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Abstract

Cryptococcus neoformans is a yeast like fungal pathogen that is relatively unknown despite causing
large numbers of deaths per year. It is a disease that is prevalent in sub-Saharan Africa where the
highest rate of deaths occur, at around 500,000 per year. It is particularly deadly in patients who are
immunocompromised, such as those suffering from AIDS. This can lead to meningitis and encephalitis
which often results in death. Current therapies are outdated and present with many issues
surrounding their toxicity, efficacy and potential for resistance to emerge. C. neoformans as a
pathogen is well adapted to the host environment, which means designing novel therapies is

challenging.

Recently, focus has turned to developing novel therapies that have new mechanisms of action
compared to traditional C. neoformans treatments. The benzimidazoles, the initial and main focus of
this project, were discovered when a small number of analogues were screened against clinical
isolates of C. neoformans and some were found to possess excellent biological activity of 0.015 - >4
mg/L. This was coupled with in vivo work, demonstrating the commercially available anti-helminth
drug flubendazole, possessed biological activity in a mouse model (3.7 log drop in CFU when dosed at
150 mg/kg). This provided a good starting point for the project, with a large number of analogues that
could be synthesised to explore the SAR. It was known that flubendazole possesses poor aqueous
solubility (0.3 uM) and shows some toxicity issues due to lack of selectivity for the C. neoformans
target versus the human protein. Extensive work has been carried out on four benzimidazole sub-
templates to improve the solubility profile of this class, with some success. The lead compound, a
morpholine ether derivative, has an MIC of 0.25 mg/L, in vivo activity showing over a 3 log drop in
fungal density when dosed at 150 mg/kg orally. It also possesses an improved DMPK profile, with an
aqueous solubility of 10 uM. Furthermore, detailed homology model evaluation has allowed us to
understand the difference between C. neoformans and human targets, to allow for rationale design
of selective compounds to improve the toxicology profile. Additionally, two other templates were
identified; the benzisothiazolinones (BIZT) and the benzoxaboroles. A number of analogues from the
BIZT class were synthesised, but showed poor activity (2 - >4 mg/L) and metabolic stability (>300
pl/min/mg in rat hepatocytes), but a reliable synthetic route was established. The benzoxaboroles
were synthetically more challenging, thus only a few compounds were made and biological activity so

far has been limited (0.25 - >4 mg/L), but work is ongoing to design more.
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Chapter 1 An Introduction to C. neoformans

1.1 C. neoformans History and Discovery

It was not until 1894 that Cryptococcus neoformans (C. neoformans) began its road towards discovery.
Initially, it was identified as a ‘Saccharomyces-like’ species that was discovered in the bone infection
of a young woman. Later this unknown fungus was isolated from the fermentation of peach juice and
was initially termed Saccharomyces neoformans. Upon later study, it was found that it didn’t produce
ascospores, a characteristic that defines the genus Saccharomyces neoformans and thus it was termed
C. neoformans.> 2 Environmentally, little was known about where this pathogen originated from. In
1951, it was reported, thanks to isolation from the soil, that the pathogen was particularly abundant

within pigeon nests and droppings.>®

Diagnosis of C. neoformans infection was previously difficult to distinguish from other yeast like fungal
strains in patients and laboratories, particularly from other Cryptococcus species. However, this was
made easier in the early 1960’s when it was discovered that C. neoformans could be distinguished
from other clinical yeasts by their urease activity and melanin formation.®® The 1970’s bought about
the discovery of the life-cycles of both C. neoformans and C. gatti. This discovery along with an
increased number of cases of Cryptococcus in the early 1980’s, allowed the disease to be considered

as more of a rare, poorly researched disease, and allowed for further understanding to be garnered.*

10

1.2 C. neoformans Taxonomy

The two strains of Cryptococcus were grouped into two different varieties that were made up of 5
distinct serotypes. C. neoformans was made up of the serotypes A, D and AD and C. var, gatti has the
serotypes B and C.> 1> Two distinct teleomorphs, or sexually reproductive stages of the two fungi,
allowed C. neoformans and C. gatti to be identified as two distinct species. Initially, these fungal
strains, when discovered were thought to belong to the Basidiomycota genus, however recent

convention of one name for one fungus, means they now adopt their own genus of Cryptococcus.**>

The classification of the agents of cryptococcosis was only further advanced when Polymerase Chain
Reaction (PCR) and DNA sequencing became readily available in the late 1980s.'> ® Genetic
sequencing facilitated the understanding that each of the two main species contain subgroups, which
themselves are genetically diverse. These are known as molecular types, and are thought to have

diversified genetically from a single strain millions of years ago.”
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1.3 C. neoformans Ecology

C. neoformans was initially isolated from peach juice and then further isolated from a number of other
sources such as rotting vegetables and caged birds. During a study of a number of food markets in
New Delhi, tomatoes were revealed to be one particular plant that was found to test positive for C.
neoformans, as well as another similar fungal species Candida Albicans.*® It is also clear that there is a
correlation between increased amounts of avian guano, in particular pigeon guano and the level of

the fungus.> 1319

Due to the correlation between amounts of pigeon guano and detected levels of C. neoformans,
pigeons have been presumed to be the major cause of fungal spread. However, only small amounts
of the fungus are actually found in the pigeon. This is mostly due to the body temperature of the
pigeon being 42 °C, which is higher than the normal C. neoformans growth range.? It was thought that
pigeons were potentially carriers for the fungus, but upon the discovery of the fungus on their beaks
and feet, it is possible the fungus comes from their food source. This is further validated by large
concentrations of the fungus being found on weathered pigeon droppings, indicating the fungus is

most likely coming from the environment.> 131921

Despite large amounts of the fungus being found in bird guano, it is predicted that the most suitable
natural environment for C. neoformans is actually plant based.! It was discovered that the main
source of the fungus was found in a number of species of eucalyptus tree and in the rotten wood in
the hollows of other trees, though it is not known to cause plant disease. > 2 |t is believed that trees
act as a primary location for the fungus, which then facilitates its movement into the surrounding soil.
Furthermore, there is evidence from amounts of C. neoformans in soil samples that have been
exposed to bird excreta, that birds may also facilitate this transfer.?? The soil acts as an excellent

growth and reproduction media for the fungus, allowing for its survival as a pathogen.®

Itis also believed the C. neoformans interacts with other species within the soil, most notably amoeba
and bacteria including Escherichia coli, Staphylococcus albus and Streptococcus faecalis.** It is believed
that this interaction is what has allowed the fungus to survive and thrive within the soil and infect the
amoeba using its normal pathogenic strategy.? It also helps to stimulate protective fungal virulence
factors in order to survive in proximity to the bacteria, which include melanin production and capsule
formation. It is believed that the adaptability of the fungus to survive different environments and

hosts has allowed for greater pathogenicity when in the human host.?
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1.4 C. neoformans Epidemiology

C. neoformans is an opportunistic yeast like fungus (Figure 1.1) and is one of the most common causes
of systemic mycosis in immunosuppressed patients, such as those suffering from AIDS.?> 26 Systemic
myecosis involves the infection of a number of organ systems, but in most patients’ it presents in the

lungs, as the fungal spores are breathed in. %’

Figure 1.1. SEM image of the fungal spores produced by C. neoformans during the sexual reproduction stage.
Reproduced from; Scanning Electron Micrograph of Infection Yeast Spores, C. Xue et al. 2%2°

In patients who are generally healthy, C. neoformans infections are rare and often do not induce
illness.® However, in immunosuppressed patients, manifestation of cryptococcal meningitis,
encephalitis and less frequently pneumonia can occur.? 3° C. neoformans generally affects the lungs
and the central nervous system. Symptoms of the disease when present in the lungs include; fever,
cough, shortness of breath and chest pain. If the infection spreads from the lungs to the brain, this
becomes cryptococcal meningitis and presents itself as nausea, headaches, light sensitivity,

behavioural changes and fever. 231

Prognosis in patients who present with meningitis and pneumonia is poor, with greater than 60% of
patients dying within three months of diagnosis.?® Around 80% (720,000) of these cases occur in sub-
Saharan Africa, where AIDS is particularly prominent (Figure 1.2A).3% 33 |n sub-Saharan Africa it is one
of the leading causes of death, causing almost half as many deaths as malaria (504,000 versus
1,135,861) and almost twice as many as tuberculosis (347,871) (Figure 1.2B).3* This proves that

statistically and economically, C. neoformans infection is a disease of great global burden.
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Figure 1.2A: The spread of estimated yearly cases of C. neoformans globally, showing sub-Saharan Africa as

being the area of highest prevalence. 1.2B: C. neoformans causes almost half as many deaths as malaria and

more than tuberculosis, exemplifying the global impact. Reproduced from; Estimation of the current global
burden of cryptococcal meningitis among person living with HIV /AIDS, B. ). Park et al and the CDC.3*

1.5 C. neoformans Pathogenesis and Host response

Infection begins when dry fungal spores are inhaled into the lungs.®® They are small 1.5 - 3.5 um, so
easily navigate through the lungs to the alveoli, where they come into contact with alveolar
macrophages, which recruit other immune cells, eliciting an immune response and inflammation.3% 3’
Hosts with a normal immune response eliminate the inhaled fungus.3® In immunocompromised
patients, the fungus moves to the brain, crossing the blood brain barrier, adapting to the reduced
oxygen and nutrient environment, where it can then multiply and cause meningoencephalitis. The
most common clinical manifestation of infection are symptoms that occur in the central nervous

system, though infection can occur anywhere within the body. Untreated infection, particularly within

the CNS, often leads to death.3®3°

Sometimes the patients inhale the spores into the lungs, where they may lay dormant, so the patient
will present as asymptomatic as it does not trigger an immune response, but they will still be
infected.*®* This infection can then escalate when the immune system is compromised by a variety
of circumstances such as; HIV/AIDS infection, HIV progression, treatment with corticosteroids or
infection with other diseases/disorders that may cause immunosuppression. Once the patient either
has a reduction or loss of immunity, the yeast can then activate, travel to the CNS and then the patient
can become symptomatic. This is commonly seen in patients in sub-Saharan Africa, where they are

infected with AIDS and exacerbation of this disease leads to symptomatic infection.*>

Because it has been identified that co-infection of AIDS and C. neoformans is very common, efforts

have been focused on identifying at risk patients.3 This is done via identification of the Cryptococcal
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Antigen (CrAg) in HIV infected patients, meaning susceptible patients can receive the correct care as
fast as possible. With treatment, the amount of cryptococcal antigen decreased after every therapy.
However, it is still believed that small concentrations of this antigen can remain for long periods even

after therapy.**®

1.6 C. neoformans Life Cycle

In order for C. neoformans to advance into a growth state there are two different routes the cycle can
take.*” The two routes involve mating, which is carried out via a cell fusion pathway and monokaryotic

fruiting which results in the doubling of the cellular DNA content. Both of these pathways are

described in more detail below (Figure 1.3).%
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Figure 1.3. There are two different routes C. neoformans can use in order to generate mature pathogenic
spores, which can then cause infection and reinitiate the life cycle again. Reproduced from; Deciphering the
Model Pathogenic Fungus Cryptococcus neoformans, A. ldnurum et al and Macrophage-Cryptococcus
Interactions during Cryptococcosis — K. Voelz..*®

1.6.1 Mating

This occurs when two haploid cells of opposite mating types fuse together (A) (Figure 1.3). The two
different mating types are MATa and MATa. Initially the mating process starts when the haploids cells
of the different mating types release pheromones and this promotes fusion. MATa releases MFa
pheromone to attract MATa mating type and MATa release MFa to attract MATa. In response to the

mating signals of the opposite mating types MATa undergoes isotropic growth, where it increases in
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size in all directions. MATa forms conjugation tubes, resulting in the connection of the two haploid
cells, allowing for the fusion process to occur and the transfer of genetic information. The two cells
undergo fusion, however there is no nuclear fusion and this results in the production of a dikaryon
(B). This is followed by basidia formation (C) and nuclear fusion (D). There can also be the production
of a haploid blastosphere, which can return to the beginning of the cycle to undergo haploid fusion
once more or can follow an alternative growth pathway. *®4° Meiosis then occurs which produces four
products, these then can undergo mitosis, which allows for multiplication (E). This allows for buds to

form on the surface of basidium, which gives chains of basidiospores (1).> 48

1.6.2 Monokaryotic Fruiting

In the environment it is also common for cells of one mating type of C. neoformans to double from a
haploid number to a diploid number. This is most commonly the case for cells of the mating type
MATa. This process of doubling the chromosomal content of the mating cells can occur in two
different ways. Firstly, there is endoduplication, which leads to the replication of the nuclear genome
in the absence of mitosis occurring leading to polyploidy within the cells. The second option is nuclear
fusion, which is similar to the mating process observed previously, however here this involves the
fusion of two haploid nuclei of the same mating type, producing a stage known as a monokaryon (F),
which is a diploid cell containing only one type of genetic information. This then proceeds to another
growth stage and produces a basidium (G), and as with mating undergoes the processes meiosis (H),

mitosis and budding (1), finally leading to the production of basidiospores.>>?

In both pathways the budding of the basidiospores allows for inhalation of the infectious agent.
Release of these spores can be carried out by either dispersion or if germination occurs, haploid cells

can be produced and the cycle can initiate again.

1.7 C. neoformans Virulence

There are four major virulence factors that are associated with the ability of C. neoformans to invade
and repel the host’s immune system (Figure 1.4). There are two structural features of the fungus,
which are capsule formation and the melanin containing cell wall. They also use degradation enzymes
and the ability to survive and thrive at mammalian body temperature to increase virulence in the host.

These virulence factors will be discussed below.3!
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Figure 1.4. The structure of the fungus includes the capsule and melanin containing cell wall which aid the
virulence of the fungus. Reproduced from; Cryptococcus, S. Li et al and A Peach of a Pathogen: Cryptococcus
neoformans, Simmersecko. 3!

1.7.1 Capsule

The capsule is anchored in place by the cell wall through a-glucan, however the nature of this
association is yet to be understood. It contains repeating units of the polysaccharides,
glucuronoxylomannan (GXM)(1-7 million Da) and glucuronoxymannogalactan (GXMGal ~ 100,000 Da),
as well as sialic acid, hyaluronic acid and manoproteins.>® Polysaccharides for the capsule are most
likely made in the Golgi body, which requires synthesis and polymerisation of the required
polysaccharide. This is followed by movement of the product to the cell surface, where it can be

expressed.>*

The size and binding specificity of the C. neoformans capsule is regulated by the fungus and is dynamic
in response to environmental changes. In vitro, signals from a variety of sources are important for
influencing capsule size and include; iron concentration, pH, nitrogen concentration, glucose
concentration and carbon dioxide levels.>>>” C. neoformans uses a number of different transduction
pathways and genes to adapt to a changeable environment. Activation of these pathways alters the
expression of transcription factors, allowing for adaptation to the new environment. The genetic basis
of capsule size has yet to be elucidated, partly because all of the transduction pathways have not been
fully understood, but also it is thought that the capsule may be affected more by secretion than
biosynthetic pathways.*®*° Secretion of the capsule has also not been fully understood. It is believed
that polysaccharide secretion is a complex mechanism and that each pathway for secretion may result

in different polysaccharides allowing for different functions to be gained. For example some
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polysaccharides are involved in linkage to the cell wall and others in the secretion. This may allow for

less polysaccharides overall to be produced, without compromise of the capsule size.% 6163

1.7.2 Melanin Formation

Melanin is produced by a number of fungal species. It is a pigment that is deposited in the cell wall of
the fungus and allows the cell to respond to environmental stress.®* Some fungal strains constantly
secrete melanin, however C. neoformans only produces melanin when in the presence of certain
chemicals; 3,4-dihydroxyphenylalanine (DOPA) and other di/polyphenolic compounds.®> The
importance of melanin as a virulence factor was later validated by the deletion of the LAC1 gene.®®
LAC1 is the laccase gene and is significantly expressed when the cell is acting under normal conditions.
When this gene is removed, the virulence of the fungus is significantly reduced. The laccase gene is
expressed in the cell wall of the fungus and a number of other genes, all of which help with the

production of melanin.®”-%°

It is believed the production of melanin helps to maximise fungal virulence via; the production of
oxidants, protection from the immune system response of phagocytosis, killing host cells and
production of microbiocidal peptides.”®”® Furthermore, it is reported that it is melanin production that
helps to provide resistance/protection for C. neoformans against many antifungal agents including the

C. neoformans gold standard treatments amphotericin B, fluconazole and caspofungin.’*7’

1.7.3 Growth at Mammalian Body Temperature

Growing at mammalian body temperature is insufficient for pathogens to be virulent, the ability of a
pathogen to do this is however essential for them to be pathogenic. Cryptococcus is a large family of
fungal strains where C. neoformans and C. gatti are the only successfully pathogenic strains to grow
at physiological temperatures.”® 7° The mechanism for this is their ability to not only survive but also
thrive at physiological temperatures. One reason is that other strains cannot effectively grow a
polysaccharide capsule at mammalian body temperature (37 °C) but do at 24 °C. C. neoformans can

robustly produce its polysaccharide capsule at 37 °C. &

Studies into cryptococcal growth at mammalian temperatures show the calcineurin and calmodulin
phosphatase is coded for by the gene CNA1 and when this is knocked out, the fungus shows a lack of
virulence. It is believed that calcineurin in signalling cascades are required for pathogenesis.®% 8! This
is further explained when mice are treated with cyclosporin A, a calcineurin inhibitor. Calcineurin has

been found to be important for cryptococcal growth at 37 °C but not at 24 °C. Cyclosporin A inhibits
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signal transduction at 37 °C and the mice treated with cyclosporin A are therefore protected from
Cryptococcus at 37 °C. Cyclosporin A is therefore only toxic to the fungus at 37 °C rather than at 24 °C.
Furthermore, genes required for cryptococcal growth at mammalian temperatures are significantly
upregulated, when compared with the fungus growing at lower temperatures, which may indicate
why cyclosporin A has more of an effect at mammalian temperatures for preventing cryptococcal
growth. Genes that are upregulated at higher temperatures may lead to improved virulence for C.
neoformans include; membrane integrity, stress signalling, metabolism, pre-mRNA splicing and cell-

wall assembly 8% 82

1.7.4 Degradation Enzymes

C. neoformans also produces a large number of degradation enzymes, including urease and
phospholipase B, which have been shown to have a significant role in the pathogenicity of C.
neoformans.®38 These enzymes allow for the successful intracellular survival of the yeast via
immunomodulation. This means they are more pathogenic upon infection and host cell membrane
hydrolysis allows for the fungus to enter mammalian tissues.®® 8 The capsule has been shown to be a
major virulence factor, as the absence of this completely diminishes virulence. Loss of degradation

enzymes only results in a reduction in virulence.®

1.8 C. neoformans Current Treatments

In patients where C. neoformans doesn’t affect the central nervous system, the mainstay of treatment
is fluconazole (3). In the eventuality that cryptococcal meningitis presents, amphotericin B (1) and
flucytosine (11) are given for two weeks, followed by a more prolonged treatment with fluconazole.®
No new therapies have been provided for C. neoformans for many years and the current therapies are
dated and have a number of associated issues including toxicity, resistance and incomplete clearance

of infection. These therapies and their associated issues will be discussed in this section.

1.8.1 Amphotericin B

Amphotericin B (1) is a hugely important antifungal therapy that has been used clinically for over 40
years. Despite having some toxicity related issues, it is a gold standard drug for the treatment of a
number of life threatening fungal infections, due its broad spectrum of activity and good resistance
profile.?® It is a polyene antifungal drug that was one of the first clinically approved antifungal drugs
when it was introduced in 1959. % %2 |t was originally extracted from the bacterium Streptomyces
nodosus as it was found to show antifungal activity.®® It is used in the treatment of a number of life-

threatening fungal infections including aspergillosis, cryptococcosis and systemic candidiasis.?

10
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Figure 1.5. Amphotericin B (1) is a large molecule of the polyene class, often given intravenously to
treat fungal infections.

