19 (s, 2H, HS), 3.83 (tt, J =

7

10.6, 4.0 Hz, 1H, H9), 3.73 (s, 3H, H?8), 3.01 - 2.95 (m, 2H, Hl!le),
2.94 - 2.87 (m, 2H, H!2), 2.69 - 2.63 (m, 2H, H13), 2.35 - 2.29 (m, 2H, H!!?), 2.11 - 2.06
(m, 2H, H10¢), 1.64 (dtd, J = 12.9, 10.1, 3.7 Hz, 2H, H02), 13C NMR (151 MHz, Methanol-
ds) 6 159.26, 153.86, 146.07, 141.40, 134.04, 131.93 (2C), 129.46 (2C), 128.22 (2C),
127.65 (2C), 120.91, 119.34, 118.42, 114.54, 113.76, 109.62, 107.77, 59.05, 54.28 (2C),
51.95, 49.66, 44.08, 32.72, 31.35 (2C). LC-MS (APCI+/ESI): found m/z = 466.2 [M+H] *
(cal. for C29H31N6O, 465.25). Purity: 98%, tr = 2.312 min.
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4-(2-(4-((1-(4-(methylsulfonyl)benzyl)-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-
yl) ethyl) benzonitrile (22)
Obtained from 15 (0.070 g, 0.20 mmol) and 1-(bromomethyl)-

152 214 4-(methylsulfonyl)benzene (0.060 g, 0.24 mmol) as a pale-
NCA@_SW yellow solid (0.095 g, 93%); m.p.: 115 — 116 °C; Ry (10%

N MeOH/DCM) 0.41. 'H NMR (600 MHz, Methanol-ds) 6 7.88 (d,

2 NN é;)mﬂ J = 8.5 Hz, 2H, H7), 7.64 (d, J = 8.2 Hz, 2H, H!%), 742 (d, J =
3©EN\>_NH 8.2 Hz, 2H, H'4), 7.38 — 7.29 (m, 3H, H'%), 7.06 (ddd, J = 7.8,
' 5\\©\S{8 7.3, 1.3 Hz, 1H, H?), 7.01 (dd, J = 8.1, 1.5 Hz, 1H, H%), 6.95

° 7 6° (ddd, J=8.1, 7.3, 1.1 Hz, 1H, H3), 5.41 (s, 2H, H5), 3.84 (tt, J

= 10.9, 4.1 Hz, 1H, H9), 3.07 (s, 3H, H?8), 3.05 - 3.00 (m, 2H,
Hlle), 2,94 — 2.86 (m, 2H, H!2), 2.70 - 2.64 (m, 2H, H!3), 2.33 (td, J = 11.9, 2.5 Hz, 2H,
H1la), 2,13 - 2.06 (m, 2H, H!0%), 1.68 — 1.58 (m, 2H, H10a). 13C NMR (151 MHz, Methanol-
ds) 6 153.93, 146.00, 143.01, 141.56, 139.92, 133.84 (2C), 131.94 (2C), 129.47 (2C),
127.47 (2C), 127.15, 121.31, 119.58, 118.43, 114.79, 109.63, 107.56, 58.98, 52.09 (2C),
49.85, 44.12, 42.87, 32.69 (2C), 31.35. LC-MS (APCI*/ESI): found m/z = 514.2 [M+H]*
(cal. for C29H31N502S, 513.22). Purity: 99%, tr = 2.093 min.

4-(2-(4-((1-(4-nitrobenzyl)-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl)

benzonitrile (23)

23 Obtained from 15 (0.070 g, 0.20 mmol) and 1-(bromomethyl)-

1413 4-nitrobenzene (0.052 g, 0.24 mmol) as an orange solid (0.096

NC 1211 g, 96%); m.p.: 95 - 96 °C; R¢(10% MeOH/DCM) 0.48. 'H NMR

N (600 MHz, Methanol-ds4) 6 8.17 (d, J= 8.7 Hz, 2H, H7), 7.64 (d,

2 Y ‘ 9 b J= 8.1 Hz, 2H, H4), 7.42 (d, J= 8.7 Hz, 2H, H¢), 7.34 (dd, J =
3®EN\>_NH 8.0, 1.2 Hz, 1H, HY), 7.31 (d, J= 8.1 Hz, 2H, H!3), 7.06 (ddd, J
) 5\\©\N02 =7.8,7.2, 1.2 Hz, 1H, H?), 7.02 (dd, J = 8.1, 1.3 Hz, 1H, H%),

° 7 6.96 (ddd, J= 8.1, 7.2, 1.1 Hz, 1H, H3), 5.42 (s, 2H, HS), 3.85

(tt, J= 10.4, 5.0 Hz, 1H, H8), 3.10 - 3.02 (m, 2H, H10%), 2.96 —
2.89 (m, 2H, H!1), 2.73 - 2.65 (m, 2H, H12), 2.39 - 2.31 (m, 2H, H1%), 2.14 — 2.07 (m, 2H,
Ho), 1.64 (dtd, J= 12.4, 11.6, 3.6 Hz, 2H, H%). 13C NMR (151 MHz, Methanol-d.) 6 153.87,
147.39, 145.87, 144.10, 141.51, 133.81, 131.96 (2C), 129.45 (2C), 126.84 (2C), 123.43
(2C), 121.36, 119.64, 118.41, 114.81, 109.67, 107.54, 58.91, 52.06 (2C), 49.79, 44.05,
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32.61, 31.27 (2C). LC-MS (APCI*/ESI): found m/z = 481.2 [M+H] * (cal. for C2sH2sNeO»,
480.23). Purity: 99%, tr = 2.322 min.

Methyl 4-((2-((1-(4-cyanophenethyl) piperidin-4-yl) amino)-1H-benzo[d]imidazol-1-yl)
methyl) benzoate (24)

24 Obtained from 15 (0.070 g, 0.20 mmol) and methyl 4-
15 14 (bromomethyl)benzoate (0.055 g, 0.24 mmol) as a pale-yellow
NC 1312 solid (0.092 g, 93%); m.p.: 99 — 101 °C; R;(10% MeOH/DCM)
N 0.48. 'H NMR (600 MHz, Methanol-ds) 8 7.95 (d, J = 8.4 Hz,
2©EN\>_§::)1011 2H, H7), 7.64 (d, J = 8.0 Hz, 2H, H!%), 7.42 (d, J = 8.0 Hz, 2H,
8 : N \ H14), 7.33 (dd, J= 7.7, 1.3 Hz, 1H, H!), 7.20 (d, J = 8.4 Hz, 2H,
5\\6©\§<O He), 7.05 (ddd, J= 7.9, 7.2, 1.2 Hz, 1H, H?), 7.02 (dd, J = 8.1,

7 O

1.3 Hz, 1H, H4), 6.95 (ddd, J= 8.1, 7.2, 1.1 Hz, 1H, H3), 5.36
(s, 2H, HS), 3.88 — 3.81 (m, 4H, H89), 3.04 — 2.98 (m, 2H, Hll), 2.93 — 2.87 (m, 2H, H!2),
2.71 - 2.62 (m, 2H, H!3), 2.36 — 2.29 (m, 2H, H!la), 2.12 — 2.07 (m, 2H, H1%), 1.63 (dtd, J
= 11.6, 9.5, 3.7 Hz, 2H, H104). 13C NMR (151 MHz, Methanol-ds) 8 166.69, 153.93, 146.01,
141.99, 141.48, 133.95 (2C), 131.94 (2C), 129.51 (2C), 129.45 (2C), 129.23, 126.30,
121.18, 119.52, 118.41, 114.71, 109.63, 107.58, 58.99, 52.00 (2C), 51.17, 49.75, 44.29,
32.67 (2C), 31.31. LC-MS (APCI*/ESI): found m/z = 494.2 [M+H] * (cal. for CaoHz1NsO2,
493.25). Purity: 98%, fx = 2.347 min.

4-((2-((1-(4-cyanophenethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-yl) methyl)
benzoic acid (25)

25 To a solution of 24 (0.050 g, 0.10 mmol) in 5 ml methanol, 2M

1413 aqueous KOH (253 pl, 0.51 mmol) was added, and the resulting

NC mixture stirred at 79 °C for 2 hr. Following completion, the

N reaction mixture was cooled to O °C, and acidified to pH 2 while

2 @EN 9 stirring. The product was filtered and obtained after
N recrystallization in methanol and drying, as a pale-yellow solid

CO,H (0.044 g, 90%); m.p.: 138 — 140 °C; Rr(10% MeOH/DCM) 0.12.
'H NMR (600 MHz, Methanol-d4) 6 7.85 (d, J = 8.4 Hz, 2H, H7),
7.63 (d, J= 8.1 Hz, 2H, H!4), 7.38 (d, J = 8.4 Hz, 2H, H¢), 7.25 (dd, J= 7.9, 1.2 Hz, 1H,
H!), 7.08 (d, J= 8.1 Hz, 2H, H!3), 6.97 (ddd, J="7.9, 7.0, 1.2 Hz, 1H, H2), 6.46 (dd, J= 7.8,
1.2 Hz, 1H, H%), 6.28 (ddd, J= 7.8, 7.0, 1.2 Hz, 1H, H3), 5.39 (s, 2H, H9), 3.89 (tt, J= 10.8,
4.0 Hz, 1H, H8), 3.04 (td, J= 13.2, 3.9 Hz, 2H, H10¢), 2.90 — 2.83 (m, 2H, H11), 2.68 — 2.59
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(m, 2H, H12), 2.29 (td, J=12.3, 3.1 Hz, 2H, H10%), 2.10 - 1.97 (m, 2H, H%), 1.66 — 1.52 (m,
2H, H9%). 13C NMR (151 MHz, Methanol-ds4) 6 171.56, 149.58, 145.65, 142.20, 141.33,
135.78, 130.98 (2C), 129.28 (2C), 126.56 (2C), 125.80 (2C), 125.32, 121.03, 119.32,
117.26, 114.09, 109.64, 106.57, 60.87, 51.68 (2C), 50.44, 44.39, 32.36, 30.68 (2C). LC-
MS (APCI*/ESI): found m/z = 480.2 [M+H] * (cal. for C29H20Ns502, 479.23). Purity: 98%, tr
= 2.135 min.

4-(2-(4-((1-(4-(trifluoromethyl) benzyl)-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-
yl) ethyl) benzonitrile (26)
Obtained from 15 (0.070 g, 0.20 mmol) and 1-(bromomethyl)-

26
14 13 4-(trifluoromethyl)benzene (0.057 g, 0.24 mmol) as a pale-
NC 9 yellow solid (0.091 g, 90%); m.p.: 86 — 88 °C; Ry (10%
11

N MeOH/DCM) 0.57. 'H NMR (600 MHz, Methanol-ds) & 7.64 (d,
S O J=8.2 Hz, 2H, H14), 7.60 (d, J = 8.1 Hz, 2H, H7), 7.42 (d, J =

\)
3©[N>_NH 8.2 Hz, 2H, H13), 7.33 (dd, J= 7.8, 1.3 Hz, 1H, H1), 7.27 (d, J =
) s\\QCF 8.1 Hz, 2H, H¢), 7.06 (ddd, J = 7.9, 7.2, 1.3 Hz, 1H, H2), 7.01

3

¢ 7 (dd, J = 7.7, 1.2 Hz, 1H, H%), 6.95 (ddd, J = 7.7, 7.2, 1.3 Hz,

1H, H3), 5.38 (s, 2H, H5), 3.84 (tt, J = 10.9, 4.1 Hz, 1H, HS8),
3.06 — 3.00 (m, 2H, H10¢), 2.94 — 2.88 (m, 2H, H11), 2.71 - 2.64 (m, 2H, H12), 2.32 (td, J =
12.0, 2.5 Hz, 2H, H10a), 2,13 — 2.07 (m, 2H, H%), 1.67 — 1.58 (m, 2H, H%). 13C NMR (151
MHz, Methanol-ds4) 6 153.95, 146.02, 141.53, 141.06, 133.91, 131.93 (2C), 129.45 (2C),
126.75 (2C), 125.25 (2C), 125.22,121.23, 119.55, 118.42, 114.74, 109.63, 107.57, 59.01,
52.09 (2C), 49.83, 44.10, 32.71, 31.36 (2C). LC-MS (APCI*/ESI): found m/z = 504.2 [M+H]
* (cal. For CaooH2sF3Ns, 503.23). Purity: 98%, tr = 2.463 min.
4-(2-(4-((1-(4-methylbenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl) ethyl)

benzonitrile (27)

27 Obtained from 15 (0.070 g, 0.20 mmol) and 1-(bromomethyl)-
15 14 4-methylbenzene (0.044 g, 0.24 mmol) as a pale-yellow solid
NC‘Q—S (0.079 g, 88%); m.p.: 96 — 97 °C; Rf(10% MeOH/DCM) 0.51. 'H
N ’ NMR (600 MHz, Methanol-d4) 6 7.64 (d, J = 8.3 Hz, 2H, H19),
) N @Oﬂ 7.42 (d, J = 8.1 Hz, 2H, H¢), 7.30 (dd, J= 7.5, 1.2 Hz, 1H, H}),
3©EN>_NH 7.10 (d, J = 8.3 Hz, 2H, H'4), 7.07 — 6.97 (m, 4H, H247), 6.93
° . 8 (ddd, J=8.0, 7.2, 1.5 Hz, 1H, H3), 5.21 (s, 2H, H5), 3.83 (tt, J

7

= 10.8, 4.2 Hz, 1H, H9), 3.03 - 2.95 (m, 2H, H1l1¢), 2.93 - 2.86
(m, 2H, H!?), 2.68 - 2.61 (m, 2H, H13), 2.31 (td, J= 11.9, 2.6 Hz, 2H, H!1q), 2.27 (s, 3H,
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H?), 2.12 - 2.04 (m, 2H, H1%¢), 1.63 (dtd, J= 12.6, 11.0, 3.7 Hz, 2H, H10a). 13C NMR (151
MHz, Methanol-ds) 6 155.65, 147.39, 144.68, 140.52, 138.69, 132.40 (2C), 130.48 (2C),
129.06 (2C), 128.57 (2C), 128.03, 120.57, 119.28, 118.66, 114.35, 110.43, 108.26, 59.68,
51.62 (2C), 49.36, 43.82, 41.86, 33.68 (2C), 30.07. LC-MS (APCI*/ESI): found m/z=450.2
[M+H] * (cal. for C29H31Ns, 449.26). Purity: 99%, t = 2.383 min.
4-(1-(2-((1-(4-cyanophenethyl)piperidin-4-yl)amino)-1H-benzo[d]imidazol-1-
yl)ethyl)benzonitrile (28)

Obtained from 15 (0.070 g, 0.20 mmol) and 11b (0.050 g, 0.24

125814 mmol) as a white solid (0.074 g, 78%). m.p.: 121 — 123 °C; Ry

NC N (10% MeOH/DCM) 0.76. 'H NMR (600 MHz, Methanol-ds) &

N | 7.72.(d, J= 8.5 Hz, 2H, H15), 7.65 (d, J = 8.3 Hz, 2H, H8), 7.47

, é;)m” ~ 7.42 (m, 4H, H7.14), 7.31 (dd, J = 7.8, 0.9 Hz, 1H, HI), 6.99
3©[N\>_NH (ddd, J = 7.8, 7.4, 1.1 Hz, 1H, H?), 6.80 (dd, J = 8.3, 1.1 Hz,
! 6)5\@CN 1H, H%), 6.69 (ddd, J= 8.3, 7.4, 0.9 Hz, 1H, H3), 5.85 (q, J= 7.1

T Hz, 1H, H5), 3.85 (tt, J= 11.0, 4.2 Hz, 1H, H?), 3.08 — 3.04 (m,

2H, Hlle), 2.96 — 2.91 (m, 2H, H!2), 2.73 - 2.68 (m, 2H, H!3),
2.40 - 2.32 (m, 2H, H!!e), 2.19 - 2.11 (m, 2H, H10¢), 1.93 (d, J= 7.1 Hz, 3H, H°), 1.71 -
1.62 (m, 2H, H10a), 13C NMR (151 MHz, Methanol-d4) 6 153.70, 146.06, 145.45, 141.98,
132.25, 131.98 (2C), 129.50 (2C), 127.86 (2C), 127.03 (2C), 121.01, 119.17, 118.44,
118.00, 115.04, 111.15, 109.82, 109.68, 59.04, 52.17 (2C), 51.34, 50.04, 32.77, 31.48
(2C), 16.30. LC-MS (APCI+/ESI): found m/z = 474.9 [M+H] * (cal. for C30H30Ne, 474.25).
Purity: 99%, tr = 2.441min.

4-(2-(4-((1-((6-(trifluoromethyl)pyridin-3-yl)methyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)ethyl)benzonitrile (29)

29 Obtained from 15 (0.070 g, 0.20 mmol) and 5-(bromomethyl)-
1514 . 2-(trifluoromethyl)pyridine (0.058 g, 0.24 mmol) as a white
NC 12 solid (0.075 g, 74%). m.p.: not determined; Ry (10%
N MeOH/DCM) 0.44. 'H NMR (600 MHz, Methanol-d4) § 8.54 (d,
1
ZCEN\)— ;9 10 J=2.1 Hz, 1H, H®), 7.75 (d, J = 8.2 Hz, 1H, H?), 7.67 — 7.62
NH
3 N s N (m, 3H, H.15), 7.43 (d, J= 8.3 Hz, 2H, H!4), 7.36 (dd, J = 8.2,
4 —
A\ CFs 2.1 Hz, 1H, H¢), 7.10 — 7.05 (m, 2H, H24), 6.99 (ddd, J = 8.0,
6
! 7.3, 1.3 Hz, 1H, H3), 5.45 (s, 2H, H9S), 3.84 (tt, J= 11.0, 4.2

Hz, 1H, H9), 3.05 (m, 2H, Hlle), 2.95 — 2.90 (m, 2H, H12), 2.71 — 2.68 (m, 2H, H13), 2.37 —
2.32 (m, 2H, H11a), 2.14 — 2.09 (m, 2H, H1%), 1.67 — 1.59 (m, 2H, H10a). 13C NMR (151 MHz,
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Methanol-d4) & 153.85, 148.25 (q, J= 33.1 Hz), 146.00, 141.61, 136.42, 135.99, 133.71,
131.98 (2C), 129.49 (2C), 128.87 (2C), 128.09 (2C), 121.52, 120.44, 119.78, 118.45,
114.96, 109.67, 107.47, 58.99, 52.13 (2C), 49.91, 42.02, 32.70, 31.37 (2C). LC-MS
(APCI/ESI): found m/z = 505.1 [M+H] * (cal. for C2sH27F3Ns, 504.22). Purity: 99%, tr =
2.356 min.

4-(2-(4-((1-((6-methylpyridin-3-yl)methyl)-1H-benzo[d]imidazol-2-yl) amino)
piperidin-1-yl) ethyl) benzonitrile (30)

30 Obtained from 15 (0.070 g, 0.20 mmol) and 5-(bromomethyl)-

1615 4-methylpyridine (0.045 g, 0.24 mmol) as a pale-yellow solid

NC@-? (0.083 g, 92%); m.p.: 73 — 74 °C; Rf(10% MeOH/DCM) 0.35. 'H

N © NMR (600 MHz, Methanol-d4) 6 8.28 (d, J = 1.2 Hz, 1H, H9),

AN @112 7.89 - 7.72 (m, 3H, H6.16), 7.38 (d, J = 8.3 Hz, 2H, H15), 7.29 —

3®[N\>_N9H 7.11 (m, 2H, H"1), 6.98 (dd, J= 7.5, 1.2 Hz, 1H, H%), 6.85 (ddd,

s \\L\j . J=8.0, 7.2, 1.5 Hz, 1H, H?), 6.79 (ddd, J = 8.1, 7.2, 1.3 Hz,

6 7 1H, H?), 5.22 (s, 2H, H?), 3.82 (tt, J = 10.5, 4.0 Hz, 1H, H19),

2.98 - 2.85 (m, 2H, Hi2), 2.70 - 2.61 (m, 2H, H13), 2.55 - 2.43
(m, 2H, H14), 2.22 (td, J = 12.0, 2.9 Hz, 2H, H!23), 2.18 (s, 3H, H8), 2.03 — 1.91 (m, 2H,
Hile), 1.49 (dtd, J = 13.5, 10.2, 4.0 Hz, 2H, Hlla). 13C NMR (151 MHz, Methanol-ds) &
157.55, 148.62, 145.33, 139.78, 138.07, 134.60, 133.89 (2C), 133.18, 131.45, 130.02
(2C), 128.87 (2C), 128.02, 121.21, 119.98, 118.20, 114.39, 110.58, 107.85, 60.87, 50.68
(2C), 49.68, 43.79, 30.55 (2C), 29.97. LC-MS (APCI*/ESI): found m/z = 451.2 [M+H] * (cal.
for CasHaoNs, 450.25). Purity: 99%, tz = 2.436 min.

1-(Cyclohexylmethyl)-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-
yl)-1H-benzo[d]imidazol-2-amine (71)
Obtained from 66 (0.080 g, 0.20 mmol) and

71
N-O 1615 (bromomethyl)cyclohexane (0.043 g, 0.24 mmol) as a pale
17)I\N/ yellow solid (0.080 g, 80%); m.p.: 78 — 80 °C; Rr (10%
N MeOH/DCM), 0.49. 'H NMR (600 MHz, Methanol-ds) 6 8.03 (d,

1 1

2©EN\>—NH J= 8.2 Hz, 2H, H16), 7.46 (d, J= 8.2 Hz, 2H, H15), 7.28 (dd, J =
3 N 7.7, 1.1 Hz, 1H, HY), 7.11 (dd, J = 7.9, 1.3 Hz, 1H, H4), 7.02
‘ 5@ (ddd, J= 7.9, 7.2, 1.3 Hz, 1H, H3), 6.98 (ddd, J= 7.7, 7.2, 1.3

L s Hz, 1H, H2), 3.84 (d, J= 7.5 Hz, 2H, H5), 3.81 (tt, J = 10.4, 4.0

Hz, 1H, H19), 3.14 — 3.08 (m, 2H, H12), 2.97 — 2.92 (m, 2H, H13), 2.75 - 2.68 (m, 2H, H14),
2.42 (s, 3H, H7), 2.36 — 2.31 (m, 2H, H!2), 2.14 — 2.08 (m, 2H, H!!), 1.91 - 1.84 (m, 1H,

14
13
12
0
11
9
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H¢), 1.76 — 1.64 (m, 6H, H8911), 1.63 - 1.57 (m, 2H, H7), 1.24 - 1.15 (m, 2H, HS¥), 1.11 -
1.03 (m, 2H, H7). 13C NMR (151 MHz, Methanol-d4) 6 176.35, 168.50, 154.86, 146.67,
141.92, 135.24, 130.27, 128.64, 125.33, 122.77, 121.54, 120.06, 115.27, 108.73, 60.14,
53.23 (2C), 50.89, 38.25, 33.62, 32.39 (2C), 31.14, 26.88 (2C), 26.36 (2C), 10.90. LC-MS
(APCI*/ESI): found m/z = 499.3 [M+H] * (cal. for C30H3sNecO, 498.31). Purity: 98%, t =
2.523 min.

1-((4,4-difluorocyclohexyl)methyl)-N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)
phenethyl) piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (72)
Obtained from 66 (0.080 g, 0.20 mmol) and 4-(bromomethyl)-

e 12 14 ) 1,1-difluorocyclohexane (0.051 g, 0.24 mmol) as a light brown

o N N/>_©_>12 solid (0.087 g, 68%); m.p.: 91 — 93 °C; Rr(10% MeOH/DCM),
N 0.66. 'H NMR (600 MHz, Methanol-d4) 6 8.11 (d, J= 8.0 Hz, 2H,

2 NN @011 H15), 7.81 (d, J= 8.0 Hz, 2H, H!4), 7.30 (dd, J= 7.5, 1.1 Hz, 1H,
SCE'\P—NH HY), 7.09 (dd, J = 8.1, 1.1 Hz, 1H, H%), 7.01 (ddd, J = 8.1, 7.4,

‘ 5\\7©<FF 1.1 Hz, 1H, H3), 6.92 (ddd, J= 7.5, 7.4, 1.1 Hz, 1H, H?), 4.01 (d,

i J = 7.6 Hz, 2H, H5), 3.77 (tt, J= 11.0, 4.1 Hz, 1H, H9), 3.11 -
3.04 (m, 2H, H!!1), 2.95-2.89 (m, 2H, H!2?), 2.76 - 2.67 (m, 2H, H!3), 2.39 (s, 3H, H!¢), 2.37
-2.31 (m, 2H, H!!), 2.10 — 2.04 (m, 2H, H9), 1.88 - 1.80 (m, 1H, H¢), 1.77 - 1.68 (m, 6H,
H8.10), 1.65 - 1.59 (m, 2H, H7), 1.22 - 1.20 (m, 2H, H7). 13C NMR (151 MHz, Methanol-da4)
6 175.02, 167.48, 153.88, 147.87, 140.22, 134.00, 129.97 (2C), 128.09 (2C), 125.27,
121.70, 121.08, 119.96, 115.88, 107.98, 61.54, 53.11 (2C), 49.99, 38.76, 33.33, 32.01 {(t,
J=24.5Hz), 31.02, 25.91 (2C), 24.96 (2C), 11.01. LC-MS (APCI*/ESI): found m/z = 537.3
[M+H] * (cal. For C3oH3sF2NeO, 534.29). Purity: 98%, tr = 2.265 min.
N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-1-(323yridine-3-
ylmethyl)-1H-benzo[d]imidazol-2-amine (73)
Obtained from 66 (0.080 g, 0.20 mmol) and 3-
o 161 (bromomethyl)pyridine hydrochloride (0.061 g, 0.24 mmol) as
17)I\N/>_©_1§13 a brown solid (0.066 g, 67%); m.p.: 217 — 219 °C; Rf(10%
N MeOH/DCM), 0.51. 'H NMR (600 MHz, Methanol-ds) 6 8.44
1 @“2 (dd, J= 4.9, 1.6 Hz, 1H, H8), 8.39 (d, J = 2.3 Hz, 1H, H9), 8.05
NI i (d, J= 8.5 Hz, 2H, H16), 7.54 (ddd, J= 8.0, 2.3, 1.6 Hz, 1H, H6),
Y =N 7.48 (d, J= 8.5 Hz, 2H, H!5), 7.37 (dd, J= 8.0, 4.9 Hz, 1H, H7),
6 3 7.33 (dd, J = 8.0, 0.9 Hz, 1H, H!), 7.10 — 7.05 (m, 2H, H24),
6.98 (ddd, J= 8.0, 7.2, 1.1 Hz, 1H, H3), 5.37 (s, 2H, H9), 3.87
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(tt, J=11.0, 4.0 Hz, 1H, H9), 3.16 — 3.09 (m, 2H, H1?), 2.99 - 2.94 (m, 2H, H13), 2.81 -
2.76 (m, 2H, H4), 2.43 (m, 5H, H12.17), 2.17 - 2.11 (m, 2H, H!?), 1.73 - 1.64 (m, 2H, H11).
13C NMR (151 MHz, Methanol-d4) 6 175.44, 167.63, 153.82, 147.91, 147.29, 145.44,
141.47, 135.19, 133.74, 133.10, 129.39 (2C), 127.79 (2C), 123.96, 121.99, 121.37,
119.69, 114.84, 107.58, 59.00, 52.12 (2C), 49.73, 42.19, 32.49, 31.21 (2C), 9.99. LC-MS
(APCI*/ESI): found m/z = 494.2 [M+H] * (cal. For C20H31N70, 493.26). Purity: 98%, tr =
2.333 min.