1.8.1.1 Amphotericin Mechanism of Action
Amphotericin B (1) interacts with fungal membrane sterols, this results in the generation of a pore,
which can cause altered permeability of ions (K* and Mg?*). This can alter fungal cell metabolism, as
well as causing leakage of essential cytoplasmic components. Evidence has shown that it also exerts
its effects via production of reactive oxygen species (ROS). In this case amphotericin B (1) causes an
‘oxidative burst’, via as yet an unknown mechanism. Theories suggest that it could be due to the
accumulation of ROS. Intracellular effects could also be due to sequestration of ergosterol.®*
Furthermore, it could be due to unfavourable interactions with the mitochondria, resulting in the loss
of metabolic activity (Figure 1.6).9%
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Figure 1.6. Amphotericin B (1) exerts its biological effects through; (1) binding to ergosterol in the membrane
(sequestration), (2) generation of a pore in the membrane, (3) direct induction of ‘oxidative burst’, (4)
‘oxidative burst’ induced by changes in the membrane, (5) Damage to mitochondria. Reproduced from; The
non-mammalian host Galleria mellonella can be used to study the virulence of the fungal pathogen

Candida tropicalis and the efficacy of antifungal drugs during infection by this pathogenic yeast, A.
Mesa-Arango, et al and It only takes one to do many jobs: Amphotericin B as antifungal and

immunomodulatory drug, Mesa et al.*®
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1.8.1.2 Issues with Amphotericin B

Amphotericin B (1) shows acute toxicity which includes nausea, vomiting, fever and hypoxia, as well
as chronic effects such as nephrotoxicity.®® °® These side effects are due to human ergosterol and
fungal ergosterol being structurally analogous enough that amphotericin B (1) also binds to human
membranes. This causes toxic effects such as nephrotoxicity, which is predominately due to changes
in distal tubule permeability, which causes wasting of Na*, K*, and Mg?*, resulting in reduced
glomerular filtration.'® 1% Furthermore, amphotericin B (1) has to be given via IV infusion and requires
careful monitoring due to toxicity issues; this means it has limited use in sub-Saharan Africa, where
access to medical care is rare, and IV infusion not always possible.10% 103

1.8.1.3 Mechanisms of Amphotericin B Resistance

Resistance to polyenes is rare and is mostly isolated to the less common species of candida. Recent
evidence has shown there has been an increase in invasive mould infections of the non-albicans
Candida species that have shown resistance to polyenes. It is suggested that resistance to polyenes
has developed due to naturally occurring resistant cells via the production of modified sterols.
Nystatin (2) was the original compound developed from the polyene class for antifungal use, but
amphotericin B gained more popularity due to an improved toxicity profile (Figure 1.4). Nystatin (2)
and sterol affinity is important, because the greater the affinity, the greater the rate of damage to the
fungal membrane. Modification to sterols in resistant strains results in decreased nystatin (2) affinity
and a decreased rate of membrane damage. Also the fungus can reorientate or mask the ergosterol
structure, this means that polyenes will not sterically be able to bind, thus preventing antifungal

activity.104 105

OH OH OH

2

Figure 1.7. Nystatin (2) is a large molecule of the polyene class, often given intravenously to treat
fungal infections.

1.8.2 Fluconazole

Fluconazole (3) was initially discovered in 1978 by Richardson et al, whilst working for Pfizer (Figure

1.8). 106 107 |t was rapidly approved by the Food and Drug Administration (FDA) in 1990 due to

12
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exhibiting good efficacy even at low doses. Fluconazole (3) is a compound of the azole class,
characterised by the presence of the five-membered ring heterocycle that contains three nitrogen

atoms. It is the lead drug in the treatment of a number of fungal infections but particularly in

candidiasis.'%®
N
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Figure 1.8. Fluconazole (3) is a drug of the azole class which exerts its biological effects by altering
the production of ergosterol (10).

1.8.2.1 Fluconazole Mechanism of Action

Azole compounds like fluconazole (3) target the heme protein and the co-catalysed cytochrome P450
dependent demethylation of lanosterol (4) (Figure 1.9). This occurs at the 14a-position, which is
important as the integrity of the cell membrane is dependent on the 14a-position being
demethylated.'® Normally, lanosterol (4) has two pathways of conversion to produce ergosterol (10).
Both of which contain demethylation at different carbons on lanosterol (4). The first pathway goes via
5 being demethylated to Zymosterol (6). The second pathway involves demethylation of 7 to
Obtusifoliol (8) and further demthylation to 9. Inhibition of demethylation enzymes leads to depletion
of ergosterol (10) and sterol precursor accumulation this therefore will alter the structure and
membrane function of the fungus (Figure 1.9).1° It mainly inhibits CYP450-Ergl1p, which catalyses
the demethylation described. The azoles bind to the iron atom of the iron protoporphyrin group that

is contained with the CYP450 enzyme, via a nitrogen atom in the triazole ring.%% %’
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Figure 1.9. Fluconazole (3) and a number of other azoles exert their effects via interruption of two pathways
that enzymatically convert lanosterol (4) to ergosterol (10). Reproduced from; Antifungal Agents: Mode of
Action, Mechanisms of Resistance, and Correlation of These Mechanisms with Bacterial Resistance, M.
Ghannoum et al.®

1.8.2.2 Issues with Fluconazole

Fluconazole (3) is fungistatic, meaning that it supresses, rather than cures the infection, this can lead
to emergence of resistance.'! Moreover, it can cause myelotoxicity, a condition in which bone
marrow is suppressed, meaning that leukocytes, which are cells that are involved in the body’s
immune response, aren’t synthesised. This effect could be hugely detrimental in patients with already
suppressed immune systems, allowing for further infections. Importantly, white blood cell counts do

begin to return to normal within 48 hours of discontinuation of treatment.!% 113

Care must also be taken when administering this drug to patients as the drug is renally cleared, so

patients with impaired renal function will need lower doses. Furthermore, given that it inhibits CYP450

14



Chapter 1 An Introduction to C. neoformans

enzymes, care must be taken when dosing drugs that are metabolised by CYP450 enzymes, so
potentially toxic amounts of drugs aren’t allowed to build up, leading to worsening of a patient’s

health.**

1.8.2.3 Mechanisms of Fluconazole Resistance

There are considered to be four biochemical mechanisms of azole resistance, these are;
overexpression of the target, alteration of the target, alteration of sterol biosynthesis and increased
drug efflux. Overexpression of ERG11, which is the gene that encodes the azole target, results in
normal concentrations of the drug not being as effective as more ergosterol can be made, and thus

resistance occurs.!®

Alteration to the 14a-demethylation enzyme arising from mutations, which alter how the drug binds
but not how the endogenous ligand binds. This results in the target still retaining its natural biological
activity, but having reduced affinity towards azoles.''® 17 Another method is the alteration of sterol
biosynthesis, which allows the cell to bypass the production of the toxic methylated sterol
intermediates such as 14a-methylfecosterol (9) and still allowing the production of ergosterol (10),
minimising the effect of fluconazole on the fungus.?*®11° Finally, there is reduction in the intracellular
concentration of the target enzyme, which is caused by a change in the membrane sterols and lipids.

This leads to poor drug permeability resulting in active drug efflux.%® 12°

1.8.3 Flucytosine

Flucytosine (11) was first synthesised in 1957 and initially intended to be used as an anti-tumour agent
(Figure 1.10).12% 122 Efficacy was then demonstrated against Candida albicans and C. neoformans in
1963, which lead to its approval for human use in 1968. It is one of the oldest antifungal therapies that
is still commonly used today.'1?% It is a synthetically derived analogue of the DNA base cytosine that
requires conversion to 5-fluorouracil in order to exhibit antifungal activity and will be discussed in a

subsequent section.?%1%7

NH,

Figure 1.10. Flucytosine (11) is a pyrimidine analogue, which exerts its antifungal effects via
interference with DNA and RNA synthesis.
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1.8.3.1 Flucytosine Mechanism of Action

Flucytosine (11) has no intrinsic fungal activity, however on uptake by fungal cells it undergoes
conversion into 5-fluorouracil (5-FU) (12). It is then converted into further metabolites such as 5-
fluorouridine monophosphate (FUMP) (13) and 5-fluorodeoxyuridine monophosphate (FdAUMP) (15).
FUMP (13) undergoes further metabolism to FUDP (14) and then via incorporation into RNA, it inhibits
the synthesis of proteins. FAUMP inhibits thymidylate synthetase, which leads to inhibition of DNA

synthesis, which leads to fungal cell death (Figure 1.11).12812°
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Figure 1.11. Flucytosine (11) passes through the membrane and once into the cell is converted to 5-
FU (12) via cytosine deaminase. 5-FU is then further metabolised and it is these metabolites that
have the biological effect on RNA and protein synthesis. Reproduced from; Flucytosine: a review of
its pharmacology, clinical indications, pharmacokinetics, toxicity and drug interaction, A. Vermes et
a/.129

1.8.3.2 Issues with Flucytosine

Flucytosine (11) has a number of associated side effects, with the most serious including
hepatotoxicity and like fluconazole (3), bone marrow depression can occur. This is particularly
problematic if given with amphotericin B, which is nephrotoxic. Given that flucytosine (11) relies on
glomerular filtration for removal from the body, co-administration of these drugs need to be carefully

monitored so that a build-up of flucytosine doesn’t occur, which could induce hepatotoxicity.'?

1.8.3.3 Mechanisms of Flucytosine Resistance

Resistance described in flucytosine (11) occurs when it is used as a single therapy, rather than in
combination.’? There are two resistance mechanisms that are proposed. Firstly, resistance may occur
due to increased synthesis of new pyrimidines, this then competes with 5-FU (12), resulting in an
increased likelihood of a natural pyrimidine being incorporated into RNA, rather than the fluorinated
version. Therefore, proteins can still be made and the fungal cell remains viable. 13° 5-FC (11) requires
cellular uptake in order to be metabolised to 5-FU (12) in order to possess activity. Enzymes are used
to do this and certain mutations can result in reduced amounts of these enzymes being present. This
includes monophosphate pyrophosphorylase, which is the most frequently acquired type of 5-FC

resistance.t3% 131
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1.9 C. neoformans ldeal Drug Candidate

All drugs that are produced are required to have specific properties that will allow them to provide
the best treatment (Figure 1.12). Most marketed drugs are designed so that they have good DMPK
and toxicity profiles, improved activity above its predecessors and selectivity for the target versus the
host. However, when assessing what properties are essential to treat C. neoformans, the population
who most commonly suffer from this disease needs to be seriously considered. Given that this disease
more commonly presents itself in sub-Saharan Africa, we need to consider more than the basic drug
profile. Due to the countries where the disease is endemic having very low incomes, we need to ensure
these drugs are as inexpensive as possible, this should hopefully allow them to be introduced to a

wider population.

Another difficulty faced is a severe lack of access to competent health care. This means drugs like
amphotericin B are hard to administer, and monitoring due to side effects is difficult. Ideally drugs
that can be orally administrated are of more use to the wider population, as they don’t require a
health care professional to provide constant administration and will often lead to better patient
compliance. However, we do need a drug that is also infusible due to the need to treat seriously ill
patients who may not respond to an oral dosing regimen. Finally, emergence of resistance is a huge
problem with a number of drug classes such as antibiotics, antimalarials and anti-tuberculosis agents.
Treatments for C. neoformans ideally need to be fungicidal, rather than fungistatic, that way they cure
the infection, not just suppress it, which should reduce any chance of resistance emerging. Emerging
resistance could further be discouraged by synthesis of a drug with a novel mechanism of action, that

could be implemented in combination therapy.
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Figure 1.12. The ideal drug to treat cryptococcal infections is required to have a number of different
properties. This includes cost, administration and fungicidal activity.*3?

1.10 Current C. neoformans Research

Currently within the Nixon group, we are working on a number of new templates for the treatment of
C. neoformans (Figure 1.13). This includes the three templates described in this work which are the;
benzimidazoles (16) (Chapters 3-7), benzisothiazolinones (17) (Chapter 8) and benzoxaboroles (18)

(Chapter 9). Work is also being undertaken by undergraduate students within the group on the

thiazoles (19).
2
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Figure 1.13. Within the Nixon group, there is ongoing development of four new classes of compounds for the
treatment of C. neoformans. The benzimidazoles, benzisothiazolinones and benzoxaboroles are discussed in
subsequent chapters.

There are also a number of the other new therapies in development, most with known mechanisms

of action. This section gives a brief overview of the other compounds that are being investigated

(Figure 1.14 and Table 1.1) .133
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Figure 1.14. A number of novel treatments for C. neoformans and other fungal species are currently being
investigated from a wide variety of compound classes, with differing modes of action.

Table 1.1. There are a number of novel treatment for C. neoformans currently under investigation, with
diverse mechanisms of action.

New Agents Mechanism of action Potential Utilisation strategy
APX001 (20) Inhibits the fungal protein Combination with existing antifungal
GWt1 agents, such as fluconazole
AR12 (21) Inhibits fungal acetyl-CoA Combination with existing antifungal
synthetase agents such as fluconazole
VT-1129 (tetrazoles) (22) Inhibits ergosterol Treatment of fluconazole-resistant
biosynthesis Cryptococcus strains

T2307 (allylamine) (23) Collapses the mitochondrial
membrane potential
Ilicicolin H (polyketide) Inhibits fungal mitochondrial

(24) cytochrome bc; reductase
BHBM (Acylhydrazones) Targets non —-mammalian

(25) sphingolipid pathway
Sampangine derivatives Unknown

(26)

APX001 (20) inhibits the fungal protein Gwt1, which is an important protein involved in the synthesis
of glycolipids that anchor to the cell well. This results in destabilisation of the fungal cell wall and
consequently causes fungal cell death.3* 13> APX001 (20) as of May 2018 was undergoing Phase |

clinical trials in patients with acute myeloid leukaemia and candidiasis. AR12 (21) inhibits fungal acetyl-
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CoA synthetase, which aids in the step which allows for pyruvate to be converted and to be used in
the Krebs cycle during respiration. Blockage of this pathway prevents aerobic respiration from
occurring and causes fungal death. It has also been shown to improve the activity of the fluconazole
in patients who aren’t immunocompromised.’*® The allylamine T2307 (23) shows excellent activity
against C. gatti with an MIC range of 0.0078 - 0.0625 mg/L for a number of clinical isolates. Activity is
derived from collapse of the mitochondrial membrane potential, which results in disruption of

mitochondrial function.*®”

VT-1129 (22) is a tetrazole compound which shows promising activity against C. neoformans with an
MIC 0.027 mg/L and is of great interest due to reduced drug interaction with the host CYP450
enzymes. It works via the inhibition of ergosterol biosynthesis, in a similar manner to fluconazole.*®
BHBM (25) is of the acylhydrazones class and targets the non-mammalian sphingolipid pathway, which
plays a vital role in cell signalling, which is essential for C. neoformans and other fungal strains to be
virulent®®, llicicolin H (24), is of the polyketide class and inhibits fungal mitochondrial cytochrome bcl
reductase, which is essential to the electron transport chain. Potent inhibition of this reductase was
observed, with the compound possessing an ICsp = 2-3 ng/L.1° Finally, derivatives of Sampangine (26),

a naturally occurring compound, have been shown to have good in vitro activity against C. neoformans,

with a scaffold hopping method achieving a compound with an MIC = 0.25 mg/L.}#!

Furthermore, there are current investigations into repurposing drugs to treat cryptococcosis. This
includes Sertraline (27), which is an antidepressant of the Selective Serotonin Reuptake Inhibitor (SSRI)
class, which work via interaction with fungal translation factors, and prevent protein synthesis. It
shows good activity, achieving an MIC 1-8 mg/L.1** 1% Tamoxifen (28), which is an estrogen receptor
antagonist, shows a synergistic effect with fluconazole and amphotericin B. This is achieved via
inhibition of the calmodulin-calcineurin complex, which normally triggers an immune response when
activated. This allows for fungal death via fluconazole and amphotericin B, and prevention of

resistance via inhibition of the calmodulin — calcineurin pathway.'**

|
A
O/\/N\

28
Sertraline Tamoxifen

Figure 1.15. Work is ongoing to repurpose well known, commercially available drugs such as Sertraline (27)
and Tamoxifen (28).
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1.11 Project Aims

When starting this project there were a number of aims we wanted to achieve in order to develop

new treatments for C. neoformans.

1.

To design new compounds of the benzimidazole, benzisothiazolinones and benzoxaborole
class.

To develop new and improve upon existing synthetic routes.

To continue to use learned data about activity through the project to inform design of new
compounds.

To improve the solubility of the benzimidazole class.

To use computational modelling to understand the binding poses of newly designed

molecules within the binding site of B-tubulin.
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Chapter 2 An Introduction to the Benzimidazoles

2.1 Benzimidazole Structure, Properties and Reactivity

2.1.1 Structure

A benzimidazole (1) is a bicyclic compound that is the result of fusion between a benzene ring and an
imidazole ring. It is considered a benzene derivative of the imidazole class.! It is important to
understand how benzimidazoles are numbered, as there will be numerous references to numbered
positions throughout this section. Numbering starts at the NH, due to this having the highest priority
and proceeds in an anti-clockwise manner towards the second nitrogen, as this is the next highest
priority due to having a high atomic number and this results in the second nitrogen being numbered
as position three. It then skips the bridging carbons atoms and continues numbering around the

benzene ring portion of the molecule (Figure 2.1).2

4 3

5 N
\
6©:N>2

H
7 1 1

Figure 2.1. Benzimidazole numbering starts from the NH, continuing anti-clockwise so it numbers the second
nitrogen third, as this has the highest atomic number.
2.1.2 Tautomerism
The position of the nitrogen atoms in the benzimidazole core mean that tautomerisation can occur as
shown below. This tautomerism is also observed in imidazoles and amidines, with benzimidazoles

often thought of as cyclic analogues of amidines (Figure 2.2).3

Cry — oo

Figure 2.2. Due to the position of the two nitrogen atoms within the benzimidazole, tautomerism can occur.

Rather than producing two distinct isomers of benzimidazole, two different tautomeric forms 1 and
1’ are produced instead. Even though non-equivalent structures can be drawn, only one structure is
known. This is also apparent in the Nuclear Magnetic Resonance (NMR) spectra of these compounds,
given there is only one tautomer is observed, though both tautomers have been observed using solid
state NMR. The benzimidazoles rapidly undergo tautomerisation, meaning the groups in the 4 and 5
positions on the benzimidazole ring are equivalent to the 6 and 7 positions (Figure 2.3). When a group
is attached to the nitrogen in position one, this tautomerisation is prevented. This produces isomeric,

rather than tautomeric compounds 2 and 2’ (Figure 2.3).*
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Figure 2.3. Tautomerisation means that when a group is attached in the 4 or 5 position, upon tautomerisation,
this is equivalent to the 7 or 6 position respectively.