N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1-((6-
(trifluoromethyl) pyridin-3-yl)methyl)-1H-benzo[d]imidazol-2-amine (74)

74 Obtained from 66 (0.080 g, 0.20 mmol) and 5-(bromomethyl)-2-

o 1o . (trifluoromethyl)pyridine (0.058 g, 0.24 mmol) as a white solid

' N . (0.065g, 58%); m.p.: 90 — 92 °C; Rr(10% MeOH/DCM), 0.45. 1H

1 Q . NMR (600 MHz, Methanol-ds4) 6 8.54 (br-s, 1H, Hf), 7.75 (d, J =

2©EN>—NF:O ' 8.2 Hz, 1H, H8), 7.67 — 7.60 (m, 3H, H7.15), 7.43 (d, J = 8.1 Hz,

L A 2H, H4), 7.35 (dd, J= 7.8, 1.1 Hz, 1H, H!), 7.10 - 7.05 (m, 2H,

5\\6\C7/)\CF3 H24), 6.99 (ddd, J = 8.0, 7.3, 1.1 Hz, 1H, H3), 5.45 (s, 2H, H5),

3.84 (tt, J=11.0, 4.1 Hz, 1H, H9), 3.08 - 3.02 (m, 2H, H!!), 2.95
- 2.88 (m, 2H, H!2), 2.72 - 2.66 (m, 2H, H13), 2.37 - 2.30 (m, 2H, H!1), 2.20 (s, 3H, H19),
2.14 - 2.08 (m, 2H, H19), 1.68 — 1.59 (m, 2H, H19). 13C NMR (151 MHz, Methanol-ds) &
177.09, 155.04, 149.13, 147.80 (q, J= 34.3 Hz), 144.89, 141.00, 137.49, 135.18, 133.10,
132.96 (2C), 128.44 (2C), 121.10, 120.23, 120.01, 119.77, 118.03, 115.95, 109.63,
107.44, 58.88, 51.12 (2C), 50.91, 41.11, 33.70, 31.47 (2C), 10.88. LC-MS (APCI*/ESI):
found m/z = 562.2 [M+H] * (cal. for C30H30F3N7O, 561.25). Purity: 97%, tr = 2.708 min.

N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1-(4-
(trifluoromethyl) benzyl)-1H-benzo[d]imidazol-2-amine (75)

75 Obtained from 66 (0.080 g, 0.20 mmol) and 1-(bromomethyl)-

-0 14 13 2 4-(trifluoromethyl)benzene (0.057 g, 0.24 mmol) as a pale-

. I N/>_©_>11 yellow solid (0.090 g, 80%); m.p.: 171 — 173 °C; Rr (10%
N MeOH/DCM), 0.31. 'H NMR (400 MHz, Methanol-d4) 6 8.03 (d,

5 NN @10 J= 8.4 Hz, 2H, H!4), 7.70 (d, J= 8.4 Hz, 2H, H13), 7.44 (d, J =
3©EN\>_NH 8.2 Hz, 2H, H7), 7.34 (dd, J= 7.8, 1.1 Hz, 1H, H), 7.28 (d, J=

) 5\\©\CF3 8.2 Hz, 2H, H¢), 7.19 (ddd, J= 7.8, 7.4, 1.2 Hz, 1H, H?), 7.03

° 7 (dd, J= 8.1, 1.2 Hz, 1H, H%, 6.89 (ddd, J = 8.1, 7.4, 1.1 Hz,

1H, H3), 5.39 (s, 2H, H5), 3.90 (tt, J = 10.9, 4.0 Hz, 1H, HS),
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3.11 - 3.03 (m, 2H, H19), 2.95 - 2.82 (m, 2H, H!!), 2.71 - 2.66 (m, 2H, H12), 2.43 (s, 3H,
H15), 2.34 - 2.26 (m, 2H, H19), 2.11 - 2.01 (m, 2H, H9), 1.64 - 1.56 (m, 2H, H9). 13C NMR
(101 MHz, Methanol-d4) 6 176.88, 164.40, 153.97, 144.61, 142.33, 141.62, 133.90 (q, J
= 33.0 Hz), 132.27 (2C), 129.32 (2C), 127.15 (2C), 126.55 (2C), 121.32, 119.61, 118.04,
114.87, 111.05, 107.54, 59.27, 52.13, 49.88, 44.27, 35.22, 32.64, 31.38, 9.01. LC-MS
(APCI*/ESI): found m/z = 562.2 [M+H] * (cal. for C31H31F3NeO, 561.25). Purity: 97%, tr =
2.803 min.

N-(1-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenethyl)piperidin-4-yl)-1-(3-methylbenzyl)-
1H-benzo[d]imidazol-2-amine (76)

76 Obtained from 66 (0.080 g, 0.20 mmol) and 1-(bromomethyl)-3-
e 17_16 methylbenzene (0.044 g, 0.24 mmol) as a brown solid (0.078 g,
5 A N/>_©_> . 77%); m.p.: 113 - 115 °C; Rr(10% MeOH/DCM), 0.60. 'H NMR
1 Q” (600 MHz, Methanol-d4) 6 8.03 (d, J= 8.3 Hz, 2H, H17), 7.45 (d,
2©EN\>_N; 2 | J=8.3Hz 2H, H),7.32 (dd, J="7.8, 1.3 Hz, 1H, H1), 7.17 (ddd,
L J=17.8,7.2,1.1 Hz, 1H, H?), 7.05 (dd, J= 8.1, 1.2 Hz, 1H, H%),
8 7.04 - 7.00 (m, 2H, H37), 6.98 - 6.92 (m, 2H, H®19), 6.91 - 6.87
(br-d, 1H, H8), 5.22 (s, 2H, H5), 3.85 (tt, J = 10.6, 4.1 Hz, 1H,
H11), 3.03 - 2.96 (m, 2H, H!3), 2.95 - 2.89 (m, 2H, H!4), 2.71 - 2.63 (m, 2H, H15), 2.42 (s,
3H, H18), 2.37 — 2.29 (m, 2H, H3), 2.26 (s, 3H, H9), 2.13 - 2.05 (m, 2H, H!?), 1.69 - 1.59
(m, 2H, H12). 13C NMR (151 MHz, Methanol-d4) 6 175.48, 167.62, 154.01, 145.86, 141.48,
138.24, 136.32, 134.13, 129.37 (2C), 128.30, 127.89, 127.75 (2C), 126.88, 123.36,
121.86, 120.96, 119.37, 114.60, 107.73, 59.30, 52.05 (2C), 49.75, 44.56, 32.74, 31.41
(2C), 20.05, 10.00. LC-MS (APCI*/ESI): found m/z = 507.2 [M+H] * (cal. for C31H34NeO,
506.28). Purity: 99%, tr = 2.471 min.
2-Fluoro-4-((2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)

amino)-1H-benzo[d]imidazol-1-yl) methyl) benzonitrile (77)

77 Obtained from 66 (0.080 g, 0.20 mmol) and 4-(bromomethyl)-
\-0 1514 . 2-fluorobenzonitrile (0.051 g, 0.24 mmol) as a pale-yellow solid
o N N . (0.070 g, 65%); m.p.: 165 - 167 °C; Rf(10% MeOH/DCM), 0.51.
N ITHNMR (400 MHz, Methanol-d4) 6 7.99 — 7.78 (m, 3H, H1.19),
2 1 N @011 7.46 — 7.40 (m, 3H, H214), 7.38 (ddd, J = 8.0, 1.2 Hz, 1H, H4%),
3®|:N>_N8H F 7.11 (dd, J=8.0, 7.3, 1.2 Hz, 1H, H3), 7.05 (dd, J= 8.5, 2.4 Hz,
' 5\\©\CN 1H, H¢), 6.99 (d, J= 6.9 Hz, 1H H8), 6.93 (dd, J= 6.9, 2.4, 1H,
7
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H7), 5.42 (s, 2H, H5), 3.85 (tt, J= 11.2, 5.4 Hz, 1H, H9), 3.04 - 2.92 (m, 2H, H!1), 2.89 —
2.80 (m, 2H, H12), 2.76 — 2.67 (m, 2H, H!3), 2.44 (s, 3H, H16), 2.33 - 2.25 (m, 2H, H!1), 2.10
- 2.02 (m, 2H, H19), 1.64 — 1.58 (m, 2H, H19). 13C NMR (151 MHz, Methanol-d4) 6 175.98,
164.04, 162.34, 153.85, 145.97, 141.55, 133.83, 133.73 (2C), 131.97, 129.48, 127.87
(2C), 121.49, 119.73, 118.42, 114.91, 114.12 (d, J = 20.6 Hz), 113.09, 109.68, 107.47,
99.78 (d, J = 15.1 Hz), 58.99, 52.13, 49.89, 43.97, 32.70, 31.35, 10.88. LC-MS
(APCI*/ESI): found m/z = 536.2 [M+H] * (cal. for C31H30FN7O, 535.25). Purity: 97%, tr =
2.667 min.

4-((2-((1-(4-(3-methyl-1,2,4-oxadiazol-5-yl) phenethyl)piperidin-4-yl) amino)-1H-
benzo[d]imidazol-1-yl) methyl) benzoic acid (78)

78 Obtained from 66 (0.080 g, 0.20 mmol) and 169p (0.052 g,

e 14_13 . 0.24 mmol) as a white solid (0.074 g, 69%); m.p.: 153 — 155 °C;

5 N N/>_©_>11 Rf(10% MeOH/DCM) 0.12. 'H NMR (400 MHz, Methanol-d4) 6
1 Qm 7.95 (d, J= 8.2 Hz, 2H, H7), 7.73 (d, J= 8.0 Hz, 2H, H4), 7.42
ZCEN%N: 0 (d, J= 8.2 Hz, 2H, H¢), 7.29 (dd, J= 8.0, 1.2 Hz, 1H, H!), 7.10
PN (d, J= 8.0 Hz, 2H, H19), 7.02 (ddd, J= 8.0, 7.1, 1.1 Hz, 1H, H?),
5\\(@\002'* 6.53 (dd, J= 7.8, 1.1 Hz, 1H, H%), 6.33 (ddd, J=7.8, 7.1, 1.2

Hz, 1H, H3), 5.36 (s, 2H, H?9), 3.88 (tt, J= 11.0, 4.1 Hz, 1H, H?),
3.06 — 2.95 (m, 2H, H1%), 2.89 - 2.79 (m, 2H, H!1), 2.68 — 2.57 (m, 2H, H!2?), 2.31 (td, J =
11.8, 4.0 Hz, 2H, H102), 2.08 — 1.93 (m, 2H, H%), 1.65 — 1.50 (m, 2H, H%). 13C NMR (151
MHz, Methanol-ds) § 172.35, 159.33, 148.97, 143.68, 142.03, 139.00, 135.41, 130.45
(2C), 129.39 (2C), 126.52 (2C), 125.07 (2C), 124.30, 120.55, 119.06, 117.13, 114.30,
108.97, 105.95, 60.75, 50.93 (2C), 49.64, 44.23, 32.66, 30.54 (2C), 9.89. LC-MS
(APCI*/ESI): found m/z = 537.2 [M+H] * (cal. for C31H32NeO3, 536.25). Purity: 98%, tr =
0.154 min.

4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl) ethyl) benzoic acid
(81)

81 To a solution of 79 (4.00 g, 10.2 mmol) in MeOH (50 mol) was

Ho 2 added 2M aqueous KOH (25 ml, 51 mmol). The reaction mixture

d 109 was stirred at 79 °C temperature for 2 hr. After completion

N (monitored by TLC), MeOH was taken off in vacuo and the

5 NN £ s ’ residue diluted with water. The solution was then acidified to pH

3©EN:>_NH 2 under ice with 3M HCI, and the precipitate was filtered and
5
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recrystallized in MeOH to afford product as an off-white solid (3.77 g, 98%). m.p.: 159 —
161 °C; Rf(10% MeOH/DCM), 0.05.H NMR (600 MHz, Methanol-d4) 6 8.00 (d, J= 7.9 Hz,
2H, H12), 7.42 (d, J= 7.9 Hz, 2H, H!!), 7.38 (dd, J= 5.9, 3.2 Hz, 1H, H!), 7.32 (dd, J= 6.0,
2.9 Hz, 1H, H%), 7.26 — 7.06 (m, 2H, H23), 3.94 (tt, J= 11.0, 5.4 Hz, 1H, H¢), 3.65 — 3.58
(m, SH, H5:8¢), 3.34 - 3.22 (m, 2H, H9), 3.19 - 3.11 (m, 2H, H19), 3.07 (td, J= 12.1, 4.0 Hz,
2H, H®8a), 2.46 — 2.24 (m, 2H, H7¢), 2.13 - 1.86 (m, 2H, H74). 13C NMR (151 MHz, Methanol-
d4) 6 170.77, 166.88, 140.91, 138.24, 136.49, 130.13 (2C), 128.40 (2C), 122.80, 120.38,
119.89, 113.49, 105.66, 63.48, 60.24, 52.38 (2C), 51.55, 34.18, 30.19 (2C). LC-MS
(APCI*/ESI): found m/z = 379.2 [M+H]* (cal. for Co2H26N4O2, 378.21). Purity: 95%, tr =
0.140 min.

General Procedure 18: Synthesis of amides and 1,2,4-oxadiazoles via an acyl
chloride

1. To a round bottomed flask containing carboxylic acid 81 (3.50 g, 9.26 mmol)
thionyl chloride, SOCI; (15 ml) was added, and the resulting mixture refluxed at 80
°C for 2 hr. After completion (monitored via TLC), excess thionyl chloride was
evaporated in vacuo, and the residue was taken up in 30 ml toluene and evaporated
in vacuo three (3) times to give thionyl chloride 81’ in quantitative yield.

2. The appropriate amine or N-hydroxyl amidine (112a — 112h, 1.2 equiv) was added
to a stirring solution containing thionyl chloride 81’ (0.060 g, 0.151 mmol, 1.0
equiv) and TEA (43 ul, 0.303 mmol, 2.0 equiv) in 10 ml THF. The resulting mixture
was stirred at room temperature (20 °C) for 6 — 10 h. After completion (monitored
via TLC and LC-MS), THF was evaporated in vacuo, the residue purified via column
chromatography to afford amides (83 — 111).

3. 1,2,4-oxadiazoles (113 — 121) where obtained after charging amidoximes obtained
in step 2 with KoCO3 (0.042 g, 0.303 mmol, 2.0 equiv) and refluxing the resulting
mixture at 85 °C for another 6 — 12 hr. Following completion (monitored by TLC
and LC-MS), the solvent was taken off in vacuo. Products obtained via column

chromatography using 7 — 12% MeOH/DCM gradient as eluent.
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N,N-dimethyl-4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl)
ethyl) benzamide (83)

83 Obtained from dimethylamine hydrochloride (0.012 g, 0.18

13_N/ 1o 11 mmol) as a pale yellow solid (0.054 g, 88%). m.p.: 133 - 135 °C;
.0 Rf(10% MeOH/DCM), 0.29. 'H NMR (600 MHz, Methanol-ds) 6

© N ’ 7.90 (d, J=7.9 Hz, 2H, H!?), 7.44 (d, J= 7.9 Hz, 2H, H!!), 7.20

, N s (dd, J= 7.8, 1.2 Hz, 1H, H!), 7.08 (dd, J= 7.8, 1.2 Hz, 1H, H%),
3©[N\>_NH 6.96 (ddd, J= 7.8, 7.5, 1.2 Hz, 1H, H2), 6.85 (ddd, J= 7.8, 7.5,
“oN 1.2 Hz, 1H, H3), 3.78 (s, 6H, H13), 3.59 (tt, J= 10.9, 4.0 Hz, 1H,

H6), 3.53 (s, 3H, H5), 3.15 — 3.07 (m, 2H, Hs), 2.97 — 2.90 (m,
2H, H9), 2.75 - 2.69 (m, 2H, H10), 2.38 — 2.30 (m, 2H, H8), 2.19 — 2.10 (m, 2H, H7), 1.73 -
1.64 (m, 2H, H7). 13C NMR (151 MHz, Methanol-ds) & 170.32, 142.04, 141.34, 138.53,
136.65, 130.04 (2C), 128.38 (2C), 122.84, 120.05, 119.81, 113.34, 105.87, 63.38, 60.17,
52.55 (2C), 51.42, 38.65 (2C), 34.03, 30.12 (2C). LC-MS (APCI+/ESI): found m/z = 406.2
[M+H]* (cal. for C24Hs1NsO, 405.25). Purity: 98%, tz = 0.149 min.

N-cyclopropyl-4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl)
ethyl) benzamide (84)

84 Obtained from cyclopropylamine (0.010 g, 0.18 mmol) as a light
DPNH 20 , yellow solid (0.050 g, 79%). m.p.: 107 — 109 °C; Ry (10%
14
o 9 MeOH/DCM), 0.34. 'H NMR (600 MHz, Methanol-ds4) 6 7.89 (d,
N

J=8.1Hz, 2H, H1?), 7.45 (d, J= 8.1 Hz, 2H, H!!), 7.29 (dd, J =
2©[N>_NHG 7.8, 1.3 Hz, 1H, HY), 7.19 (dd, J= 7.8, 1.2 Hz, 1H, H%), 7.09
’ M N\ 5 (ddd, J=17.8, 7.5, 1.2 Hz, 1H, H?), 6.90 (ddd, J= 7.8, 7.5, 1.3

Hz, 1H, H3), 3.71 (tt, J= 8.1, 7.3 Hz, 1H, H13), 3.59 (tt, J= 10.8,
4.2 Hz, 1H, H°), 3.53 (s, 3H, H5), 3.14 - 3.06 (m, 2H, HS), 2.96 - 2.88 (m, 2H, H9), 2.75 -
2.68 (m, 2H, H10), 2.37 - 2.29 (m, 2H, HS), 2.18 - 2.09 (m, 2H, H7), 1.75 - 1.65 (m, 2H,
H7), 0.88 - 0.60 (m, 4H, H!4). 13C NMR (151 MHz, Methanol-ds4) 6 168.05, 142.99, 141.08,
139.03, 136.44, 130.29 (2C), 129.05 (2C), 122.38, 120.26, 119.05, 113.38, 105.75, 63.28,
60.81, 52.88 (2C), 51.37, 34.34, 30.17 (2C), 27.37, 8.02 (2C). LC-MS (APCI*/ESI): found
m/z=418.2 [M+H]* (cal. For C25H31N50, 417.25). Purity: 98%, tz = 0.169 min.

1 8

~
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N-allyl-4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl)
benzamide (85)
85 Obtained from prop-2-en-1-amine (0.010 g, 0.18 mmol) as
18\ 12 an off white solid (0.042 g, 66%). m.p.: 128 — 129 °C; Rf(10%
= 0 MeOH/DCM), 0.31. 'H NMR (600 MHz, Methanol-d4) 6 7.89
1t © N (d J=7.8Hz, 2H, H!2), 7.42 (d, J = 7.8 Hz, 2H, H11), 7.20
, LN Qs (dd, J=8.0, 1.1 Hz, 1H, HY), 7.09 (dd, J= 7.8, 1.3 Hz, 1H,
3©EN\>_NH H%), 6.98 (ddd, J= 8.0, 7.5, 1.3 Hz, 1H, H?), 6.87 (ddd, J =
4 | 7.8, 7.5, 1.1 Hz, 1H, H3), 5.81 (dd, J = 15.2, 10.2 Hz, 1H,
H1%), 5.33 (dd, J=15.2, 3.2 Hz, 1H, H!4), 5.20 (dd, 10.2, 3.2
Hz, 1H, H6), 3.57 (tt, J= 11.2, 4.2 Hz, 1H, H¢), 3.52 (s, 3H, H5), 3.13 — 3.06 (m, 2H, H}8),
2.93 - 2.87 (m, 2H, H9), 2.73 - 2.69 (m, 2H, H19), 2.35 - 2.29 (m, 2H, H?), 2.16 — 2.09 (m,
2H, H7), 1.73 - 1.65 (m, 2H, H7). 13C NMR (151 MHz, Methanol-ds4) 6 167.55, 143.09,
140.88, 138.82, 136.77, 134.38, 130.19 (2C), 129.97 (2C), 122.22, 120.34, 119.28,
117.48, 113.48, 105.66, 63.38, 60.18, 52.86 (2C), 51.35, 43.02, 34.12, 30.24 (2C). LC-
MS (APCI*/ESI): found m/z = 418.2 [M+H]* (cal. for C2sH31Ns0, 417.25). Purity: 99%, t =
0.175 min.

’IGH

N-(2-hydroxyethyl)-4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-
yl) ethyl) benzamide (86)

Obtained from 2-aminoethanol (0.011 g, 0.18 mmol) as an off

OH 80 white solid (0.052 g, 82%). m.p.: 214 - 216 °C; Ry (10%
14&NH 2 MeOH/DCM), 0.15. 'H NMR (600 MHz, Methanol-ds) & 7.90 (d,
" 0 J=17.9 Hz, 2H, H1?), 7.43 (d, J= 7.9 Hz, 2H, H!1), 7.21 (dd, J =
© N | 80, 1.1 Hz, 1H, HY), 7.10 (dd, J = 7.8, 1.3 Hz, 1H, H4), 6.96

L NN QS (ddd, J = 8.0, 7.5, 1.3 Hz, 1H, H2), 6.88 (ddd, J= 7.8, 7.5, 1.1
3©EN\>_NH Hz, 1H, H?), 4.19 — 4.12 (dd, J = 13.8, 6.9 Hz, 2H, H'4), 4.08 —
o 4.01 (m, 2H, H13), 3.58 (tt, J = 10.8, 4.1 Hz, 1H, HS), 3.52 (s,

3H, H5), 3.18 - 3.10 (m, 2H, H?8), 2.84 - 2.78 (m, 2H, H9), 2.70
- 2.62 (m, 2H, H19), 2.35 - 2.28 (m, 2H, H8), 2.16 - 2.06 (m, 2H, H7), 1.73 - 1.64 (m, 2H,
H7). 13C NMR (151 MHz, Methanol-d4) 6 168.03, 142.87, 140.48, 138.03, 136.44, 130.28
(2C), 128.92 (2C), 123.00, 120.38, 119.33, 113.74, 105.81, 63.28, 62.44, 60.24, 52.48
(2C), 51.22, 42.87, 34.34, 30.19 (2C). LC-MS (APCI*/ESI): found m/z = 422.2 [M+H]* (cal.
for C24H31N5032, 421.25). Purity: 99%, tr = 0.138 min.
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Tert-butyl (2-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-

yl)ethyl)benzamido)ethyl)carbamate (87)

Obtained from tert-butyl (2-aminoethyljcarbamate (0.029 g,

Ol<1587 0.18 mmol) as an off white solid (0.098 g, 85%). m.p.: 95 - 96

o °C; Rf(10% MeOH/DCM), 0.45. 1H NMR (600 MHz, Methanol-
Wi ds) 67.98 (d, J=7.9 Hz, 2H, H!?), 7.48 (d, J= 7.9 Hz, 2H, H!1),
SN N 6 | 7.0 (dd, J=8.0, 1.2 Hz, 1H, H) 7.11 (dd, J= 7.8, 1.3 Hz, 1H,

© N ' | H%,7.01(ddd, J=8.0,7.1, 1.3 Hz, 1H, H?), 6.95 (ddd, J = 7.8,

, 1 N 6 / 8 7.1, 1.2 Hz, 2H, H3), 4.19 — 4.15 (br-s, 4H, H!3.14), 3.95 (tt, J =

3®EN\>_NH 10.2, 4.0 Hz, 1H, H¢), 3.51 (s, 3H, H9), 3.15 - 3.08 (m, 2H, Hse),

2.83 - 2.72 (m, 2H, H9), 2.69 - 2.58 (m, 2H, H19), 2.30 - 2.21
(m, 2H, H82), 2.11 - 2.02 (m, 2H, H7), 1.69 - 1.52 (m, 2H, H7?),
1.29 (s, 9H, H15). 13C NMR (151 MHz, Methanol-d4) 6 178.95, 165.68, 145.30, 140.62,
138.11, 136.29, 130.89 (2C), 128.49 (2C), 123.33, 120.45, 119.31, 112.78, 104.79, 83.85,
63.32, 61.58, 59.96, 52.88 (2C), 50.50, 42.52, 33.97, 30.88 (2C), 15.59 (3C). LC-MS
(APCI*/ESI): found m/z = 521.3 [M+H]* (cal. for C29H40N6O3, 520.32). Purity: 99%, & =
2.144 min.

N-(2-aminoethyl)-4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl)
ethyl) benzamide (88)

88 Following general procedure 2, obtained from 87 (0.050, 0.10

. {‘_HZ o mmol) as a white solid (0.045 g, 98%). m.p.: 125 — 127 °C; Ry

13 NH o (10% MeOH/DCM), 0.28. 'H NMR (600 MHz, Methanol-d4) 6

o} 9 7.88 (d, J= 8.0 Hz, 2H, H!?), 7.49 (d, J = 8.0 Hz, 2H, H!}), 7.21

; A N 8 (dd, J= 8.1, 1.2 Hz, 1H, HY), 7.09 (dd, J= 7.8, 1.3 Hz, 1H, H%),

ZCEN\)—NH 7 6.99 (ddd, J= 8.1, 7.5, 1.3 Hz, 1H, H2), 6.85 (ddd, J= 7.8, 7.5,

’ 4 N\ 1.1 Hz, 1H, H3), 4.15 - 4.06 (m, 2H, H!3), 3.86 — 3.61 (m, 3H,
5

Hé.14), 3.53 (s, 3H, HS5), 3.15 - 3.08 (m, 2H, Hs¢), 2.80 -2.71 (m,
2H, H9), 2.68 — 2.59 (m, 2H, H10), 2.29 - 2.18 (m, 2H, H8a), 2.09 - 2.01 (m, 2H, H7), 1.78
- 1.65 (m, 2H, H7?). 13C NMR (151 MHz, Methanol-d4) 6 169.35, 144.69, 141.22, 139.39,
135.47, 129.39 (2C), 128.55 (2C), 123.30, 120.77, 119.20, 112.97, 105.35, 63.74, 62.08,
60.65, 52.23 (2C), 51.29, 42.55, 33.55 (2C), 27.35. LC-MS (APCI*/ESI): found m/z = 421.2
[M+H]* (cal. for C24H32N6O, 420.26). Purity: 99%, tr = 0.120 min.
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4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl)-N-(oxazol-
4-ylmethyl) benzamide (89)

) 29 Obtained from oxazole-4-ylmethanamine (0.018 g, 0.18 mmol)
0N as a white solid (0.053 g,76%). m.p.: 92 — 94 °C; Ry (10%
““EE_NH 12_1 . MeOH/DCM), 0.34. 'H NMR (600 MHz, Methanol-da) & 8.10 (s,

g 9 1H, H15), 8.02 (s, 1H, H4), 7.87 (d, J = 8.1 Hz, 2H, H1?), 7.25
1 . N . (d, J= 8.1 Hz, 2H, HY), 7.12 (dd, J= 7.9, 1.2 Hz, 1H, HY), 7.05
2©[N>_NH 7 (dd, J = 8.1, 1.2 Hz, 1H, H%), 6.83 (ddd, J= 7.9, 7.3, 1.2 Hz,
Y N\5 1H, H?), 6.57 (ddd, J = 8.1, 7.3, 1.2 Hz, 1H, H3), 4.98 (s, 2H,

H13), 3.63 (tt, J= 11.1, 4.4 Hz, 1H, H¢), 3.51 (s, 3H, H5), 3.10 -
3.05 (m, 2H, H8), 2.95 — 2.83 (m, 2H, H9), 2.73 — 2.62 (m, 2H, H1°), 2.33 - 2.22 (m, 2H,
H8), 2.15 - 2.06 (m, 2H, H7), 1.75 - 1.63 (m, 2H, H7). 13C NMR (151 MHz, Methanol-ds) &
167.33, 151.49, 146.87, 141.12, 137.03, 133.37, 130.72 (2C), 126.89 (2C), 125.39,
121.76, 121.03, 120.12, 114.50, 107.23, 60.11, 54.09 (2C), 43.99, 39.66, 32.53, 33.34,
31.77 (2C), 30.38 (2C). LC-MS (APCI*/ESI): found m/z = 459.2 [M+H]* (cal. for C26HsoNeO2,
458.24). Purity: 98%, t = 0.352 min.

N-(1-(hydroxymethyl) cyclopropyl)-4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)
amino) piperidin-1-yl) ethyl) benzamide (90)

90 Obtained from 1-(aminomethyl)cyclopropanol (0.016 g, 0.18

i OH mmol) as a cream white solid (0.048 g, 71%). m.p.: 221 - 223

LT NE 7 | °C; Re(10% MeOH/DCM), 0.26. H NMR (600 MHz, Methanol-

o N o ds) 6 7.90 (d, J= 8.0 Hz, 2H, H!?), 7.44 (d, J= 8.0 Hz, 2H, H!}),

@8 7.19 (dd, J= 7.8, 1.3 Hz, 1H, H!), 7.08 (dd, J= 7.8, 1.2 Hz, 1H,

ZCEN\)—NH ! H4%), 6.96 (ddd, J=7.8, 7.5, 1.2 Hz, 1H, H?), 6.86 (ddd, J= 7.8,

’ 4 N\5 7.5, 1.3 Hz, 1H, H3), 3.89 (s, 2H, H!4), 3.58 (tt, J=11.1, 4.2 Hz,

1H, H6), 3.52 (s, 3H, H5), 3.15 — 3.07 (m, 2H, H8), 2.92 — 2.84
(m, 2H, H9), 2.73 - 2.65 (m, 2H, H10), 2.38 - 2.31 (m, 2H, H8), 2.18 - 2.10 (m, 2H, H7), 1.74
~1.65 (m, 2H, H7), 1.18 - 1.02 (br-s, 4H, H13). 13C NMR (151 MHz, Methanol-ds) 6 166.90,
143.32, 141.17, 138.23, 136.76, 130.55 (2C), 129.30 (2C), 122.87, 120.09, 119.10,
113.38, 105.49, 75.21, 63.03, 60.28, 52.78 (2C), 51.48, 37.08, 34.11, 30.30 (2C), 8.98
(2C). LC-MS (APCI*/ESI): found m/z = 448.3 [M+H]* (cal. for C2sHssNsOz, 447.26). Purity:
98%, tz = 0.153 min.
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(3-hydroxyazetidin-1-yl) (4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)

piperidin-1-yl) ethyl) phenyl) methanone (91)

amino)

Obtained from azetidine-3-ol (0.012 g, 0.18 mmol) as a pale-

HO . 91
ﬁ o yellow solid (0.057 g, 87%). m.p.: 185 — 187 °C; Ry (10%
©oN 0 | MeOH/DCM), 0.24. 'H NMR (400 MHz, Methanol-ds) 6 7.89 (d,
(0] 9

J=7.9Hz, 2H, H?), 742 (d, J= 7.9 Hz, 2H, H!1), 7.19 (dd, J =
e /8| 8.0, 1.2 Hz, 1H, H}), 7.09 (dd, J = 7.7, 1.3 Hz, 1H, H%), 6.98
(ddd, J= 8.0, 7.5, 1.3 Hz, 1H, H?), 6.87 (ddd, J= 7.7, 7.5, 1.2
Hz, 1H, H3), 4.43 (tt, J= 7.5, 4.1 Hz, 1H, H14), 4.30 (dd, J =
14.1, 7.5 Hz, 2H, H13¢), 4.24 (dd, J = 14.1, 4.1 Hz, 2H, H!3q),
3.59 (tt, J=11.0, 4.1 Hz, 1H, H¢), 3.52 (s, 3H, H5), 3.19 - 3.10 (m, 2H, Hse), 2.88 - 2.79
(m, 2H, H9), 2.72 - 2.64 (m, 2H, H10), 2.38 — 2.30 (m, 2H, H#82), 2.18 — 2.08 (m, 2H, H7),
1.72 - 1.63 (m, 2H, H74). 13C NMR (151 MHz, Methanol-d4) 6 172.22, 143.98, 140.70,
138.23, 136.76, 130.12 (2C), 128.43 (2C), 122.67, 120.38, 119.22, 113.48, 105.44, 63.19,
61.62, 60.03, 55.87 (2C), 52.83 (2C), 50.76, 34.13, 30.27 (2C). LC-MS (APCI*/ESI): found
m/z = 434.2 [M+H]* (cal. for C25H3:1Ns02, 433.25). Purity: 98%, tz = 0.137 min.

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

azetidine-3-carbonitrile (92)

Obtained from azetidine-3-carbonitrile (0.015 g, 0.18 mmol) as

NC

1

6

N

8

1 92
13bN 12 11 a pale-yellow solid (0.053 g, 79%). m.p.: 198 — 200 °C; R¢(10%
4 N MeOH/DCM), 0.43. 'H NMR (600 MHz, Methanol-d4) 6 7.91 (d,
9

J= 8.1 Hz, 2H, H!?), 7.43 (d, J = 8.1 Hz, 2H, H!1), 7.20 (dd, J =
8.0, 1.1 Hz, 1H, H1), 7.09 (dd, J = 7.8, 1.3 Hz, 1H, H%, 6.97

ey

4 \ 5

(ddd, J= 8.0, 7.5, 1.3 Hz, 1H, H?), 6.86 (ddd, J= 7.8, 7.5, 1.1
Hz, 1H, H3), 4.29 (dd, J= 13.8, 6.9 Hz, 2H, H13¢), 4.15 (dd, J =
13.8, 3.2 Hz, 2H, H13q), 3.57 (tt, J= 11.1, 4.2 Hz, 1H, H¢), 3.52 (s, 3H, H5), 3.26 (tt, J =
6.9, 3.2 Hz, 1H, H14), 3.17 - 3.09 (m, 2H, H8¢), 2.86 -2.79 (m, 2H, H9), 2.73 - 2.63 (m, 2H,
H19), 2.37 - 2.29 (m, 2H, H?8?), 2.18 - 2.07 (m, 2H, H7¢), 1.74 — 1.64 (m, 2H, H7?). 13C NMR
(151 MHz, Methanol-ds) 6 172.51, 144.69, 141.02, 138.22, 136.75, 129.83 (2C), 128.01
(2C), 123.14, 120.76, 120.22, 119.36, 113.88, 105.82, 63.20, 60.22, 53.18 (2C), 51.81,
48.09 (2C), 34.18, 30.24 (2C), 17.82. LC-MS (APCI*/ESI): found m/z = 443.2 [M+H]* (cal.
for Ca6H30N6O, 442.25). Purity: 98%, tr = 0.145 min.
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(3,3-difluoroazetidin-1-yl) (4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino)
piperidin-1-yl) ethyl) phenyl) methanone (93)

Obtained from 3,3-difluoroazetidine (0.017 g, 0.18 mmol) as a

F% %3 white solid (0.059 g, 86%). m.p.: 195 - 197 °C; Ry (10%
BONC 10 MeOH/DCM), 0.49. 'H NMR (400 MHz, Methanol-d4) & 7.90 (d,
0 9 | J=8.0Hz, 2H, H12), 7.42 (d, J= 8.0 Hz, 2H, H!1), 7.22 (dd, J =
1 . " s | 7.9,1.2 Hz, 1H, H1), 7.10 (dd, J = 7.8, 1.3 Hz, 1H, H%), 6.99
ZCEN\*NH 7 (ddd, J= 7.9, 7.5, 1.3 Hz, 1H, H?), 6.87 (ddd, J = 7.8, 7.5, 1.2
N . Hz, 1H, H3), 4.19 — 4.02 (m, 4H, H13), 3.58 (tt, J= 10.7, 4.1 Hz,

1H, H¢), 3.52 (s, 3H, HS), 3.19 - 3.10 (m, 2H, Hs¢), 2.87 — 2.80
(m, 2H, H9), 2.73 - 2.64 (m, 2H, H19), 2.38 — 2.30 (m, 2H, H8), 2.18 — 2.07 (m, 2H, H7¢),
1.74 - 1.65 (m, 2H, H74). 13C NMR (151 MHz, Methanol-d4) 6 172.77, 145.29, 141.29,
138.90, 137.01, 130.05 (2C), 128.99 (2C), 123.04, 120.18, 119.43, 113.87, 107.07,
105.45 (t, J=24.1 Hz), 63.38, 60.22, 59.14 (2C), 53.24 (2C), 51.77, 33.86, 30.51 (2C). LC-
MS (APCI*/ESI): found m/z = 454.2 [M+H]* (cal. for C25H29F2Ns0, 453.23). Purity: 98%, tr
= 0.205 min.

(3-hydroxy-3-methylpyrrolidin-1-yl) (4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)
amino) piperidin-1-yl) ethyl) phenyl) methanone (94)

94 Obtained from 3-methylpyrrolidin-3-ol (0.012 g, 0.18 mmol) as

16\ OH a pale-yellow solid (0.054 g, 77%). m.p.: 119 — 121 °C; Rs(10%
156?13 o o1 MeOH/DCM), 0.36. 'H NMR (600 MHz, Methanol-d4) 6 7.90 (d,
b © | J=8.1Hz 2H, H2), 7.41 (d, J= 8.1 Hz, 2H, H1), 7.18 (dd, J =
© N | 7.8, 1.4 Hz 1H, H1), 7.09 (dd, J = 7.9, 1.3 Hz, 1H, H%), 6.97
N o / ° | (ddd, J=17.8, 7.4, 1.3 Hz, 1H, H2), 6.84 (ddd, J= 7.9, 7.4, 1.4
SCEN\*NH Hz, 1H, H3), 3.91 — 3.69 (m, 4H, H13.14), 3.58 (tt, J= 11.2, 4.2
C Hz, 1H, HS), 3.52 (s, 3H, H5), 3.24 — 3.11 (m, 2H, Hse), 2.88 —

2.82 (m, 2H, H9), 2.78 — 2.62 (m, 3H, H!0.16), 2.38 — 2.29 (m,
2H, Hs8e), 2.23 (ddd, J = 14.0, 9.3, 7.2 Hz, H15¢), 2.18 — 2.06 (m, 3H, H7153), 1.70 — 1.62
(m, 2H, H72), 1.39 (s, 3H, H!6). 13C NMR (151 MHz, Methanol-ds) 6 172.58, 145.19, 141.02,
139.33, 136.12, 129.81 (2C), 128.78 (2C), 122.66, 120.43, 119.05, 113.73, 105.80, 77.24,
70.03, 63.11, 60.34, 52.97 (2C), 51.44, 48.10, 43.33, 34.17, 30.28 (2C), 25.09. LC-MS
(APCI*/ESI): found m/z = 462.3 [M+H]* (cal. for C27H3sNs502, 461.28). Purity: 98%, tr =
0.173 min.
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(S)-1-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl)

benzoyl) pyrrolidine-3-carbonitrile (95)

Ncw(“% 95
16 H14
1211
13 N 10
(0] 9

N

6 8

1

2 NQ
L

3 N

4 \
5

Obtained from (S)-pyrrolidin-3-carbonitrile (0.017 g, 0.18 mmol)
as a pale-yellow solid (0.048 g, 69%). m.p.: 109 - 110 °C; R¢(10%
MeOH/DCM), 0.38. 'H NMR (600 MHz, Methanol-d4) 6 7.89 (d,
J=8.1 Hz, 2H, H1?), 7.39 (d, J= 8.1 Hz, 2H, H!!), 7.18 (dd, J =
7.8,1.4 Hz, 1H, H!), 7.10 (dd, J= 7.9, 1.3 Hz, 1H, H%), 7.01 (ddd,
J=17.8,7.4, 1.3 Hz, 1H, H?), 6.85 (ddd, J=7.9, 7.4, 1.4 Hz, 1H,
H3), 3.84 — 3.66 (m, 4H, H!3.14), 3.58 (tt, J= 11.0, 4.1 Hz, 1H,

HS¢), 3.51 (s, 3H, H%), 3.23 - 3.12 (m, 2H, Hs¢), 2.87 — 2.82 (m, 2H, H9), 2.78 - 2.63 (m, 3H,
H10.16) 2,39 — 2.30 (m, 2H, H?a), 2.20 (ddd, J= 13.2, 9.1, 7.1 Hz, H15¢), 2.17 - 2.01 (m, 3H,
H7e152)  1.71 — 1.63 (m, 2H, H73). 13C NMR (151 MHz, Methanol-ds4) 6 172.19, 144.83,
141.16, 138.77, 136.28, 129.85 (2C), 128.64 (2C), 122.84, 120.50, 119.66, 118.93,
113.48, 105.64, 63.11, 60.25, 53.39 (2C), 51.34, 49.05, 48.73, 34.16, 30.88 (2C), 23.56,
22.03. LC-MS (APCI*/ESI): found m/z = 457.3 [M+H]* (cal. for C27H32NeO, 456.26). Purity:

98%, tr = 0.149 min.

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

yl)amino)piperidin-1-yl)ethyl)phenyl)methanone (96)

OoH 96
15@13
12 1
1 N 10
O 9

N
1 6 8
2 N Q
S—NH
3 N

4 \
5

Obtained from pyrrolidin-3-ol (0.016 g, 0.18 mmol) as a yellow
solid (0.035 g, 62%). m.p.: 130 — 132 °C; R¢(10% MeOH/DCM),
0.24. 'H NMR (600 MHz, Methanol-ds) 6 7.92 (d, J = 8.1 Hz,
2H, H1?2), 7.41 (d, J= 8.1 Hz, 2H, H!!), 7.20 (dd, J= 7.8, 1.4 Hz,
1H, HY), 7.08 (dd, J = 7.9, 1.3 Hz, 1H, H%), 6.98 (ddd, J= 7.8,
7.4, 1.3 Hz, 1H, H?), 6.83 (ddd, J= 7.9, 7.4, 1.4 Hz, 1H, H3),
3.82-3.61 (m, 5H, H13.14.16) 3,55 (tt, J=11.0, 4.1 Hz, 1H, H9),
3.49 (s, 3H, H9), 3.19 - 3.08 (m, 2H, Hs¢), 2.85 - 2.78 (m, 2H,

H9), 2.70 - 2.61 (m, 2H, H9), 2.40 - 2.31 (m, 2H, H#8), 2.18 (ddd, J = 14.0, 9.2, 6.8 Hz,
H15e), 2.16 - 2.00 (m, 3H, H7e152), 1.66 — 1.58 (m, 2H, H72). 13C NMR (151 MHz, Methanol-
ds) 6 175.35, 145.22, 139.58, 137.58, 129.20 (2C), 128.47 (2C), 122.23, 120.96, 119.02,
118.65, 113.79, 104.57, 64.08, 60.05, 53.32 (2C), 51.33, 49.25, 48.30, 34.49, 30.85 (2C),
23.69, 22.25. LC-MS (APCI*/ESI): found m/z = 448.3 [M+H]* (cal. for C26H33Ns02, 447.26).
Purity: 98%, tr = 0.141 min.
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(R)-(2-fluoropyrrolidin-1-yl)

Chapter 6: Experimental Section

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

piperidin-1-yl) ethyl) phenyl) methanone (97)

15
16

14

97

013
121
N

10

Obtained from (R)-2-fluoropyrrolidine (0.016 g, 0.18 mmol) as
an off white solid (0.050 g, 74%). m.p.: 196 — 198 °C; Rr(10%
MeOH/DCM), 0.59. 'H NMR (600 MHz, Methanol-ds) 6 7.90 (d,
J= 8.0 Hz, 2H, H!?), 7.39 (d, J = 8.0 Hz, 2H, H!1), 7.20 (dd, J =
7.8, 1.1 Hz, 1H, HY), 7.09 (dd, J= 7.7, 1.2 Hz, 1H, H%), 6.97
(ddd, J=17.8, 7.2, 1.2 Hz, 1H, H?), 6.89 (ddd, J= 7.7, 7.2, 1.1
Hz, 1H, H3), 5.66 (ddd, 36.8, 14.3, 4.5 Hz, 1H, H!¢), 3.58 (tt, J
=10.9, 4.1 Hz, 1H, H¢), 3.55 - 3.40 (m, S5SH, H5.13), 3.18 - 3.10

(m, 2H, Hse), 2.89 — 2.80 (m, 2H, H9), 2.75 — 2.66 (m, 2H, H10), 2.38 — 2.28 (m, 2H, Hs3),
2.20 - 2.05 (m, 5H, H7e.14.15), 1.75 — 1.60 (m, 3H, H7a14). 13C NMR (151 MHz, Methanol-d)
6 172.22, 144.64, 141.29, 139.00, 136.34, 130.55 (2C), 129.03 (2C), 122.44, 120.24,
119.22, 116.49 (d, J = 25.8 Hz), 113.64, 105.87, 63.29, 60.18, 52.72 (2C), 51.73, 45.78,
34.01, 30.43 (2C), 28.87, 19.23. LC-MS (APCI*/ESI): found m/z = 450.2 [M+H]* (cal. for
C26Hs2FNsO, 449.26). Purity: 98%, tz = 2.014 min.

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

oxa-6-azaspiro [3.4] octan-6-yl) methanone (98)

98

Obtained from 2-oxa-6-azaspiro[3.4]octane (0.020 g, 0.18 mmol)
as a light-yellow solid (0.055 g, 77%). m.p.: 154 — 156 °C; R¢(10%
MeOH/DCM), 0.48. 'H NMR (600 MHz, Methanol-d4) 6§ 7.89 (d,
J = 8.2 Hz, 2H, H1?), 7.39 (d, J = 8.2 Hz, 2H, H!!), 7.20 (dd, J =
8.0, 1.3 Hz, 1H, HY), 7.11 (dd, J= 7.8, 1.3 Hz, 1H, H%), 6.97 (ddd,
J=8.0, 7.6, 1.3 Hz, 1H, H?), 6.85 (ddd, J= 7.8, 7.6, 1.3 Hz, 1H,
H3), 4.39 (s, 4H, H!¢), 3.87 — 3.71 (m, 4H, H!3.14), 3.60 (tt, J =
10.9, 4.3 Hz, 1H, H¢), 3.52 (s, 3H, H?S), 3.14 — 3.06 (m, 2H, HS8),
2.83 - 2.74 (m, 2H, H9), 2.70 — 2.62 (m, 2H, H19), 2.34 - 2.22 (m,

2H, H¥8), 2.11 - 2.03 (m, 2H, H7), 1.72 - 1.63 (m, 2H, H7), 1.52 (t, J= 7.1 Hz, 2H, H!5). 13C
NMR (151 MHz, Methanol-d4) 6 172.23, 143.67, 141.55, 138.32, 136.76, 130.34 (2C),
128.67 (2C), 122.53, 120.39, 119.11, 113.69, 105.77, 82.09 (2C), 60.43, 56.87, 55.03,
53.16 (2C), 51.20, 46.46, 43.28, 37.12, 34.04, 33.03, 30.21 (2C). LC-MS (APCI*/ESI):
found m/z = 474.3 [M+H]* (cal. for C2gH3sNs502, 473.28). Purity: 99%, tr = 0.179 min.
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Tert-butyl 6-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl)
ethyl) benzoyl)-2,6-diazaspiro [3.4] octane-2-carboxylate (99)

99 Obtained  from  tert-butyl 2,6-diazaspiro[3.4|octane-2-
OYO carboxylate (0.038 g, 0.18 mmol) as a pale yellow solid (0.073
y N ﬁ g, 85%). m.p.: 197 - 199 °C; Rf(10% MeOH/DCM), 0.45. 'H
813 NMR (600 MHz, Methanol-d4) 6 7.89 (d, J = 8.0 Hz, 2H, H!2),
N 7\ ., | 7.40(d, J=8.0 Hz, 2H, H11), 7.18 (dd, J = 8.0, 1.3 Hz, 1H, H1),
@) 9 7.10 (dd, J= 7.9, 1.3 Hz, 1H, H%), 6.98 (ddd, J= 8.0, 7.8, 1.2
) Qs Hz, 1H, H2), 6.86 (ddd, J= 7.9, 7.8, 1.2 Hz, 1H, H3), 3.85 - 3.68
@[N\>_NH 7 (m, 8H, H13,14.16) 3.56 (tt, J = 10.8, 4.1 Hz, 1H, H¢), 3.51 (s,
4 N\ 3H, HS), 3.21 - 3.11 (m, 2H, Hse), 2.88 — 2.80 (m, 2H, HY), 2.74
: - 2.65 (m, 2H, H19), 2.39 — 2.29 (m, 2H, H83), 2.18 — 2.07 (m,
2H, H7¢), 1.83 - 1.74 (m, 2H, H7?), 1.67 (t, J= 6.8 Hz, 2H, H!5), 1.25 (s, 9H, H!7). 13C NMR
(151 MHz, Methanol-d4) § 172.51, 154.09, 142.97, 141.25, 139.08, 136.11, 130.33 (2C),
128.45 (2C), 122.40, 120.19, 119.02, 113.44, 105.75, 81.77, 60.30, 56.18, 55.02, 53.69
(2C), 53.36 (2C), 51.87, 46.71, 39.68, 37.15, 34.19, 30.35 (2C), 18.59 (3C). LC-MS
(APCI*/ESI): found m/z = 573.4 [M+H]* (cal. for C33H44NeO3, 572.35). Purity: 98%, tr =
2.210 min.

15
1
2
3

(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl)
(2,6-diazaspiro [3.4] octan-6-yl) methanone (100)

4 100 Following procedure 3, obtained from 99 (0.035 g, 0.06 mmol)

16 N as a pale-yellow solid (0.025 g, 89%). m.p.: 89 — 90 °C; Rs(10%
1 é§13 - MeOH/DCM), 0.28. 'H NMR (600 MHz, Methanol-ds4) 6 7.91 (d,
h 10 J=8.1 Hz, 2H, H1?), 7.38 (d, J = 8.1 Hz, 2H, H!1), 7.20 (dd, J =
° N i 7.9, 1.3 Hz, 1H, H!), 7.11 (dd, J= 7.9, 1.3 Hz, 1H, H%), 6.98

5 NN e/ ’ (ddd, J=7.9, 7.8, 1.3 Hz, 1H, H?), 6.87 (ddd, J=7.9, 7.8, 1.3
S@EN?_NH Hz, 1H, H3), 3.81 - 3.69 (m, 8H, H!3,14.16) 3.59 (tt, J= 10.8, 4.1
5 Hz, 1H, H¢), 3.52 (s, 3H, H5), 3.20 — 3.11 (m, 2H, Hs¢), 2.88 -

2.79 (m, 2H, H9), 2.73 - 2.64 (m, 2H, H10), 2.39 — 2.30 (m, 2H, Hs), 2.18 — 2.06 (m, 2H,
H7e), 1.74 — 1.64 (m, 2H, H73), 1.41 (t, J = 6.9 Hz, 2H, H!5). 13C NMR (151 MHz, Methanol-
ds) 6 172.45, 143.34, 141.22, 138.88, 136.12, 130.29 (2C), 128.57 (2C), 122.49, 120.21,
119.98, 113.66, 105.81, 60.25, 56.12, 55.11, 53.67 (2C), 53.22 (2C), 51.36, 46.77, 39.59,
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37.23, 34.10, 33.23, 30.30 (2C). LC-MS (APCI*/ESI): found m/z = 473.3 [M+H]* (cal. for
C2sHseN6O, 472.30). Purity: 98%, tz = 0.120 min.

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

(morpholino) methanone (101)

o— 101 Obtained from morpholine (0.016 g, 0.18 mmol) as a pale-
14 Q__’} 12 1 yellow solid (0.051 g, 76%). m.p.: 110 — 111 °C; Rf (10%
" § MeOH/DCM), 0.39. 'H NMR (600 MHz, Methanol-ds) & 7.93 (d,
© N i J= 8.2 Hz, 2H, H!?), 7.42 (d, J = 8.2 Hz, 2H, H!1), 7.19 (dd, J =

) NN e/ ’ 8.0, 1.3 Hz, 1H, HY), 7.10 (dd, J= 7.9, 1.3 Hz, 1H, H%), 7.04
3©EN\>_NH (ddd, J= 8.0, 7.3, 1.3 Hz, 1H, H?), 6.88 (ddd, J= 7.9, 7.3, 1.3
) \5 Hz, 1H, H3), 3.83 - 3.78 (m, 4H, H13), 3.75 - 3.71 (m, 4H, H4),

3.61 (tt, J=10.9, 4.3 Hz, 1H, H¢), 3.52 (s, 3H, H5), 3.20 - 3.13
(m, 2H, H?), 2.89 - 2.81 (m, 2H, HY), 2.76 - 2.65 (m, 2H, H19), 2.39 - 2.30 (m, 2H, HS), 2.18
-2.09 (m, 2H, H7), 1.73 - 1.65 (m, 2H, H7). 13C NMR (151 MHz, Methanol-d4) 6 168.87,
145.65, 141.11, 138.92, 135.48, 130.12 (2C), 128.23 (2C), 122.85, 120.33, 119.29,
113.61, 105.30, 63.82, 60.17, 53.24 (2C), 52.81 (2C), 51.24, 45.23 (2C), 34.01, 30.53 (2C).
LC-MS (APCI*/ESI): found m/z = 448.2 [M+H]* (cal. for C26H33NsO02, 447.26). Purity: 99%,
tr = 0.125 min.

Tert-butyl 4-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl)
ethyl) benzoyl) piperazine-1-carboxylate (102)

102 Obtained from tert-butyl piperazine-1-carboxylate (0.034 g,
o Ol<15 0.18 mmol) as a pale off white solid (0.077 g, 93%). m.p.: 114
14@ - 116 °C; R;(10% MeOH/DCM), 0.52. 'H NMR (600 MHz,
5N 7\ ,, | Methanol-di)87.90 (d, J=8.1 Hz, 2H, H'?), 7.39 (d, J= 8.1 Hz,
g o | 2H, Hl1),7.19 (dd, J = 7.9, 1.3 Hz, 1H, H1), 7.10 (dd, J = 8.0,

N
1 . | 1.3 Hz, 1H, H%), 6.98 (ddd, J= 7.9, 7.8, 1.3 Hz, 1H, H?), 6.86

6

ZCEN%NH 7 (ddd, J= 8.0, 7.8, 1.3 Hz, 1H, H3), 3.80 — 3.69 (br-s, 8H, H13.14),
N 3.60 (tt, J= 10.9, 4.3 Hz, 1H, HS), 3.52 (s, 3H, H5), 3.20 - 3.10

(m, 2H, Hs¢), 2.89 — 2.81 (m, 2H, H9), 2.76 — 2.65 (m, 2H, H10),
2.38 — 2.30 (m, 2H, Hsa), 2.18 — 2.04 (m, 2H, H7¢), 1.73 - 1.65 (m, 2H, H7a), 1.43 (s, 9H,
H15). 13C NMR (151 MHz, Methanol-ds) 6 169.88, 154.87, 145.39, 141.17, 138.87, 136.34,
130.25 (2C), 128.51 (2C), 122.26, 120.38, 119.38, 113.78, 105.88, 80.02, 63.23, 60.18,
53.39 (2C), 52.92 (2C), 51.34, 45.45 (2C), 34.03, 30.32 (2C), 19.58 (3C). LC-MS
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(APCI*/ESI): found m/z = 547.3 [M+H]* (cal. for C3:H42NeO3, 546.33). Purity: 98%, tr =
2.212 min.