In the literature, Density Functional Theory (DFT) calculations have been carried out which show very
little difference in the energies for the two tautomers of the commercially available drug omeprazole
sulphoxide (3) and (3’) (Figure 2.4). This small energy difference further validates that this
tautomerisation is continuously occurring and gives further understanding as to why we only see one
set of peaks in NMR spectra. This is something that is important to consider when we investigate

binding poses of benzimidazoles, and is discussed in detail in computational section in Chapter 7.°

O N 0—
S5 =
N
H

N/
3 N
Omeprazole Omeprazole Sulfide
5-position tautomer Compounds _
Energies (kcal/mol)
5-position tautomer -1372.1787
6-position tautomer -1372.1816

’
Omeprazole
6-position tautomer

Figure 2.4. Omeprazole contains a benzimidazole moiety, which can undergo tautomerisation. DFT calculations
show only a very subtle energy difference can be observed. Reproduced from; NMR investigation and
theoretical calculations on the tautomerism of benzimidazole compounds, S. Feng et al.®

2.1.3 Chemical Reactivity

The two nitrogen atoms within the benzimidazole core are chemically distinct. Benzimidazoles have
the ability to behave in both an acidic and basic manner. This is due to the differences between the
two nitrogen atoms within the ring. When 1 behaves as a base it does so on the nitrogen in the 3-
position. This nitrogen has a readily accessible lone pair of electrons which can attack protons to
generate a salt (4) (Figure 2.5A). It can also react with numerous electrophiles including alkyl halides.
Firstly, there is alkylation of the 3-position nitrogen to give an intermediate salt 5, which can then lose
HX to give the desired alkylated compound 6 (Figure 2.5B). Once methylation has occurred on one of
the nitrogen atoms, tautomers can no longer be generated and we observe both isomers 7 and 8 of

the benzimidazole, if there is substitution on the benzene ring (Figure 2.6).> %8

28



Chapter 2 An Introduction to the Benzimidazoles

~H® H
. OO — Or
N
1 4 H

rR—X B X@ R

N N® N

s CLy — Oy — Cp o=
1 5 H 6

Figure 2.5 A. Benzimidazole exhibits basic properties when the nitrogen at the 3-position attacks a proton.
2.5B. It also reacts with electrophiles in a similar manner, allowing the alkylation at the 3 position.®

1,5-dimethyl-1H-benzo[d]imidazole 1,6-dimethyl-1H-benzo[d]imidazole
Figure 2.6. Alkylation of one of the benzimidazole nitrogen atoms leads to two distinct compounds as the
benzimidazole can no longer undergo tautomerisation.®

Benzimidazoles also exhibit acidic properties when they are attacked by a stronger base 9 (Figure 2.7).
This is due to the nitrogen in the 1-position having a weakly acidic proton, which has a pK, of 12.17 in
water and is deprotonated by strong bases such as n-Buli 10.% ¥ This is useful as it allows for alkylation

of the benzimidazole nitrogen in the 1-position (Figure 2.8).1113

L - O

\ \) —
pK, = 12.17

N -H* N ’

9 O 1 H
H
N® _+ N
N — Y pK, =5.59
N o+ N
4 H 1 H

Figure 2.7. Benzimidazoles are amphoteric in nature and possess two pK, values.*®

N toluene N
>+ n-BuLi —— > + n-BuH
N reflux N

1 H 10 Li

Figure 2.8. Benzimidazoles also exhibit acidic properties via the 1-position nitrogen when treated with bases
such as n-butylithium.®

2.1.4 Historical Synthesis of Benzimidazoles

Hoebrecker synthesised the first benzimidazole in 1872.)* The reduction of 2-nitro-4-
methylacetanilide (11) to the amine derivative 12, using tin and hydrochloric acid and then ring closure

produced 2,5-dimethylbenzimidazole 13. Ladenburg in 1875 also prepared the same compound by
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starting with 3,4-diaminotoluene (14) and reacting with acetic acid to produce an intermediate 12,

which upon the loss of water resulted in the ring closed benzimidazole 13 (Figure 2.9).> 1516

Hoebrecker, 1872
H5C NO,

NHCOCH;
1 \
Sn/HC H3C NH; H,0 HsC N,
— »—CHj
O NHCOCH;, H
HsC NH, 2 / 12 13
\(:[ +CH4COOH

NH,
14
Ladenburg, 1875

Figure 2.9. 2,5-dimethylbenzimidazole 13 was historically synthesised in the 1870’s by Hoebrecker and
Ladenburg.1% 1>

2.2 Benzimidazoles as Medicines

2.2.1 Current Benzimidazole Containing Compounds

The benzimidazole core is medicinally relevant and occurs in a number of FDA approved drugs, and

occurs naturally in compounds vital to the human body.

2.2.1.1 Vitamin B12

OH
Hl- “‘H /§
WaANER
Ho H © H Q
Vitamin B12

Figure 2.10. The structure of Vitamin B12 (15), with the benzimidazole moiety highlighted in green.

Vitamin Bi, (15), also known as cobalamin is vitally important to metabolism, DNA synthesis, synthesis
of myelin and the maturation of red blood cells amongst many other processes (Figure 2.10).77-1° It
contains a colbalt ion at its core, whereby four of the coordination sites are connected to a corrin ring.
The fifth coordination site is to the benzimidazole moiety and the sixth to another moiety, which here
is shown as a cyano group.? 15 deficiency causes issues with the nervous system due to lack of

production of myelin which protects neurons. It also causes symptoms of fatigue and lethargy.
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2.2.1.2 Omeprazole

Omeprazole (3) is another example of a compound containing the benzimidazole core. It is a proton-
pump inhibitor that stops the secretion of gastric acid (Figure 2.11). It blocks the hydrogen/potassium
adenosine triphosphatase enzyme system, which is also known as the ‘proton pump’.?! This is
important in the treatment of conditions where the patient is suffering from excessive or harmful
gastric secretion, such as those suffering from dyspepsia or gastro-oesophageal reflux disease

(GORD).??

Omeprazole 3

Figure 2.11. The structure of Omeprazole (3), a proton-pump inhibitor. The benzimidazole moiety is
highlighted in green.

2.2.2 Benzimidazoles as Plant Fungicides

In 1964, it was discovered that thiabendazole (16) could be used to inhibit the growth of the plant
fungal infection Cercospora beticola, which is the cause of leaf spot in sugarbeet crops.?*?° 16 showed
broad spectrum activity and was used as a post-harvest treatment for plants to kill off a range of fungi.
Benzimidazoles, including benomyl (26) and carbendazim (25) have also been tested against a number
of other plant based fungal species including Botrytis cinerea, Gossypium hirsutum, Helianthis annuus,
Lactuca sativa and Pinus taeda. In all cases, application reduced growth of these species within the
plant.?® 27 At the time, they represented a ground breaking new class of agricultural fungicides that
were used directly in soil on a huge variety of plants. Despite the emergence of resistance in some

species, they are still widely used today as fungicides.?

2.2.3 Benzimidazoles as Antihelminthics

Benzimidazoles have previously been used to treat helminthic infections. Helminthic infections are
one of the biggest problems concerning the global production of livestock.?® Initially, they were
introduced to treat veterinary infections, but in 1962 the first benzimidazole, thiabendazole 16, was
developed and licensed for use in humans, and this was followed by four other benzimidazoles;
mebendazole (17), flubendazole (18), albendazole (19) and triclabendazole (20) (Figure 2.12), and is a

good example of a ‘me-too’ set of compounds, whereby chemically related compounds are produced.

30,31
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Figure 2.12. A number of benzimidazoles 16-27 have been tested as antihelminthic and antifungal agents.

2.2.4 Benzimidazoles as Antifungals

2.2.4.1 Benzimidazole Cryptococcal Data

Whilst the work surrounding benzimidazoles as anti-cryptococcal agents is limited, some research has
emerged which demonstrates the activity levels of some of the benzimidazole analogues in the form
of inhibitory concentration values against clinical isolates of C. neoformans at both 50% and 90%
inhibition. These studies were carried out using a number of isolates, revealing data that will allow for

the targeted design of benzimidazole analogues (Table 2.1).3?
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Table 2.1: Inhibitory concentrations for a number of benzimidazole compounds tested against three clinical
isolates. Reproduced from; In vitro susceptibility of the opportunistic fungus Cryptococcus neoformans to

anthelmintic benzimidazoles, M. Cruz et al.3

IC(ng/mL) for indicated isolates
Drug U4 1U8698 ATCC 14116
50% 90% 50% 90% 50% 90%

Fenbendazole 21 0.019 0.028 0.011 0.014 <0.016 <0.016
Nocodazole 22 0.13 0.22 0.09 0.12 0.20 0.29
Parbendazole 23 0.16 0.23 0.16 0.23 0.16 0.22
Mebendazole 17 0.23 0.43 0.18 0.32 0.19 0.40
Albendazole 19 0.16 0.25 0.31 0.45 0.30 0.45
Oxibendazole 24 2.3 3.2 1.0 2.1 1.4 2.1
Carbendazim 25 2.0 3.6 1.5 2.0 1.6 2.3
Benomyl 26 2.3 3.7 2.8 3.8 2.0 35
Oxfendazole 27 2.5 >4.0 3.2 >4.0 2.8 4.0
Thiabendazole 16 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0
Benzimidazole 1 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0
Amphotericin B 0.035 0.064 0.024 0.065 0.011 0.045

2.2.5 Initial SAR of Benzimidazole Analogues against C. neoformans

0 o o)
S N OMe S-oxidation S N >;OM9
A S—NH — S—NH
N N
21 H

27 H
oxfendazole

MICsq 1U4 = 2.5 pg/mL
o)

fenbendazole
MICsq 1U4 = 0.019 pg/mL

O g O>;
OMe
NS N OMe g oxidation N N\
B S—NH L N>—NH
N
19 H 28 H
Albendazole Albendazole Sulphoxide

MIC (in-house) = 0.5 pg/mL MIC (in-house) IU4 = 16 pg/mL

Figure 2.13A. Fenbendazole (21), the compound which shows the greatest activity against C. neoformans is
metabolised to oxfendazole (27), which is one of the worst performing compounds, via CYP450 and FMO
enzymes through the S-oxidation pathway. 333 2.13B. Albendazole (19) is metabolised in the same way.

The data in Table 2.1 provide some initial SAR understanding, which with selective design of new
analogues should lead to optimal activity against C. neoformans. From the table, it is apparent that
the albendazole analogue fenbendazole (21) shows the lowest inhibitory concentration (0.016 —0.028
ug/mL), which for most of the isolates is better than amphotericin B (0.011 — 0.064 pg/mL). However,
oxfendazole (27) shows reduced inhibitory activity (Figure 2.13A). In the case of 19, it is metabolised
by CYP450 and flavin mono-oxygenases (FMO) to give albendazole sulphoxide (28) (Figure 2.13B).33%

This is also most likely to be what is occurring with fenbendazole, meaning it could be being oxidised
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to aninactive form. Furthermore, in-house testing of the synthesised albendazole sulphoxide, showed

it had no activity against C. neoformans (Figure 2.13B).

All of the analogues that show activity against C. neoformans have a carbamate attached to the
benzimidazole core in the 2-position, suggesting from the admittedly limited data set that this is
required for activity. This is also further validated when observing the data for benzimidazole (1) and
thiabendazole (16), which have virtually no activity against C. neoformans and have no carbamate
functionality. Benomyl (26), which has a group attached to a ring nitrogen in the 1-position, shows

reduced activity when compared with those compounds that have no groups at this position (Figure

2.14).
X @)
Aliphatics, Ketones N\>—NXOR Carbamate
Thiols tolerated N H Essential
H

Benzimidazole
Core

Figure 2.14. Using SAR to understand what moieties are essential to benzimidazole activity can lead to
compounds with optimal activity.

The data in Table 1.1 allow for a basic structure activity profile to be observed, which includes the
necessity for a carbamate group and the 2-position, and in the 5/6 position it appears a variety of
groups can be introduced including; aliphatics, ketones and heteroatom linkers, with a variety of
aromatic moieties tolerated. It also shows that preferentially there should be no alkylation on the NH

nitrogen.

2.3 Benzimidazoles and B-Tubulin

Benzimidazoles are known to exert their biological effects by binding to the B-tubulin subunit of

microtubules, which inhibits mitosis (Figure 2.15).36 37

2.3.1 Microtubule Structure and Function

Microtubules are filaments that are one of the main components of the cytoskeleton in eukaryotic
cells. Tubulin is comprised of two polypeptide units (a-tubulin and B-tubulin), which dimerise to give

long stranded protofilaments.3® 39
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Microtubules are composed of thirteen protofilaments coming together to give a characteristic
hollow, tube like structure. Microtubules have a dynamic structure, whereby they are growing and
shrinking all the time. At the end where the microtubules grow more rapidly, there is more
polymerisation and this is designated the plus end. The other end, where depolymerisation occurs, is
designated the minus end. In non-dividing cells they are used in cytoplasmic organisation, particularly
of organelles. In dividing cells (mitosis) they function to segregate chromosomes in a cell, forming a

mitotic spindle, which allows for cellular division (Figure 2.15).38%1
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Figure 2.15. Microtubules are constantly undergoing a process of polymerisation and depolymerisation,
allowing for growing and shrinking of the microtubules respectively. Microtubule depolymerisation allows for
tubulin chains to be cleaved, which are then converted to tubulin dimers, which can then be reused in the
polymerisation process. Reproduced from; Microtubule assembly, organization and dynamics in axons and
dendrite, C. Conde et al.>®

2.3.2 Benzimidazole Mode of Action
Characterisation of the B-tubulin genes of C. neoformans has identified TUB1 as the primary target of
the benzimidazole class of compounds. Comparing the biological effects of benzimidazoles with other

drugs known to interact and effect polymerisation of microtubules has identified the way in which

mitosis is inhibited.

35



Chapter 2 An Introduction to the Benzimidazoles

Vinblastine Colchicine Taxol
Figure 2.16. The structures of the B-tubulin bindings compounds; vinblastine 29, colchicine 30 and taxol 31.#?

Vinblastine (29), a well-known anticancer drug, interacts with tubulin and causes a decrease in the
number of reactive cysteine residues by 8.6.#2* When the same experiment was carried out using the
benzimidazole analogue flubendazole (18), the number of reactive cysteine residues decreased by 5.2,
which indicates that it interacts with tubulin, though maybe not to the same extent as vinblastine (29).
The interaction of a drug with tubulin can either cause an increase or decrease in polymerisation, both
of which can affect mitosis. Comparisons were drawn with colchicine (30),** %> which inhibits
microtubule polymerisation and taxol (paclitaxel) (31), which increases microtubule polymerisation.*
4 |t was found that flubendazole (18) and mebendazole (17) behaved similarly to 30 and inhibited
microtubule polymerisation, thus inhibiting mitosis (Figure 2.17).*>%” They are also proposed to bind

to the B-tubulin at the colchicine binding site, which will be discussed in more detail in Chapter 7.%

Tubulin Microtubule Tubulin
dimers dimers

Mebendazole
blocks assembly

B Depolymerization > Polymerization
Figure 2.17. Mebendazole (17), a derivative of the benzimidazole being investigated inhibits cellular mitosis
via blocking polymerisation within the microtubule, meaning the rate of depolymerisation is greater than

polymerisation, resulting in a shortening of the microtubule and inhibited mitosis. Reproduced from; Brody’s
Human Pharmacology, Chapter 52 Drugs to Treat Parasitic Infection, S. Watts et al.*’
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2.4 Benzimidazole Metabolism

From literature predictions and biological evaluation, there are multiple ways in which benzimidazoles
are metabolised, and this varies depending on whether they are flubendazole (18) or albendazole (19)

derivatives.

2.4.1 Flubendazole Metabolism

A group at Charles University, Prague, conducted in vitro and ex vivo experiments on 18 and identified
via HPLC, utilising mass-spectrometric and spectrofluorimetric detection, that four flubendazole
metabolites were present. One metabolite was formed via the reduction of the ketone to the alcohol
32 (FLU-OH) carried out via a reductase enzyme. Further metabolism of the alcohol lead to a glucoside
analogue (FLU-O-glucoside) 33 and two other glucoside conjugates of flubendazole 34 and 35, carried

out via a UDP-glucosyl tranferase enzyme (Figure 2.18).%°
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Figure 2.18. Previous research to investigate the metabolism of flubendazole revealed four metabolites; a
reduced ketone analogue (FLU-OH) 32 and alcohol-glucoside conjugate (FLU-O-glucoside) 33 and two
flubendazole glucoside conjugates 34 and 35. Reproduced from; The metabolism of flubendazole and the

activities of selected biotransformation enzymes in Haemonchus contortus strains susceptible and resistant to
anthelmintics, 1. Vokfal et al.*®

Another paper published by Moreno et al also discovered that 18 can undergo a hydrolysis or
decarboxylation reaction, which cleaves the carbamate group, leaving behind a primary amine 36
(Figure 2.19). When sheep were dosed at 5 mg/kg, the FLU-NH, metabolite 36 exhibited very low
plasma concentrations of 0.103 — 0.016 pg/ml over 36 hours. It also showed that the reduced FLU-OH
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32 metabolite was the main metabolite, showing a rate of production of this metabolite of 9.46 £ 2.72

nmol/mg/h.>® However, in pigs the opposite is true and FLU-NH; (36) is the predominant metabolite.>*

>~OMe Hydrolase
O O O L
18 36

FLU-NH,
Figure 2.19. Carbamate hydrolysis of flubendazole by hydrolases generates a primary amine.*®

2.4.2 Albendazole and Fenbendazole Metabolism

The metabolism of albendazole (19) differs from flubendazole (18). The first instance is the oxidation
of the sulphur atom, initially to the sulphoxide 28 and then to the sulphone 37 (Figure 2.20). The drug
undergoes almost full first-pass metabolism in the gut or liver to give mixture of R and S enantiomers
of 28. This same sulphur metabolism is observed in fenbendazole (21), producing fenbendazole

sulphoxide and fenbendazole sulphone.>?

Q @ 0 0, 0 0
NS N >—OMe S N >—0Me NS N >—0Me
k= e
N N N
19 H 28 H 37 H
Albendazole Albendazole Sulphoxide Albendazole Sulphone

Figure 2.20. The oxidation of albendazole 19 is mediated by FMO and CYP450 enzymes within the liver to give
the sulphoxide 28 and subsequently the sulphone 37.3%53

Albendazole sulphoxidation in humans is mediated by Flavin Mono-oxygenase (FMO) enzymes and
Cytochrome P450 (CYP450) enzymes, in particular CYP3A4, within the liver microsomes. It is reported
that rat liver FMO’s mediate the formation of (R)-albendazole sulphoxide (28a) and CYP3A enzymes

promote formation of (S)-albendazole sulphoxide (28b).3% >34

21 undergoes CYP450 mediated hydroxylation of the thiol benzene to give a para-hydroxyl metabolite
38, which can then undergo further metabolism to produce glucuronides and other phase Il
metabolites (Figure 2.21).>> 6 19 undergoes hydroxylation of the carbamate 39, as well as
hydroxylation of the aliphatic chain attached to the sulphur, this like 21 can then undergo further
metabolism, often phase Il in nature, utilising enzymes such as UDP-glucosyltransferases. (Figure

2.22).52

O
S N OMe OMe
N CYP2J2
21 H 38 H
Fenbendazole 4-hydroxyfenbendazole

Figure 2.21. Fenbendazole (21) is metabolised to the 4-hydroxy metabolite 38 via CYP450 enzymes.>®
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Figure 2.22. Albendazole (19) is metabolised to its hydroxylated metabolite 39 via hydroxylation of the alkane
chain and the carbamate.*®

2.5 This Project: The Benzimidazole Core

The data for the small number of benzimidazole compounds above is promising and has led to a
benzimidazole template being developed that will allow us to probe the structure activity relationship
surrounding flubendazole. Medicinal chemistry will be employed to alter a number of sites on

flubendazole to optimise activity against C. neoformans (Figure 2.23)

Changing the Carbonyl Group
X=0,S8,C=0,CH,

3

o R
Changing Aromatic Substituents X N >—O/
R'=F, Cl,Br, OCF3;, Me, OMe \>—NH Changing the Carbamate
N
® H

and pyridine derivatives R3= Me, Et, iPr, NMe

Addition of Groups to Core
RZ= F, Cl, Br, Me and pyridine derivatives

Figure 2.23. Diversifying the molecule at a variety of positions will allow exploration of SAR.

Activity at the R and R? position will be investigated to see if activity can be improved via altering type
and position of substituents. A variety of aromatic substituents will be investigated to understand the
trends in activity based on size and the electronic properties. It is known in the literature that
benzimidazole carbamate derivatives have low aqueous solubility (Table 2.2).5”-58 Pyridine groups are
often introduced into molecules to enhance water solubility and binding interactions. The
benzimidazole carbamates are known for having particularly low water solubility (Table 2.2), so the

introduction of pyridine at the R! and R? positons could help to enhance water solubility. >°

Table 2.2. The water solubility data for four benzimidazole compounds.

Compound Solubility (mg/L)
Albendazole®’ 1.4
Fenbendazole®’ 0.9
Carbendazim®® 8

Thiazbendazole®® 30
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The rationale behind the alteration of the carbonyl group at position X derives from literature
precedence for synthesis of some of these analogues, mainly of the thiol and ether classes.
Furthermore, compounds like fenbendazole, a thioether derivative, have been shown already to
possess excellent activity against C. neoformans. Finally, alteration of the carbamate end will be
carried out to see if potency can still be maintained with expansion or alteration to this group. This
includes lengthening the chain to ethyl and isopropyl groups, as well as swapping to a urea moiety, as

the addition of urea groups is widely known to increase solubility. &

Retrosynthetic analysis suggested that building the core and then carrying out late stage
functionalisation was an attractive possibility. Synthesis of the core with a bromine in the 5-postion
showed potential for a number of palladium coupling reactions, which would allow for this
functionalisation. This was attempted for the biphenyl but was unsuccessful. This was thought to be

due to the poor solubility of the benzimidazole starting material.
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Chapter 3 Benzimidazoles: Thioether Derivatives

3.1 Benzimidazole Thioethers

As stated in Chapter 2, some thioether benzimidazole derivatives, including fenbendazole (1) and
albendazole (2) were tested against C. neoformans, with fenbendazole possessing the best activity
with an MIC range of 0.011 — 0.028 mg/L across a range of C. neoformans clinical isolates.
Furthermore, there were already established synthetic routes within the literature, with further room
for optimisation.! There is also a wide variety of commercially and most importantly inexpensive thiol
starting materials available, which makes the design of these compounds more attractive.
Fenbendazole (1) was the more attractive starting point for this project due to starting with a ten-fold

higher activity against C. neoformans than albendazole and the opportunity for greater synthetic

diversity. !
O (@]
S N OMe _~_S N OMe
(L -
N N
H H
1 2

Fenbendazole Albendazole

Figure 3.1. Two benzimidazoles of the thioether class were identified as having good activity against C.
neoformans in the literature.