(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl)
(piperazin-1-yl) methanone (103)

103 Following general procedure 2, obtained from 102 (0.040 g,

14H<\:\> oo 0.07 mmol) as an off white solid (0.030 g, 91%). m.p.: 108 —

h 10 109 °C; Ry (10% MeOH/DCM), 0.28. 'H NMR (600 MHz,

© N~ | Methanol-ds) 6 7.92 (d, J= 8.2 Hz, 2H, H1?), 7.40 (d, J = 8.2 Hz,

, ANON ¥/ | 2H,HN), 7.18 (dd, J= 7.9, 1.3 Hz, 1H, HY), 7.09 (dd, J = 7.7,

3@EN:>_NH 1.3 Hz, 1H, H%), 6.99 (ddd, J= 7.9, 7.4, 1.3 Hz, 1H, H2), 6.86
5

(ddd, g = 7.7, 7.4, 1.3 Hz, 1H, H3), 3.81 — 3.75 (m, 4H, H13),
3.73 - 3.68 (m, 4H, H!4), 3.59 (tt, J = 10.9, 4.3 Hz, 1H, H¢), 3.52 (s, 3H, HS), 3.20 - 3.11
(m, 2H, Hs¢), 2.88 — 2.81 (m, 2H, H9), 2.75 - 2.65 (m, 2H, H19), 2.38 — 2.29 (m, 2H, H8?),
2.18 - 2.05 (m, 2H, H7), 1.73 — 1.64 (m, 2H, H7?). 13C NMR (151 MHz, Methanol-ds)
169.82, 145.44, 141.20, 138.98, 136.89, 130.33 (2C), 128.55 (2C), 122.98, 120.45,
119.30, 113.65, 105.76, 63.44, 60.20, 53.33 (2C), 52.88 (2C), 51.87, 45.77 (2C), 34.09,
30.44 (2C). LC-MS (APCI*/ESI): found m/z = 447.3 [M+H]* (cal. for C26H34N6sO, 446.28).
Purity: 98%, tr = 0.122 min.

(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl) (4-
methylpiperazin-1-yl) methanone (104)

5\ 104 Obtained from 1-methylpiperazine (0.018 g, 0.18 mmol) as a
» QN__B o pale-yellow solid (0.054 g, 77%). m.p.: 114 — 115 °C; Rr(10%
13 N 10 MeOH/DCM), 0.36. 'H NMR (600 MHz, Methanol-ds4) 6 7.93 (d,
O o J= 8.3 Hz, 2H, H!?), 7.38 (d, J = 8.3 Hz, 2H, H!!), 7.16 (dd, J =

; . : 8 8.1, 1.3 Hz, 1H, H!), 7.08 (dd, J = 7.9, 1.3 Hz, 1H, H%), 6.97
ZCEN%NH ! (ddd, J=8.1, 7.3, 1.3 Hz, 1H, H?), 6.85 (ddd, J=7.9, 7.3, 1.3
’ 4 N\ 5 Hz, 1H, H3), 3.60 (tt, J= 10.8, 4.1 Hz, 1H, H¢), 3.58 — 3.45 (m,

7H, H513), 3.29 — 3.10 (m, 6H, Hse14), 2.89 — 2.80 (m, 2H, H9),
2.72 - 2.64 (m, 2H, H19), 2.37 — 2.30 (m, 2H, Hs4), 2.20 (s, 3H, H15), 2.15 - 2.06 (m, 2H,
H7e), 1.73 — 1.67 (m, 2H, H74). 13C NMR (151 MHz, Methanol-ds) 6 169.11, 145.32, 142.01,
138.99, 135.29, 130.05 (2C), 128.87 (2C), 122.82, 120.53, 119.23, 113.54, 105.48, 63.79,
60.18, 53.28 (2C), 51.28 (2C), 51.18, 50.78 (2C), 47.03, 34.33, 30.59 (2C). LC-MS
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(APCI*/ESI): found m/z = 461.3 [M+H]* (cal. for C27H3sN6O, 460.30). Purity: 99%, tr =
0.120 min.

(1,1-dioxidothiomorpholino) (4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino)
piperidin-1-yl) ethyl) phenyl) methanone (105)
Obtained from thiomorpholine-1,1-dioxide (0.024 g, 0.18

140‘\{'3?_—> o0 mmol) as a pale white solid (0.055 g, 74%). m.p.: 239 — 241 °C;
NN Rf(10% MeOH/DCM), 0.21. 'H NMR (600 MHz, Methanol-da) &
o o 7.95 (d, J= 8.1 Hz, 2H, H12), 7.42 (d, J = 8.1 Hz, 2H, H11), 7.21
1 . N 8 (dd, J=7.7, 1.2 Hz, 1H, H!), 7.11 (dd, J= 7.9, 1.2 Hz, 1H, H%),
2@[N\>_NH ! 7.02 (ddd, J=17.7, 7.2, 1.2 Hz, 1H, H2), 6.87 (ddd, J= 7.9, 7.2,
TN, 1.2 Hz, 1H, H3), 3.79 - 3.75 (m, 4H, H13), 3.73 - 3.70 (m, 4H,

H14), 3.62 (tt, J=11.0, 4.3 Hz, 1H, HS), 3.52 (s, 3H, H5), 3.19 -
3.11 (m, 2H, H8¢), 2.90 - 2.83 (m, 2H, H9), 2.75 - 2.67 (m, 2H, H19), 2.39 - 2.29 (m, 2H,
Hsa), 2.18 — 2.10 (m, 2H, H7), 1.73 — 1.64 (m, 2H, H73). 13C NMR (151 MHz, Methanol-da)
6 168.93, 145.51, 141.23, 138.95, 135.40, 130.08 (2C), 128.09 (2C), 122.66, 120.27,
119.21, 113.67, 105.29, 63.72, 60.11, 53.33 (2C), 52.87 (2C), 51.20, 45.51 (2C), 33.99,
30.52 (2C). LC-MS (APCI*/ESI): found m/z = 496.2 [M+H]* (cal. for C26H33Ns503S, 495.23).
Purity: 99%, tr = 0.140 min.

((1R,4R)-2-0xa-5-azabicyclo [2.2.1] heptan-5-yl) (4-(2-(4-((1-methyl-1H-

benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl) methanone (106)
06 106 Obtained from (1R,4R)-2-oxa-5-azabicyclo[2.2.1] heptane
15 @13 o (0.018 g, 0.18 mmol) as a pale-yellow solid (0.049 g, 71%). m.p.:
N 10 113 - 115 °C; Rf(10% MeOH/DCM), 0.44. 'H NMR (600 MHz,
© N ? Methanol-d4) 6 7.94 (d, J= 8.0 Hz, 2H, H!?), 7.43 (d, J= 8.0 Hz,
, N o/ ° 2H, HY), 7.21 (dd, J= 7.9, 1.3 Hz, 1H, HY), 7.12 (dd, J= 7.9,
SCE,?_NH 1.2 Hz, 1H, H4), 7.06 (ddd, J= 7.9, 7.1, 1.2 Hz, 1H, H?), 6.87

4 \ 5

(ddd, J = 7.9, 7.1, 1.3 Hz, 1H, H3), 4.41 - 4.22 (m, 2H,
Hi4e,15,16¢) 3.89 — 3.82 (m, 2H, H13.14a,163) 3.62 (tt, J = 11.1, 4.4 Hz, 1H, HS), 3.52 (s, 3H,
H5), 3.20 — 3.12 (m, 2H, Hs¢), 2.90 — 2.82 (m, 2H, H9), 2.77 — 2.68 (m, 2H, H1°), 2.40 — 2.31
(m, 2H, Hsa), 2.18 - 2.09 (m, 3H, H7.17), 1.74 — 1.61 (m, 3H, H7.17). 13C NMR (151 MHz,
Methanol-ds) 6 160.86, 146.03, 141.34, 138.26, 135.38, 128.11 (2C), 127.23 (2C), 121.98,
120.34, 119.20, 113.71, 105.44, 82.11, 75.77, 63.88, 61.33, 60.15, 58.09, 52.93 (2C),
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51.24, 39.54, 33.93, 30.48 (2C). LC-MS (APCI*/ESI): found m/z = 460.2 [M+H]* (cal. for
C27H33N502, 459.26). Purity: 98%, tr = 0.148 min.

Tert-butyl (R)-2-methyl-4-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino)
piperidin-1-yl) ethyl) benzoyl) piperazine-1-carboxylate (107)

Obtained from tert-butyl (R)-2-methylpiperazine-1-carboxylate

107
o=<ol§1: (0.036 g, 0.18 mmol) as a cream white solid (0.075 g, 88%)).
N . o,
17__@13 o m.p.: 112 — 113 °C; R;(10% MeOH/DCM), 0.51. 'H NMR (600
) . | MHz, Methanol-ds) 6 7.90 (d, J = 8.2 Hz, 2H, H12), 7.36 (d, J =
3 o | 8.2 Hz 2H, H!!), 7.19 (dd, J= 7.8, 1.3 Hz, 1H, H!), 7.10 (dd, J
N
1 _Ye  =80,12Hz 1H, HY), 6.96 (ddd, J= 7.8, 7.3, 1.2 Hz, 1H, H2),
2©EN\>_NH 7 | 6.89 (ddd, J = 8.0, 7.3, 1.3 Hz, 1H, H3), 4.59 (ddq, J = 14.2,
YON. 9.2, 6.9 Hz, 1H, H16), 3.60 (tt, J = 11.0, 4.3 Hz, 1H, HS), 3.52

(s, 3H, H5), 3.44 - 3.37 (m, 2H, H!9), 3.27 - 3.18 (m, 4H, H13.14),
3.12 - 3.05 (m, 2H, Hs8¢), 2.99 - 2.88 (m, 2H, H9), 2.76 - 2.63 (m, 2H, H10), 2.43 - 2.30 (m,
2H, Hs8?), 2.19 - 2.10 (m, 2H, H7¢), 1.76 - 1.66 (m, 2H, H72), 1.48 (s, 9H, H18), 1.22 (d, J =
6.9 Hz, 3H, H7). 13C NMR (151 MHz, Methanol-d4) 6 168.95, 152.09, 146.08, 140.21,
138.64, 135.27, 130.18 (2C), 127.45 (2C), 122.31, 120.22, 119.25, 113.75, 105.23, 80.03,
58.71, 54.10, 53.25 (2C), 50.40, 49.01, 48.95, 42.88, 36.78, 34.59, 30.59 (2C), 23.55 (3C),
18.04. LC-MS (APCI*/ESI): found m/z = 561.4 [M+H]* (cal. for C32H44NeO3, 560.35). Purity:
98%, tr = 2.313 min.

(R)-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl)
(3-methylpiperazin-1-yl) methanone (108)

Following general procedure 2, obtained from 107 (0.035 g,

HN 15 108
17 -—@13 o 0.06 mmol) as an off white solid (0.025 g, 86%). m.p.: 98 — 99
N
14 10 °C; Rf(10% MeOH/DCM), 0.34. 'H NMR (600 MHz, Methanol-
o 9

N ds) 6 7.93 (d, J = 8.0 Hz, 2H, H!2), 7.41 (d, J = 8.0 Hz, 2H, H!1),
L AU QS 7.18 (dd, J= 7.8, 1.2 Hz, 1H, H1), 7.11 (dd, J= 7.9, 1.2 Hz, 1H,
3©[N\>_NH H4), 7.02 (ddd, J= 7.8, 7.3, 1.2 Hz, 1H, H?), 6.87 (ddd, J= 7.9,

© Vs 7.3, 1.2 Hz, 1H, H3), 3.61 (tt, J= 10.8, 4.1 Hz, 1H, Hf), 3.51 (s,
3H, H5), 3.40 - 3.31 (m, 1H, H!6), 3.25 - 3.19 (m, 4H, H13.14), 3.11 — 3.05 (m, 2H, Hs¢), 2.99
— 2.86 (m, 4H, H9.15), 2.77 — 2.64 (m, 2H, H19), 2.41 — 2.29 (m, 2H, H8%), 2.19 — 2.11 (m,
2H, H7¢), 1.76 — 1.67 (m, 2H, H72), 1.08 (d, J = 6.8 Hz, 3H, H!7). 13C NMR (151 MHz,
Methanol-ds) 6 169.55, 145.45, 140.23, 138.76, 135.33, 130.21 (2C), 127.39 (2C), 122.38,
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120.25, 119.28, 113.71, 105.17, 60.66, 54.09, 53.22 (2C), 52.39, 51.53, 51.37, 43.97,
36.07, 34.46, 30.43 (2C), 14.98. LC-MS (APCI*/ESI): found m/z = 461.3 [M+H]* (cal. for
C27H36N6O, 460.30). Purity: 99%, tr = 0.212 min. Specific rotation, [a]25p = -8.24°.

(4-cyclopropylpiperazin-1-yl) (4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino)
piperidin-1-yl) ethyl) phenyl) methanone (109)

Obtained from 1-cyclopropylpiperazine (0.023 g, 0.18 mmol) as

17 <L16 10 a pale-yellow solid (0.062 g, 85%). m.p.: 184 — 186 °C; R¢(10%
N—> MeOH/DCM), 0.50. 'H NMR (300 MHz, DMSO-ds) 6 7.32 (s,
151§_N P . 4H, H12.13), 7.19 (dd, J= 7.6, 1.2 Hz, 1H, H!), 7.13 (dd, J = 7.4,
g 0| 1.6 Hz, 1H, H%, 7.02 — 6.94 (m, 2H, H34), 6.49 (d, J = 7.3 Hz,

N

2H, HS), 3.80 — 3.71 (m, 2H, H7.16), 3.54 — 3.47 (m, 5H, H59%),
2®[N>—NH7 8 2.88 - 2.81 (m, 4H, H10.11), 2.79 - 2.71 (m, 2H, H%), 2.41 — 2.28
: N ° (br-s, 8H, H14.15), 2.25 — 2.18 (m, 4H, H!7), 2.10 — 2.01 (m, 2H,
Hse), 1.70 — 1.62 (m, 2H, H7a), 1.22 - 1.13 (dd, J= 13.9, 7.2 Hz,
2H, H16). 13C NMR (151 MHz, Methanol-ds) & 171.58, 153.28, 139.56, 134.01, 133.56,
128.54 (2C), 127.84 (2C), 122.38, 121.97, 113.85, 107.52, 58.08, 52.47, 48.95 (4C), 43.58
(2C), 37.56 (2C), 30.56, 29.35, 27.44, 15.18 (2C). LC-MS (APCI*/ESI): found m/z = 487.3
[M+H]* (cal. for C20HssNeO, 486.31). Purity: 98%, tz = 0.181 min.

1 9

4 \
5

(hexahydropyrrolo [1,2-a] pyrazin-2(1H)-yl) (4-(2-(4-((1-methyl-1H-benzo[d]imidazol-
2-yl) amino) piperidin-1-yl) ethyl) phenyl) methanone (110)

110 Obtained from octahydropyrrolo[1,2-a]pyrazine (0.023 g, 0.18
18 mmol) as an off white solid (0.054 g, 73%). m.p.: 85 - 87 °C; Ry

b @: (10% MeOH/DCM), 0.25. 'H NMR (600 MHz, Methanol-d4) 6
Q_ 121 7.94 (d, J= 8.0 Hz, 2H, H'?), 7.47 (d, J= 8.0 Hz, 2H, H!!), 7.18
(dd, J=7.8, 1.3 Hz, 1H, H!), 7.09 (dd, J= 8.0, 1.2 Hz, 1H, H%),
N 6.96 (ddd, J=17.8, 7.3, 1.2 Hz, 1H, H?), 6.87 (ddd, J= 8.0, 7.3,

2©EN\>_N: 7 1.3 Hz, 1H, H3), 3.84 (tt, J= 10.9, 4.2 Hz, 1H, H¢), 3.52 (s, 3H,
3 N H5), 3.31 - 3.20 (m, 4H, H13.14), 3.12 - 3.05 (m, 2H, Hse¢), 3.00 -
2 2.81 (m, 5H, H%15.16) 277 — 2.65 (m, 2H, H19), 2.46 — 2.24 (m,

2H, H8a.19), 2.18 - 2.11 (m, 2H, H7), 1.77 - 1.61 (m, 4H, H7.18.17) 1.54 - 1.41 (m, 2H, H17.18),
13C NMR (151 MHz, Methanol-ds) 6 168.92, 145.22, 141.03, 138.53, 135.05, 130.10 (2C),
127.30 (2C), 122.38, 120.33, 119.27, 113.82, 105.31, 67.33, 60.08, 55.11, 53.12 (2C),

4 \
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51.20, 50.17, 46.25, 47.05, 36.07, 34.34, 30.37 (2C), 27.01, 22.37. LC-MS (APCI*/ESI):
found m/z = 487.3 [M+H]"* (cal. for Co9H3sNeO, 486.31). Purity: 98%, tr = 0.193 min.

(1,4-diazepan-1-yl)(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-
yl)ethyl)phenyl)methanone (111)

111 Obtained from azepane (0.018 g, 0.18 mmol) as a pale-yellow

H solid (0.035 g, 51%). m.p.: 185 - 186 °C; Rf(10% MeOH/DCM),
“‘CXL 0.38. 1H NMR (600 MHz, Methanol-di) & 7.98 (d, J = 8.2 Hz,
e 2H, H12), 7.46 (d, J= 8.2 Hz, 2H, H!1), 7.26 (dd, J= 7.8, 1.3 Hz,
o o 1H, H!), 7.11 (dd, J= 8.0, 1.2 Hz, 1H, H%), 7.04 (ddd, J = 7.8,

1 . N 6 7.2, 1.2 Hz, 1H, H2), 6.89 (ddd, J = 8.0, 7.2, 1.3 Hz, 1H, H3),
2©[N>_NH 7 3.82 (tt, J=10.8, 4.4 Hz, 1H, H¢), 3.58 — 3.31 (m, 7H, H513.17),

’ 4 N\ 3.20 - 3.07 (m, 4H, H81415), 291 - 2.88 (m, 2H, H9), 2.78 -

5

2.67 (m, 2H, H10), 2.40 — 2.26 (m, 4H, H81415), 2,19 - 2.12 (m,
2H, H7), 1.77 - 1.68 (m, 4H, H7- 16). 13C NMR (151 MHz, Methanol-d4) 6 168.93, 145.34,
141.88, 139.25, 133.44, 130.11 (2C), 127.23 (2C), 122.27, 120.18, 119.13, 113.57,
105.78, 60.71, 53.20 (2C), 52.19, 51.60, 48.22, 48.08, 45.93, 36.08, 34.41, 30.51 (2C),
27.77. LC-MS (APCI*/ESI): found m/z = 461.3 [M+H]* (cal. for C27H36NeO, 460.30). Purity:
99%, tr = 153 min.

(5-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl)-
1,2,4-oxadiazol-3-yl) methanol (115)

Obtained from 112¢ (0.016 g, 0.18 mmol) as a cream white solid

OH
13%/'\‘ 12 1 (0.029 g, 44% over two steps). m.p.: 105 — 107 °C; Rr(10%
I

N\o\>—©—§9 MeOH/DCM), 0.24. 'H NMR (600 MHz, Methanol-ds) & 8.04 (d,
N J= 8.2 Hz, 2H, H12), 7.49 (d, J = 8.2 Hz, 2H, H!1), 7.29 (dd, J =

s NN Qs 7.8, 1.2 Hz, 1H, HY), 7.10 (dd, J= 8.0, 1.2 Hz, 1H, H4), 7.06 (ddd,
3©[N NH J=17.8,7.2,1.0 Hz, 1H, H?), 6.96 (ddd, J= 8.0, 7.2, 1.0 Hz, 1H,
) H3), 5.03 (d, J = 4.8 Hz, 2H, H13), 3.80 (tt, J = 10.8, 4.3 Hz, 1H,
H6), 3.53 (s, 3H, H5), 3.14 — 3.09 (m, 2H, Hs), 3.00 — 2.90 (m, 2H,

H9), 2.76 — 2.65 (m, 2H, H19), 2.34 — 2.29 (m, 2H, H8), 2.17 - 2.11 (m, 2H, H7), 1.73 - 1.64
(m, 2H, H7). 13C NMR (151 MHz, Methanol-ds) 6 176.87, 159.38, 148.55, 142.01, 139.82,
135.02, 130.33 (2C), 127.66 (2C), 121.92, 120.44, 119.02, 114.21, 105.65, 59.87, 52.87
(2C), 49.54, 35.12, 32.34, 30.49 (2C), 28.33. LC-MS (APCI*/ESI): found m/z = 433.2

[M+H]* (cal. For C24H28NeO2, 432.23). Purity: 99%, t = 0.176 min.

— >
o \l/
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1-methyl-N-(1-(4-(3-((methylthio)methyl)-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-
4-yl)-1H-benzo[d]imidazol-2-amine (116)
Obtained from 112d (0.022 g, 0.18 mmol) as a pale yellow solid

s ™ He (0.036 g, 51% over two steps). m.p.: 66 — 68 °C; Rf (10%
B3NN MeOH/DCM), 0.38. 'H NMR (600 MHz, Methanol-ds) & 8.05 (d,
NI o\>_©_> J = 8.3 Hz, 2H, H1?), 7.50 (d, J = 8.3 Hz, 2H, H!!), 7.30 (dd, J =
Q 7.8, 1.2 Hz, 1H, HY), 7.11 (dd, J = 8.1, 1.2 Hz, 1H, H%), 7.05 -
@EN%N: 6.90 (m, 2H, H23), 3.82 (tt, J= 10.9, 4.4 Hz, 1H, H¢), 3.68 (s, 2H,

; N\ H13), 3.52 (s, 3H, HY), 3.14 - 3.10 (m, 2H, HS), 3.00 — 2.92 (m,

° 2H, H9), 2.77 - 2.69 (m, 2H, H!9), 2.35 - 2.30 (m, 2H, HS), 2.16 -

2.03 (m, 5H, H7.14), 1.72 - 1.66 (m, 2H, H7). 13C NMR (151 MHz,
Methanol-d4) 6 177.02, 159.32, 148.28, 142.54, 140.09, 134.33, 130.43 (2C), 127.79 (2C),
122.02, 120.88, 119.22, 114.27, 106.34, 59.99, 51.29 (2C), 49.99, 35.23, 32.83, 30.98
(2C), 27.87, 14.11. LC-MS (APCI*/ESI): found m/z = 463.2 [M+H]* (cal. for C25H30NsOS,
462.22). Purity: 98%, tr = 2.034 min.

N-(1-(4-(3-((dimethylamino)methyl)-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-
1-methyl-1H-benzo[d]imidazol-2-amine (117)

117 Obtained from 112e (0.021 g, 0.18 mmol) as a pale yellow solid

;NK/;; - (0.037 g, 53% over two steps). m.p.: 119 — 120 °C; Rf(10%
N“o\ 109 MeOH/DCM), 0.24. 'H NMR (600 MHz, Methanol-d4) 6 8.04 (d,

N J = 8.2 Hz, 2H, H1?), 7.57 (d, J = 8.2 Hz, 2H, H!!), 7.33 (dd, J =

) AN e/ ’ 7.8, 1.2 Hz, 1H, H!), 7.13 (dd, J= 8.2, 1.2 Hz, 1H, H%), 7.04 (ddd,
3@[ :>5_NH J=17.8,7.1,1.2 Hz, 1H, H?), 6.96 (ddd, J= 8.2, 7.1, 1.2 Hz, 1H,

H3), 4.49 (s, 2H, H13), 3.82 (tt, J= 10.9, 4.3 Hz, 1H, HS), 3.53 (s,
3H, H5), 3.09 — 3.00 (m, 2H, Hs), 2.98 — 2.89 (m, 2H, H?), 2.75 - 2.65 (m, 2H, H10), 2.37 —
2.26 (m, 3H, H8), 2.20 — 2.09 (m, 8H, H7.14), 1.71 — 1.59 (m, 2H, H7). 13C NMR (151 MHz,
Methanol-ds) 6 176.98, 169.06, 153.77, 145.12, 140.66, 133.08, 130.87 (2C), 127.88 (2C),
121.89, 120.02, 119.11, 114.83, 107.22, 61.03, 58.02, 54.33 (2C), 50.29, 46.76 (2C),
33.01, 31.37 (2C), 29.97. LC-MS (APCI*/ESI): found m/z = 460.2 [M+H]* (cal. for
Ca6HssN7O, 459.27). Purity: 95%, tz = 0.155 min.
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N-(1-(4-(3-cyclopropyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1-methyl-1H-

benzo[d]imidazol-2-amine (118)

14

2

3

118
1211

N
1 8
N /_>—/6 g
D—NH
N

4

\s

Obtained from 112f (0.018 g, 0.18 mmol) as a pale-yellow solid
(0.036 g, 56% over two steps). M.p.: 123 - 124 °C; Rr(10%
MeOH/DCM), 0.39. 'H NMR (600 MHz, Methanol-d4) 6 8.05 (d,
J = 8.3 Hz, 2H, H1?), 7.55 (d, J = 8.3 Hz, 2H, H!!), 7.34 (dd, J =
7.7,1.2Hz, 1H, H!), 7.12 (dd, J= 8.2, 1.2 Hz, 1H, H%), 7.05 (ddd,
J=7.7,7.2,1.2 Hz, 1H, H?), 6.95 (ddd, J= 8.2, 7.2, 1.2 Hz, 1H,

H3), 3.81 (tt, J = 10.8, 4.4 Hz, 1H, H¢), 3.52 (s, 3H, HS), 3.08 -
3.02 (m, 2H, HS), 2.98 - 2.90 (m, 2H, H9), 2.75 - 2.66 (m, 2H, H10), 2.36 — 2.25 (m, 3H,
H8.13), 2.20 - 2.10 (m, 2H, H7), 1.76 - 1.65 (m, 2H, H7), 1.25 (dd, J = 11.3, 6.7 Hz, 2H,
Hl4e),0.97 (dd, J=11.3, 6.7, 2H, H14a). 13C NMR (151 MHz, Methanol-d4) 6 177.04, 169.11,
153.87, 145.00, 140.43, 132.79, 130.55 (2C), 127.45 (2C), 121.65, 120.87, 119.68,
114.91, 107.33, 60.34, 54.18 (2C), 50.43, 32.09, 31.24 (2C), 30.57, 9.95 (2C), 8.78. LC-
MS (APCI*/ESI): found m/z = 443.2 [M+H]* (cal. For C26H30NsO, 442.25). Purity: 98%, tr
= 2.122 min.