From Chapter 2, we also identified that the bridging sulphur atom could be oxidised to give the
sulphoxide, which was biologically inactive against C. neoformans.? 2 With this in mind, the aims for
the project were;
1. To design and synthesise a number of thioether analogues to be tested against C. neoformans
in order to allow for structure activity relationship (SAR) development.
2. To design fenbendazole derivatives that are less rapidly metabolised to the sulphoxide,
allowing for higher concentrations of the biologically active drug to remain in the body.?*
3. Obtain Drug Metabolism and Pharmacokinetic (DMPK) data and allow this to inform whether

we have improved metabolic stability and observed any improvement in solubility.®
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3.2 Discussion

3.2.1 Synthesis

The synthesis of the thioether derivatives followed a three-step route. This route has been reported
on numerous occasions in the literature to make compounds of the thioether benzimidazole class.
Similar chemistry was used here, with some modifications to solvents, reaction time and

temperatures, to ensure the best possible yields (Scheme 3.1 and Table 3.1).5®

SH Cl
©/ —>R1©/ —>
NJ\OR4 . S XN >~OR4
| — R xl P S—NH
. N
H SMe R H

Scheme 3.1. Reagents and Conditions: (a) K2COs (2 eq.), DMF, reflux, overnight (57 — 97% yield); (b) SnCl2 (5
eq.), ethanol, reflux, overnight (42 — 90% yield); (c) 1,3-Bis(carbonyl)-2-methyl-2-thiopseudourea (7) (1 eq.),
acetic acid (2 M), methanol (0.4 M), sealed tube, 65 °C, overnight (22 — 80% vyield).

Table 3.1. Percentage yields obtained for all compounds created within the thioether template,
including intermediates and final products.

Step A% Step B % Step C%
R RO R R X ld(s) yield (6) yield (8)
a 4-F H H Me C 72 60 50
b 2-F H H Me C 70 98 Not finished
o 4-OMe H H Me C 57 90 35
d 2-Br H H Me C 97 72 55
e 2-CF; H H Me C 87 51 50
f 2-OMe | Me H Me C 87 45 61
g 4-F F H Me C 57 60 72
h 4-F F H Et C 57 60 60
i 4-F Me H Me C 62 70 60
j 4-F Me H Et C 62 70 60
k 4-F Me H Bn C 62 70 22
| 2-iPr H H Me C 87 42 43
m 2-iPr H H Et C 87 42 24
n 4-OMe H Me N 77 78 56
o] 2-F F H Me C 88 70 68
p 2-F F H Et C 88 70 29
q 2-F H F Me C 85 65 54
r 2-F H F Et C 85 65 24
S 2-F Br H Me C 97 83 53
t 2-F Br H Et C 97 83 80
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3.2.1.1 Nucleophilic Aromatic Substitution (SnAr)

The first step involved a nucleophilic aromatic substitution (SxAr) of the substituted thiol (3) with the
desired chloronitroaniline (4) to give the nitroaniline intermediate 5.7 This generally occurred in good
yields due to the thiol (3) being highly nucleophilic.>** More electron donating substituents generally
gave the best yields, which is due to the enhanced nucleophilicity of the thiol, as observed with the
majority of the methoxy derivatives (5f) and (5n), bromine (5d) and isopropyl! (51) and (5m) (Table
3.1).12 The first 4-OMe (5c) derivative showed a lower yield, but this was due to experimental error as
it was one of the first derivatives synthesised and at this point in the project optimisation of reaction

conditions, work-up procedures and purification was not complete.

These molecules were characterised by *H NMR. When the sample was run in chloroform there was
the key appearance of 7 aromatic protons, with the nitroaniline aromatic ring protons being observed
up-field towards 6 ppm and the thiol ring protons down-field towards 8 ppm. There was also the
additional presence of a broad singlet around 6 ppm, which correspond to the 2 protons of the amine
(See Figure 1A in Appendix). Generally, these compounds were purified by column chromatography,
which sometimes proved difficult if the reaction had not gone to completion. This was because the Rt
values of the starting material and product were almost identical and thus separation was very
difficult. In order to ensure the reaction went to completion, TLC monitoring was employed to check
the consumption of the starting nitroaniline. Also, slight excess of the thiol was used, as this could be
easily separated out. A large number of these compounds were made, with the only limitation being
the availability of the thiol starting materials, as more obscure derivatives were either expensive or

unobtainable, when compared with the phenol derivatives (Discussed in Chapter 4).

3.2.1.2 Tin (Il) Chloride Nitro Group Reduction

The second step involved a reduction which was carried out by dissolving 5 in ethanol, followed by
the addition of five equivalents of tin (I1) chloride and reflux overnight.'*'* The precise mechanism of
how tin and other reducing agents such as zinc perform this reduction is not confirmed, but the most
popular mechanism is that of single electron transfer (SET) (Figure 3.2). The nitro group (A) is first
acidified, and then following two single electron transfers to oxygen and subsequent protonation, the
nitroso intermediate (B) can be formed. A similar procedure of protonation and reduction via SET then
occurs to give the hydroxylamine (C), and then repeated again to provide the final amine product
(D).*>¥Due to the presence of protons in the reaction the finally amine is then readily protonated, so

during the work up aqueous NaOH is added to neutralise the acid and yield the free amine (6).
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Figure 3.2. A plausible proposed pathway for the reduction of a nitro group to an amine via single electron
transfer (SET). Reproduced from; March’s Advanced Organic Chemistry, J. March et al.*>7

The initial work up conditions were optimised to increase the concentration of NaOH to 25% for
basifying the reaction, ensuring that the free amine could be obtained, it also minimised excess water,
which made filtration easier. Furthermore, 10% Pd/C hydrogenation was attempted, however no
product was obtained. This was thought to be due potential sulphur poisoning of the palladium
catalyst.’®2! The product was characterised by NMR and mass spectrometry, with the most noticeable
changes being observed in the *H NMR spectrum. When the NMR sample was taken in chloroform,
then either one large broad peak, or two broad peaks were observed, which indicate the four NH;
protons of the diamine. The proton that was adjacent to the nitro group shows a significant shift from

around 8 ppm to closer to 6.5 ppm on reduction to the amine (6) (Appendix — Figure 1B).

3.2.1.3 Acid Mediated Ring Closure to Establish the Benzimidazole Core

The final step in the synthetic route involved a ring closure to give the benzimidazole core with the
carbamate installed at the same time and proved to be a significant challenge. Firstly, synthesis of the
dimethyl ((methylthio)methylene)dicarbamate (7) used for the ring closure was a very difficult
reaction to carry out consistently (Scheme 3.2). The thio urea starting material (9) and chloroformate
(10) are stirred in water at 0 °C for 15 minutes and then 25% NaOH added until the product
precipitates out as a white solid, which is obtained through filtration. The use of 4.3 equivalents of 10
is excessive, however for every molecule of 9, two molecules of 10 are used, but also excess is used

due to the spontaneous hydrolysis of 10 into methanol, carbon dioxide and hydrochloric acid upon
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reaction with water. This highlights the need for the reaction to be carried out as quickly as possible,

to ensure that 7 is obtained.?> 3

1
)NJ\H o} R*O IN o}
a
MeS™ "NHp | * CI)J\OR“ g Mes)\HJ\OR“
9 H,SO, 10 7
¥ N N
Solid Qil Solid
R= 7a 7b 7c
Synthesis Synthesis Oil
Unsuccessful Unsuccessful
7d 7e 7f

Scheme 3.2. Reagents and Conditions: (a) chloroformate (4.3 eq.), water, 0 °C to room temperature, 15
minutes, 25% NaOH, pH 9-10 (% yield);

Reproducibility of this reaction was initially problematic. Where some reactions would give excellent
yields, with others no solid would precipitate, even when a workup was undertaken. Within the group
a number of other methods were attempted, including adjusting concentrations of water and sodium
hydroxide added, equivalents of methyl chloroformate added and even attempting the whole reaction
at room temperature. Eventually, it was found that fast addition of 10 and vigorous stirring, followed

by dropwise addition of 25% sodium hydroxide resulted in reliable synthesis of the product (7a).

For other analogues, where the chloroformate was changed to ethyl (7b), benzyl (7f) and other alkyl
chains, the urea synthesis behaved differently, whereby compounds with larger side chains would not
precipitate and required work-up procedures to obtain the products as either oils or sticky solids. In
the case of the isopropyl (7d) and isobutyl (7e) groups, no confirmed product was isolated from this

reaction.

The ring closure reaction implemented 6 and 7 to produce the final product (8). It was easy to observe
the progress of the reaction due to pale solid precipitating out of the brown solution in the tube. For
some analogues such as 2-iPr, and methyl containing analogues this reaction took overnight. For the
majority of fluorinated analogues, solid precipitated after only 1 hour, but the reaction was left for
longer to ensure maximum yield. Finally, the product was filtered and washed with diethyl ether to
obtain the desired product as either a white, cream or yellow solid. Thioethers generally behaved well

in the final ring closure step, with the majority of yields being obtained at around 50%.
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Reduced yields were attributed to two potential factors. Firstly, different solubilities of the final
products in methanol and acetic acid often resulted in different amounts of the products being
obtained. Alterations to this were attempted, by adjusting the concentration of methanol in the sealed
tube, however too little meant the reaction did not stir effectively and too much caused the product
to dissolve further. Secondly, was the stability of the urea. It was noted that over a longer period of
time, yields for the reaction dropped as the thiourea material aged, and this was especially
pronounced when it was kept at room temperature. This problem was solved by storing the urea in
the freezer and sealing the flask, slowing its decomposition, as well as running a number of parallel

ring closures, to ensure that the urea was used immediately.

Also, slight differences in how the thio urea (7) is made each time due to differences in how much
NaOH each time is added for the solid to precipitate. If more NaOH was used in the previous step,
then there may not be enough acid remaining to carry out a higher yielding ring closure. Additional
acid was added (0.5 eq.) and the reaction re-heated and in some cases, this helped 8 to precipitate.
Sometimes, when too little NaOH was added in the previous step, the concentration of acid was too
high. In this case the ring closure is likely to have worked, but the excess acetic acid is aiding the
solubility of the product (8). Careful addition of a small amount of 1M NaOH allowed for the
compounds to precipitate and be filtered. Finally, the powder product obtained was difficult to
remove from the sinter funnel and due to the lack of solubility in anything but DMSO it was difficult
to transfer. This was particularly pronounced in small scale reactions, where a lot of the product
remained in the funnel. The funnel was changed to a Buchner funnel, but this did not allow for a

thorough drying of the product.

Compounds were identified by *H and * C NMR spectroscopy, with a peak at around 148 ppm in the
13C NMR being indicative of product formation as this corresponding to the carbon in the 2-position
of the benzimidazole core. Purity was confirmed by HPLC, with all analogues achieving over 94% purity
apart from 8a, which was the first compound synthesised and whose purification was not optimised

(Appendix - Figure 1C — 1E).

3.2.2 Biological Data

All compounds were tested for biological activity against whole cell C. neoformans using the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) method, which is a standardised method
to make results more comparable from different research projects.?* Fungal cells were grown on agar

plates and the media used for Minimum Inhibitory Concentration (MIC) testing was a dextrose
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solution containing DMSO. The plates, once inoculated, were incubated for 48 hours, and the MIC

value given at the lowest concentration where there was no observable growth.? 26

3.2.3 Biological Activity

Table 3.2. The thioether class of compound show generally good MIC testing data. Green — good -
0.015 - 0.25 mg/L, — acceptable - 0.5 — 4 mg/L, red — poor - >4 mg/L. * w made by Leanne
Riley, x and y made by Dr Emma Shore, z made by Ben Roberts.

R3 o
S N R4
LOR PN
R2
R! | Rz | RR| R | X MIC (mg/L)

Flubendazole 0.125
Fenbendazole 0.03

8a 4-F H H OMe C 0.03

8b 2-F H H OMe C 0.06

8c 4-OMe H H OMe C 0.03

8d 2-Br H H OMe C 0.03

8e 2-CF; H H OMe C >4

8f 2-OMe Me H OMe C >4

8g 4-F F H OMe C 0.06

8h 4-F F H OEt C >4

8i 4-F Me H OMe C >4

8j 4-F Me H OEt C >4

8k 4-F Me H OBn C >4

8l 2-iPr H H OMe C 0.25

8m 2-iPr H H OEt C >4

8n 4-OMe H OMe N >4

80 2-F F H OMe C 0.06

8p 2-F F H OEt C >4

8q 2-F H F OMe C

8r 2-F H F OEt C >4

8s 2-F Br H OMe C

8t 2-F Br H OEt C >4

8u 2-Me, 6-Me H H OMe C 0.125

8v 2-Me, 6-Me H H OEt C

8w 3-OMe H H OMe C 0.015

8x 4-OMe H H NHMe C

8y 3-OMe H H NHMe C >4

8z 2-OMe H H OMe C

The thioether sub-compound class showed overall excellent activity in the whole cell MIC testing, with

an activity range of 0.015 - >4 mg/L. From this we can observe some general trends as to what may

infer activity on this class of compound (Table 3.2).
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A number of groups are well tolerated at position R:. Compounds 8g-k and 8o-t with fluorine in any
position on the ring were generally well tolerated, with a slight preference for the 4-position which
showed a slight improvement in activity. Fluorine based analogues only showed a loss of activity upon
addition of groups such as methyl 8i-k to the core and alteration of the carbamate via changing from
methyl to ethyl 8h, 8r, 8t. 2-position substituents were particularly valuable as these could potentially
sterically block or minimise metabolism of the adjacent sulphur atom. Activity of the compounds
substituted at the ortho position gives some information about what may drive biological activity. As
a general trend, the larger the volume of the group at the 2-position, the greater the reduction in
activity is (Table 3.2). This holds true until we reach 2-iPr, which has the largest volume of all the 2-
substituents indicated below (Table 3.3). This indicates that the interplay between steric and
electronic effects is important to understand activity.

Table 3.3. Calculated areas for substituted benzene derivatives. Calculations carried out using
Molecular Mechanism MMFF, Spartan.

Group (on benzene) Surface Area (A%) MIC (mg/L)
F 104 0.06
Br 117 0.03
OMe 127 1
OCF; 132 >4
iPr 154 0.25

Fluorine is the smallest group, with a volume for fluorobenzene of 104 A3, and possesses an excellent
activity of 0.06 mg/L. This is only slightly lower than the 2-Br derivative (8d) which has an MIC of 0.03
mg/L but a larger surface area of 117 A3. This could be that this slightly larger atom facilitates more
Van der Waals interactions in the binding site, resulting in better activity. The OCF; and OMe
derivatives (8e and 8z) show MIC values of 1 and >4 mg/L respectively, with increasing surface from
132 A3to 154 A3. The decrease in activity could be due to both being larger groups. The iPr derivative
(81) however possesses good activity with an MIC of 0.25 mg/L, but as stated previously has the largest
volume of 154 A3, This larger volume has led to a reduced activity value compared with the bromo
and fluoro compounds. OMe and OCF; are both mesomerically electron donating, which may push
additional electron density onto the sulphur atom, which may reduce activity. The iPr group is less
electron donating, and thus pushes less electron density onto sulphur, which may help to balance out
steric and electronic factors. At the 2 and 4 positions, whilst there is still some electronic influence,
size of the substituent does not show as much of an effect, leading to less discernible differences in

activity.?’
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The pyridine moiety was incorporated in an attempt to improve solubility.?® In a screen at Glaxo Smith
Kline (GSK) they looked at the impact of having heterocycles in compounds and their effect on
solubility. Pyridine came in the middle of ranking in terms of increasing solubility, after groups such as
triazoles, pyrazoles, tetrazoles and pyrazines, all of which are synthetically more difficult to
incorporate into the molecules. This pyridine compound (8n) showed no activity with an MIC of >4
mg/L.28 The Log D for 8n is 2.51, which is significantly lower than any of the other compounds of this
class and indicates that the molecules might not be lipophilic enough to penetrate the cell effectively,

thus giving poor MIC activity.
Finally, we synthesised an analogue in which the aryl ring was moved from the 5-position to the 4-

position to see if activity was retained. This analogue (11) gave a poor MIC value of >4 mg/L, which

can be explained by poor binding due to having a more compact shape compared to the other linear

94
S o)

N
11 H—NH
N

analogues (Figure 3.3).

Figure 3.3. Moving the aryl group round the benzimidazole core resulting in no biological activity.

3.2.4 DMPK Data

3.2.4.1 Predicted DMPK

Predicted DMPK was calculated through Astra Zeneca’s predictive screen for all compounds
synthesised in the thioether compound class (Table 3.4) and general trends can be observed. Firstly,
Log D for these compounds is generally quite high, with this being increased upon the addition of
bromine (8d, 8s and 8t), addition of phenyl (8k) and other alkyl chains (8h and 8j). However, for the
thioether class of compound, it does not appear that high LogD is a problem, as these compounds
generally have good activity, especially for 8d where the addition of bromine has resulted in an
excellent MIC value of 0.03 mg/ml (Table 3.2). This indicates that higher Log D maybe beneficial for

these compounds as it leads to better cell permeation.?®

Fenbendazole (1) possesses an aqueous solubility of 0.3 uM, and sets a low starting point for
improvement. Aqueous solubility across the thioether class is predicted to be very poor, which is no

surprise, as no solubilising groups have been added and no large changes to the core or carbamate
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could have caused an increase in solubility. Carbamates are known for possessing sparing aqueous
solubility, especially when in combination with the benzimidazole core.3 3! Morpholine is commonly
introduced into molecules in order to improve their aqueous solubility. No incorporation of
solubilising groups such as morpholine was undertaken due to difficulties acquiring starting materials
and a feasible synthetic route.3” 3* Compound 8n, which has a pyridine ring introduced to the
benzimidazole core, shows a small increase in solubility of 3.0 uM, which is a factor of ten higher than
the rest of the compounds in the class, but still does not possess the solubility required to make this

an ideal drug candidate and is poorly active.

Table 3.4. Predicted DMPK data for the thioether class of compounds show good metabolic properties overall,
but poor solubility and Log D values. Values are colour coded with a traffic light system according to how good

or bad a particular value is. Green — good, — acceptable/medium, red — poor. MPO — Multiparamater
Optimisation.
Aqueous Rat Heps Human Mics MPO
Compound | LogD7.4 | CLogP Solubility CLint CLint
. . Score
(LM) (ul/min/mg) (ul/min/mg)
Flubendazole 2.9 1.50 0.8 5.1
1 2.65 0.3 20 4.7
8a 4.0 2.80 | Not obtained 12 11 4.7
8c 2.57 0.7 28 21 4.5
8d 4.35 0.2 19 4.1
8f 2.67 0.8 21 4.5
8g 4.15 2.94 0.8 8 21 4.8
8h 451 0.7 12 4.3
8i 4.18 0.8 9 25 4.4
8j 4.5 0.8 13 4.1
8k 5.36 0.1
8l 4.71 0.4 4.3
8m 5.0 0.4 95 113 4.0
8n 2.51 1.47 3.0 18 54
80 2.94 1.0 16 4.7
8p 431 1.1 24 4.3
8q 4.37 2.94 0.4 17 4.7
8r 4.72 0.5 28 4.3
8s 1.7 25 26
8t 4.09 1.8

Metabolism within both human microsomes and rat hepatocytes is generally acceptable across the
thioether series, with most compounds showing good to medium values. The worst values were
observed for compound 8m, with has both an isopropyl and ethyl group in the molecule, both of which
are readily metabolised to aliphatic alcohols, which can then undergo further phase Il metabolism to
glucuronides and glucosides amongst many others. MPO scores were calculated for these compounds
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as this can indicate whether a compound is likely to penetrate into the CNS. This is based on six
parameter; molecular weight, ClogP, ClogD, pKa, hydrogen bond donors (HBD) and TPSA (Topological
Polar Surface Area).?*® Each of these are given an equal weight and are assigned a value between O
and 1 depending on how favourable the property is for a CNS penetrable drug. Ideally, a lower ClogP
and ClogD is preferred, low pka, one or less hydrogen bond donors, a molecular weight that is higher,
but not too high that it disobeys Lipinski’s rules and a TPSA that is also higher. Generally, MPO scores
of >4 are considered to be CNS penetrable compounds. The majority of the compounds in this project
have good MPO scores, with only three compounds 8k, 8s and 8t possessing sub-optimal scores,

mainly due to possessing a higher molecular weight.