N-(1-(4-(3-isopropyl-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1-methyl-1H-

benzo[d]imidazol-2-amine (119)

Obtained from 112g (0.019 g, 0.18 mmol) as a light brown solid
(0.041 g, 61% over two steps). M.p.: 135 — 137 °C; Ry (10%

N-g 109 MeOH/DCM), 0.42. 'H NMR (600 MHz, Methanol-ds) 6 8.06 (d,

N J=8.2 Hz, 2H, H1?), 7.53 (d, J= 8.2 Hz, 2H, H!1), 7.33 (dd, J =

14

119

13 12 1

N

8

2

3

6

Gyt

4

\'5

7.6, 1.2 Hz, 1H, H1), 7.11 (dd, J = 8.1, 1.2 Hz, 1H, H4), 7.03
(ddd, J= 7.6, 7.2, 1.2 Hz, 1H, H?), 6.97 (ddd, J= 8.1, 7.2, 1.2

Hz, 1H, H3), 3.80 (tt, J= 10.9, 4.3 Hz, 1H, H°), 3.52 (s, 3H, H9),
3.21 (hept, J = 6.8 Hz, 1H, H13), 3.09 - 3.02 (m, 2H, HS), 2.99 - 2.89 (m, 2H, H9), 2.75 -
2.67 (m, 2H, H9), 2.36 - 2.24 (m, 2H, HS8), 2.19 - 2.08 (m, 2H, H7), 1.76 — 1.62 (m, 2H,
H7), 1.22 (d, J = 6.8 Hz, 6H, H!4). 13C NMR (151 MHz, Methanol-ds) 6 175.44, 167.09,
155.33, 147.40, 141.09, 133.87, 130.69 (2C), 128.09 (2C), 121.88, 120.99, 120.08,
114.44, 107.28, 60.09, 54.11 (2C), 50.55, 39.85, 32.49, 31.89 (2C), 30.87, 28.76, 21.32
(2C). LC-MS (APCI*/ESI): found m/z = 445.2 [M+H]* (cal. For C26H32N6O, 444.26). Purity:
98%, tr = 2.192 min.
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N-(1-(4-(3-(tert-butyl)-1,2,4-oxadiazol-5-yl) phenethyl) piperidin-4-yl)-1-methyl-1H-
benzo[d]imidazol-2-amine (120)

Obtained from 112h (0.021 g, 0.18 mmol) as a light brown solid

13 12?2 . (0.046 g, 66% over two steps). M.p.: 164 — 166 °C; R (10%
/km N 0 | MeOH/DCM), 0.45. TH NMR (600 MHz, Methanol-ds) 6 8.05 (d,
© ' | J=8.1Hz 2H, H12),7.51 (d, J= 8.1 Hz, 2H, H1), 7.30 (dd, J =
o e/t 76 11 Hz 1H HY, 701 (dd, J = 82, 1.2 He, 1H, HY), 7.02
3©[N>—NH (ddd, J= 7.6, 7.2, 1.0 Hz, 1H, H?), 6.98 (ddd, J = 8.2, 7.2, 1.1
4\ Hz, 1H, H3), 3.82 (tt, J= 10.9, 4.3 Hz, 1H, H6), 3.53 (s, 3H, H5),

3.12 - 3.08 (m, 2H, HS8), 2.99 - 2.91 (m, 2H, H9), 2.75 - 2.69
(m, 2H, H9), 2.35 -2.28 (m, 2H, H?8), 2.17 - 2.10 (m, 2H, H?), 1.74 - 1.64 (m, 2H, H7), 1.29
(s, 9H, H13). 13C NMR (151 MHz, Methanol-d4) 6 176.09, 166.66, 154.32, 147.44, 141.00,
133.93, 130.21 (2C), 127.66 (2C), 121.78, 120.93, 119.98, 114.40, 107.08, 59.73, 53.01
(2C), 50.03, 39.23, 32.45, 31.33 (2C), 30.94, 28.02 (3C). LC-MS (APCI*/ESI): found m/z =
459.2 [M+H]* (cal. For C27H34N6O, 458.28). Purity: 95%, tr = 2.281 min.

5-(4-(2-(4-((1-methyl-1H-benzo[d]imidazol-2-yl) amino) piperidin-1-yl) ethyl) phenyl)-
1,2,4-oxadiazole-3-carboxylic acid (122)

on 122 To a solution of 121 (0.040 g, 0.084 mmol) in EtOH was added
12 1

O&/N " 2M aqueous KOH (210 pl, 0.42 mmol). The reaction mixture
1Y < >
9

was stirred at 79 °C temperature for 2 hr. After completion

(monitored by TLC), EtOH was taken off in vacuo and the
6

ZCEN%NH 7 residue diluted with 1.0 ml water. The solution was then
N

s acidified to pH 2 under ice with 3N aq. HCl, and the precipitate

4 \'s

was filtered. The product was collected after recrystallization in
EtOH an off white crystalline solid (0.036 g, 96%). m.p.: 194 - 196 °C; Rf (10%
MeOH/DCM), 0.05. 'H NMR (600 MHz, Methanol-d4) 6 8.03 (d, J= 8.1 Hz, 2H, H12), 7.46
(d, J= 8.1 Hz, 2H, H!Y), 7.24 (dd, J= 7.9, 1.3 Hz, 1H, H!), 7.11 (dd, J = 8.0, 1.3 Hz, 1H,
H%), 6.97 - 6.83 (m, 2H, H23), 3.82 (tt, J= 11.0, 4.4 Hz, 1H, H¢), 3.51 (s, 3H, H5), 3.12 -
3.07 (m, 2H, HS8), 2.99 - 2.89 (m, 2H, H9), 2.76 — 2.65 (m, 2H, H10), 2.39 - 2.28 (m, 2H,
H?), 2.18 - 2.11 (m, 2H, H7), 1.73 - 1.65 (m, 2H, H7). 13C NMR (151 MHz, Methanol-d4) 6
176.09, 172.25, 169.36, 147.87, 140.33, 138.47, 134.98, 129.83 (2C), 127.22 (2C),
122.39, 120.19, 119.15, 113.88, 105.22, 60.29, 53.10 (2C), 51.51, 35.87, 34.12, 30.40
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(2C). LC-MS (APCI*/ESI): found m/z = 447.2 [M+H]* (cal. for C24H26N6Os, 446.21). Purity:
98%, tz = 0.135 min.

N-(1-(1H-benzo[d]imidazol-2-yl)piperidin-4-yl)-7-chloroquinolin-4-amine (168)

168 s 10 Following general procedure 12, obtained from 167 (0.080
. N/@“’ g, 0.31 mmol) and 2-chlorobenzimidazole (0.056 g, 0.37
|
:@l*ﬁ ? mmol) as a pale-yellow solid (0.087 g, 74%). m.p.: 165 —
HN

1 167 °C. Rf(10% MeOH/DCM), 0.17. 'H NMR (400 MHz,
2
@j Methanol-ds) 6 8.65 (d, J= 5.7 Hz, 1H, H4%), 8.11 (d, J= 8.5
Cl N
s Hz, 1H, HY), 7.95 (d, J= 1.5 Hz, 1H, H3), 7.56 — 7.49 (m,

3H, H29), 7.20 - 7.16 (m, 2H, H19), 6.92 (d, J= 5.7 Hz, 1H, HS), 4.01 — 3.96 (m, 1H, H9),
3.58 - 3.52 (m, 2H, Hs8¢), 3.18 - 3.11 (m, 2H, H8?), 1.99 - 1.88 (m, 4H, H7). 13C NMR (151
MHz, Methanol-ds4) 6 155.85, 152.69, 148.65, 146.33, 138.77, 136.30, 132.89, 129.59,
128.94 (2C), 124.35, 116.87, 113.69, 112.08, 99.63, 53.64, 50.05 (2C), 33.39 (2C). LC-
MS (APCI*/ESI): found m/z = 378.1, 340.1 [M+H]* (cal. for C21H20CINs, 377.14, 379.13).
Purity: 98%, tr = 0.840 min.

7-chloro-N-(1-(1-methyl-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)quinolin-4-amine
(173)

169 o 10 Following general procedure 12, obtained from 167 (0.080

. /’\'(@11 g, 0.31 mmol) and 12b (0.062 g, 0.37 mmol) as a pale-

]@N N ™ | yellow solid (0.101 g, 83%). m.p.: 136 — 138 °C. R(10%

, HN . MeOH/DCM), 0.19. 'H NMR (400 MHz, Methanol-d) &
i@\)jj 8.59 (d, J = 5.5 Hz, 1H, H%), 8.25 (d, J = 8.5 Hz, 1H, H}),
@5 N 7.98 (d, J= 1.2 Hz, 1H, H3), 7.60 — 7.53 (m, 2H, H29), 7.29
(dd, J= 7.8, 1.5 Hz, 1H, H!2), 6.95 - 6.88 (m, 3H, H510.11) 4,05 — 3.97 (m, 1H, HS), 3.83
(s, 3H, H13), 3.55 (td, J= 12.5, 4.5 Hz, 2H, Hs¢), 3.21 — 3.15 (m, 2H, Hs82), 1.99 — 1.90 (m,
4H, H7). 13C NMR (151 MHz, Methanol-ds) 6 156.96, 153.64, 149.74, 145.30, 139.63,
135.05, 133.52, 131.38, 129.95, 128.33, 127.07, 119.96, 114.32, 112.54, 112.01, 98.58,

52.22,49.63 (2C), 32.45 (2C), 26.68. LC-MS (APCI*/ESI): found m/z = 392.1, 394.1 [M+H]*
(cal. for C2oH22CINs, 391.16, 393.15). Purity: 98%, tr = 2.104 min.
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7-chloro-N-(1-(1-isopropyl-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)quinolin-4-amine
(170)

170 0 10 Following general procedure 12, obtained from 167 (0.080

. )1\,1\/@” g, 0.31 mmol) and 12¢c (0.073 g, 0.37 mmol) as a pale

]@1 /Nkf yellow solid (0.116 g, 89%). m.p.: 119 — 121 °C. Rf(10%

. HN ' MeOH/DCM), 0.25. 'H NMR (400 MHz, Methanol-d4) &

8.61 (d, J= 5.4 Hz, 1H, H%), 8.29 (d, J = 8.2 Hz, 1H, H}),

° 7.96 (d, J= 0.9 Hz, 1H, H3), 7.58 — 7.50 (m, 2H, H29), 7.25

(dd, J=7.8, 1.5 Hz, 1H, H!2), 6.92 - 6.85 (m, 3H, H510.11) 4 58 (hept, J= 6.5 Hz, 1H, H!3),

3.98 (tt, J=10.8, 4.1 Hz, 1H, H¢), 3.85 (td, J= 13.0, 4.8 Hz, 2H, H8¢), 3.28 — 3.21 (m, 2H,

Hs8a), 1.97 - 1.91 (m, 4H, H7), 1.49 (d, J= 6.5 Hz, 6H, H!4). 13C NMR (151 MHz, Methanol-

ds) 6 155.32, 152.85, 148.88, 144.53, 140.56, 134.88, 132.23, 130.58, 129.08, 128.28,

127.70, 120.32, 115.84, 112.99, 112.03, 99.36, 53.30, 50.50 (2C), 32.85, 30.14 (2C),

18.16 (2C). LC-MS (APCI*/ESI): found m/z = 420.2, 422.2 [M+H]* (cal. for C24H26CINs,
419.19, 421.18). Purity: 98%, tr = 2.364 min.

7-chloro-N-(1-(1-(cyclopropylmethyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-
yl)quinolin-4-amine (171)

Following general procedure 12, obtained from 167
N 11 (0.080 g, 0.31 mmol) and 165a (0.076 g, 0.37 mmol) as a

7 : N/MN 12 light brown solid (0.113 g, 84%). m.p.: 101 — 103 °C. Ry
HN/@ 13% (10% MeOH/DCM), 0.38. 'H NMR (400 MHz, Methanol-
Ny " ds) 6 8.57 (d, J= 5.1 Hz, 1H, H4%), 8.16 (d, J = 8.0 Hz, 1H,

|
I)ﬁ
cl N H1), 7.81 (d, J= 1.3 Hz, 1H, H3), 7.60 — 7.51 (m, 2H, H2.9),

3

171 9 10

7.16 —7.09 (m, 2H, H512), 6.86 — 6.79 (m, 2H, H10.11), 4.88
(d, J=5.9 Hz, 1H, H13), 3.92 (tt, J= 11.1, 4.0 Hz, 1H, H¢), 3.82 (m, 2H, Hs¢), 3.28 — 3.21
(m, 2H, H8a), 1.98 — 1.89 (m, 5H, H7.14), 1.42 (m, 4H, H15). 13C NMR (151 MHz, Methanol-
ds) 6 158.65, 151.98, 149.30, 145.25, 140.68, 135.02, 132.03, 129.98, 129.02, 128.32,
127.85, 119.86, 116.65, 112.32, 98.65, 52.46, 49.58 (2C), 47.24, 33.68, 30.07 (2C),
23.65, 10.24 (2C). LC-MS (APCI*/ESI): found m/z = 432.2, 434.2 [M+H]* (cal. for
CasHa6CINs, 431.19, 433.18). Purity: 98%, tg = 2.397 min.

Dickson Mambwe
Ph.D Thesis 2021 347



7-chloro-N-(1-(1-(cyclobutyl

yl)quinolin-4-amine (172)

HN@ @

24

Cl N
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methyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-
Following general procedure 12, obtained from 167
(0.080 g, 0.31 mmol) and 165b (0.081 g, 0.37 mmol) as a
light brown solid (0.121 g, 87%). m.p.: 111 — 113 °C. Ry
(10% MeOH/DCM), 0.40. 'H NMR (400 MHz, Methanol-
ds) 6 8.62 (d, J= 5.8 Hz, 1H, H%), 8.25 (d, J= 7.8 Hz, 1H,
HY), 7.86 (d, J= 1.1 Hz, 1H, H3), 7.58 - 7.52 (m, 2H, H29),

7.16-7.10 (m, 2H, H512), 6.89 - 6.81 (m, 2H, H10.11), 4.85
(d, J=6.1 Hz, 1H, H13), 3.90 (tt, J= 10.8, 4.1 Hz, 1H, H¢), 3.82 (m, 2H, Hs¢), 3.28 - 3.19
(m, 3H, H8=a.14), 2.35 - 2.28 (m, 4H, H7), 1.89 - 1.74 (m, 4H, H!5), 1.23 - 1.19 (m, 2H, H1).
13C NMR (151 MHz, Methanol-ds) 6 159.47, 151.58, 149.78, 147.56, 144.44, 141.21,
137.85, 136.00, 131.35, 129.86, 129.01, 128.32, 127.12, 120.01, 116.48, 111.17, 99.95,
52.58, 49.97 (2C), 41.68, 30.11 (2C), 23.58 (2C), 17.78. LC-MS (APCI*/ESI): found m/z =
446.2, 448.2 [M+H]* (cal. for C2o5sH26CINs, 445.20, 447.20). Purity: 98%, tr = 2.469 min.
7-chloro-N-(1-(1-(cyclopentylmethyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)

quinolin-4-amine (173)

HNQ o

2 8

Following general procedure 12, obtained from 167
(0.080 g, 0.31 mmol) and 165c (0.087 g, 0.37 mmol) as a
pale-yellow solid (0.117 g, 82%). m.p.: 136 — 138 °C. Ry
(10% MeOH/DCM), 0.44. 'H NMR (400 MHz, Methanol-

ds) 6 8.59 (d, J=4.9 Hz, 1H, H%), 8.38 (d, J= 6.5 Hz, 1H,
CcI™ 3 N/ ) H!), 7.83 (d, J= 0.8 Hz, 1H, H3), 7.60 - 7.55 (m, 2H, H29),

7.11-7.06 (m, 2H, H512), 6.92 - 6.85 (m, 2H, H10.11), 4.79
(d, J=5.9 Hz, 1H, H!3), 3.90 (tt, J= 11.1, 4.0 Hz, 1H, H¢), 3.87 (m, 2H, Hs¢), 3.22 - 3.15
(m, 3H, H8a), 2.39 — 2.27 (m, SH, H".14), 1.89 - 1.75 (m, 4H, H15), 1.24 - 1.17 (m, 4H, H!9).
13C NMR (151 MHz, Methanol-ds) 6 158.89, 152.24, 148.65, 146.33, 143.28, 140.50,
139.07, 136.05, 131.52, 129.74, 128.87, 128.11, 127.08, 119.98, 116.36, 112.48, 98.63,
51.63, 49.38 (2C), 40.40, 31.07 (2C), 23.68 (2C), 17.58 (2C). LC-MS (APCI*/ESI): found
m/z = 460.2, 462.2 [M+H]* (cal. for C27H30CINs, 459.22, 461.22). Purity: 98%, tr = 2.469

min.
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7-chloro-N-(1-(1-(cyclohexylmethyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-
yl)quinolin-4-amine (174)

Following general procedure 12, obtained from 167

e N F 1112 (0.080 g, 0.31 mmol) and 165d (0.092 g, 0.37 mmol) as a

s NN T light brown solid (0.116 g, 79%). m.p.: 120 — 122 °C. Ry

1 BHNJQ 14%18 (10% MeOH/DCM), 0.49. 'H NMR (600 MHz, DMSO-ds) &

2 N5 Y 8.55 (d, J = 6.2 Hz, 1H, H4), 8.50 (d, J = 8.2 Hz, 1H, H1),
cI N 8.02 (dd, J=7.8, 1.3 Hz, 1H, H19), 7.90 (d, J= 2.2 Hz, 1H,

H3), 7.62 (dd, J= 8.2, 2.2 Hz, 1H, H?), 7.46 — 7.38 (m, 2H,
H5.13), 7.14 — 7.06 (m, 2H, H11.12), 6.87 (d, J = 6.3 Hz, 1H, Hf), 4.04 — 3.94 (m, 3H, H".14),
3.62 - 3.50 (m, 2H, H%), 3.12 (td, J = 12.6, 2.3 Hz, 2H, H%), 2.10 - 2.03 (m, 4H, H8e.16¢),
1.98 - 1.86 (m, 4H, H8al6a), 1.68 — 1.58 (m, 2H, H!7¢), 1.53 - 1.42 (m, 2H, H17?), 1.26 - 1.15
(m, 2H, H18). 13C NMR (151 MHz, DMSO-des) 6 158.37, 152.21, 148.09, 144.64, 141.70,
136.10, 135.14, 125.73, 125.65, 123.87, 121.37, 121.11, 117.86, 116.98, 110.47, 99.56,
50.34, 50.08 (2C), 48.21, 39.19, 30.97 (2C), 30.05 (2C), 24.69 (3C). LC-MS (APCI*/ESI):
found m/z = 474.2, 476.2 [M+H]* (cal. for C28H32CINs, 473.23, 475.23). Purity: 98%, t =
2.571 min.
N-(1-(1-benzyl-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)-7-chloroquinolin-4-amine
(175)

Following general procedure 12, obtained from 167

e N@“ (0.080 g, 0.31 mmol) and 165e (0.090 g, 0.37 mmol) as

o NAN 13 an off-white solid (0.129 g, 89%). m.p.: 99 — 100 °C. Ry

1 eHNJ@ 14K©17 (10% MeOH/DCM), 0.40. 'H NMR (600 MHz, DMSO-ds) 6

2 N5 e 8.53 (d, J = 8.8 Hz, 1H, H4), 8.45 (d, J= 7.9 Hz, 1H, H1),
cI N 8.23 (d, J= 8.8 Hz, 1H, H5), 7.98 (d, J = 1.9 Hz, 1H, H3),

7.89 — 7.75 (m, 4H, H210.16), 7.58 — 7.49 (m, 3H, HI13.15),
7.28 (dd, J= 8.3, 1.5 Hz, 1H, H13), 7.10 (m, 2H, H!1.17), 7.03 (ddd, J= 8.3, 7.1, 1.2 Hz, 1H,
H12), 6.92 (d, J = 6.6 Hz, 1H, HS), 5.45 (s, 2H, H4), 3.98 (tt, J= 11.5, 4.2 Hz, 1H, H7), 3.58
~ 3.50 (m, 2H, H%), 3.19 - 3.12 (m, 2H, Ho%), 1.98 — 1.88 (m, 4H, H8). 13C NMR (151 MHz,
DMSO-de) 6 159.32, 151.56, 146.35, 144.30, 138.56, 136.69, 132.85 (2C), 129.37, 128.48
(2C), 125.68, 122.85, 122.03, 120.54, 118.07, 116.29, 111.08, 110.23, 98.68, 52.04,
50.33, 48.97 (2C), 46.88, 46.03, 30.26 (2C). LC-MS (APCI*/ESI): found m/z = 468.2,
470.2 [M+H]* (cal. for CosHasCINs, 467.19, 469.19). Purity: 98%, tk = 2.468 min.
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7-chloro-N-(1-(1-(2-fluorobenzyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-yl) quinolin-
4-amine (180)

Following general procedure 12, obtained from 167

10 11
e 12 (0.080 g, 0.31 mmol) and 165f (0.097 g, 0.37 mmol) as
8 79 N/lN 13 . a pale-yellow solid (0.125 g, 83%). m.p.: 125 - 127 °C.
1 *HN 14@17 R; (10% MeOH/DCM), 0.40. 'H NMR (600 MHz,
2 AE F* 18 DMSO-ds) 6 8.53 (d, J = 8.3 Hz, 1H, H4), 8.45 (d, J =
i 7.0 Hz, 1H, H1), 8.27 (d, J = 8.3 Hz, 1H, H5), 8.02 (d, J

= 1.9 Hz, 1H, H3), 7.79 - 7.65 (m, 3H, H210.15) 7.47 —
7.42 (m, 2H, H16.17) 7.29 (dd, J= 7.0, 1.2 Hz, 1H, H13), 7.11 (ddd, J= 8.0, 7.1, 1.2 Hz, 1H,
H1), 7.02 - 6.97 (m, 2H, H1218), 6.89 (d, J= 6.6 Hz, 1H, H°), 5.42 (s, 2H, H14), 3.99 - 3.96
(m, 1H, H7), 3.58 — 3.52 (m, 2H, H%), 3.21 - 3.15 (m, 2H, H%), 2.00 - 1.89 (m, 4H, HS). 13C
NMR (151 MHz, DMSO-de) 6 159.57, 153.36, 147.68, 142.21, 140.04, 136.32, 134.78,
133.33, 131.58, 129.58, 127.40, 126.03, 123.51, 122.97, 122.08, 121.55, 117.80, 116.03,
111.17, 109.31, 98.98, 51.27, 50.45, 49.58 (2C), 48.23, 45.08, 30.08 (2C). LC-MS
(APCI*/ESI): found m/z = 486.2, 488.2 [M+H]* (cal. for CosHasCIFNs, 485.18, 487.18).
Purity: 98%, &k = 2.491 min.

7-chloro-N-(1-(1-(3-fluorobenzyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-yl) quinolin-
4-amine (177)

Following general procedure 12, obtained from 167

10 1

1 @12 (0.080 g, 0.31 mmol) and 165g (0.097 g, 0.37 mmol)

/Q as a pale-yellow solid (0.128 g, 85%). m.p.: 117 - 119

HN @ °C. Ry (10% MeOH/DCM), 0.45. 'H NMR (600 MHz,
j@\)j L DMSO-de) 6 8.55 (d, J = 8.6 Hz, 1H, H4), 8.43 (d, J =
cI” N 7.5 Hz, 1H, H1), 8.26 (d, J = 8.6 Hz, 1H, H5), 7.99 (d, J
= 2.2 Hz, 1H, H3), 7.80 — 7.68 (m, 3H, H210.15) 7.43
(dd, J= 2.3, 1.8 Hz, 1H, H18), 7.39 — 7.31 (m, 2H, H!6.17), 7.28 (dd, J = 8.2, 1.5 Hz, 1H,
H13), 7.09 (ddd, J= 8.3, 7.1, 1.2 Hz, 1H, H!!), 6.97 (ddd, J = 8.2, 7.1, 1.2, 1H, H!?), 6.90
(d, J= 6.6 Hz, 1H, H6), 5.43 (s, 2H, H14), 4.01 - 3.96 (m, 1H, H), 3.60 — 3.52 (m, 2H, Ho%),
3.23 - 3.16 (m, 2H, H%), 1.98 — 1.90 (m, 4H, Hs). 13C NMR (151 MHz, DMSO-ds) 6 158.32,
152.22, 146.96, 142.54, 139.98, 136.55, 134.21, 132.57, 130.69, 128.93, 127.21, 126.08,
124.06, 122.34, 122.04, 120.45, 118.07, 116.18, 110.75, 108.65, 99.04, 52.23, 50.89,
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49.08 (2C), 48.65,45.03, 30.11 (2C). LC-MS (APCI*/ESI): found m/z = 486.2, 488.2 [M+H]*
(cal. for CogHosCIFNs, 485.18, 487.18). Purity: 99%, tr = 2.488 min.

‘7-chloro-N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-yl) quinolin-

4-amine (H-2)

Following general procedure 12, obtained from 167

- 10 M
o2 N 12 (0.080 g, 0.31 mmol) and 165h (0.097 g, 0.37 mmol)
5 NAN 13 as a pale-yellow solid (0.120 g, 79%). m.p.: 120 — 122
GHN/@ 14 °C. Ry (10% MeOH/DCM), 0.43. 'H NMR (600 MHz,
2 : X5 e DMSO-dg) 6 8.59 (d, J= 8.5 Hz, 1H, H%), 8.50 (d, J =
cI” N4 6.9 Hz, 1H, HY), 8.22 (d, J= 8.5 Hz, 1H, H5), 7.96 (d, J

= 2.0 Hz, 1H, H3), 7.85 (d, J = 8.0 Hz, 2H, H16), 7.65
(dd, J = 6.9, 2.0 Hz, 1H, H2), 7.50 (dd, J = 7.9, 1.3 Hz, 1H, H19), 7.29 (d, J = 8.0 Hz, 2H,
H15), 7.18 (dd, J = 8.5, 1.5 Hz, 1H, H13), 7.11 (ddd, J = 7.9, 6.8, 1.2 Hz, 1H, H11), 7.01
(ddd, J= 8.5, 6.8, 1.5 Hz, 1H, H12), 6.92 (d, J= 6.3 Hz, 1H, HS), 5.42 (s, 2H, H14), 3.98 (tt,
J=10.8, 3.9 Hz, 1H, H7), 3.59 — 3.52 (m, 2H, H%), 3.15 (td, J = 13.1, 4.8 Hz, 2H, Ho%),
1.99 — 1.85 (m, 4H, H8). 13C NMR (151 MHz, DMSO-ds) 6 158.33, 149.98, 146.33, 144.32,
140.08, 137.20, 134.07 (2C), 132.47, 128.54 (2C), 126.44, 123.08, 122.45, 121.51,
119.32, 116.75, 110.24, 110.02, 98.52, 51.58, 50.58, 49.47 (2C), 46.89, 46.080, 30.96
(2C). LC-MS (APCI*/ESI): found m/z = 486.2, 488.2 [M+H]* (cal. for C2sHosCIFNs, 485.18,
487.18). Purity: 99%, tz = 2.488 min.