3.2.4.2 Measured DMPK
Whilst predictive DMPK gave us an idea about the potential properties our compounds could have,
they were also outsourced to Astra Zeneca for measured DMPK properties. This serves two purposes;
1. Obtaining measured DMPK can identify a compound with suitable properties
2. Compare this to the predictive data. If the values are similar then predictive data can be used

in conjunction with SAR and computational modelling to design additional compounds.

Table 3.5. Measured DMPK data for the thioether class of compounds show good to acceptable metabolic
properties overall, but poor solubility. Values are colour coded with a traffic light system according to how

good or bad a particular value is. Green —good, — acceptable/medium, red — poor.
Compound LogDs.4 Aq'u'eous Rat Heps CLint Human Mics CLint
Solubility (uM) (ul/min/mg) (ul/min/mg)
1 0.3 20
8a 4.2 0.5 10
8c 4 0.3 12 17
8d 4.8 0.1 22 9
8g 4.1 0.1 11
8h 4.6 0.1 26
8o 2.8 0.4
8q 1

Importantly, one of the main concerns regarding the development of the thioether derivatives was
the potential metabolism of sulphur to sulphoxide, which is a known metabolic route, and leads to
reduced activity of the metabolites (MIC >4 mg/L). From the data, it is observed that whilst
metabolism is present, it’s not as high as initially expected. Compounds 8g, 8h and 8o showed the
addition of fluorines to the core in an attempt to block metabolism. This showed no improvement

with microsomal clearance values indicating a slight increase in metabolism.
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We also investigated metabolism using the prediction module of Stardrop.3® This module carries out
guantum mechanical simulations to predict which CYP450 enzymes are likely to carry out metabolism
at certain points on each molecule. This calculation looks at the seven major isoforms of CYP450 that
carry out the metabolism of most approved drug compounds. Four compounds are displayed in Figure
3.4 below. CYP1A2, 2C9 and 3A4 are major isoforms implicated in the metabolism of the
benzimidazole thioethers. Interestingly, the calculation does identify some very minor metabolism on
the sulphur atom of around 1-2%, which increase to 4% upon the addition of the two fluorine atoms
adjacent to the sulphur atom (8q and 8r). 8c shows metabolism at the 4-OMe, however in the
measured DMPK screen the metabolic values are excellent. Compound 8l shows that the isopropyl
group has been indicated as a metabolic weak point, which helps to verify its increased metabolic
clearance. Compounds 8q and 8r show the difference in metabolism between the methyl and ethyl
carbamate groups. The metabolic profiles look very similar, with greater metabolism occurring on the
methyl group alone, but similar combined metabolism on both of the carbons of the ethyl group. This
agrees with the measured DMPK data for these compounds, where no significant difference in

metabolic data is observed.
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Figure 3.4. Metabolism predictions for four compounds from the thioether series. Calculations run on
Stardrop.
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Based on the plot of predicted Log D against measured Log D it is apparent that there is some
correlation between the two, with an R? value of 0.29 (Figure 3.5). Inspection of the data shows the
numbers aren’t always similar for measured and predicted, however the colour categories are.
Therefore, predicted Log D can be used as a good estimate, with measured DMPK to gain more precise
data. Aqueous solubility shows a good correlation, with an R?value of 0.84. This suggests that the
solubility predictions should be reliable, and can be used to help aid design of analogues. Both
metabolic correlations are quite poor, and it’s worth noting that this correlation is shown on a small
number of analogues. For human microsomal clearance, we can observe an R? value of 0.18, which
shows a small positive correlation. Viewing the data, it is clear the colour categories are generally the
same, but there are some differences in numbers. Rat hepatic clearance values show almost no
correlation with an R? value of 0.099. This shows that some of the compounds aren’t even predicted
to be in the same colour categories, with some big differences in number and is most noticeable for
8d and 8o.

Log D, 4 - Predicted vs Measured Aqueous Solubility - Predicted vs Measured
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Figure 3.5. Each of the parameters obtained from measured DMPK testing was plotted against the numbers
obtained from predicted DMPK analysis.

Ideally, we would prefer to carry out measured DMPK analysis for all compounds, but this is expensive
and requires compounds to be made first. Predictive DMPK is useful as it allows for the identification
of compounds with desirable DMPK properties, but also may allow us to screen out compounds with

undesirable properties. Whilst predictive DMPK calculations are a useful tool for guidance, this section
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has proven they are not 100% accurate, but do provide a reasonable approximation of values or colour
categories. It is therefore essential to use predictive and measured DMPK analysis together to confirm

results.

3.2.5 In Vivo Mouse Data

In vivo mouse studies were carried out in Prof. William Hope’s Group by Suzy Gore.?” Two thioethers,
compound 80 and 8¢, were chosen for in vivo testing due to possessing good activity values, 0.06 mg/L
and 1 mg/L respectively and having a good balance of DMPK properties. Extensive work was carried
out surrounding vehicles to be used for in vivo testing, and for these compounds 10% DMSO, 10%
ethanol and 80% castor oil was chosen due to its ability to solubilise these compounds with minimal

heating. Both compounds were given orally at a dose of 150 mg/kg (Figure 3.6).

CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99

3 3.5x10° CFU/ml IV and treated 150mg/kg orally of 8o and 8q
F 0
7 S >~0Me N >~OMe
I:[ S—NH S—NH

6 F N
§ 80 H
=
§
0 4
2
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o3
)
S 80

2

8q
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0 20 40 60 80 100 120
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Figure 3.6. Selected thioethers, compounds 8o and 8¢, were chosen for in vivo testing using mouse models.
The control shows an increase in fungal density in the brain when no drug is given. Both thioether derivatives
show no in vivo activity, as observed by possessing a similar shape plot to the control.

All in vivo tests are run using a control set of mice to ensure the C. neoformans strain is growing
correctly, so that results when administering the drug compound are not biased. Figure 3.6 shows
both of the thioether compounds administered showed no activity at the dose administered, this is
concluded from no observable decrease in fungal density in the brain tissue. Despite having excellent
MIC results, these compounds possess no in vivo activity. This is hypothesised to be due to either poor
absorption of the drug from the gut as they are very lipophilic, and are also administered in an oil
based vehicle, or that they are being rapidly metabolised to an inactive metabolite before they reach

the brain.® The second hypothesis is less likely due to good metabolic clearance values observed for
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these compounds. Using a dose of greater than 150 mg/kg is not possible for these compounds due

to difficulty dissolving the compounds in the vehicle, due to inherent poor solubility.

3.3 Conclusions

This project has resulted in the synthesis of around 35 thioether analogues, with 27 discussed in this
chapter. The synthetic route from the literature has been further developed to improve reaction yields
and purification, which has allowed for successful synthesises of these analogues and a SAR profile to
be developed (Figure 3.7). The thioether class on the whole possesses excellent activity, with 8w
providing the best activity for the entire project giving an MIC of 0.015 mg/L. DMPK data shows that
these compounds are surprisingly metabolically stable, even at the oxidisable sulphur group.
However, aqueous solubility is still an issue (range 0.1 — 3.0 uM), with no significant improvement on
fenbendazole (1) (0.3 uM) or flubendazole (0.8 uM). Unfortunately, there was no in vivo activity for

these analogues, though this is suspected to be a gut penetration issue and may be traversed.

Tolerate F in R?2 and R3 positon. Loss
of activity with Me or Br

Variety of groups tolerated. RS

In ortho postion smaller, S N
less electron donating Rl | N \>_
groups preferred. KA ~N
3-OMe - MIC = 0.015 mg/L R2

Does not tolerate N in ring. Does
improve DMPK properties.

Figure 3.7. An overall SAR conclusion.

3.4 Future Work

The thiol class possesses potent activity, so this does not require significant improvement. There is a
need to increase aqueous solubility and in vivo activity for this class. This could be achieved via
synthesis of a morpholine derived compound (12), analogous to a compound made as part of the
ether class (Figure 3.8), which is discussed in Chapter 4. This compound possessed good in vivo activity
and improved aqueous solubility. This compound would require a new synthetic route, due to similar

starting materials not being available for the thiol class.

Q
Nogeitoy
NH
oy ;
o/ 12

Figure 3.8. Design of a novel compound (12), analogous to a biologically ether compound.
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3.5 Experimental

3.5.1 General Experimental Details

3.5.1.1 Chemicals
All chemicals and solvents were purchased from Fluorochem, Aldrich, TCI, Fischer or Alfa Aesar with
no additional purification required before use. DMF was obtained from an MBRAUN MBSPS5 solvent

purification system, though anhydrous solvent was not required for reaction.

3.5.1.2 Thin Layer Chromatography (TLC)
Carried out on Merck silica gel 60 F-254 aluminium backed plates. Compounds were observed via
exposure to UV light or treatment with appropriate staining solutions such as potassium

permanganate and ninhydrin and then developed via heat gun.

3.5.1.3 Flash Column Chromatography
Performed using silica (40 — 63 um) supplied by Aldrich. Made into a slurry to provide the column
mobile phase and layered onto sand. Product was absorbed onto silica and loaded onto top of mobile

phase. Column was then eluted using the desired eluent and desired fractions collected.

3.5.1.4 Characterisation of Compounds

'H (400MHz) and 3C (100MHz) NMR spectra were recorded on a Bruker AMX400 spectrometer (*H
400 MHz; 3C 101 MHz) in the deuterated solvents described in each experimental procedure.
Deuterated solvents obtained from Aldrich. Chemical shifts are reported as ppm (parts per million).
Internal standard tetramethylsilane (TMS) and reported from downfield to upfield. Coupling constant
(/) are reported in Hz. Splitting reported as singlet — s, broad singlet — bs, multiplet — m, d — doublet, t
—triplet, g — quartet, s — septet, dd — doublet of doublets, ddd — doublet of doublet of doublets, app.
t — apparent triplet. Low Resolution Mass spectrometry (LRMS) and High Resolution Mass
Spectrometry (HRMS) were recorded using the analytical service within the Chemistry Department at
the University of Liverpool. LRMS and HRMS was conducted on a VG analytical 7070E machine, Frisons
TRIO mass spectrometers or Agilent QTOF 7200 using chemical ionisation (Cl) or electrospray (ESI).
Elemental analysis (%C, %H, %N and %S where specified) were determined by the University of
Liverpool Microanalysis Laboratory. Infra-red spectra were recorded in the range of 4000-600 cm-1
using a JASCO FT/IR 4200 spectrometer, or Bruker ALPHA FT-IR platinum ATR spectrometer. Melting
points were carried out using a Gallenkamp melting point machine and values are recorded in degrees
Celsius. HPLC was carried out using Agilent 1200 HPLC equipped with a ZORBAX Eclipse Plus C18
column (4.6mm x 10 mm, 3.5 um) at 25 °C. Flow rate 1 ml/min for 15 minutes using MeCN/Water
with compounds dissolved in methanol. UV detector recorded signals at 254 nm. Method A: min,

gradient: 2% MeCN hold to 1 min, 2-98% MeCN in 11 min, then hold at 98% MeCN to 15 min.
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3.5.2 General Procedures

General Procedure A — SyAr Coupling (5)

To a flask at room temperature was added a 2-nitroaniline derivative (4) (1.0 eq.), N,N-
dimethylformamide (0.35 M), potassium carbonate (2.0 eq.) and the substituted thiol (3) (1.5 eq.) and
the reaction heated to reflux overnight. The reaction was cooled to room temperature and then
diluted with ethyl acetate, washed with water, saturated ag. NaHCOs solution, brine, dried over
magnesium sulphate and concentrated to give a crude orange oil, which was purified by column
chromatography eluting with 10% ethyl acetate in hexane increasing to 20% to obtain the product, or
triturating with n-Hexane to yield the pure product. Often these compounds were an oil after fraction
collection and concentration. Precipitation of the solid was brought about by adding diethyl ether and

concentration under air flow.

General Procedure B — Single Nitro reduction (6)

To a flask at room temperature was added 2-nitro-5-(phenylthio)aniline (5) (1.0 eq.), ethanol (0.15 M)
and tin (Il) chloride dihydrate (5.0 eq.) and the reaction refluxed (65 °C) overnight. The reaction was
cooled to room temperature and the volume reduced. The solution was adjusted to pH 10 with 25%
sodium hydroxide and filtered with water and ethyl acetate. The water layer was then washed twice
more with ethyl acetate, the combined organic layers washed with brine, dried over magnesium
sulphate and concentrated. The product was purified by column chromatography eluting with 50%

ethyl acetate in n-hexane, increasing to 100% ethyl acetate, to elute the product.

General Procedure C — Acid Mediated Ring Closure (8)

To a flask at room temperature was added 4-(Phenylthio)benzene-1,2-diamine derivative (6) (1.0 eq.),
acetic acid (2 M), methanol (0.4 M), (thio)methylene dicarbamate derivative (7) (1.0 eq.) and the
reaction heated to 65 °C overnight. The reaction was cooled to room temperature and the resulting

solid filtered and washed using diethyl ether to give the final product.

dimethyl ((methylthio)methylene)dicarbamate (7)

|
Mes)\NJLOR
H
To a flask at 0 °C was added 2-methyl-2-thiopseudourea hemisulphate salt (9) (1 eq.), distilled water
(1M). Chloroformate (10) (4.3 eq.) was added and the reaction vigorously stirred at 0 °C for 15 mins.

The reaction was then warmed to room temperature, still maintaining vigorous stirring and then
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slowly basified to pH 9-10 using 25 % sodium hydroxide. The resulting white precipitate was then
filtered and washed with cold water to yield the product as a white solid, which was carried through
crude into the next step. If no solid precipitated, then extracted with ethyl acetate, dried over

magnesium sulphate and concentrated to yield the product.

3.5.2.1 2-Nitro-5-(phenylthio)aniline Derivatives
5-((4-Fluorophenyl)thio)-2-nitroaniline (5a)’

F NO,
General Procedure A - Employed 5-chloro-2-nitroaniline and 4-fluorothiophenol to give the title
compound (5a) (0.63 g, 72% yield) as a yellow solid. *H NMR (400 MHz, CDCl5) & 7.97 (d, 1H, J =9.1
Hz), 7.56-7.51 (m, 2H), 7.19 - 7.11 (m, 2H), 6.38 (dd, 1H, J = 9.1 Hz), 6.31 (d, 1H, J = 1.92 Hz), 6.05 (bs,

2H). 3C NMR (100 MHz, CDCls) 6 163.6 (d, J = 252.0 Hz), 149.3, 144.9, 137.4 (d, J = 8.7 Hz), 136.0 (d, J
=8.3 Hz), 135.3,126.7, 117.2 (d, / = 21.9 Hz), 115.1, 114.0.

5-((2-Fluorophenyl)thio)-2-nitroaniline (5b)
F
©/S\©:NH2
NO,
General Procedure A - Employed 5-chloro-2-nitroaniline and 2-fluorothiophenol to give the title
compound (5b) (1.19 g, 70% yield) as a brown oil. 'H NMR (400 MHz, CDCl5) & 7.99 (d, 1H, J = 8.9 Hz),
7.60 — 7.53 (m, 1H), 7.51 — 7.45 (m, 1H), 7.28 — 7.19 (m, 2H), 6.44 — 6.38 (m, 2H), 6.04 (bs, 2H). :3C
NMR (100 MHz, CDCls) 6§ 162.7 (d, J = 249.9 Hz), 147.2, 144.8, 137.0, 132.2 (d, J = 8.4 Hz), 130.2, 126.8,

125.3 (d, J=4.1 Hz), 117.5 (d, J = 18.2 Hz), 116.7 (d, J = 22.9 Hz), 115.4, 114.4. HRMS: (Cl+, CH4) m/z
Calculated for C12H10FN,05S: 265.0442. Found [M+H]*: 265.0441 (Diff — 0.05 ppm).

5-((4-Methoxyphenyl)thio)-2-nitroaniline (5c)’

MeO N02
General Procedure A - Employed 5-chloro-2-nitroaniline and 4-methoxythiophenol to give the title
compound (5¢) (0.27 g, 57% yield) as a yellow solid. *H NMR (400 MHz, CDCl3) & 7.95 (dd, 1H, J=9.1

& 2.0 Hz), 7.47 (d, 2H, J = 8.6 Hz), 6.98 (d, 2H, J = 8.6 Hz), 6.37 (d, 1H, J = 9.1 Hz), 6.25 (d, 1H, J = 2.0
Hz), 4.86 (s, 3H), 6.02 (bs, 2H). *C NMR (100 MHz, CDCl5) § 161.0, 150.9, 144.9, 137.3, 129.7, 126.5,
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120.1, 115.5, 114.8, 113.2, 55.5. HRMS: (ES+) m/z Calculated for Ci3H13N,05S: 277.0641. Found
[M+H]*: 277.0641 (Diff — 0 ppm).

4-((2-Bromophenyl)thio)-2-nitroaniline (5d)’
Br
o
NO,
General Procedure A - Employed 5-Chloro-2-nitroaniline and 2-Bromothiophenol to give the title
compound (5d) (0.91 g, 97% yield) as a yellow solid. *H NMR (400 MHz, CDCls) § 7.94 (d, 1H, J = 7.5
Hz), 7.65 (dd, 1H, J = 7.7 & 1.4 Hz), 7.49 (dd, 1H, J = 7.5 & 1.7 Hz), 7.29 (ddd, 1H, J = 8.3, 7.5 & 1.4 Hz),
7.21(ddd, 1H, J=8.3, 7.7 & 1.7 Hz), 6.36 (dd, 1H, J = 7.5 & 2.0 Hz), 6.34 (d, 1H, J = 2.0 Hz), 5.98 (s, 2H).
13C NMR (100 MHz, CDCls) 6 146.7, 144.9, 136.2, 134.0, 132.4, 130.8, 130.4, 129.2, 128.5, 126.9, 116.2,
115.5. HRMS: (ES+) m/z Calculated for Ci12H10BrN205S: 324.9641. Found [M+H]*: 324.9654 (Diff -3.94

ppm).

2-Nitro-5-((2-(trifluoromethyl)phenyl)thio)aniline (5e)
CF;

S NH,
General Procedure A - Employed 5-chloro-2-nitroaniline and 2-(trifluoromethyl)benzenethiol to give
the title compound (5e) (0.52 g, 87% yield) as a brown oil. *H NMR (400 MHz, CDCl3) 6 7.99 (d, 1H, J =
9.0 Hz), 7.86 (dd, 1H,J =7.2 & 1.6 Hz), 7.65 — 7.51 (m, 3H), 6.43 (d, 1H, J = 1.9 Hz), 6.39 (dd, 1H, /=9.0
& 1.9 Hz), 6.04 (bs, 2H). *C NMR (100 MHz, CDCl3) 6 147.6, 144.8, 137.9, 133.5, 133.2, 132.8, 130.4,

129.5, 127.4, 126.8, 123.3 (q, J = 272.3 Hz), 116.4, 115.9. HRMS: (Cl+, CH4) m/z Calculated for
C13H10F3N20,S: 315.0410. Found [M+H]*: 315.0417 (Diff -2.35 ppm).

4-((2-Methoxyphenyl)thio)-5-methyl-2-nitroaniline (5f)
OMe
S NH,
General Procedure A - Employed 5-chloro-4-methyl-2-nitroaniline and 2-methoxythiophenol to give
the title compound (5f) (0.41 g, 87% yield) as a yellow solid. *H NMR (400 MHz, CDCl;) 6 7.89 (s, 1H),
7.50 - 7.43 (m, 2H), 7.06 — 7.01 (m, 2H), 5.98 (s, 1H), 5.79 (bs, 2H), 3.86 (s, 3H), 2.33 (s, 3H). 3*C NMR
(100 MHz, CDCls) 6 159.9, 148.7, 143.1, 136.9, 131.7, 129.6, 126.0, 124.3, 121.8, 117.9, 114.0, 111.8,
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56.1, 18.7. HRMS: (Cl+, CH4) m/z Calculated for C14H1sN205S: 291.0798. Found [M+H]*: 291.0810 (Diff
4.12 ppm).