4-((2-(4-((7-chloroquinolin-4-yl)amino)piperidin-1-yl)-1H-benzo[d]imidazol-1-
yl)methyl)benzonitrile (178)

Following general procedure 12, obtained from 167
(0.080 g, 0.31 mmol) and 12d (0.100 g, 0.37 mmol) as
i@l/lN 3 a pale-yellow solid (0.122 g, 80%). m.p.: 112 - 113 °C.

. °HN | 14\\©\CN R (10% MeOH/DCM), 0.39. 'H NMR (600 MHz,
DMSO-de) 6 8.58 (d, J = 9.3 Hz, 1H, H%), 8.49 (d, J =
3 6.4 Hz, 1H, H!), 8.25 (d, J=9.3 Hz, 1H, H9%), 7.94 (d, J
= 2.4 Hz, 1H, H3), 7.81 (d, J = 8.3 Hz, 2H, H!¢), 7.63

(dd, J= 6.4, 2.4 Hz, 1H, H?), 7.47 (d, J= 7.8 Hz, 1H, H!9), 7.32 (d, J = 8.3 Hz, 2H, H19),
7.20 (d, J=7.2 Hz, 1H, H®3), 7.11 (ddd, J= 7.8, 6.5, 1.2 Hz, 1H, H!?), 7.05 (ddd, J= 7.2,
6.5, 1.2 Hz, 1H, H'?), 6.90 (d, J = 6.6 Hz, 1H, H¢), 5.43 (s, 2H, H'4), 4.05 - 3.96 (m, 1H,
H7), 3.60 — 3.54 (m, 2H, H%), 3.20 - 3.13 (m, 2H, H%), 2.03 - 1.89 (m, 4H, HS). 13C NMR

178 10 1
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(151 MHz, DMSO-de) 6 158.02, 152.84, 146.92, 143.28, 141.82, 136.64, 135.43, 133.15
(2C), 132.68, 127.83 (2C), 126.07, 122.80, 122.00, 121.48, 117.88, 116.70, 110.71,
110.10, 99.55, 51.96, 50.39, 49.86 (2C), 47.11, 46.00, 30.45 (2C). LC-MS (APCI*/ESI):
found m/z = 493.2, 495.2 [M+H]* (cal. for C29H25CINe, 492.18, 494.18). Purity: 98%, t =
2.391 min.
7-chloro-N-(1-(1-(4-methoxybenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)

quinolin-4-amine (179)

Following general procedure 12, obtained from 167
(0.080 g, 0.31 mmol) and 165i (0.101 g, 0.37 mmol) as

N 12
9 |
i@AN 2 a pale-yellow solid (0.106 g, 69%). m.p.: 111 — 113 °C.
7
°HN 14@0 R; (10% MeOH/DCM), 0.38. 'H NMR (600 MHz,
X5 16 \
17

1
j@\)j DMSO-de) 6 8.53 (d, J= 6.9 Hz, 1H, H%), 8.46 (d, J =
I N 8.2 Hz, 1H, H1), 8.29 (d, J = 6.9 Hz, 1H, H5), 7.89 —
7.80 (m, 3H, H3.16), 7.55 — 7.47 (m, 2H, H2.10), 7.38 (d,

J = 8.1 Hz, 2H, H15), 7.22 (dd, J = 8.3, 1.3 Hz, 1H, H13), 7.10 - 7.04 (m, 2H, H11.12), 6.89
(d, J= 6.5 Hz, 1H, H¢), 5.42 (s, 2H, H!4), 3.98 — 3.91 (m, 4H, H"17), 3.59 - 3.54 (m, 2H,
Ho%), 3.17 (td, J = 11.8, 2.9 Hz, 2H, H%), 2.02 — 1.90 (m, 4H, H8). 13C NMR (151 MHz,
DMSO-de) 6 156.95, 153.20, 147.89, 143.08, 141.31, 135.36, 132.95 (2C), 131.42, 128.86
(2C), 126.30, 122.88, 122.35, 121.21, 118.86, 116.04, 111.58, 110.35, 98.23, 57.85,
53.62, 50.84, 50.06 (2C), 47.30, 46.09, 30.85 (2C). LC-MS (APCI*/ESI): found m/z =
498.2, 500.2 [M+H]* (cal. for Co9H2sCINsO, 497.20, 499.20). Purity: 98%, t = 2.470 min.
7-chloro-N-(1-(1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-yl)

179 10 M1

quinolin-4-amine (180)

Following general procedure 12, obtained from 167

0 1
160 N@12 (0.080 g, 0.31 mmol) and 165j (0.115 g, 0.37 mmol)

i@\j/lN 13 as a pale yellow solid (0.170 g, 86%). m.p.: 121 — 123

°HN Y ek, °C- RS (10% MeOH/DCM), 0.42. 'H NMR (600 MHz,

2 N C DMSO) & 8.75 — 8.64 (m, 2H, H*1), 8.52 (d, J = 6.7
cYY N Hz, 1H, H5), 8.04 (d, J= 2.2 Hz, 1H, H3), 7.75 - 7.64

(m, 3H, H2.16), 7.47 (dd, J= 7.8, 1.5 Hz, 1H, H10), 7.37
(d, J= 8.1 Hz, 2H, H15), 7.20 (dd, J= 8.1, 1.2 Hz, 1H, H13), 7.11 (ddd, J= 7.8, 6.5, 1.2 Hz,
1H, H!1), 7.05 (ddd, J= 8.1, 6.5, 1.2 Hz, 1H, H!2), 6.98 (d, J= 7.0 Hz, 1H, HS), 5.44 (s, 2H,
H14), 4.08 (tt, J= 10.5, 4.0 Hz, 1H, H7), 3.64 — 3.55 (m, 2H, H%), 3.24 — 3.13 (m, 2H, Ho%),
2.07 - 1.95 (m, 4H, H8). 13C NMR (151 MHz, DMSO) 6 158.00, 153.91, 145.06, 142.31,
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141.81, 141.25, 137.51, 135.45, 127.64 (2C), 126.59, 126.20, 126.13 (2C), 126.08,
121.97, 121.47, 121.11, 117.84, 116.30, 110.13, 99.48, 50.74, 49.82 (2C), 47.02, 45.86,
30.33 (2C). LC-MS (APCI*/ESI): found m/z = 536.2, 538.2 [M+H]* (cal. for C29H25CIlF3Ns5,
535.18, 537.17). Purity: 99%, tr = 2.547 min.

‘7-chloro-N-(1-(1-(4-(methylsulfonyl)benzyl)-1H-benzo[d]imidazol-2-yl) piperidin-4-yl)

quinolin-4-amine (181)

Following general procedure 12, obtained from 167

Cl

2

Ny
16HN { 14\\©
X5

3

N

~

4

181

10 1

1
13
15
16

2

Q
s=0

\

16

(0.080 g, 0.31 mmol) and 165k (0.119 g, 0.37 mmol)
as a pale-yellow solid (0.137 g, 81%). m.p.: 147 — 149
°C. Rr (10% MeOH/DCM), 0.37. 'H NMR (600 MHz,
DMSO-de) 6 8.62 (d, J= 8.0 Hz, 1H, H%), 8.53 (d, J =
8.2 Hz, 1H, H!), 8.19 (d, J= 8.0 Hz, 1H, H5), 8.05 (d, J

= 2.0 Hz, 1H, H?3), 7.79 - 7.66 (m, 3H, H216), 7.42 (dd, J = 8.0, 1.5 Hz, 1H, H10), 7.33 (d, J
= 8.5 Hz, 2H, H15), 7.19 (dd, J= 7.9, 1.2 Hz, 1H, H13), 7.09 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H,
H11), 7.01 (ddd, J = 7.9, 6.6, 1.2 Hz, 1H, H!2), 6.94 (d, J = 6.6 Hz, 1H, HS), 5.40 (s, 2H,
H14), 4.01 (tt, J= 10.8, 4.3 Hz, 1H, H7), 3.63 — 3.55 (m, 2H, H%), 3.22 — 3.15 (m, 2H, H%),
3.10 (s, 3H, H16), 2.04 — 1.92 (m, 4H, H8). 13C NMR (151 MHz, DMSO-de) 6 157.55, 151.39,
145.83, 142.28, 140.28, 137.32, 132.98 (2C), 132.07, 127.68 (2C), 125.32, 122.86,
122.03, 120.27, 118.06, 116.75, 110.79, 110.03, 98.36, 52.06, 50.22, 49.63 (2C), 47.88,
46.03, 43.89, 31.08 (2C). LC-MS (APCI*/ESI): found m/z = 546.2, 548.2 [M+H]* (cal. for
C20H2sCINsO,S, 545.17, 547.16). Purity: 98%, tz = 2.310 min.

4-((2-(4-((7-chloroquinolin-4-yl)amino)piperidin-1-yl)-1H-benzo[d]imidazol-1-yl)

methyl) benzene sulfonamide (182)

Following general procedure 12, obtained from 167
(0.080 g, 0.31 mmol) and 1651 (0.114 g, 0.37 mmol) as
a pale-yellow solid (0.100 g, 59%). m.p.: 141 — 143 °C.
Rf (10% MeOH/DCM), 0.19. 'H NMR (600 MHz,
DMSO-de) 6 8.65 (d, J = 7.6 Hz, 1H, H%), 8.50 (d, J =
: 8.0 Hz, 1H, H}), 8.17 (d, J = 7.6 Hz, 1H, HS5), 8.08 -
7.92 (m, 3H, H3.16), 7.81 (dd, J = 8.0, 2.3 Hz, 1H, H?), 7.48 (dd, J = 8.2, 1.5 Hz, 1H, H19),
7.31 (d, J = 8.5 Hz, 2H, H15), 7.20 (dd, J = 8.2, 1.2 Hz, 1H, H!3), 7.11 (ddd, J= 8.1, 7.0,
1.2 Hz, 1H, H11), 7.05 (ddd, J= 8.1, 7.0, 1.2 Hz, 1H, H!2), 6.95 (d, J= 6.6 Hz, 1H, H¢), 5.41
(s, 2H, H14), 4.08 (tt, J = 10.2, 4.1 Hz, 1H, H7), 3.65 - 3.56 (m, 2H, H%), 3.19 - 3.12 (m,

10 N1

Y
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2H, H9%), 2.00 — 1.89 (m, 4H, H8). 13C NMR (151 MHz, DMSO-ds) 6 160.32, 156.30, 146.38,
143.65, 139.96, 137.77, 133.65 (2C), 132.08, 128.85 (2C), 125.08, 123.08, 122.41,
120.36, 118.65, 116.70, 110.67, 109.85, 99.34, 53.54, 50.07, 49.55 (2C), 47.39, 44.47,
30.17 (2C). LC-MS (APCI*/ESI): found m/z = 547.2, 549.2 [M+H]* (cal. for C2sH27CINgO2S,
546.16, 548.16). Purity: 98%, tr = 2.264 min.

‘7-chloro-N-(1-(1-(4-nitrobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl) quinolin-4-

amine (183)

183 10 Following general procedure 12, obtained from 167
iy /,"f\ / 12 (0.080 g, 0.31 mmol) and 165m (0.106 g, 0.37 mmol) as
. /@' N a yellow solid (0.115 g, 72%). m.p.: 117 — 119 °C. Rr
5 HN\ 5 ”i@mz (10% MeOH/DCM), 0.46. 'H NMR (600 MHz, DMSO-ds)
m4 6 8.60 (d, J=9.0 Hz, 1H, H%), 8.44 (d, J = 8.0 Hz, 1H,
o " H!), 8.19 (d, J=9.0 Hz, 1H, H5), 7.96 — 7.80, 3H, H3.1¢),
7.59 -7.47 (m, 2H, H210), 7.30 (d, J = 8.5 Hz, 2H, H!%), 7.19 (dd, J= 7.9, 1.6 Hz, 1H, H3),
7.12 -7.05 (m, 2H, H11.12), 6.89 (d, J= 6.3 Hz, 1H, H°), 5.41 (s, 2H, H!4), 3.99 (tt, J=11.0,
4.2 Hz, 1H, H7), 3.56 — 3.49 (m, 2H, H%), 3.20 - 3.12 (m, 2H, H%), 1.99 - 1.85 (m, 4H, HS).
13C NMR (151 MHz, DMSO-de) 6 162.34, 153.48, 149.35, 142.38, 141.33, 136.20, 132.58
(2C), 132.05, 128.56 (2C), 125.39, 123.55, 122.09, 120.47, 118.86, 116.66, 110.84,
110.11, 98.50, 52.34, 50.78, 50.06 (2C), 48.63, 45.79, 30.06 (2C). LC-MS (APCI*/ESI):
found m/z = 513.2, 515.2 [M+H]* (cal. for CogHa5CINgO2, 512.17, 514.17). Purity: 98%, tr
= 2.443 min.

3

N-(4-((2-(4-((7-chloroquinolin-4-yl)amino)piperidin-1-yl)-1H-benzo[d]imidazol-1-yl)
methyl) phenyl) acetamide (184)

Following general procedure 12, obtained from 167

184 1011
)’\f\ 12 (0.080 g, 0.31 mmol) and 165n (0.111 g, 0.37 mmol) as
9
j@' N a pale-yellow solid (0.122 g, 75%). m.p.: 159 — 161 °C.
6
HN

1 14©NH Rs (10% MeOH/DCM), 0.10. 'H NMR (600 MHz, DMSO-
_ (0]
Cl N

ds) 6 8.60 (d, J= 8.5 Hz, 1H, H*%), 8.51 (d, J= 6.3 Hz, 1H,
H!), 8.20 (d, J= 8.5 Hz, 1H, H5), 7.93 (d, J= 2.0 Hz, 1H,
H3), 7.83 (d, J = 8.5 Hz, 2H, H16), 7.69 (dd, J = 6.3, 2.0 Hz, 1H, H2), 7.51 (dd, J= 8.1, 1.5
Hz, 1H, H19), 7.36 (d, J = 8.5 Hz, 2H, H15), 7.19 (dd, J = 7.9, 1.2 Hz, 1H, H13), 7.08 (ddd, J
= 8.1, 6.5, 1.2 Hz, 1H, H!1), 7.01 (ddd, J= 7.9, 6.5, 1.2 Hz, 1H, H!2), 6.91 (d, J= 6.1 Hz,
1H, H6), 5.41 (s, 2H, H14), 4.05 (tt, J= 11.8, 4.6 Hz, 1H, H7), 3.58 — 3.52 (m, 2H, Ho%), 3.24

Dickson Mambwe
Ph.D Thesis 2021 354



Chapter 6: Experimental Section

- 3.17 (m, 2H, H%), 2.05 - 1.83 (m, 7H, H817). 13C NMR (151 MHz, DMSO-ds) 6 166.34,
159.47, 153.54, 146.27, 142.28, 140.05, 135.68, 133.62 (2C), 133.02, 128.63 (20C),
126.37, 123.36, 122.54, 121.54, 118.65, 116.54, 111.17, 110.08, 98.35, 51.47, 50.78,
50.08 (2C), 47.34, 46.22, 30.98 (2C), 19.35. LC-MS (APCI*/ESI): found m/z = 525.2, 527.2
[M+H]* (cal. for C30H29CINgO, 524.21, 526.21). Purity: 98%, tr = 2.338 min.

Methyl 4-((2-(4-((7-chloroquinolin-4-yl) amino) piperidin-1-yl)-1H-benzo[d]imidazol-
1-yl) methyl) benzoate (185)

Following general procedure 12, obtained from 167
N 12 (0.080 g, 0.31 mmol) and 1650 (0.112 g, 0.37 mmol)
79 N/“\N " as a pale yellow solid (0.131 g, 80%). m.p.: 132 — 134
; "HN 1“K©\/(0 °C. Ry (10% MeOH/DCM), 0.22. 'H NMR (600 MHz,

B T o DMSO) 6 8.61 (d, J=9.1 Hz, 1H, H%), 8.48 (d, J= 6.5
TN ’ Hz, 1H, HY), 8.27 (d, J= 9.1 Hz, 1H, HS), 7.97 (d, J =
2.2 Hz, 1H, H3), 7.79 (d, J = 8.3 Hz, 2H, H19), 7.62 (dd, J= 6.5, 2.2 Hz, 1H, H?), 7.47 (dd,
J=7.7,1.2Hz, 1H, H19), 7.37 - 7.28 (m, 3H, H13.15), 7.11 (ddd, J= 7.7, 6.2, 1.2 Hz, 1H,
HY), 7.05 (ddd, J= 7.9, 6.2, 1.2 Hz, 1H, H12), 6.89 (d, J = 6.5 Hz, 1H, H¢), 5.41 (s, 2H,
H4), 4.02 (tt, J=11.5, 4.3 Hz, 1H, H7), 3.85 (s, 3H, H!7), 3.65 - 3.51 (m, 2H, H%), 3.22 -
3.13 (m, 2H, H%), 2.08 - 1.88 (m, 4H, H8). 13C NMR (151 MHz, DMSO-de) 6 165.35, 157.35,
151.32, 146.30, 142.22, 141.08, 136.25, 132.75 (2C), 132.88, 128.80 (2C), 126.34,
122.82, 121.96, 120.23, 117.30, 116.83, 111.20, 110.63, 98.69, 54.36, 52.01, 51.07,
50.08 (2C), 47.32, 46.58, 31.07 (2C). LC-MS (APCI*/ESI): found m/z = 526.2, 528.2 [M+H]*
(cal. for C30H28CIN5O2, 525.19, 527.20). Purity: 98%, tr = 2.269 min.

185 10 1

8

2

4-((2-(4-((7-chloroquinolin-4-yl)amino)piperidin-1-yl)-1H-benzo[d]imidazol-1-yl)
methyl)-N-methyl benzamide (187)

187 10t Following general procedure 12, obtained from 167

N 12 (0.080 g, 0.31 mmol) and 165q (0.111 g, 0.37 mmol)

@AN " as a pale-yellow solid (0.143 g, 88%). m.p.: 140 — 141

,CHN “‘K@\(O °C. Ry (10% MeOH/DCM), 0.08. 'H NMR (600 MHz,
ms T N DMSO) 6 8.58 (d, J = 8.5 Hz, 1H, H4), 8.49 (d, J = 6.9
TN ! Hz, 1H, H), 8.25 (d, J = 8.5 Hz, 1H, H5), 7.99 (d, J =
2.0 Hz, 1H, H3), 7.81 (d, J = 8.2 Hz, 2H, H16), 7.65 — 7.51 (m, 2H, H210), 7.41 — 7.30 (m,
3H, H!3.15), 7.08 (ddd, J = 7.9, 6.6, 1.5 Hz, 1H, H!1), 7.05 (ddd, J = 8.0, 6.6, 1.3 Hz, 1H,
H!2), 6.90 (d, J= 6.8 Hz, 1H, HS), 5.42 (s, 2H, H14), 4.00 — 3.95 (m, 4H, H7.17), 3.64 — 3.52
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(m, 2H, Ho%), 3.21 - 3.15 (m, 2H, H%), 2.05 — 1.89 (m, 4H, Hs). 13C NMR (151 MHz, DMSO-
ds) & 166.68, 158.38, 150.25, 147.36, 142.78, 140.30, 135.98, 132.62 (2C), 132.08,
128.31 (2C), 125.59, 122.38, 121.85, 120.03, 118.06, 116.58, 110.72, 110.05, 99.16,
54.58, 52.09, 51.22, 50.14 (2C), 47.63, 45.90, 31.12 (2C). LC-MS (APCI*/ESI): found m/z
= 525.2, 527.2 [M+H]* (cal. for CsoH20CINsO, 524.21, 526.21). Purity: 98%, tk = 2.329 min.

‘7-chloro-N-(1-(1-((6-methylpyridin-2-yl)methyl)-1H-benzo[d]imidazol-2-yl) piperidin-
4-yl) quinolin-4-amine (188)

Following general procedure 12, obtained from 167
Wi (0.080 g, 0.31 mmol) and 165r (0.096 g, 0.37 mmol)
6 j@ N N ' as alight brown solid (0.125 g, 83%). m.p.: 158 - 160
HN 1“:(\\2/17 °C. Ry (10% MeOH/DCM), 0.35. 'H NMR (600 MHz,
DMSO) 6 8.52 (d, J= 6.5 Hz, 1H, H4), 8.46 (d, J = 8.2
Hz, 1H, H1), 8.22 (d, J = 6.5 Hz, 1H, H5), 8.01 (d, J =
2.2 Hz, 1H, H3), 7.92 (t, J= 8.2 Hz, 1H, H6), 7.69 — 7.50 (m, 4H, H21015.17), 7.39 (dd, J =
8.2, 1.5 Hz, 1H, H13), 7.06 (ddd, J = 8.0, 6.7, 1.5 Hz, 1H, H11), 6.98 (ddd, J= 8.2, 6.7, 1.3
Hz, 1H, H12), 6.91 (d, J= 6.5 Hz, 1H, HS), 5.41 (s, 2H, H'4), 3.98 (tt, J= 10.8, 3.9 Hz, 1H,
H7), 3.65 — 3.56 (m, 2H, H%), 3.22 — 3.18 (m, 2H, H%), 2.97 (s, 3H, H18), 2.03 - 1.90 (m,
4H, H8). 13C NMR (151 MHz, DMSO-ds) 6 159.35, 151.32, 148.35, 142.28, 141.35, 139.63,
135.62, 133.05, 132.86, 128.30, 125.68, 121.63, 120.15,118.78,116.49, 110.35, 109.32,
98.06, 54.29, 53.03, 51.78, 49.58 (2C), 48.06, 44.36, 30.56 (2C), 23.29. LC-MS
(APCI*/ESI): found m/z = 483.2, 485.2 [M+H]* (cal. for CasHa7CINs, 482.20, 484.20).
Purity: 98%, tr = 2.416 min.

188 10 M1

~

4
Cl 5 N

7-chloro-N-(1-(1-((6-methylpyridin-3-yl)methyl)-1H-benzo[d]imidazol-2-yl) piperidin-
4-yl) quinolin-4-amine (189)

Following general procedure 12, obtained from 167
12 (0.080 g, 0.31 mmol) and 165s (0.096 g, 0.37 mmol)
as a pale-yellow solid (0.128 g, 85%). m.p.: 133 — 134

/Q . . . m.p.:

"HN KQ °C. Ry (10% MeOH/DCM), 0.21. 'H NMR (600 MHz,
@51 DMSO) 6 8.73, (d, J= 1.9 Hz, 1H, H!8), 8.53 (d, J= 6.3

Cl N

2 Hz, 1H, H4%), 8.43 (d, J = 8.2 Hz, 1H, H1), 8.25 (d, J =
6.3 Hz, 1H, H5), 8.05 — 7.93 (m, 1H, H3.15), 7.68 — 7.60 (m, 2H, H210), 7.51 (d, J = 8.2 Hz,
1H, H16), 7.38 (dd, J= 8.0, 1.5 Hz, 1H, H13), 7.09 (ddd, J = 8.2, 6.5, 1.2 Hz, 1H, H!1), 6.97
(ddd, J= 8.0, 6.5, 1.1 Hz, 1H, H12), 6.92 (d, J = 6.5 Hz, 1H, H6), 5.42 (s, 2H, H14), 3.98 (tt,

189 10 1
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J=10.5, 3.8 Hz, 1H, H7), 3.62 - 3.56 (m, 2H, H%), 3.23 — 3.18 (m, 2H, H%), 2.95 (s, 3H,
H18), 1.98 — 1.90 (m, 4H, H8). 13C NMR (151 MHz, DMSO-de) 6 160.35, 152.86, 147.65,
142.86, 140.02, 139.36, 135.66, 133.65, 132.80, 129.68, 125.30, 121.68, 120.87, 118.60,
116.33, 110.37, 108.97, 98.20, 54.10, 53.27, 51.35, 49.57 (2C), 48.36, 44.60, 30.61 (2C),
22.68. LC-MS (APCI*/ESI): found m/z = 483.2, 485.2 [M+H]* (cal. for CsH27CINg, 482.20,
484.20). Purity: 99%, tr = 2.348 min.

‘7-chloro-N-(1-(1-((6-(trifluoromethyl) pyridin-3-yl) methyl)-1H-benzo[d]imidazol-2-yl)
piperidin-4-yl) quinolin-4-amine (190)

Following general procedure 12, obtained from 167
N 12 (0.080 g, 0.31 mmol) and 165t (0.116 g, 0.37 mmol)
g N~ "N 12\ " as a pale-yellow solid (0.147 g, 88%). m.p.: 130 — 131
| CHN ”iQCFs °C. Ry (10% MeOH/DCM), 0.29. 'H NMR (600 MHz,
mS DMSO) 6 8.75, (d, J= 2.1 Hz, 1H, H!8), 8.51 (d, J= 6.5
TN Hz, 1H, H%), 8.40 (d, J = 8.5 Hz, 1H, H!), 8.20 (d, J =
6.5 Hz, 1H, H5), 8.02 - 7.90 (m, 1H, H3.15), 7.69 - 7.60 (m, 2H, H219), 7.52 (d, J = 8.5 Hz,
1H, H?¢), 7.36 (dd, J= 8.2, 1.5 Hz, 1H, H!3), 7.10 (ddd, J= 8.5, 7.1, 1.2 Hz, 1H, H!!), 6.98
(ddd, J=8.2, 7.1, 1.1 Hz, 1H, H!?), 6.90 (d, J= 6.5 Hz, 1H, H¢), 5.40 (s, 2H, H!4), 4.01 (tt,
J=11.5, 4.2 Hz, 1H, H7), 3.63 — 3.56 (m, 2H, H%), 3.25 - 3.18 (m, 2H, H%), 2.05 - 1.91
(m, 4H, H8). 13C NMR (151 MHz, DMSO-ds) 6 162.38, 152.62, 147.50, 142.03, 140.58,
138.30, 136.59, 133.62, 132.07, 129.38, 122.89, 120.98, 120.32, 118.68, 116.85 (q, J =
25.5 Hz), 110.33, 109.75, 99.63, 55.30, 52.37, 51.08, 49.59 (2C), 48.47, 44.10, 30.65
(2C). LC-MS (APCI*/ES]I): found m/z = 537.2, 539.2 [M+H]* (cal. for C2gH24CIF3Nsg, 536.17,
538.17). Purity: 99%, tr = 2.447 min.

2-(4-((7-chloroquinolin-4-yl)amino)piperidin-1-yl)-1-(4-fluorobenzyl)-1H-

benzo[d]imidazole-5-carbonitrile (191)

191 Following general procedure 12, obtained from 167
CN

19 (0.080 g, 0.31 mmol) and 165u (0.106 g, 0.37 mmol)
1
as a pale-yellow solid (0.122 g, 77%). m.p.: 105 - 106

8 2 N/“\N 12
GHNJ@ HK@\ °C. Ry (10% MeOH/DCM), 0.25. 'H NMR (600 MHz,
m5 W~/ "F| DMSO-ds) 5 8.58 (d, J = 7.5 Hz, 1H, HY), 8.43 (d, J -
. P 7.9 Hz, 1H, HY), 8.19 (d, J = 7.5 Hz, 1H, H5), 7.92 (d, J
= 2.0 Hz, 1H, H3), 7.89 (d, J = 8.5 Hz, 2H, H!5), 7.65 —
7.58 (m, 2H, H210), 7.29 (d, J = 8.5 Hz, 2H, H15), 7.12 (dd, J= 8.1, 1.5 Hz, 1H, H!2), 7.05
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(dd, J= 8.1, 1.5 Hz, 1H, H!1), 6.95 (d, J = 6.5 Hz, 1H, H¢), 5.41 (s, 2H, H3), 4.01 (tt, I =
11.3, 4.0 Hz, 1H, H7), 3.58 — 3.51 (m, 2H, H%), 3.17 (td, J= 12.9, 4.1 Hz, 2H, H%), 1.95 -
1.82 (m, 4H, H8). 13C NMR (151 MHz, DMSO-ds) 6 159.63, 150.30, 146.38, 144.09, 140.78,
137.60, 136.05, 133.22 (2C), 131.58, 128.59 (2C), 126.97, 123.74, 122.54, 120.39,
120.07, 116.13, 111.74, 110.32, 99.32, 51.49, 50.34, 49.18 (2C), 46.21, 46.09, 30.81
(2C). LC-MS (APCI*/ESI): found m/z = 511.2, 513.2 [M+H]* (cal. for C29H24ClFNe, 510.17,
512.17). Purity: 99%, tr = 2.396 min.