4-Fluoro-5-((4-fluorophenyl)thio)-2-nitroaniline (5g/5h)
S NH,
ST,
General Procedure A - Employed 5-chloro-4-fluoro-2-nitroaniline and 4-fluorothiophenol to give the
title compound (5g/5h) (0.33 g, 57% vyield) as a yellow solid. *H NMR (400 MHz, CDCls) & 7.80 (d, 1H,
J=10.0 Hz), 7.56 (dd, 2H, J = 8.5 & 7.8 Hz), 7.19 (dd, 2H, J = 9.0 & 8.5 Hz), 5.97 (d, 1H, J = 6.3 Hz), 5.87
(s, 2H). 3C NMR (100 MHz, CDCls) 6 164.0 (d, J = 251.5 Hz), 149.6 (d, J = 240.1 Hz), 141.6, 137.7 (d, J =

9.1 Hz), 130.2, 128.7, 123.5, 117.5 (d, J = 21.9 Hz), 115.0, 111.0 (d, J = 26.1 Hz). HRMS: (Cl+, CHs) m/z
Calculated for Ci2HgF2N,0,5S: 283.0347. Found [M+H]*: 283.0354 (Diff — 2.53 ppm).

5-((4-Fluorophenyl)thio)-4-methyl-2-nitroaniline (5i/5j/5k)

General Procedure A - Employed 5-chloro-4-methyl-2-nitroaniline and 4-fluorothiophenol to give the
title compound (5i/5j/5k) (0.36 g, 62% yield) as a yellow solid. *H NMR (400 MHz, CDCl3) § 7.90 (s,
1H), 7.52 (dd, 2H, J = 8.7 & 7.5 Hz), 7.18 (dd, 2H, J = 8.7 & 9.6 Hz), 6.00 (s, 1H), 5.82 (s, 2H), 2.29 (s,
2H). 3C NMR (100 MHz, CDCls) & 163.4 (d, J = 257.3 Hz), 143.1, 138.6, 137.5 (d, J = 8.4 Hz), 132.1,
126.2, 125.4, 123.8, 117.5 (d, J = 22.4 Hz), 113.9, 22.6. HRMS: (Cl+, CH4) m/z Calculated for
C13H12FN,0,S: 279.0598. Found [M+H]*: 279.0604 (Diff — 2.02 ppm).

5-((2-1sopropylphenyl)thio)-2-nitroaniline (51/5m)

S NH,
General Procedure A - Employed 5-chloro-2-nitroaniline and 2-isopropylthiophenol to give the title
compound (51/5m) (0.40 g, 87% yield) as a yellow solid. *H NMR (400 MHz, CDCl5) § 7.93 (d, 1H, /= 8.9
Hz), 7.54 — 7.50 (m, 1H), 7.49 — 7.43 (m, 2H), 7.28 —= 7.22 (m, 1H), 6.35 (dd, 1H, J = 8.9 & 1.8 Hz), 6.22
(d, 1H, J = 1.8 Hz), 5.98 (bs, 2H) 3.48 (sept, 1H, J = 6.9 Hz), 1.91 (d, 6H, J = 6.9 Hz). 23C NMR (100 MHz,
CDCls) 6 152.5, 149.2, 145.6, 145.4, 136.6, 130.3, 126.8, 126.5, 125.9, 116.2, 113.9, 113.4, 23.5, 22.4.
HRMS: (Cl+, CH4) m/z Calculated for Ci5sH17N,0,S: 289.1005. Found [M+H]*: 289.1012 (Diff —2.38 ppm).
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2-((4-Methoxyphenyl)thio)-5-nitropyridin-4-amine (5n)
S N NH,
Me0/©/ N~ NO,
General Procedure A - Employed 2-chloro-5-nitropyridin-4-amine and 4-methoxythiophenol to give
the title compound (5n) (0.36 g, 77% yield) as a yellow solid. *H NMR (400 MHz, CDCl3) § 9.04 (s, 1H),
7.52 (d, 2H.J = 9.0 Hz), 7.00 (d, 2H, J = 9.0 Hz), 5.94 (s, 1H), 3.87 (s, 3H). *C NMR (100 MHz, CDCls) &

169.5, 161.2, 148.8, 148.7, 137.4, 127.9, 119.7, 115.6, 105.7, 55.4. HRMS: (Cl+, CH4) m/z Calculated
for C1,H12N303S: 278.0594. Found [M+H]*: 278.0595 (Diff — 0.26 ppm).

4-Fluoro-5-((2-fluorophenyl)thio)-2-nitroaniline (50/5p)

F NO,

General Procedure A - Employed 5-chloro-4-fluoro-2-nitroaniline and 2-fluorothiophenol to give the

F

title compound (50/5p) (1.43 g, 88% yield) as an orange solid. *H NMR (400 MHz, CDCl5) 6 7.81 (d, 1H,
J=10.1 Hz), 7.61 — 7.48 (m, 2H), 7.30 — 7.21 (m, 2H), 6.08 (d, 1H, J = 6.5 Hz), 5.89 (bs, 2H). 3C NMR
(100 MHz, CDCls) & 162.8 (d, J = 246.6 Hz), 149.9 (d, J = 240.4 Hz), 141.2, 137.2, 136.9 (d, J = 20.7 Hz),
132.8 (d, J = 8.3 Hz), 128.8, 125.6 (d, J = 4.1 Hz), 116.9 (d, J = 21.7 Hz), 115.5, 111.2 (d, J = 26.4 Hz) not
all carbons visible. HRMS: (Cl+, CHs4) m/z Calculated for CiHgF,N>0,S: 283.0347. Found [M+H]*:
283.0358 (Diff — 3.83 ppm).

2-Fluoro-3-((2-fluorophenyl)thio)-6-nitroaniline (5q/5r)
F F
©/S\©[NH2
NO,
General Procedure A - Employed 2,3-difluoro-6-nitroaniline and 2-fluorothiophenol to give the title
compound (5¢/5r) (0.35 g, 85% yield) as an orange solid. *H NMR (400 MHz, CDCl3) § 7.76 (dd, 1H, J =
9.4 & 1.5 Hz), 7.55 (ddd, 1H, J=8.2 & 7.4 & 1.5 Hz), 7.52 — 7.45 (m, 1H), 7.22 — 7.18 (m, 2H), 6.16 (bs,
2H), 6.08 (dd, 1H, J = 9.8 & 7.4 Hz). *C NMR (100 MHz, CDCl) § 162.8 (d, J = 249.2 Hz), 147.5 (d, J =
238.4 Hz), 136.7, 134.7 (d, J = 15.5 Hz), 132.4 (d, / = 7.8 Hz), 131.6 (d, / = 15.6 Hz), 131.1, 125.3 (d, / =

4.2 Hz),121.2 (d, /= 3.4 Hz), 116.7 (d, J = 22.3 Hz), 116.2 (d, / = 19.0 Hz), 113.4 (d, / = 1.9 Hz) . HRMS:
(Cl+, CH4) m/z Calculated for Ci12HsF2N,0,S: 283.0347. Found [M+H]*: 283.0360 (Diff -4.65 ppm).
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4-Bromo-5-((2-fluorophenyl)thio)-2-nitroaniline (5s/5t)
F
©/S:©1NH2
Br NO,
General Procedure A - Employed 4-bromo-5-chloro-2-nitroaniline and 2-fluorothiophenol to give the
title compound (5s/5t) (0.34 g, 97% yield) as an orange solid. *H NMR (400 MHz, CDCls) § 8.30 (s, 1H),
7.58 (m, 2H), 7.27 (m, 2H), 5.93 (s, 3H). **C NMR (100 MHz, CDCl3) & 163.0 (d, J = 251.5 Hz), 148.8,
143.7,137.7,133.1(d, J= 8.0 Hz), 130.3, 129.6, 125.8 (d, / =4.0 Hz), 117.0 (d, J = 22.6 Hz), 114.4, 106.5

Not all carbons visible. HRMS: (Cl+, CH1) m/z Calculated for C1,HsBrFN,0,S: 342.9547. Found [M+H]*:
342.9547 (Diff -1.38 ppm).

3-((2-Fluorophenyl)thio)-2-nitroaniline (11a)
g4
S
NH,
General Procedure A - Employed 3-chloro-2-nitroaniline and 2-fluorothiophenol to give the title

compound (11a), which was carried through crude into the next reaction.

3.5.2.2 4-(Phenylthio)benzene-1,2-diamine Derivatives
4-((4-Fluorophenyl)thio)benzene-1,2-diamine (6a)’

S NH,
General Procedure B - Employed 5-((4-fluorophenyl)thio)-2-nitroaniline (5a) to give the title
compound (6a) (0.21 g, 60% yield) as a brown oil. 'H NMR (400 MHz, CDCl3) § 7.20 - 7.15 (m, 2H), 6.95
—6.91 (m, 2H) 6.83 (dd, 1H, J = 7.9 & 2.0 Hz), 6.80 (d, 1H, J = 2.0 Hz), 6.66 (d, 1H, J = 7.9 Hz), 3.43 (bs,
4H); *C NMR (100 MHz, CDCls) & 161.3 (d, J = 244.0 Hz), 133.9, 133.4, 131.1, 130.6 (d, J = 8.1 Hz),

125.9, 123.5, 121.6, 117.1, 115.9 (d, J = 23.8 Hz). HRMS: (ClI, CH4) m/z Calculated for Ci,H1,FN,0,S:
235.0700. Found [M+H]*: 235.0710 (Diff -4.46 ppm).

65



Chapter 3 Benzimidazoles: Thioether Derivatives

4-((2-Fluorophenyl)thio)benzene-1,2-diamine (6b)
F
NH,
General Procedure B - Employed 5-((2-fluorophenyl)thio)-2-nitroaniline (5b) to give the title
compound (6b) (0.21 g, 60% yield) as a brown oil. *H NMR (400 MHz, CDCl5) § 7.13-7.08 (m, 1H), 7.04
—6.99 (m, 1H), 6.97 — 6.95 (m, 2H), 6.89 (dd, 1H, J = 7.8 & 2.2 Hz), 6.86 (d, 1H, J = 2.2 Hz), 6.69 (d, 1H,
J =7.8 Hz), 3.44 (bs, 4H). *C NMR (100 MHz, CDCls) 6 159.4 (d, J = 244.3 Hz), 135.9, 135.4, 129.9 (d, J
=2.2 Hz), 127.1 (d, /= 8.3 Hz), 127.0, 126.6 (d, / = 16.9 Hz), 124.4 (d, J = 3.7 Hz), 122.6, 120.6, 117.1,

115.3 (d, J = 21.6 Hz). HRMS: (ClI, CH4) m/z Calculated for Ci,H1,FN,0,S: 235.0700. Found [M+H]":
235.0697 (Diff 1.16 ppm).

4-((4-Methoxyphenyl)thio)benzene-1,2-diamine (6c)’
S NH,
AT L,
General Procedure B - Employed 5-((4-methoxyphenyl)thio)-2-nitroaniline (5c¢) to give the title
compound (6c) (0.20 g, 90% vyield) as a yellow oil. *H NMR (400 MHz, CDCl3) 6 7.17 (d, 2H, J = 9.1 Hz),
6.74 (d, 2H, J =9.1 Hz) 6.68 (dd, 1H, /= 8.0 & 1.8 Hz), 6.66 (d, 1H, J = 1.8 Hz), 6.55 (d, 1H, J = 8.0 Hz),
3.71 (s, 3H), 3.31 (bs, 4H); **C NMR (100 MHz, CDCls) 6 158.7, 135.4, 134.6, 132.1, 128.3, 125.9, 124.2,

120.1, 117.1, 114.6, 55.4. HRMS: (Cl+, CH4) m/z Calculated for Ci13H13N,0S: 247.0900. Found [M+H]*:
247.0896 (Diff 1.35 ppm).

4-((2-Bromophenyl)thio)benzene-1,2-diamine (6d)’
Br
©/S\©:NH2
NH,
General Procedure B - Employed 4-((2-bromophenyl)thio)-2-nitroaniline (5d) to give the title
compound (6d) (0.58 g, 72% vyield) as a yellow solid. *"H NMR (400 MHz, CDCl3) § 7.47 (d, 1H, J = 8.0
Hz), 7.10 — 7.05 (m, 1H), 6.96 — 6.90 (m, 3H), 6.73 (d, 1H, J = 8.0 Hz), 6.71 (dd, 1H, J = 8.0 & 1.7 Hz)),
3.56 (s, 2H), 3.44 (s, 2H). *C NMR (100 MHz, CDCl3) § 141.6, 136.6, 135.4, 132.5, 128.4, 127.7, 127.0,

125.5, 123.9, 123.5, 120.2, 117.5. HRMS: (Cl+, CH.) m/z Calculated for C1,H1,BrN,S: 294.9899. Found
[M+H]*: 294.9912 (Diff -4.43 ppm).
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4-((2-(Trifluoromethyl)phenyl)thio)benzene-1,2-diamine (6e)
CFs

s NH,

L,
General Procedure B - Employed 2-nitro-5-((2-(trifluoromethyl)phenyl)thio)aniline (5e) to give the
title compound (6e) (0.24 g, 51% yield) as a yellow solid. *H NMR (400 MHz, CDCls) 6 (400 MHz, CDCls)
67.60(d, 1H,J=7.6 Hz), 7.29 - 7.22 (m, 1H), 7.17 - 7.10 (m, 1H), 7.00 (d, 1H, J = 8.0 Hz), 6.93 (dd, 1H,
J=8.0Hz),6.88 (s, 1H), 6.72 (d, 1H, J = 7.9 Hz). 3C NMR (100 MHz, CDCls) § 140.0, 136.6, 135.5, 131.8,

129.1, 128.2, 125.4, 124.6, 124.0 (q, J = 273.0 Hz), 123.5, 120.4, 120.3, 117.1. HRMS: (Cl+, CH4) m/z
Calculated for Ci3H12F3N2S: 285.0668. Found [M+H]*: 285.0664 (Diff 1.38 ppm).

4-((2-Methoxyphenyl)thio)-5-methylbenzene-1,2-diamine (6f)
OMe

T

NH,
General Procedure B - Employed 5-((2-methoxyphenyl)thio)-4-methyl-2-nitroaniline (5f) to give the
title compound (6f) (0.16 g, 45% yield) as a yellow solid. *"H NMR (400 MHz, CDCl;) 6 7.05 (ddd, 1H,
8.3,8.2& 1.7 Hz), 6.91 (s, 1H), 6.82 (dd, 1H, J =8.2 & 1.0 Hz), 6.76 (ddd, 1H, J=8.3, 7.6 & 1.0 Hz), 6.68
(s, 1H), 6.53 (dd, 1H, J = 7.6 & 1.7 Hz), 3.92 (s, 3H), 2.24 (s, 3H). *C NMR (100 MHz, CDCl5) & 155.1,

137.0,135.6,132.8,127.9,125.8,125.4,125.3,121.2,118.6,118.3,110.1, 55.8, 19.8. LRMS: (Cl+, CH4)
m/z Calculated for C14H17N205S: 261.36. Found [M+H]+: 261.1.

4-Fluoro-5-((4-fluorophenyl)thio)benzene-1,2-diamine (6g/6h)

S NH,

ST,
General Procedure B - Employed 4-fluoro-5-((4-fluorophenyl)thio)-2-nitroaniline (5g/5h) to give the
title compound (6g/6h) (0.17 g, 60% yield) as a yellow solid. *H NMR (400 MHz, CDCl5) § 7.16 (dd, 2H,
J=8.7&7.5Hz),6.93 (dd, 2H, J = 8.7 Hz & 9.8 Hz), 6.79 (d, 1H, J = 6.8 Hz), 6.49 (d, 1H, J = 9.5 Hz), 3.71
(s, 2H, 3.19 (s, 2H). 23C NMR (400 MHz, CDCls) & 162.6 (d, J = 245.6 Hz), 158.9 (d, J = 237.1Hz), 138.6
(d, J = 11.1 Hz), 132.7 (d, J = 3.7 Hz), 130.2 (d, J = 3.0 Hz), 130.0 (d, J = 7.7 Hz), 124.0 (d, J = 1.6 Hz),

116.0 (d, J = 21.5 Hz), 108.1 (d, J = 20.1 Hz), 103.6 (d, J = 25.1 Hz). HRMS: (Cl+, CH4) m/z Calculated for
C12H11F2N,S: 253.0606. Found [M+H]*: 253.0608 (Diff -0.97 ppm).
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4-((4-Fluorophenyl)thio)-5-methylbenzene-1,2-diamine (6i/6j/6k)

S NH,
General Procedure B - Employed 5-((4-fluorophenyl)thio)-4-methyl-2-nitroaniline (5i/5j/5k) to give
the title compound (6i/6j/6k) (0.26 g, 70% yield) as a yellow solid. *H NMR (400 MHz, CDCl5) § 7.03
(dd, 2H, J = 8.7 & 9.0 Hz), 6.91 (dd, 2H, J = 8.7 & 10.6 Hz), 6.86 (s, 1H), 6.63 (s, 1H), 3.38 (s, 4H), 2.22
(s, 3H). **C NMR (100 MHz, CDCl3) 6 161.0 (d, J = 244.0 Hz), 136.6, 134.2, 134.0,132.7,128.7 (d, /= 7.8

Hz), 124.2, 120.9, 118.4, 116.0 (d, J = 21.9 Hz), 19.7. HRMS: (Cl+, CHa) m/z Calculated for C13H14FN,S:
249.0856. Found [M+H]*: 249.0861 (Diff 2.01 ppm).

4-((2-1sopropylphenyl)thio)benzene-1,2-diamine (61/6m)

S NH,

\@NHz
General Procedure B - Employed 5-((2-isopropylphenyl)thio)-2-nitroaniline (51/5m) to give the title
compound (61/6m) (0.15 g, 42% vyield) as a yellow solid. *H NMR (400 MHz, CDCls) § 7.25 (d, 1H,/J=1.9
Hz), 7.17 - 7.13 (m, 1H), 7.03 — 6.98 (m, 2H), 6.80 (dd, 1H, J = 7.6 & 1.9 Hz), 6.79 — 6.74 (m, 1H), 6.66
(d, 1H, J = 7.6 Hz), 3.49 (sep, 1H, J = 6.8 Hz), 3.41 (s, 4H), 1.26 (d, 6H, J = 6.8 Hz). 1*C NMR (100 MHz,

CDCls) 6 147.0, 136.6, 135.4, 135.1, 129.3, 126.2, 126.1, 125.9, 125.3, 123.7, 121.7, 117.2, 30.2, 23.4.
HRMS: (Cl+, CH4) m/z Calculated for CisH19N>S: 259.1263. Found [M+H]*: 259.1262 (Diff 0.6 ppm).

6-((4-Methoxyphenyl)thio)pyridine-3,4-diamine (6n)
/©/S | SN NH»>
MeO NF NH,
General Procedure B - Employed 2-((4-methoxyphenyl)thio)-5-nitropyridin-4-amine (5n) to give the
title compound (6n) (0.25 g, 78% yield) as a yellow oil. 'H NMR (400 MHz, CDCls) 6 7.80 (s, 1H), 7.49
(d, 2H, J = 8.9 Hz), 6.91 (d, 2H, J = 8.9 Hz), 6.18 (s, 1H), 3.89 (s, 2H), 3.83 (s, 3H), 3.04 (s, 2H). *C NMR

(100 MHz, CDCls) 6 160.1, 153.7, 144.6, 138.6, 136.3, 127.0, 123.3, 115.0, 107.6, 55.2. HRMS: (CI+,
CH4) m/z Calculated for C1,H14N30S: 248.0852. Found [M+H]*: 248.0861 (Diff — 3.76 ppm).
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4-Fluoro-5-((2-fluorophenyl)thio)benzene-1,2-diamine (60/6p)
F
©/S:©:NH2
F NH,
General Procedure B - Employed 4-fluoro-5-((2-fluorophenyl)thio)-2-nitroaniline (50/5p) to give the
title compound (60/6p) (0.30 g, 70% yield) as a yellow solid. *H NMR (400 MHz, CDCl5) 6 7.14 — 7.08
(m, 1H), 7.04 - 7.00 (m, 1H), 6.99 — 6.91 (m, 2H), 6.83 (d, 1H, J = 7.2 Hz), 6.51 (d, 1H, J = 9.7 Hz), 3.77
(s, 2H), 3.18 (s, 2H). 3C NMR (100 MHz, CDCl3) 6 159.5 (d, J = 244.4 Hz), 158.2 (d, J = 239.3 Hz), 139.3
(d, J = 10.3 Hz), 130.3 (d, J = 2.4 Hz), 129.4 (d, J = 2.1 Hz), 127.2 (d, J = 1.7 Hz), 125.1 (d, J = 17.0 Hz),

124.6 (d, J = 1.7 Hz), 124.5 (d, J = 3.5 Hz), 115.4 (d, J = 22.1 Hz), 105.1 (d, J = 18.0 Hz), 103.4 (d, J = 27.1
Hz). HRMS: (ES+) m/z Calculated for C12H11F2N,S: 253.0606. Found [M+H]*: 253.0608 (Diff -0.97 ppm).