7-chloro-N-(1-(1-(4-fluorobenzyl)-5-(methylsulfonyl)- 1H-benzo[d]imidazol-2-yl)
piperidin-4-yl) quinolin-4-amine (192)

Following general procedure 12, obtained from 167

(0]
o 10 Oss—1e (0.080 g, 0.31 mmol) and 165v (0.126 g, 0.37 mmol) as
. /I\i " a pale-yellow solid (0.138 g, 79%). m.p.: 112 — 113 °C.
j@: N R; (10% MeOH/DCM), 0.19. 'H NMR (600 MHz, DMSO-
,HN 13’ng ds) 6 8.60 (d, J=7.9 Hz, 1H, H4), 8.41 (d, J= 8.5 Hz, 1H,
mS Yo H1), 8.22 (d, J= 7.9 Hz, 1H, H5), 7.89 (d, J= 1.8 Hz, 1H,
TN H3), 7.83 (d, J = 8.5 Hz, 2H, H15), 7.69 - 7.57 (m, 2H,

H2.10), 7.25 (d, J = 8.5 Hz, 2H, H15), 7.10 (dd, J = 8.5, 1.5 Hz, 1H, H!2), 7.01 (dd, J = 8.5,
1.8 Hz, 1H, H1!1), 6.92 (d, J= 6.1 Hz, 1H, HS), 5.40 (s, 2H, H13), 3.98 (tt, J = 10.9, 3.9 Hz,
1H, H7), 3.55 — 3.48 (m, 2H, H9%), 3.20 — 3.06 (m, 5H, H%.16), 1.92 — 1.79 (m, 4H, H8). 13C
NMR (151 MHz, DMSO-ds) & 158.65, 149.38, 145.39, 142.05, 139.65, 137.56, 132.68
(2C), 132.01, 128.97 (2C), 126.64, 123.32, 122.07, 120.74, 119.38, 116.50, 111.27,
109.37, 98.95, 51.34, 50.07, 49.68 (2C), 46.30, 45.58, 44.86, 31.08 (2C). LC-MS
(APCI+/ESI): found m/z = 564.2, 566.2 [M+H]* (cal. for C2oH27CIFNsO,S, 563.16, 565.15).
Purity: 99%, tz = 2.373 min.

Methyl 2-(4-((7-chloroquinolin-4-yl)amino)piperidin-1-yl)-1-(4-fluorobenzyl)-1H-
benzo[d]imidazole-5-carboxylate (193)

Following general procedure 12, obtained from 167

193 o %
0 O (0.080 g, 0.31 mmol) and 165w (0.118 g, 0.37 mmol)
. /Nl 10 as a pale-yellow solid (0.123 g, 73%). m.p.: 112 - 113
@ N °C. R (10% MeOH/DCM), 0.19. 'H NMR (400 MHz,
. FN 1Z©F Methanol-ds) 6 8.41 — 8.34 (m, 2H, H!4), 8.06 (d, J =
2 \/ 5 R 1.7 Hz, 1H, H9), 7.83 (d, J = 2.1 Hz, 1H, H3), 7.70 (dd,
ary N J=8.4, 1.7 Hz, 1H, H19), 7.56 (dd, J= 9.1, 2.1 Hz, 1H,
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H3), 7.38 (d, J= 8.1 Hz, 1H, H5), 7.23 (d, J= 8.5 Hz, 2H, H14), 7.09 (d, J = 8.5 Hz, 2H, H13),
6.88 (d, J = 8.4 Hz, 1H, H11), 5.41 (s, 2H, H!2), 4.04 (tt, J= 11.1, 4.3 Hz, 1H, HS), 3.79 -
3.68 (m, 2H, Hs¢), 3.30 — 3.23 (m, 2H, Hsa), 3.12 (s, 3H, H!5), 2.24 — 2.14 (m, 2H, H7¢), 1.99
(dtd, J = 12.9, 9.3, 4.2 Hz, 1H, H7%). 13C NMR (101 MHz, Methanol-ds) & 163.64, 161.20,
160.06, 153.24, 146.16, 142.89, 140.86, 138.72, 137.72, 134.42, 131.74, 128.20 (d, J =
8.26 Hz), 126.17 (2C), 124.08, 122.01, 120.51 (2C), 116.33, 115.60, 115.38, 110.32,
98.86, 50.30, 49.34 (2C), 46.59, 43.64, 30.26 (2C). LC-MS (APCI*/ESI): found m/z =
544.2, 546.2 [M+H]* (cal. for CsoHa7CIFNsO,, 543.18, 545.19). Purity: 98%, tz = 2.497 min.

General Procedure 19: Microwave-assisted and solvent-free amination of 4-
chloroquinolines (SyAr)

Amine 200 (0.070g, 0.22 mmol, 1.0 equiv), an appropriately 7-substituted 4-
chloroquinoline (1.0 equiv), and phenol (0.041 g, 0.44 mmol, 2.0 equiv) were charged into
a 10 ml microwave tube containing a stirring bar. The reaction mixture was irradiated
under microwave at 150 W for 5 min. The cooled crude reaction mixture was taken up in
10 ml of 10% MeOH/DCM and adsorbed on silica gel. The products were isolated after
flash chromatography using 6 — 9% MeOH/DCM as eluent.

N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)quinolin-4-amine
(200)

Obtained from 4-chloroquinoline (0.035 g, 0.22 mmol)
13 as a pale-yellow solid (0.056 g, 58%). m.p.: 117 — 119
. °C. Rf (10% MeOH/DCM), 0.28. 'H NMR (400 MHz,

,THN 15©F DMSO-ds) 6 8.53 (d, J = 8.9 Hz, 1H, H5), 8.45 (d, J= 6.5
j@i‘je v Hz, 1H, H1), 8.22 (dd, J = 8.2, 1.4 Hz, 1H, H4), 7.42 -
7.36 (m, 3H, H+11.14) 721 (d, J= 7.9 Hz, 2H, H!7), 7.10
—7.01 (m, 5H, H27.12,16)  6.89 — 6.80 (m, 2H, H3.13), 5.35 (s, 2H, H!5), 4.05 (tt, J= 10.9, 4.1
Hz, 1H, H8), 3.62 — 3.54 (m, 2H, H1%), 3.19 — 3.09 (m, 2H, H103), 2.02 — 1.90 (m, 4H, H9).
13C NMR (101 MHz, DMSO) 6 165.28, 157.20, 152.56, 145.37, 142.74, 140.98, 135.29,
132.60, 129.71 (2C), 125.08, 122.58 (2C), 119.34 (d, J= 15.2 Hz), 118.02, 117.44, 116.68,
115.08, 111.85, 110.37, 102.45, 99.68, 56.30, 49.85 (2C), 46.64, 30.05 (2C). LC-MS
(APCI*/ESI): found m/z = 452.2 [M+H]* (cal. for C2sH2sFNs, 451.22). Purity: 99%, tr =
2.414 min.
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7-fluoro-N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl) quinolin-4-
amine (202)

Obtained from 197a (0.040 g, 0.22 mmol) as a pale-

01
9202/,;\,1\ 12 yellow solid (0.045 g, 44%). m.p.: 110 - 113 °C. R¢(10%

j@ N MeOH/DCM), 0.26. 'H NMR (400 MHz, DMSO-ds) 6 8.52

5 6””\ 5 14\\15@\F (d, J=8.2 Hz, 1H, H%), 8.42 (d, J = 6.9 Hz, 1H, H1), 7.98
F/©\)Nj4 (dd, J=8.5, 1.2 Hz, 1H, H3), 7.65 (d, J= 8.2 Hz, 1H, H5),

7.45 (d, J = 8.0 Hz, 1H, H19), 7.31 (d, J = 8.1 Hz, 2H,
H16), 7.26 — 7.08 (m, 4H, H®13.15), 6.99 - 6.92 (m, 2H, H!1.12), 6.78 (ddd, J= 8.5, 6.9, 1.2
Hz, 1H, H?), 5.32 (s, 2H, H!4), 4.03 (tt, J= 10.8, 3.9 Hz, 1H, H7), 3.60 — 3.53 (m, 2H, H%),
3.19 - 3.10 (m, 2H, H%), 2.02 - 1.95 (m, 2H, Hs8¢), 1.91 - 1.83 (m, 2H, H?a). 13C NMR (101
MHz, DMSO-ds) 6 165.38, 158.36, 154.32, 151.30, 149.68, 146.37, 140.01, 136.72,
134.55, 129.36 (2C), 128.32, 126.48, 124.34, 122.09 (2C), 119.67, 118.32, 115.98,
114.38, 110.22, 99.52, 50.03 (2C), 49.38, 46.46, 30.28 (2C). LC-MS (APCI*/ESI): found
m/z =470.2 [M+H]* (cal. for C2sH2sF2Ns, 469.21). Purity: 98%, tr = 2.443 min.

7-bromo-N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl) quinolin-4-
amine (203)

203 10 n Obtained from 197b (0.052 g, 0.22 mmol) as a pale-
, J\f\ 12 yellow solid (0.083 g, 72%). m.p.: 111 — 113 °C. R¢(10%
j@v N MeOH/DCM), 0.42. H NMR (400 MHz, DMSO-ds) 6 8.55
> GHN\ “‘t@F (d, J=9.1 Hz, 1H, H4), 8.46 (d, J = 6.3 Hz, 1H, H!), 8.10
5 16
5 p) (d, J=1.9 Hz, 1H, H3), 7.65 (d, J= 9.1 Hz, 1H, H5), 7.48

2 (dd, J= 7.9, 1.5 Hz, 1H, H19), 7.32 (d, J = 8.1 Hz, 2H,
H1e), 7.27 - 7.13 (m, 4H, H6.13.15) 7.12 — 7.05 (m, 2H, H11.12), 6.74 (d, J= 6.3 Hz, 1H, H?),
5.31 (s, 2H, H4), 3.95 (tt, J= 10.5, 3.8 Hz, 1H, H7), 3.59 - 3.51 (m, 2H, H%), 3.20 - 3.11
(m, 2H, H%), 2.05 - 2.00 (m, 2H, Hs¢), 1.98 - 1.81 (m, 2H, Hsa). 13C NMR (101 MHz, DMSO-
ds) 6 165.38, 159.04, 157.56, 150.33, 148.37, 146.32, 139.35, 134.20, 132.54, 129.68,
128.47 (2C), 126.58, 123.39, 121.08 (2C), 119.58 (d, J= 154 Hz), 118.34,117.02, 116.52,
114.47 (2C), 110.68, 99.62, 49.85 (2C), 48.86, 46.33, 30.22 (2C). LC-MS (APCI*/ESI):
found m/z = 530.0, 532.0 [M+H]* (cal. for C2sH2sBrFNs, 529.13, 531.13). Purity: 98%, tr
= 2.495 min.
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N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)-7-(trifluoromethyl)

quinolin-4-amine (204)

204 PP Obtained from 197c¢ (0.051 g, 0.22 mmol) as a pale-
. /r\i 12 yellow solid (0.071 g, 63%). m.p.: 102 — 104 °C. R¢(10%
i@l N MeOH/DCM), 0.47. 'H NMR (400 MHz, DMSO-de) 6
RN 1“:©F 8.58 (d, J = 8.9 Hz, 1H, H4), 8.51 (d, J = 5.5 Hz, 1H,

Bk ° H1), 8.08 (s, 1H, H3), 7.68 (d, J = 8.9 Hz, 1H, H5), 7.45
of TN (d, J= 7.7 Hz, 1H, H10), 7.29 — 7.13 (m, 6H, H6,13.15,16),
7.12 - 7.01 (m, 2H, H!1.12), 6.76 (d, J= 5.5 Hz, 1H, H2), 5.31 (s, 2H, H14), 3.90 — 3.79 (m,
1H, H7), 3.63 — 3.53 (m, 2H, Ho), 3.20 — 3.09 (m, 2H, Ho%), 2.08 — 2.00 (m, 2H, Hs¢), 1.94
~ 1.81 (m, 2H, Hsa). 13C NMR (101 MHz, DMSO-ds) 6 163.08, 160.66, 158.19, 152.56,
149.56, 147.90, 141.90, 135.47, 133.68, 129.08 (d, J = 22 Hz, 2C), 128.99, 126.57,
124.77, 121.81, 121.32 (d, J = 154 Hz), 119.28, 117.81, 116.13, 115.91 (2C), 110.21,
100.79, 50.09 (2C), 49.59, 46.72, 30.79 (2C). LC-MS (APCI*/ESI): found m/z = 520.2
[M+H]* (cal. for C2oH2sF4Ns, 519.20). Purity: 98%, tr = 2.526 min.

2

4-((1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl) amino) quinoline-7-
carbonitrile (205)
205 10 1 Obtained from 197d (0.041 g, 0.22 mmol) as a pale-
. /'I\f\ 12 yellow solid (0.050 g, 49%). m.p.: 92 — 94 °C. Rf(10%
‘J@N N MeOH/DCM), 0.31. 'H NMR (400 MHz, DMSO-de) &
1 6““\ ”:@F 8.55 — 8.47 (m, 2H, H'4), 8.27 (d, J= 1.5 Hz, 1H, H3),
5 16

J, 7.73 (d, J = 8.7 Hz, 1H, HS), 7.45 (d, J = 7.7 Hz, 1H,
i H10), 7.28 = 7.12 (m, 6H, H6.13,15,16), 7.12 - 7.01 (m, 2H,
H11.12)/ 6.76 (dd, J= 5.6, 1.5 Hz, 1H, H?), 5.30 (s, 2H, H!4), 3.91 - 3.74 (m, 1H, H7), 3.64 -
3.51 (m, 2H, H9%), 3.24 — 3.07 (m, 2H, H%), 2.09 - 1.98 (m, 2H, Hs8¢), 1.93 - 1.79 (m, 2H,
Hs8a). 13C NMR (101 MHz, DMSO-ds) 6§ 163.07, 160.65, 158.17, 152.78, 149.45, 147.90,
141.89, 135.47, 134.91, 133.68, 129.08 (d, J = 23 Hz, 2C)), 124.92, 121.81 (d, J= 15.3
Hz), 121.32, 119.18, 117.81, 116.13, 115.91 (2C), 111.92, 110.22, 101.12, 50.06 (2C),
49.59, 46.72, 30.75 (2C). LC-MS (APCI*/ESI): found m/z = 477.2 [M+H]* (cal. for

C20H2s5FNg, 476.21). Purity: 99%, tr = 2.441 min.

2

Dickson Mambwe
Ph.D Thesis 2021 361



Chapter 6: Experimental Section

N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)-7-
(trifluoromethoxy)quinolin-4-amine (206)

Obtained from 197e (0.054 g, 0.22 mmol) as a pale-

206 10 1
N 12 yellow solid (0.068 g, 59%). m.p.: 104 — 106 °C. Ry
ﬁiN 13 (10% MeOH/DCM), 0.45. 'H NMR (400 MHz, DMSO-
6N 14© de) 6 8.63 (d, J = 8.5 Hz, 1H, H4), 8.49 (d, J= 7.3 Hz,
1 F

N
N/
(4]
>

1H, H1), 7.98 (d, J= 2.1 Hz, 1H, H3), 7.65 (d, J= 8.5
o7 N Hz, 1H, HS), 7.46 — 7.38 (m, 3H, H0.16), 7.30 — 7.15
cFs (m, 4H, H613,15) 7.09 — 6.98 (m, 2H, H!1.12), 6.72 (d,
J= 7.3 Hz, 1H, H2?), 5.32 (s, 2H, H14), 4.00 (tt, J = 10.5, 3.8 Hz, 1H, H7), 3.60 — 3.53 (m,
2H, H%), 3.19 - 3.10 (m, 2H, H%), 2.08 — 2.01 (m, 2H, H8), 1.93 — 1.85 (m, 2H, H82). 13C
NMR (101 MHz, DMSO-de) 6 164.38, 159.32, 157.31, 151.32, 148.37, 146.85, 140.52,
136.30, 132.35, 129.68, 128.05 (2C), 125.38, 123.57, 121.22 (2C), 121.04 (q, J = 28.3
Hz), 119.35, 117.54, 116.96, 115.11, 109.34, 98.95, 50.02 (2C), 48.96, 45.68, 30.33 (2C).
LC-MS (APCI*/ES]): found m/z = 536.2 [M+H]* (cal. for C29H25F4Ns0, 535.20). Purity: 98%,
tr = 2.521 min.

N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)-7-methoxyquinolin-
4-amine (207)

207 1112 Obtained from 197f (0.042 g, 0.22 mmol) as a pale-

o J\f\/Q” yellow solid (0.044 g, 42%). m.p.: 120 — 122 °C. R¢(10%

@ N MeOH/DCM), 0.22. 'H NMR (400 MHz, DMSO-de) &

N “i@p 8.49 (d, J= 9.4 Hz, 1H, H5), 8.42 (d, J = 6.7 Hz, 1H,
3\0@: " H1), 8.30 (d, J = 9.4 Hz, 1H, HY), 7.45 (d, J= 7.6 Hz,

1H, H!), 7.30 (s, 1H, H%), 7.28 — 7.12 (m, 6H,
H7.1416,17), 7.12 — 7.01 (m, 2H, H12.13), 6.85 (d, J = 6.7 Hz, 1H, H2), 5.31 (s, 2H, H!5), 4.09
~3.98 (m, 1H, H), 3.91 (s, 3H, H3), 3.65 — 3.54 (m, 2H, H1%), 3.22 — 3.09 (m, 2H, H10a),
2.05 - 1.89 (m, 4H, H9). 13C NMR (101 MHz, DMSO) 6 162.47, 158.05, 153.56, 144.53,
143.05, 141.86, 135.45, 133.66, 129.00 (d, J = 23 Hz, 2C), 125.38, 121.84, 121.37 (d, J
= 152 Hz), 117.82, 117.40, 116.14, 115.92, 111.91, 110.25, 102.31, 98.30, 56.23, 50.44,
49.92 (2C), 46.71, 30.64 (2C). LC-MS (APCI*/ESI): found m/z = 482.2 [M+H]* (cal. for
C2oHasFNsO, 481.23). Purity: 98%, tz = 2.466 min.
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N-(1-(1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)piperidin-4-yl)-7-nitroquinolin-4-
amine (208)

208 1011 Obtained from 197g (0.045 g, 0.22 mmol) as a yellow

N 12 solid (0.042 g, 39%). m.p.: 97 — 99 °C. Rf (10%

jéq/'LN 1 MeOH/DCM), 0.48. 'H NMR (600 MHz, DMSO-dc) 6

o o || 8.59(d,J=9.3 Hz, 1H, HY), 8.56 (d, J= 5.5 Hz, 1H,
ms 16 H!), 8.54 (d, J= 2.4 Hz, 1H, H3), 8.13 (dd, J= 5.5, 2.4
0N N4 Hz, 1H, H2), 7.45 (d, J = 9.3 Hz, 1H, H5), 7.29 (d, J =

7.6 Hz, 1H, H19), 7.25 — 7.20 (m, 3H, H13.16), 7.16 (d,
J= 8.9 Hz, 2H, H15), 7.10 (ddd, J= 8.0, 7.6, 1.2 Hz, 1H, H!1), 7.05 (ddd, J= 8.1, 7.2, 1.0
Hz, 1H, H12), 6.81 (d, J= 5.5 Hz, 1H, H), 5.31 (s, 2H, H14), 3.84 (tdt, J= 11.2, 5.5, 3.3 Hz,
1H, H7), 3.61 — 3.55 (m, 2H, Ho%), 3.16 (td, J = 12.6, 2.4 Hz, 2H, H%), 2.07 — 2.02 (m, 2H,
Hse), 1.93 — 1.83 (m, 2H, H#3). 13C NMR (151 MHz, DMSO) & 162.65, 161.04, 158.15,
153.52, 149.47, 148.22, 147.85, 141.88, 135.45, 133.65, 131.15, 129.03 (d, J = 25 Hz,
2C), 125.10, 123.08, 121.79 (d, J= 148 Hz), 117.79, 117.02, 116.07 (2C), 110.19, 101.48,
50.03 (2C), 49.61, 46.71, 30.72 (2C). LC-MS (APCI*/ESI): found m/z = 497.2 [M+H]* (cal.
for CosHasFN6Os, 496.20). Purity: 98%, tr = 2.497 min.

6.3 Biological Evaluation
6.3.1 In vitro Antiplasmodium Activity Assay
6.3.1.1 Lactate Dehydrogenase (LDH) Assay

Compounds were tested using parasite lactate dehydrogenase assay as a marker for parasite
survival. All parasite strains were acquired from MR4 (Malaria Research and Reference
Reagent Resource Center, Manassas, VA). Briefly, the respective stock solutions of CQ
diphosphate and test compounds were prepared to 2 mg.ml-! in distilled water (for CQ) and
100% DMSO for test compounds and then stored at -20 °C, and further dilutions were
prepared on the day of the experiment. The cultures were synchronized in the ring stage
using 15 ml of 5% (w/v) D-sorbitol in water. Synchronous cultures of PAINF54 (CQ-S) and
PfK1 (MDR) in the late trophozoite stage were prepared to 2% parasitemia & 2% hematocrit.
Compounds were tested at starting concentrations of 10,000 ng.ml-! (1000 ng.ml-! for CQ),
which were then serially diluted 2-fold in complete medium to give 10 concentrations with
a final volume of 200 pl in each well. Parasites were incubated in the presence of the

compounds at 37 °C under hypoxic conditions (4% COz and 3% Oz in Np) for 48 h. After
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incubation, 100 ul of MalStat reagent and 15 ul of resuspended culture were combined,
followed by addition of 25 ul of nitro blue tetrazolium chloride (NBT). The plates were kept
in the dark for 10 min in order to fully develop, after which absorbance was measured at
620 nm on a microplate reader. Raw data was processed using Microsoft Excel to analyze

the dose-response.
6.3.1.2 Hypoxanthine Incorporation Assay

The modified [3H]-hypoxanthine incorporation assay was used to test compounds against
drug-sensitive (NF54) and resistant (K1) strains of Plasmodium falciparum. Parasites were
cultivated in human erythrocytes (RBCs) following the procedure by Trager et al.,! however,
medium variations included RPMI 1640, supplemented with 0.5% ALBUMAX® II, 25 mM
HEPES, 25 mM NaHCOS3 (pH 7.4), 0.36 mM hypoxanthine, and 100 pg/ml neomycin. The
parasite cultures were maintained in an environment comprising 3% Oz, 4% CO2, and 93%
Nj, at 37 °C and in humid modular chambers. Test compounds were dissolved in DMSO
(100%), to obtain 10 mg/ml stock solutions, which were diluted in culture medium without
hypoxanthine. Infected RBCs (100 ul/well with 2.5% hematocrit, and 0.3% parasitemia)
were added to each compound titrated in 100 pl duplicates over a 64-fold range, and
incubated for 48 h. Afterwards, 0.5 microCi of [3H] hypoxanthine in 50 ul media was added,
and the culture plates were allowed to incubate further for 24 h. Radioactivity was then
determined from the parasites harvested on glass fiber filters using a P-plate liquid
scintillation counter (Wallac, Zurich). Radioactivity was recorded as counts/min/well at
each concentration of test compound. This was presented as percentage relative to the

untreated controls. ICso values were determined by linear interpolation.

6.3.2 In vitro Gametocytocidal Activity Assay

Gametocytes were produced and prepared following the method reported by Reader et al.2 A
luciferase reporter assay was used to enable the quantification of the stage-specific activity
of compounds for the early- and late-stage gametocyte marker cell line NF54-PfS16-GFP-
Luc. The assays were set up on days 5 and 10 to represent >90% of early-stage II/III or late-
stage IV/V gametocytes, respectively. In both cases, the assays were set up using a 2 - 3%
gametocytemia, 1.5% hematocrit culture, and 48 h drug pressure in a gas chamber
containing 90% Na, 5% O2, and 5% CO; at 37 °C. Luciferase activity was determined in 30
ul parasite lysates by adding 30 ul of the luciferin substrate (Promega Luciferase Assay

System) at 25 °C, followed by the detection of resulting bioluminescence at 10s integration
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constant, with the GloMax® Explorer Detection System using the Instinct® Software. 5 uM
methylene blue and internal standards were included as controls. The dual point screens

were performed as technical triplicates for a single biological assay.
6.3.3 In vitro Cytotoxicity Assay

Compounds were screened against Chinese Hamster Ovarian (CHO) mammalian cell lines,
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay.3
Emetine was used as the reference standard. It was prepared to 2 mg/ml in distilled water,
while the stock solutions of test compounds were prepared to 20 mg/ml in DMSO (100%),
with the highest concentration of solvent to which the cells were exposed having no
measurable effect on the cell viability. The initial concentration of the compounds and
control was 100 ug/ml, which was serially diluted in complete medium with 10-fold dilutions
to give 6 concentrations, the lowest being 0.001 ug/ml. Plates were incubated for 48 h with
100 pl of test compound and 100 ul of cell suspension in each well and developed afterward
by adding 25 pl of sterile MTT (Thermo Fisher Scientific) to each well, followed by 4 h of
incubation in the dark. The plates were then centrifuged, the medium aspirated, and 100 ul
of DMSO was added to dissolve crystals before reading the absorbance at 540 nm. Data were
analyzed, and the sigmoidal dose-response was derived using GraphPad Prism version 6.0
software (La Jolla, California, USA). All experiments were performed as three independent

biological repeats, each with technical triplicates.
6.3.4 In vitro B-Hematin Inhibition Assay

Stock solutions of controls (CQ and Pyrimethamine) and test compounds were made to 20
mM in DMSO. A solution containing water/305.5 uM NP40/DMSO at a 70%/20%/10% (v/v)
respectively, was added to every well in columns 1 — 11 on a 96-well plate, while 140 ul of
water and 40 pl of 305.5 uM NP40 were added to column 12 to mediate the formation of -
hematin. 20 ul of control or test compound (20 mM) was added to column 12, and 100 ul of
this solution was serially diluted to column 2, with column 1 left as a blank (no test
compound). A 178.8 ul aliquot of hematin stock was suspended in 20 ml of a 1 M acetate
buffer at pH 4.9, and 100 ul of this hematin suspension was added into each well. Plates
were then incubated for 5 h at 37 °C, after which 32 ul of pyridine solution (20% water, 20%
acetone, 10% 2 M HEPES buffer, pH 7.4, 50% pyridine) was added, followed by addition of
60 ul of acetone to all wells. The plates were read at 405 nm, and dose-response curves were
plotted in GraphPad Prism version 6.01 (GraphPad Software Inc., La Jolla, California, USA)

to obtain ICsg values.
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6.3.5 In vitro hERG Inhibition Assay

These studies were carried out by Metrion Biosciences Ltd, Cambridge, UK.4 A QPatch hERG
assay in which a 4-point concentration response setup was used to assess hERG inhibition
of the compounds. hERG was expressed in a CHO K1 cell line from the American Type
Culture Collection (ATCC) which was grown and passaged under standard culture
conditions. The external (e) and internal (i recording solutions were of the following
compositions (mM): NaCl — 140(e) : O (i); KC1 -2 (e): 70 (i); KF - 0 (e) : 60 (i); HEPES — 10 (e)
: 10 (i); MgCl2 - 1 (e) : O (i); CaCI2 -2 (e) : O (i); Glucose — 5 (e) : O (i); EGTA - 0 (e) : 5 (i);
Mg2ATP -0 (e) : 5 (i) and pH - 7.4 (NaOH) (e) : 7.2 (KOH) (i). The external recording solution
was regularly prepared and kept at 4 °C until required and was maintained at room
temperature during recording. The internal recording solution was prepared and kept at —

20 °C until required.