3-Fluoro-4-((2-fluorophenyl)thio)benzene-1,2-diamine (6q/6r)
F F
©/S\©:NH2
NH,
General Procedure B - Employed 2-fluoro-3-((2-fluorophenyl)thio)-6-nitroaniline (5q/5r) to give the
title compound (6q/6r) (0.20 g, 65% yield) as a brown oil. *H NMR (400 MHz, CDCl3) 6 7.14 — 7.06 (m,
1H), 7.04 — 6.98 (m, 1H), 6.98 — 6.90 (m, 2H), 6.87 (dd, 1H, J = 8.4 & 7.9 Hz), 6.50 (d, 1H, J = 8.4). 3C
NMR (100 MHz, CDCl3) & 159.6 (d, J = 248.1 Hz), 153.0 (d, J = 239.6 Hz), 139.2 (d, J = 5.9 Hz), 129.5 (d,
1.9 Hz), 127.3, 127.2, 125.1 (d, J = 17.1 Hz), 124.5 (d, J = 3.3 Hz), 122.9 (d, J = 16.8 Hz), 115.4 (d, J =

21.4 Hz), 11.8 (d, J = 2.4 Hz), 106.8 (d, J = 18.0 Hz). HRMS: (Cl+, CH.) m/z Calculated for CiH11F2N,S:
253.0606. Found [M+H]*: 253.0615 (Diff -3.73 ppm).

4-Bromo-5-((2-fluorophenyl)thio)benzene-1,2-diamine (6s/6t)
F
ooC
Br NH,
General Procedure B - Employed 4-bromo-5-((2-fluorophenyl)thio)-2-nitroaniline (5s/5t) to give the
title compound (6s/6t) (0.24 g, 83% yield) as a brown oil. *H NMR (400 MHz, CDCl5) & 7.16 (m, 1H),
7.00 (m, 4H), 6.83 (s, 1H), 3.46 (s, 4H). **C NMR (100 MHz, CDCl3) 6 159.8 (d, J = 246.8 Hz), 137.3, 134.6,

130.5 (d, J = 2.1 Hz), 127.8 (d, J = 7.9 Hz), 127.0, 124.6 (d, J = 3.5 Hz), 123.1, 122.7 (d, J = 22.3 Hz),
120.4,118.7, 115.6 (d, J = 22.0 Hz).
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3-((4-Fluorophenyl)thio)benzene-1,2-diamine (11b)
NH,

/©/S NH,
F

General Procedure A - Employed 3-((2-fluorophenyl)thio)-2-nitroaniline (11a) to give the title
compound (11b) (0.26 g, 50% vyield) as a brown oil. *H NMR (400 MHz, CDCls) & 7.14 — 7.01 (m, 3H),
6.95 (dd, 1H, J = 8.4 & 7.3 Hz), 6.82 — 6.76 (m, 2H), 6.71(dd, 1H, / = 8.4 & 8.1 Hz), 4.08 (s, 2H), 3.44 (s,
2H). *C NMR (100 MHz, CDCl5) 6 159.3 (d, J = 246.0 Hz), 138.6, 134.8, 128.5, 128.4 (d, J = 2.4 Hz), 127.0
(d, J=7.6 Hz), 125.7 (d, J = 3.4 Hz), 119.6. 118.4, 115.7, 115.4 (d, J = 21.3 Hz), 114.4.HRMS: (Cl+, CH,)
m/z Calculated for C1;H11F2N,S: 253.0606. Found [M+H]*: 253.0615 (Diff -3.73 ppm).

3.5.2.3 Methyl (6-(phenylthio)-1H-benzo[d]imidazol-2-yl)carbamate Derivatives

Methyl (6-((4-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8a)’

QL
S—NH
S H O)—OMe

General Procedure C - Employed 4-((4-fluorophenyl)thio)benzene-1,2-diamine (6a) to give the title
compound (8a) (0.13 g, 50% vyield) as a cream solid. *"H NMR (400MHz, DMSO) 6 11.63 (bs, 2H), 7.50
(d, 1H, J = 1.6 Hz), 7.45 (d, 1H, J = 8.2 Hz), 7.24 — 7.20 (m, 2H), 7.17 (dd, 1H, J = 8.2 & 1.6 Hz), 7.19 —
7.14 (m, 2H), 3.77 (s, 3H); *C NMR (100 MHz, DMSO) & 161.4 (d, J = 246.5 Hz), 155.0, 148.7, 137.6,
134.0(d,J=3.7 Hz), 133.9,131.1 (d, J = 8.6 Hz), 126.7, 124.8,118.8, 116.7 (d, / = 18.3 Hz), 115.4, 53.0.
HRMS: (ES+) m/z Calculated for CisH13FN30,S: 318.0713. Found [M+H]*: 318.0712 (Diff — 0.2 ppm).
Vmax/cm™ : (solid) 3656 (s), 2980 (m), 2888 (m), 1506 (m), 1462 (m), 1263 (m). MP: 230 - 232 °C. Purity
HPLC (Method A) 89.5%, R: = 9.69 min.

Methyl (6-((4-methoxyphenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8c)’

MeO N
T
S ” o)—OMe

General Procedure C - Employed 4-((4-fluorophenyl)thio)benzene-1,2-diamine (6c) to give the title
compound (8c) (0.095 g, 35% yield) as a cream solid. *H NMR (400MHz, DMSO) &§ 11.71 (bs, 2H), 7.44
(d, 1H, J=8.3 Hz), 7.42 (d, 1H, J = 1.7 Hz), 7.34 (d, 2H, J = 8.8 Hz), 7.14 (dd, 1H, J = 8.3 & 1.7 Hz), 7.00
(d, 2H, J = 8.8 Hz), 3.82 (s, 3H), 3.81 (s, 3H); ); 3C NMR (100 MHz, DMSO) & 158.1, 154.0, 153.0, 147.4,
135.4,131.9, 126.4, 123.8, 114.4, 54.6, 51.9. HRMS: (ES+) m/z Calculated for Ci6H16N305S: 330.0912.
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Found [M+H]*: 330.0911 (Diff — 0.4ppm). Vmax/cm™ : (solid) 3356 (s), 2978 (m), 2888 (m), 1713 (s), 1521
(s), 1490 (m), 1261 (m). MP: 232 - 235 °C. Purity HPLC (Method A) 95.1%, R; = 9.54 min.

Methyl (5-((2-bromophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8d)’

L
S—NH
H o)/-—OMe

General Procedure C - Employed 4-((2-bromophenyl)thio)benzene-1,2-diamine (6d) to give the title

Br

compound (8d) (0.035 g, 55% yield) as a cream solid. *H NMR (400MHz, DMSO) & 11.69 (s, 2H), 7.60
(d, 1H, J = 8.1 Hz), 7.59 (s, 1H), 7.53 (d, 1H, J = 8.0 Hz), 7.24 (d, 1H, J = 8.1 Hz), 7.19 (dd, 1H, J = 7.7 &
7.9 Hz), 7.05 (dd, 1H, J = 8.0 & 7.7 Hz), 6.59 (d, 1H, J = 7.9 Hz), 3.77 (s, 3H). 3C NMR (100 MHz, DMSO)
§153.3,146.0, 145.2,142.2,141.1, 139.2, 128.8, 128.4, 127.6, 127.5, 127.2, 120.1, 116.6, 115.6, 52.9.
HRMS: (ES+) m/z Calculated for CisH13"°BrNsO,S: 377.9912. Found [M+H]*: 377.9904 (Diff - 2.12 ppm).
Vmax/cm™ : (solid) 3395 (s), 2979 (m), 2956 (m), 1639 (s), 1457 (m), 1267 (m). MP: 240 °C decomposed.
Microanalysis: Predicted C(47.63%), H(3.20%), N (11.11%), S(8.48%); Obtained C(47.48%), H(3.22%),
N (11.06%), S(8.61%). Purity HPLC (Method A) 98.4%, R: = 10.22 min.

Methyl (5-((2-(trifluoromethyl)phenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8e)

General Procedure C — Employed 4-((2-(trifluoromethyl)phenyl)thio)benzene-1,2-diamine (6e) to give
the title compound (8e) (0.052 g, 50% yield) as a cream solid. *H NMR (400MHz, DMSO) 6 11.80 (bs,
2HO, 7.74 (d, 1H, J = 8.0 Hz), 7.59 (s, 1H), 7.52 (d, 1H, J = 8.3 Hz), 7.46 (dd, 1H, J = 8.5 & 7.6 Hz), 7.33
(dd, 1H, J =8.3 & 7.6 Hz), 7.24 (d, 1H, J = 8.0 Hz), 6.95 (d, 1H, J = 8.6 Hz), 6.95 (d, 1H, J = 8.6 Hz), 3.78
(s, 3H). 3C NMR (100 MHz, DMSO) § 154.9, 150.0, 139.2, 133.4, 132.6, 129.8, 128.5, 128.3, 127.12,
127.06, 126.2, 125.8, 122.4 (d, J = 154.3 Hz), 52.8. *F NMR (376 MHz) & -59.9. HRMS: (ES+) m/z
Calculated for Ci6H13F3N30,S: 368.0675. Found [M+H]*: 368.0679 (Diff — 1.15 ppm). Vmax/cm™ : (solid)
3045 (s), 2980 (m), 2959 (m), 1719 (s), 1594 (m), 1455 (m), 1271 (s). MP: 230 - 233 °C decomposed.
Purity HPLC (Method A) 100%, Rt = 10.26 min.
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Methyl (5-((2-methoxyphenyl)thio)-6-methyl-1H-benzo[d]imidazol-2-yl)carbamate (8f)
OMe 0)

General Procedure C - Employed 4-((2-methoxyphenyl)thio)-5-methylbenzene-1,2-diamine (6f) to
give the title compound (8f) (0.056 g, 61% yield) as a white solid. *H NMR (400MHz, DMSO) 6 11.76
(s, 2H), 7.50 (s, 1H), 7.46 — 7.41 (m, 1H), 7.14 - 7.10 (m, 1H), 7.02 (s, 1H), 6.79 - 6.75 (m, 1H), 6.40 —
6.36 (m, 1H), 3.88 (s, 3H), 3.78 (s, 3H), 2.34 (s, 3H). 3C NMR (100 MHz, DMSO) & 155.5, 154.2, 146.6,
140.5, 137.4, 134.6, 131.7, 126.8, 126.6, 126.3, 121.6, 116.9, 115.7, 111.3, 56.1, 52.9, 20.7. HRMS:
(ES+) m/z Calculated for C17H1sN303S: 344.1069. Found [M+H]*: 344.1061 (Diff -2.32 ppm). Vmax/cm™ :
(solid) 3330 (s), 2979 (m), 2951 (m), 2832 (m), 1621 (s), 1460 (m), 1270(s). MP: 240 °C. Purity HPLC
(Method A) 94.4%, R: = 9.56 min.

Methyl (6-fluoro-5-((4-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8g)

0
s N, )—OMe
[oposs:
F F N

General Procedure C - Employed 4-fluoro-5-((4-fluorophenyl)thio)benzene-1,2-diamine (6g) to give
the title compound (8g) (0.079 g, 72% yield) as a white solid. 'H NMR (400MHz, DMSO) § 11.72 (s, 2H),
7.50 (s, 1H, J = 6.8 Hz), 7.33 (d, 1H, J = 10.2 Hz), 7.23 - 7.17 (m, 4H), 3.77 (s, 3H). 3C NMR (100 MHz,
DMSO) & 161.5 (d, J = 244.9 Hz), 157.0 (d, J = 244.7 Hz), 154.6, 148.5, 140.6, 134.7, 132.2 (d, J = 3.6
Hz), 130.8 (d, J = 5.5 Hz), 118.7, 116.0 (d, J = 21.3 Hz), 115.4, 104.5 (d, J = 21.3 Hz), 53.1. HRMS: (ES+)
m/z Calculated for CisH1,F2N305S: 336.0618. Found [M+H]*: 336.0620 (Diff 0.60 ppm). Vmax/cm™ :
(solid) 3334 (s), 2959 (m), 2667 (m), 1702 (s), 1456 (m), 1273 (s). MP: 256 °C decomposed. Purity HPLC
(Method A) 98.8%, R: = 9.65 min.

Ethyl (6-fluoro-5-((4-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8h)
s N O>~0Et
epous
F F N
General Procedure C - Employed 4-fluoro-5-((4-fluorophenyl)thio)benzene-1,2-diamine (6h) to give
the title compound (8h) (0.066 g, 60% yield) as a white solid. *H NMR (400MHz, DMSO) & 11.69 (s,
2H0, 7.50 (d, 1H, J = 6.6 Hz), 7.33 (d, 1H, J = 9.7 Hz), 7.23 - 7.17 (m, 4H), 4.23 (g, 2H, J = 7.1 Hz), 1.28

(t, 3H, J = 7.1 Hz). 3C NMR (100 MHz, DMSO) & 162.4 (d, J = 244.1 Hz), 160.5 (d, J = 246.4 Hz), 154.2,
72



Chapter 3 Benzimidazoles: Thioether Derivatives

149.5, 140.0, 133.5, 132.4, 130.7 (d, J = 9.2 Hz), 120.9, 116.9 (d, J = 22.7 Hz), 114.8, 104.3, 61.9, 14.7.
HRMS: (ES+) m/z Calculated for CisH14F2N30,S: 350.0775. Found [M+H]*: 350.0768 (Diff —2.0 ppm).
Vmax/cm® : (solid) 3361 (s), 2981 (m), 2881 (m), 2723 (m), 1692 (s), 1451 (m), 1272 (s). MP: 258 °C
decomposed. Purity HPLC (Method A) 98.0%, Rt = 10.26 min.

Methyl (5-((4-fluorophenyl)thio)-6-methyl-1H-benzo[d]imidazol-2-yl)carbamate (8i)

(@)
S N >~0Me
ISpeNt
F N
H

General Procedure C - Employed 4-((4-fluorophenyl)thio)-5-methylbenzene-1,2-diamine (6i) to give
the title compound (8i) (0.053 g, 60% yield) as a white solid. *H NMR (400MHz, DMSO) § 11.68 (s, 2H),
7.49 (s, 1H), 7.39 (s, 1H), 7.15 (dd, 2H, J = 9.2 & 8.3 Hz), 7.07 (dd, 2H, J = 9.2 & 8.3 Hz), 3.75 (s, 3H),
2.35 (s, 3H). *C NMR (100 MHz, DMSO) & 161.1 (d, J = 243.4 Hz), 155.1, 148.6, 143.9, 139.9, 133.5 (d,
J=2.9Hz), 133.5, 129.7 (d, J = 9.7 Hz), 123.4, 119.1, 116.8 (d, J = 21.6 Hz), 113.3, 52.8, 21.1. HRMS:
(ES+) m/z Calculated for Ci6H1sFN30,S: 332.0869. Found [M+H]*: 332.0868 (Diff — 0.30 ppm). Vmax/cm"
1: (solid) 3335 (s), 2656 (m), 1634 (s), 1457 (m), 1276 (s). MP: 262 °C decomposed. Purity HPLC
(Method A) 100%, R¢ = 10.12 min.

Ethyl (5-((4-fluorophenyl)thio)-6-methyl-1H-benzo[d]imidazol-2-yl)carbamate (8j)

0
S N, )—OEt
Iepeee
F N
H

General Procedure C - Employed 4-((4-fluorophenyl)thio)-5-methylbenzene-1,2-diamine (6j) to give
the title compound (8j) (0.066 g, 60% yield) as a white solid. *H NMR (400MHz, DMSO) 6 11.70 (s, 2H),
7.50 (s, 1H), 7.40 (s, 1H), 7.14 (m, 2H), 7.07 (m, 2H), 4.22 (q, 2H, J = 7.0 Hz), 2.35 (s, 3H), 1.28 (t, 3H, J
=7.0 Hz). 3C NMR (100 MHz, DMSO0) § 161.1 (d, J = 239.5 Hz), 154.7, 148.6, 136.2, 135.5,135.7 (d, J =
2.5 Hz), 133.5, 129.7 (d, J = 7.6 Hz), 123.3, 118.8, 116.7 (d, / = 22.5 Hz), 112.7, 61.8, 21.1, 14.8. HRMS:
(ES+) m/z Calculated for C17H17FN30,S: 346.1026. Found [M+H]*: 346.1019 (diff -2.02 ppm).

Benzyl (5-((4-fluorophenyl)thio)-6-methyl-1H-benzo[d]imidazol-2-yl)carbamate (8k)

o)
S N >\—osn
IOP BN
F N
H
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General Procedure C - Employed 4-((4-fluorophenyl)thio)-5-methylbenzene-1,2-diamine (6k) to give
the title compound (8k) (0.028 g, 22% yield) as a white solid. *H NMR (400MHz, DMSO) & 11.78 (s, 2H),
7.47-7.41 (m, 7H), 7.15 (dd, 2H, J = 9.4 & 8.6 Hz), 7.07 (dd, 2H, / = 8.6 & 8.4 Hz), 5.24 (s, 2H), 2.34 (s,
3H). 3C NMR (100 MHz, DMSO) &6 161.1 (d, J = 242.8 Hz), 156.4, 148.0, 137.6, 136.7, 136.6, 133.6 (d,
3.1 Hz) 132.4, 129.8, (d, J = 7.7 Hz), 12.90, 128.6, 128.5, 123.6, 119.9, 116.8 (d, J = 22.1 Hz), 114.0,
67.1, 21.0. HRMS: (ES+) m/z Calculated for C,,H1oFN30,S: 408.1182. Found [M+H]*: 408.1179 (diff —
0.74 ppm). MP 232 — 235 °C. Purity HPLC (Method A) 98.5%, R: = 11.67 min.

Methyl (5-((2-isopropylphenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8l)

6/8\©:N\>—NO|ZLOM6
N
H

General Procedure C - Employed 4-((2-isopropylphenyl)thio)benzene-1,2-diamine (6l) to give the title
compound (8l) (0.040 g, 43% yield) as a white solid. *"H NMR (400MHz, DMSO) § 11.66 (s, 2H), 7.43 (m,
1H), 7.40 (s, 1H), 7.35 (d, 1H, J = 7.2 Hz), 7.21 (m, 1H), 7.10 (m, 2H), 6.93 (d, 1H, J = 7.2 Hz), 3.76 (s,
3HO, 3.45 (sep, 1H, J=6.2 Hz), 1.20 (d, 6H, J = 6.2 Hz). *C NMR (100 MHz, DMSO) & 158.4, 155.1, 147.5,
139.5,135.9, 130.3, 127.4, 126.2, 126.1, 125.2, 124.3, 118.4, 113.4, 53.0, 30.3, 23.7. HRMS: (ES+) m/z
Calculated for C1gH20N305S: 342.1276. Found [M+H]*: 342.1285 (Diff 2.6 ppm). Vmax/cm™ : (solid) 3394
(s), 3064 (m), 2956 (m), 2869 (m), 1644 (s), 1456 (m), 1261 (s). MP: 210 - 212 °C. Purity HPLC (Method
A) 99.4%, Ry = 11.00 min.