The QPatch is an automated chip-based planar patch clamp. Cells added to each well are
drawn across a small aperture via suction, creating a Giga-ohm seal between the membrane
surface and a treated silicon surface. A small volume of bathing solution containing the test
compound or control bathing solution is added to a reservoir on the chip which perfuses
across the cell through quartz-lined microfluidic channels. The solution is removed by
capillary action before the next sample is added. Using the industry +40/-40 voltage
protocol, currents were triggered from a holding potential of -90 mV at a stimulus frequency

of 0.1 Hz.

Concentration response curves were established by cumulative addition of four increasing
concentrations of the test compounds to an individual cell. This was achieved by allowing
the whole-cell configuration to be attained, followed by addition of 0.1% DMSO (v/v) in
external recording solution to each well in two bolus additions and allowing a two-minute
recording time between each addition. Afterwards, four concentrations (0.3 — 10 uM) of test
compound was added in two bolus additions at 2 min intervals. The effect on the hERG tail
current amplitude was measured during the 4-minute recording time. The concentrations
(0.3, 1, 3 and 10 uM) of the test samples were prepared to have a final concentration of 0.1%
of DMSO (v/v) in the external recording solution. The experiments at each concentration
were done in triplicate for each compound using a bioinformatics suite developed and
running in Pipeline Pilot (Biovia, USA). The percent inhibition was calculated as a reduction
in mean peak current relative to the value measured at the end of the vehicle control period.

These data were used to construct the concentration-response curves which enabled
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determination of the ICso values. Compounds which could not achieve 50% inhibition at the
highest tested concentration (10 uM), were extrapolated to obtain ICso values. Therefore, all

ICso values above 10 uM reported in this thesis should be treated with caution.
6.4 Microsomal Metabolic Stability Assay

This assay was performed in duplicate using a 96-well microtiter plate. Test compounds (0.1
uM) were incubated at 37 °C in mouse and pooled human liver microsomes with a final
protein concentration of 0.4 mg.ml-!; XenoTech, Lenexa, KS suspended in 0.1 M phosphate
buffer at pH 7.4 for predetermined time points. This was in the presence and absence of
cofactor-reduced nicotinamide adenine dinucleotide phosphate (NADPH, 1.0 mM). The
reactions were quenched by adding ice-cold MeCN containing an internal standard
(Carbamazepine, 0.0236 ug/mlL). The samples were centrifuged, and the supernatant was
analyzed via liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Agilent Rapid
Resolution HPLC, AB SCIEX 4500 MS). The relative loss of the parent compound with time
was monitored, and plots were prepared for each compound of Ln% remaining versus time
to determine the first-order rate constant for compound depletion. This was used to calculate
the degradation half-life and subsequently to predict the in vitro intrinsic clearance (CLini)

and in vitro hepatic extraction ratio (Ey).5
6.5 In vivo Efficacy Studies in P. Berghei Mice

For each compound, In vivo antimalarial activity was assessed for a group of five female
Naval Medical Research Institute (NMRI) mice (20 — 22 g) intravenously infected on day O
with P. berghei GFP ANKA malaria strain (2 x 107 parasitized erythrocytes, a donation from
A.P Waters and C.J Janse, Leiden University). Untreated control mice die typically between
day 6 and day 7 post-infection. Test compounds were formulated in 0.5% methyl
cellulose/0.5% Tween 80 and administered orally as four consecutive doses of 50 mg/kg at
4, 24, 48 and 72 h post infection. Parasitemia was determined 72 h post infection using
standard flow cytometry techniques. Activity was calculated as the difference between the
mean percent parasitemia for the control and treated groups expressed as a percent relative
to the control group. The survival time in days was recorded up to 30 days after infection. A
compound was considered curative if the animal survived to day 30 after infection, with no

detectable parasites by slide reading.

The Swiss TPH in Basel are approved for animal studies by the veterinary authorities of the

Canton Basel-Stadt (Permit No. 1731 and 2303) based on Swiss Cantonal (Verordnung
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Veterindramt Basel-Stadt) and National Regulations (The Swiss Animal Protection Law,

Tierschutzgesetz).
6.6 Pharmacokinetics Studies using Dried-Blood Spots (DBS)

Dried Blood spot samples of H3D-007251 (67) and H3D-007252 (69) were received from the
Swiss Tropical Health Institute, following dosing of the compounds in a P.berghei mouse
model. Dried blood spot samples were reproducibly punched out of the Munktell cards and
extracted by protein precipitation using acetonitrile containing 10ng/ml MMV902 as
internal standard, and subsequently centrifuged. Calibration standards and quality controls
were extracted following the same procedure. Supernatants were injected onto the column

for LC-MS/MS analysis. Data processing conducted using graph.

6.7 Solubility Assays
6.7.1 Kinetic Turbidimetric Method (pH 7.4)

Following the dissolution of test compound in DMSO to make a 10 mM stock solution, pre-
dilution plate was prepared by taking from each stock solution and serially diluting in
triplicate to yield concentrations from 0.25 mM to 10.0 mM on a 96 well plate. From each
pre-dilution solution, secondary dilutions of the compounds in both DMSO and 0.01M pH
7.4 PBS where prepared in triplicate on a second 96-well plate. Wells in columns 1-6 would
contain compound in DMSO, while those in columns 7-12 would contain samples in PBS at
similar nominal concentrations as those in DMSO. The final volume of solvent in each assay
plate was 200 uL, prepared by pipetting 4 uL each of solution from the pre-dilution plate to
the corresponding well into both DMSO and PBS (both 196 uL). This ensures that the final
concentration of DMSO in the PBS aqueous buffer does not exceed 2% v/v. Similarly, a
second secondary plate containing compound concentrations of 60, 100 and 120 uM was
prepared. Different concentrations in DMSO were prepared as controls to determine false
turbimetric absorbance readings arising from the compounds in solution absorbing incident
radiation at the test wavelength. Following preparation, the assay plate was covered and left
to equilibrate for 2 h at 25 °C. Afterwards, UV-vis absorbance readings from the plate were
measured at 620 nm using a SpectraMax 340PC384 microplate reader. Plots of corrected
absorbance against compound concentration were computed for a graphical representation
of the data using MS Excel. Reserpine and hydrocortisone were used as positive and negative

controls, respectively.
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6.7.2 Kinetic Solubility by HPLC (pH 6.5)

The shake flask method was used to carry out the kinetic solubility assay.¢ Calibration
standards from 10 to 220 uM in DMSO were prepared using 10 mM stock solutions of the
test compounds in DMSO. The stock solutions were used to spike in a ration of 1:50
duplicate aqueous samples in phosphate buffered saline at pH 6.5. The DMSO was dried off
using a GeneVac (MiVac, 90 min, 37 °C), after which the samples were incubated for 20
hours at 25 °C while shaking. Following incubation, the solutions were filtered, and
absorbance was measured using HPLC-DAD (Agilent 1200 Rapid Resolution HPLC with a
diode array detector). The calibration standards prepared prior, were used to plot the
calibration curves, which were used to determine the exact solubility of the aqueous

samples.
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6.9 Appendix
Table Al: Physicochemical properties of phase I, SAR 1 analogues.

ANy J_@ N
@EN%NACN Calculated properties? Experimental properties
®)

MW TPSA trb m.p.c  Sol

Code R Ri Da) clogP A2) HBD HBA Re (min) (og) M)
15 H - 345.4 3.60 67.74 2 5 0.35 0.20 88.5 120
16 Me - 359.5 3.80 56.88 1 5 0.39 0.21 111.5 100
17 4-CN 460.6 4.70 80.67 1 6 0.40 2.38 123 90
18 3-F,4-CN 478.6 4.85 80.67 1 6 0.44 2.33 80 40
19 2-CN,4-F 478.6 4.85 80.67 1 6 0.43 2.33 83 80
20 2-F,4-CN 478.6 4.85 80.67 1 6 0.40 2.33 88 80
21 4-OMe 465.6 5.00 66.11 1 6 0.45 2.31 93.5 80
22 @4 4-SO,Me 513.7 4.07 91.02 1 7 0.41 2.09 115.5 40
23 F|{1 4-NO, 480.6 4.86 102.7 1 8 0.48 2.32 95.5 20
24 4-CO,Me 493.6 4.86 83.18 1 7 0.48 2.35 100 100
25 4-CO.H 479.6 4.45 94.18 2 7 0.12 2.14 139 140
26 4-CF3 503.6 5.77 56.88 1 5 0.57 2.46 87 10
27 4-CHs 449.6 5.49 56.11 1 5 0.51 2.38 96.5 40
28 )—QCN - 474.6 5.00 80.67 1 6 0.76 2.44 122 80
29 ;N CF5 504.6 4.83 69.77 1 6 0.44 2.36 ND 40
30 _/ R ch, 450.6 4.45 69.77 1 6 0.35 2.44 73.5 60

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. ¢TLC determined in 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —
180 °C).
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Table A2: Physicochemical properties of phase I, SARs 2 and 3 analogues

;N ’/E /CNN@ Calculated properties? Experimental properties
N
MW TPSA tr? m.p.c Sol.d
Code R Ri (Da) clogP (A2) HBD HBA R¢ (min) °C) (uM)
31 H 435.6 5.09 56.88 1 S 0.32 2.31 106 40
32 OH 451.6 4.62 77.11 2 6 0.29 2.13 ND 120
33 SO2Me 513.7 4.07 91.02 1 7 0.31 2.16 232 80
34 CHs 449.6 5.49 56.88 1 5 0.44 2.37 180 40
35 --@R1 CF3 503.6 5.71 56.88 1 5 0.51 2.63 92.5 20
36 NO> 480.6 4.86 102.7 1 8 0.49 2.31 87 40
37 CO2Me 493.6 4.86 83.18 1 7 0.34 2.33 166.5 80
38 COzEt 507.6 5.22 83.18 1 7 0.45 2.42 153 40
39 CO2H 479.6 4.45 94.18 2 7 0.11 0.16 182 120
-0
40 T\\ p 503.6 4.80 95.80 1 8 0.59 2.36 99 40
27N
-0
41 'J\IL / 517.6 5.17 95.80 1 8 0.48 2.45 149 40
2\
-0,
42 T'\ )—CF3 571.6 5.42 95.80 1 8 0.58 2.73 125 20
.~"N
43 ,J'\N © 519.6 4.05 115.8 2 9 0.13 2.60 182 40
H
N
44 JI\/C>— 518.7 5.23 78.47 1 7 0.33 2.68 68 60
(0]
45 J;\>" 518.7 5.23 78.47 1 7 0.34 2.70 105 20
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;N ’/E /CN’\_EE] Calculated properties? Experimental properties
MW TPSA tr? m.p.c Sol.d
Code R R: (Da) clogP (A2) HBD HBA R¢ (min) °C) (uM)
-N
46 (JL H— 517.6 5.17 95.80 0.56 2.45 148 20
N
-N
47 (L »—CF3 571.6 5.42 95.80 0.67 2.70 118 10
N
“@R1 N-N
48 o> 517.6 5.17 95.80 0.56 2.51 126 20
(]
N
49 --N ; 425.5 3.81 74.70 0.42 2.12 130 20
N
50 N 436.6 4.06 69.77 0.27 2.13 139 20
51 --N ) 442.6 4.22 60.12 0.18 2.24 106 <5
52 --N O 444.6 3.16 69.35 0.19 2.03 111.5 10
-/
53 --N  N-SO,;Me 521.7 2.47 97.50 0.22 0.52 165 40
54 --N N—-Boc 543.7 4.14 89.66 0.28 2.10 122 <10
/
55 --N NH 443.6 2.60 72.15 0.17 0.44 105 20

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. ¢TLC determined in 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —

180 °C).
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Table A3: Physicochemical properties of phase I, SARs 4 and 1g analogues.

O-N
oA Yat
@[N N Calculated propertiest Experimental properties
MW TPSA tr? m.p.c  Sol.d
Code R R X R clogP 2 HBD HBA R .
: > (Da & “  (min) Q)  (uM)
H
58 e N-~ 503.6 5.02 95.80 1 8 0.37 2.92 75 80
H
59 ,/NﬁN*’ 503.6 5.02 95.80 1 8 0.36 2.75 76 80
60 DCN CHs 529.6 4.33 87.01 0 8 0.40 2.34 114 40
\®CN /N
61 TN N 503.6 4.85 87.01 0 8 0.43 2.51 142 20
62 N tN 517.6 5.31 87.01 0 8 0.49 2.53 79 40
/
65 -- N--- 502.6 5.69 83.77 0 7 0.45 2.56 159 20
66 H CH3 402.5 4.08 82.87 2 7 0.20 2.47 172 80
67 H CF3 456.5 4.30 82.87 2 7 0.38 2.53 103 100
N
68 CH3 N CHs 416.5 4.28 72.01 1 7 0.34 2.53 135 160
H
69 CH3 CF3 470.5 4.51 72.01 1 7 0.35 2.61 91 160
70 --< CH3 444.6 4.88 72.01 1 7 0.37 2.58 184 20
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ravat
N S
@[N\ N Calculated propertiest Experimental properties
MW TPSA tr? m.p.c  Sol.d
Code R R X R clogP 2 HBD HBA R .
' > (Da) & a9 “  (min)  (C)  (uM)
71 \@ - N~ 498.8 5.88 72.01 1 7 0.49 2.52 79 80
| L
72 \@E = H 534.6 5.87 72.01 1 7 0.66 2.27 92 20
73 N N H 493.6 4.52 84.90 1 8 0.51 2.33 218 ND
SR, CHs
74 — CF3 561.6 5.08 84.90 1 8 0.45 2.71 91 40
75 4-CF3 O” 560.6 5.94 72.01 1 7 0.31 2.80 172 10
76 3-Me N 506.6  5.80 72.01 1 7 0.60  2.47 114 20
_|_ ‘ 3_F H CH3
77 R, 4-CN 535.6 5.29 95.80 1 8 0.51 2.67 166 <10
78 é_OgH 536.6 4.88 109.3 2 9 0.12 0.15 154 80

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. ¢TLC determined in 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —

180 °C).
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Table A4: Physicochemical properties of phase II, SARs 1 and 2 analogues.

N>_ N N Calculated properties? Experimental properties
CH,
MW TPSA tr? m.p.c Sol.d
Code R clogP 2 HBD HBA Ree .
(Da) g (A?) (min) C) (D)
79 CO2xMe 392.5 3.88 59.39 1 6 0.46 0.42 148.5 80
80 CO2Et 406.5 4.25 59.39 1 6 0.48 2.05 75.5 120
81 COH 378.5 3.41 70.39 2 6 0.05 0.14 153 160
@)
83 %—N/ 405.5 3.02 53.40 1 6 0.29 0.15 134 80
/ \
(0]
84 }&-H{] 417.5 3.78 62.19 2 6 0.34 0.17 108 80
85 S—NH A\ 417.5 3.57 62.19 2 6 0.31 0.18 128.5 80
86 }X—NH OH 421.5 2.52 82.42 3 7 0.15 0.14 215 120
@) ™\
87 Y“NH N-Boc 534.7 4.13 91.73 2 9 0.45 2.14 95.5 160
/ /
0] /\
88 M“NH NH 434.6 2.59 74.22 3 7 0.28 0.12 126 100
/ /
0 /9
89 N\ N/J 458.6 3.52 88.22 2 8 0.34 0.35 93 160
210 O\>—NH SH 447.6 3.00 82.42 3 7 0.26 0.15 222 60
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v
@[N%N-CN Calculated properties? Experimental properties
CHj
MW TPSA tr? m.p.c Sol.d
Code R (Da) clogP (A7) HBD HBA Ree (min) C) (uM)
0]
91 YN">—oH 433.5 2.28 73.63 2 7 0.24 0.14 186 80
92 }—NyCN 442.6 2.66 77.19 1 7 0.43 0.15 199 60
93 §_N§<E 453.5 3.22 53.40 1 6 0.49 0.21 196 40
(@]
94 \x_NQLOH 461.6 3.11 73.63 2 7 0.36 0.17 120 80
(,) CN
95 /s_NCf 456.6 2.98 77.19 1 7 0.38 0.15 109.5 80
OH
96 O>_NC|“ 447.6 2.62 73.63 2 7 0.24 0.14 131 80
CF
97 O}—N:f ’ 499.6 4.16 53.40 1 6 0.59 2.01 197 40
o)
98 O\;_NGD 473.6 2.42 62.63 1 7 0.48 0.18 155 60
NBoc
99 0\\_N®D 572.7 3.24 62.63 1 7 0.45 2.21 198 40
NH
100 O\\"—NGC/ 472.6 2.02 65.43 2 7 0.28 0.12 89.5 160
o /M
101 YN © 447.6 2.75 62.63 1 7 0.39 0.13 110.5 80
II \_/
(0] \
102 YN N-Boc 546.7 3.87 82.94 1 9 0.52 2.21 115 70
/ \__/
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v
@[N%N-CN Calculated properties? Experimental properties
CHj
MW TPSA tr? m.p.c Sol.d
Code R (Da) clogP (A7) HBD HBA Ree (min) C) (uM)
(0]
103 YN \H 446.6 2.25 65.43 7 0.28 0.12 108.5 120
/I \_/
104 YN N— 460.6 2.73 56.64 7 0.36 0.12 114.5 80
/ __/
(@)
105 N 5P 495.6 1.94 87.54 8 0.21 0.14 240 80
/S ./ O
(0]
106 SN z:o 459.6 3.14 63.63 7 0.44 0.15 114 100
Q /—(
107 NN N-Boc 560.7 4.28 82.94 9 0.51 2.31 112.5 80
/ __/
(0]
108 N/ <NH 460.6 2.69 65.43 7 0.34 0.21 98.5 100
/ \_/
109 YN N 486.7 3.43 56.64 7 0.50 0.18 185 60
110 %_Nﬁ(Nj 486.7 3.40 56.64 7 0.25 0.19 86 60
// \ /
o
111 ,%—NJH 460.6 2.53 65.43 7 0.38 0.15 185.5 80
-N OH
115 N 432.5 3.05 92.24 8 0.24 0.18 106 100
N
-N S—
116 Ty 462.6 4.31 72.01 7 0.38 2.03 67 80
.- "N
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v
N>_ N N Calculated properties: Experimental properties
CH,
MW TPSA trP m.p.c Sol.d
Code R (Da) clogP (A7) HBD HBA Ree (min) C) (uM)
OfN NM62
117 J Y 445.6 3.84 75.25 1 8 0.24 0.16 119.5 120
SN
N
118 (Jl \>—<] 442.6 4.67 72.01 1 7 0.39 2.12 123 60
SN
N
119 (Jl \>—< 444 .6 4.88 72.01 1 7 0.42 2.19 136 60
SN
N
120 9 \>—§ 458.6 5.15 72.01 1 7 0.45 2.28 165 60
SN
N
122 ? S>—CO,H 446.5 3.34 109.3 2 9 0.10 0.14 195 120
=

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. aTLC determined in 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —
180 °C).
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Table AS5: Physicochemical properties of phase II, SAR 3 analogues

0-

_H CN f®_<\N JN\ Calculated properties! Experimental properties
Code Ar R :‘]’;‘z clogP T(PAE)A HBD HBA Re (I:l‘}:) “(f,'g)'c ?:1\1/1;1
132 5-CN 441.5 4.02 95.80 1 8 0.21 2.20 98 80
133 5-CF3 484.5 4.87 72.01 1 7 0.29 2.38 157 40
134 5-OCHz3 446.5 4.19 81.24 1 8 0.22 2.21 110 80
135 5-SO2Me 494.6 3.53 106.2 1 9 0.19 2.04 203 60
136 5-CO2Me 474.6 4.09 98.31 1 9 0.20 2.25 98.5 120
137 5 N 5-F 434.5 4.40 72.01 1 7 0.25 2.03 73 80
138 RG_: ~ N\>" 5-Br 495.4 4.75  72.01 1 7 0.30 229 755 80
139 ' 5,6-CH3 444 .6 4.99 72.01 1 7 0.33 2.30 121 60
140 5,6-F 452.5 4.37 72.01 1 7 0.38 2.22 176 80
141 5,6-Cl 485.4 5.18 72.01 1 7 0.39 2.40 189 80
142 5-CO2H 460.5 3.73 109.3 2 9 0.08 0.14 135 160
143 5-I>_NH—— 499.6 4.04 101.1 2 9 0.12 0.16 86 160

)

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. ¢TLC determined in 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —

180 °C).
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Table A6: Physicochemical properties of phase II, SAR 4 analogues

N-o
Hi:/%\ Calculated ties: Experimental ti
—N S N N"cr, alculated properties xperimental properties
A
MW TPSA tr? m.p.c  Sol.d
Code Ar A B C clogP o HBD HBA R .
(Da) 8" Ay ®  (min)  (.C)  (uM)
N
146 @[\}-- 457.5 4.40 80.22 1 7 042 226 98 100
(0]
NN
147 | N\>" 457.5 3.42 9576 2 9 022 2.11 89 160
H
~—N
148 | N\>" CH, CH, CH 471.5 3.78 95.76 2 8 0.32 2.32 106 120
H
NN
149 P N>“ 457.5 3.42 9576 2 8 0.23  2.20 146 160
H
NN
150 A N>" 491.9 3.84 9576 2 8 033 245 1135 80
H
151 E 474.5 4.16 82.87 2 7 0.45  2.60 85 120
RS CH, CH
A\
152 @[N> v 492.4 426 8287 2 7 0.46 2.50 88 80
H F
157 s CH> N 475.4 331 9576 2 8 0.43 2.16 110 120
156 N CHa N 471.5 3.68  84.90 1 8 0.14  2.02 132 80
@EN\>-" CH; F
161 \ s CH 488.5 432  72.01 1 7 050 250 1035 80
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Table A7: Physicochemical properties of AST-CQ hybrids, SAR 1.

N
2540
Cl — N Calculated propertiest Experimental properties
S @
N
MW TPSA tr? m.p.c Sol.d
Code R R cLogP o HBD HBA Rg2 .
' (Da) S € (min)  (C)  (uM)
168 H - 377.9 4.32 56.84 2 5 0.17 0.84 166 80
169 CHj; - 391.9 4.28 45.98 1 5 0.19 2.10 137 100
170 --< - 420.0 4.96 45.95 1 5 0.25 2.36 120 80
171 \‘_Q - 432.0 5.04 45,98 1 5 0.38 2.40 102 120
172 —<> - 446.0 5.34 45.98 1 5 0.40 2.47 112 90
173 \_O - 460.0 5.63 45,98 1 5 0.44 2.53 136 80
174 \@ = 474.0 6.03 45,98 1 5 0.49 2.57 121 80
175 H 468.0 5.48 45.98 1 5 0.40 2.47 99.5 40
176 2-F 486.0 5.550 45.98 1 5 0.41 2.49 126 20
177 3-F 486.0 5.55 45.98 1 5 0.45 2.49 118 20
H-2 2 3 4-F 486.0 5.55 45.98 1 5 0.43 2.47 121 20
178 _O ., 4-CN 493.0  5.23  69.77 1 6 0.39 2.39 113 60
179 _I_|\; 4-Ome 498.0 5.38 55.21 1 6 0.38 2.47 112 60
180 ! 4-CF3 536.0 6.04 45.98 1 5 0.42 2.55 122 20
181 4-SO;Me 546.1 4.37 80.12 1 7 0.37 2.31 148 80
182 4-SONH, 531.1 4.61 89.07 2 7 0.19 2.26 142 100
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N
o O
Cl — N Calculated propertiest Experimental properties
}\l / @

MW TPSA tr? m.p.c Sol.d

Code R R cLogP 3 HBD HBA Rya .
! (Da) g (A2) (min)  (°C)  (uM)
183 4-NO, 513.0 5.25 91.80 1 8 0.46 2.44 118 80
184 N 2_3 4-NHCOMe 525.0 4.72 75.08 2 7 0.10 2.34 160 100
185 @ 4 4-CO;Me 526.0 5.28 72.28 1 7 0.22 2.27 133 80
187 ||Q1 4-CONHMe 525.0 4.61 75.08 2 7 0.08 2.33 140.5 80
188 N /N A\ - 483.0 4.69 58.87 1 6 0.35 2.42 159 80
189 \ J N\ CH3 483.0 4.69 58.87 1 6 0.21 2.35 133.5 80
190 — R4 CF3 537.0 4.94 58.87 1 6 0.29 2.45 130.5 40

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. ¢TLC determined in 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —
180 °C).
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Table A8: Physicochemical properties of AST-CQ hybrids, SARs 2 and 3.

N
o0
SO ain!
._Q}\lt/; Calculated Properties? Experimental Properties
F
MW TPSA tr? m.p.c  Sol.4
Code R R, Da  ClogP  i5% HBD HBA R (im) (og) M)
191 CN 511.0 5.30 69.77 1 6 0.25 2.40 105.6 100
192 Cl SO.Me 564.1 4.49 80.12 1 7 0.19 2.37 112.5 120
193 COoMe 544.0 5.36 72.28 1 7 0.15 2.50 136.5 80
201 H 451.5 5.07 45.98 1 5 0.28 2.41 118 60
202 F 469.5 5.01 45.98 1 5 0.26 2.44 111 60
203 Br 530.4 5.57 45.98 1 5 0.42 2.50 112 40
204 CF3 o 519.5 5.70 45.98 1 S 0.47 2.53 103 20
205 CN 476.5 4.83 69.77 1 6 0.31 2.44 93 120
206 OCF3 535.5 5.50 55.21 1 6 0.45 2.52 105 40
207 OCHj3 481.6 4.98 55.21 1 6 0.22 2.47 121 80
208 NO2 496.5 4.90 91.80 1 8 0.48 2.50 98 80

MW = molecular weight in Daltons; clogP = calculated log value of the n-octanol/water partition coefficient; TPSA = topological polar surface area; HBD = hydrogen
bond donors; HBA = hydrogen bond acceptors; Rr = retardation factor on thin layer chromatography (TLC); tr = retention time in high power liquid chromatography
(HPLC); m.p. = melting point; Sol = solubility at pH 7.4 using the turbidimetric method. #Predicted using StarDrop software, version 6.5.1-1. ¢TLC eluted using 10%
methanol in dichloromethane; PHPLC method described in chapter 6; cAvarage of two melting point runs (Tramadol hydrochloride used as the reference, m.p. = 178 —

180 °C.
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