Ethyl (5-((2-isopropylphenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8m)

General Procedure C - Employed 4-((2-isopropylphenyl)thio)benzene-1,2-diamine (6m) to give the
title compound (8m) (0.023 g, 24% vyield) as a white solid. *H NMR (400MHz, DMSO) 6 11.68 (s, 2H),
7.45—7.41 (m, 2H), 7.34 (d, 1H, J = 7.4 Hz), 7.20 (dd, 1H, J = 8.4 & 7.4 Hz), 7.10 (d, 1H, J = 8.2 Hz), 7.06
(d, 1H, J = 8.4 Hz), 6.93 (d, 1H, J = 8.2 Hz), 4.22 (q, 2H, J = 6.9 Hz), 3.45 (sep, 1H, J = 7.1 Hz), 1.28 (t, 3H,
J=6.9 Hz), 1.20 (d, 6H, J = 7.1 Hz). *C NMR (100 MHz, DMSO) 6 154.6, 152.3, 148.5, 147.4, 136.0,
132.4, 127.4, 127.0, 126.2, 126.1, 125.1, 120.6, 114.7, 61.8, 30.4, 23.6, 14.8. HRMS: (ES+) m/z
Calculated for CioH21N30,S%Na: 378.1252. Found [M+Na]*: 378.1248 (Diff — 1.06 ppm). Vma/cm™ :
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(solid) 3334 (s), 3056 (m), 2955 (m), 2927 (m), 2866 (m), 1636 (s), 1467 (m), 1265 (s). MP: 206-208 °C.
Purity HPLC (Method A) 100%, R: = 11.53 min.

Methyl (6-((4-methoxyphenyl)thio)-3H-imidazo[4,5-c]pyridin-2-yl)carbamate (8n)

0
SN »—OMe
IO PR
MeO Z N

H
General Procedure C - Employed 6-((4-methoxyphenyl)thio)pyridine-3,4-diamine (6n) to give the title
compound (8n) (0.057 g, 56% yield) as a white solid. *H NMR (400MHz, DMSOQ) 6 12.01 (bs, 1H), 11.48
(bs, 1H), 8.48 (s, 1H), 7.51 (d, 2H, J = 8.5 Hz), 7.06 (d, 2H, J = 8.5 Hz), 6.87 (s, 1H), 3.82 (s, 3H), 3.75 (s,
3H). 3C NMR (100 MHz, DMSO) & 160.4, 154.6, 152.5, 150.6, 146.4, 141.0, 137.0, 125.8, 123.5, 118.6,
115.9, 55.6, 53.0. HRMS: (ES+) m/z Calculated for CisH1sN4OsS: 331.0859. Found [M+H]*: 331.0852
(Diff 2.09 ppm). MP: 240 °C. Purity HPLC (Method A) 98.3%, R; = 8.13 min.

Methyl (6-fluoro-5-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (80)

General Procedure C - Employed 4-fluoro-5-((2-fluorophenyl)thio)benzene-1,2-diamine (60) to give
the title compound (80) (0.94 g, 68% yield) as a cream solid. *H NMR (400MHz, DMSO) & 11.82 (bs,
2H), 7.54 (d, 1H, J = 6.6 Hz), 7.37 (d, 1H, J = 9.6 Hz), 7.31 — 7.24 (m, 2H), 7.15 — 7.08 (m, 1H), 6.92 (dd,
1H, J = 8.8 & 7.7 Hz), 3.78 (s, 3H). 13C NMR (100 MHz, DMSO) 6 159.5 (d, J = 242.3 Hz), 157.9, (d, J =
238.0 Hz), 154.7, 149.5, 130.1, 128.9 (d, J = 7.6 Hz), 125.8 (d, J = 3.1 Hz), 124.0 (d, J = 16.1 Hz), 116.2
(d, J =21.9 Hz), 109.0 (d, J = 20.2 Hz), 53.2. *°F NMR (376 MHz, DMSO) 6 -112.9, -117.3. HRMS: (ES+)
m/z Calculated for CisH1,F2N30,S: 336.0613. Found [M+H]*: 336.0615 (Diff — 0.8 ppm). Vmax/cm™ :
(solid) 3348 (m), 3070 (m), 2980 (m), 2888 (m), 1699 (s), 1636 (m), 1457 (m), 1271 (m). MP: 294 -296
°C. Purity HPLC (Method A) 97.5%, R: = 9.65 min.

Ethyl (6-fluoro-5-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8p)
P o)
s N Y—OFEt
LI
N
F H
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General Procedure C - Employed 4-fluoro-5-((2-fluorophenyl)thio)benzene-1,2-diamine (6p) to give
the title compound (8p) (0.21 g, 29% yield) as a cream solid. *H NMR (400MHz, DMSO) 6 11.80 (s, 2H),
7.55(d, J=6.5Hz), 7.37 (d, 1H, J = 9.6 Hz), 7.30 - 7.24 (m, 2H), 7.14 — 7.09 (m, 1H, J = 7.9 Hz), 6.94 -
6.89 (m, 1H), 4.25 (g, 2H, J = 7.3 Hz), 1.28 (t, 3H, J = 7.3 Hz). 3C NMR (100 MHz, DMSO) & 159.2 (d, J =
244.7 Hz), 158.5 (d, J = 243.7 Hz), 154.2, 149.5, 130.0, 128.8 (d, / = 7.6 Hz), 125.8 (d, J = 3.7 Hz), 124.9
(d,J=16.3 Hz), 118.2, 116.2 (d, J = 22.1 Hz), 112.1, 108.7, 62.0, 14.6. *°F NMR (376 MHz, DMSO) & -
112.3,-116.7. HRMS: (ES+) m/z Calculated for Ci6H14F2N30,S: 350.0769. Found [M+H]*: 350.0771 (Diff
— 0.5 ppm). Vmax/cm™ : (solid) 3347 (m), 2980 (m), 2888 (m), 2658 (m), 1688 (s), 1593 (m), 1461 (m),
1268 (s). MP 300 —302°C. Purity HPLC (Method A) 98.5%, R: = 10.20 min.

Methyl (4-fluoro-5-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8q)

F F o
s N »—OMe
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General Procedure C - Employed 3-fluoro-4-((2-fluorophenyl)thio)benzene-1,2-diamine (6q) to give
the title compound (8q) (0.68 g, 54% yield) as a white solid. *H NMR (400MHz, DMSO) & 12.30 (bs,
1H), 11.57 (bs, 1H), 7.38 (d, 1H, J = 8.3 Hz), 7.27 — 7.20 (m, 3H), 7.12 — 7.04 (m, 1H), 6.84 (dd, 1H, J =
8.8 & 7.6 Hz), 3.79 (s, 3H). 3C NMR (100 MHz, DMSO) 6 159.2 (d, J = 243.4 Hz), 154.5, 152.5 (d, J =
242.0 Hz), 148.5,138.2,130.3,129.5,128.5,128.4 (d,/=4.3 Hz), 125.7 (d,/=3.3 Hz), 124.6 (d, /= 16.6
Hz), 116.1 (d, J = 20.8 Hz), 109.5, 107.4 (d, J = 16.2 Hz), 53.2. 9F NMR (367 MHz, DMSO) -112.6, -124.6.
HRMS: (ES+) m/z Calculated for CisH12F2N30,S: 336.0613. Found [M+H]*: 336.0615 (Diff — 0.8 ppm).

vmax/cm™ : (solid) 3341 (s), 2967 (m), 2887 (m), 2735 (m), 1709 (s), 1442 (m), 1258 (m), 1201 (m). MP:
250 - 252 °C. Purity HPLC (Method A) 99.1%, Rt = 9.76 min.

Ethyl (4-fluoro-5-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8r)

F F o
s N )—OEt
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General Procedure C - Employed 3-fluoro-4-((2-fluorophenyl)thio)benzene-1,2-diamine (6r) to give
the title compound (8r) (0.023 g, 24% yield) as a white solid. *H NMR (400MHz, DMSO) &6 12.33 (bs,
1H), 11.47 (bs, 1H), 7.37 (dd, 1H, J = 8.3 & 1.7 Hz), 7.28 — 7.21 (m, 3H), 7.12 - 7.06 (m, 1H), 6.87 (dd,
1H,J=8.3 & 7.7 Hz), 4.25 (q, 2H, J = 7.1 Hz), 1.29 (t, 3H, J = 7.1 Hz). *C NMR (100 MHz, DMSO) & 159.1
(d, J =244.0 Hz), 155.8 (d, J = 266.7 Hz), 154.1, 148.5, 138.2, 129.4, 128.8 (d, J = 7.7 Hz), 128.4 (d, J =

6.3 Hz), 127.3,125.8 (d, / = 3.2 Hz), 125.6 (d, J = 16.2 Hz), 116.1 (d, J = 21.2 Hz), 109.3, 62.0, 14.8. Not
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all quaternary carbons visible. HRMS: (ES+) m/z Calculated for C1H14F2N30,5:350.0769. Found [M+H]*:
350.0780 (Diff -2.97ppm). Vmax/cm™ : (solid) 3370 (s), 3175 (m), 2980 (m), 1689 (s), 1440 (m), 1261 (m).
MP: 264 — 266 °C.

Methyl (6-bromo-5-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8s)

General Procedure C - Employed 4-bromo-5-((2-fluorophenyl)thio)benzene-1,2-diamine (6s) to give
the title compound (8s) (0.080 g, 53% vyield) as a pale pink solid. *H NMR (400MHz, DMSO) 6 11.75 (s,
2H), 7.78 (s, 1H), 7.44 (s, 1H), 7.40 — 7.29 (m, 2H), 7.21 — 7.15 (m, 1H), 7.00 (dd, 1H, J = 8.9 & 8.0 Hz),
3.76 (s, 3H). *C NMR (100 MHz, DMSO) 6 160.0 (d, J = 245.4 Hz), 154.6, 149.3, 131.7, 130.5, 129.7 (d,
J=79Hz),126.0(d, J=3.6 Hz), 123.4,123.1 (d, /= 17.5 Hz), 118.3, 116.4 (d, J = 22.4 Hz), 53.2 not all
carbons observed. HRMS: (ES+) m/z Calculated for C1sH1,BrFN30,S: 395.9812. Found [M+H]*: 395.9807
(Diff 1.22 ppm). Vmax/cm™ : (solid) 3334 (m), 2980 (m), 2888 (m), 1697 (s), 1449 (m), 1262 (s). MP: 243
- 246 °C Purity HPLC (Method A) 89.5%, R: = 10.16 min.

Ethyl (6-bromo-5-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (8t)

F 0
s N Y—OFEt
s
Br H

General Procedure C - Employed 4-bromo-5-((2-fluorophenyl)thio)benzene-1,2-diamine (6t) to give
the title compound (8t) (0.12 g, 80% yield) as a cream solid. *H NMR (400MHz, DMSO) &§ 11.85 (s, 2H),
7.78 (s, 1H), 7.42 (s, 1H), 7.40 — 7.29 (m, 2H), 7.21 - 7.14 (m, 1H), 7.02 — 6.97 (m, 1H), 4.23 (q, 2H, J =
6.9 Hz), 1.28 (t, 3H, J = 6.9 Hz). 3C NMR (100 MHz, DMSO) & 159.8 (d, J = 243.9 Hz), 154.2, 149.3,
131.7,129.7 (d,/=7.4 Hz),127.2,126.0 (d, J=3.7 Hz), 125.7,123.3,123.1 (d, J = 14.7 Hz), 118.3, 116.4
(d, J=22.1 Hz), 62.1, 14.7. HRMS: (ES+) m/z Calculated for C1¢H14BrFNs0,S: 409.9969. Found [M+H]*:
409.9962 (Diff -1.54 ppm). vmax/cm™ : (solid) 3350 (s), 2982 (m), 2757 (m), 1688 (s), 1447 (m), 1255 (s).
MP: 254 - 256 °C decomposed. Purity HPLC (Method A) 90.5%, R = 10.7 min.
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Methyl (4-((2-fluorophenyl)thio)-1H-benzo[d]imidazol-2-yl)carbamate (11)

X,
S o)
M—ome

N\>—NH

N
General Procedure C - Employed 3-((4-fluorophenyl)thio)benzene-1,2-diamine (11b) to give the title
compound (11) (0.25 g, 71% yield) as a white solid. *H NMR (400MHz, DMSO) & 12.08 (s, 1H), 11.48 (s,
1H), 7.49 (d, 1H, J = 7.5 Hz) 7.33 — 7.24 (m, 2H), 7.13 — 7.05 (m, 2H), 7.00 — 6.91 (m, 2H), 3.76 (s, 3H).
13C NMR (100 MHz, DMSO) & 160.3 (d, J = 243.0 Hz), 154.8, 147.6, 139.3, 136.2, 129.7 (d, J = 7.7 Hz),
125.7 (d, J = 3.5 Hz), 125.2, 124.7, 122.1 (d, J = 17.2 Hz), 122.0, 119.1, 116.3 (d, J = 22.1 Hz), 114.8,
53.3. F NMR (376 MHz, DMSO) & -111.3. HRMS: (ES+) m/z Calculated for CisH13FN30,S: 318.0707.
Found [M+H]*: 318.0714 (Diff -2.31ppm). Vmax/cm™ : (solid) 3391 (m), 2980 (m), 2884 (m), 2755 (m),
1718 (s), 1444 (m), 1261 (m). MP: 222 — 225 °C. Purity HPLC (Method A) 98.3%, R: = 9.71 min.
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Chapter 4 Benzimidazole Ethers

4.1 Benzimidazole ether derivatives

Unlike the thioether and ketone derivatives fenbendazole and flubendazole, which have been
reported in the literature as commercially available compounds, the ether class, whereby the sulphur
group is swapped for an oxygen is not. Having an oxygen atom in the bridging group is interesting as
the thioether metabolism we were concerned about (Chapter 2, Section 2.4.2) is no longer present in
this molecule (Figure 4.1). It was also proposed that the same synthetic route used for the thiol class
could be applied to the ether class, so this was advantageous as no new routes needed to be
developed. Furthermore, before undertaking any synthesis, a search of the literature unveiled a large
number of phenol starting materials, significantly larger than the thiophenol starting materials,
allowing greater potential for template expansion if these compounds were active. Addition of
solubilising groups, using the larger range of starting materials is essential and should provide a

significant benefit.

Figure 4.1. Ether derivatives of fenbendazole are not reported in the literature as commercially available
compounds.

Using the synthetic route established in Chapter 3, the aims for the benzimidazole ether project were;
1. To design and synthesise a number of ether derivatives for biological testing against C.
neoformans, to understand and develop an SAR relationship
2. To obtain DMPK data to allow this to inform what compounds show suitable properties and
allow this to inform design of other analogues.
3. To add solubilising groups to improve aqueous solubility by taking advantage of the large

range of commercially available phenols.
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4.2 Ether Derivatives Discussion

Like the thioether derivatives described in Chapter 3, synthesis of the ether derivatives followed a
three-step route (Scheme 4.1). This route was adapted from the thioether route reported, with some
modification of the chemistry to improve yields and purification. There is also a paper by Wang, W et

al, that reports the synthesis of some similar phenol derivatives.'*

4.2.1 Synthesis

3

©/ UNO 44-95% O/ UNO 47-88%
T g LT
N 32-96%

Me

Scheme 4.1. Reagents and Conditions: (a) K2COs (2.0 eq.), DMF, reflux, overnight (44 —95% yleld); (b) SnCl2 (5.0
eq.), ethanol, reflux, overnight (47 — 88% yield); (c) 1,3-Bis(methoxycarbonyl)-2-methyl-2-thiopseudourea (5)
(1.0 eq.), acetic acid (2 M), methanol (0.4 M), sealed tube, 65 °C, overnight (32 — 96% yield).

Table 4.1. Percentage yields obtained for all compounds created within the ether template, including
intermediates and final products.

Step A% Step B % Step C%

R R R TR X Ved@) | yield (@) yield (6)
6a | 4-F H H | Mme | ¢ 95 76 78
6b | 4-F H | Me | N 44 54 32
6c | 4-F Br H | Me | ¢ 73 68 35
6d | 4-F Br H Et C 73 68 9%
6e | 4F H F Me | C 79 88 55
6f | 4-F F Et C 79 88 57
6g | 4F F F Me | C 57 41 65

4.2.1.1 Nucleophilic Aromatic Substitution (SnAr)

This occurred via the same reaction described for the thiols, however proved to be more problematic
at first. Phenols (1) as nucleophiles are generally less reactive because the sulphur atom is bigger,
more acidic and it is more easily polarisable, thus making it a better nucleophile.>” The phenoxy anion
produced during the reaction also has a reduction in nucleophilicity because the lone pair of electrons
resonates throughout the ring. The first approach to improving yields was to use sodium hydride
instead of potassium carbonate, this showed no change in the yield observed for the synthesis of 6a.
It was decided not to continue with the use of sodium hydride, as it is more difficult to handle than

the potassium carbonate and didn’t afford improved yields.
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As with the thiol derivatives, the starting nitroaniline (2) has a very similar R¢ value to the product (3),
and there is even more R¢ overlap observed when compared with the thiols. Because of the reduced
nucleophilicity of the phenol starting material (1), the starting material was not fully consumed and
purification was then very difficult, even with multiple columns, the starting material and product
couldn’t be efficiently separated. Realising the need for reaction completion, we started using 5-
fluoro-2-nitroaniline instead of 5-chloro-2-nitroaniline that had been used with the thiol. Fluorine is
known to be much more reactive in nucleophilic aromatic substitution reactions, making it easier for
the nucleophile to attack.2!! This resulted in complete conversion of the starting material to the
product and greatly improved reaction yields and where possible fluoro derivatives were used in

combination with phenol starting materials.

These compounds were characterised by mass spectrometry, as well as the upfield shift of the
aromatic peaks belonging to the aryl ring possessing the NH, and nitro group. **F NMR was also
analysed for these compounds. The starting material contains a fluorine, which gives a sharp peak at
around -102 ppm in the *F NMR spectrum, consistent with the single fluorine atom in the 5-position
of the starting material. The absence of this peak in the product NMR spectrum, showed the
appearance of the product, indicating there had been full conversion to the product and that it was

of high purity (See Appendix, Figure 2A).

4.2.1.2 Tin (Il) Chloride Nitro Group Reduction

The tin (ll) chloride mediated nitro reduction occurred in a similar manner to that described in the
thiol section (Chapter 3, Section 3.2.1.2) occurring in 47 — 88% yield. This shows similar to lower yields
than observed for the thiol derivatives. Purification for some of the ether analogues proved to be
more difficult, this was mainly due to carrying over impurities from the first step when full conversion
of the reaction was not observed. Reduction of the nitroaniline starting material (2) gave rise to in an
impurity which was difficult to separate from the desired product. This often resulted in the need for
a second column purification and loss of material in order to gain purer product (4), which is important

for the final step.b 1% 13

The products (4) of this reaction were identified by the upfield shift of a proton from around 8.10 ppm,
when adjacent to a nitro group, to around 6.65 ppm when adjacent to an amine group after the
reduction. The nitro group is electron withdrawing, which results in neighbouring protons appearing
more downfield. The reduction to 4, provides the ring with an additional electron donating group,

which shifts the neighbouring proton more upfield (Figure 4.2) (See Appendix, Figure 2B).
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/©/ SnCI2 /©/O NH,
\E;[ Reduct|on F NH,
8.10 ppm 6.65 ppm
Figure 4.2. Due to the electron withdrawing nature of the nitro group, the neighbouring proton highlighted is
blue is found downfield at 8.10 ppm. Reduction to the diamine results in an obvious NMR change to a more
downfield position of 6.65 ppm.

4.2.1.3 Acid Mediated Ring Closure to Establish the Benzimidazole Core

The acid mediated ring closure to generate the five-membered ring (6) was similar to that observed
in the thiol class (Chapter 3, Section 3.2.1.3) with yields of up to 78% generally observed. It is proposed
that the ethers possess slightly higher solubility in the reaction medium than the thiol compounds.
This moderate increase may have reduced the precipitation of the final compound, resulting in greater
difficulty during filtration and purification. Compounds that had trace impurities from the previous
step due to lack of full conversion sometimes remained in the product. These impurities were
removed via washing with a solvent such as ethyl acetate or methanol, but did result in some loss of

the less soluble desired product (6). Purity was confirmed by HPLC (See Appendix, Figure 2C - 2E).

4.2.1.4 Compound Scale Up

Compound 6a was sent for testing in mice due to its promising in vitro efficacy and DMPK properties
(See Section 4.2.3 below), which required more material. A scale up procedure starting from 0.30 g of
5-fluoro-2-nitroaniline (2) was increased to 2.0 g of starting material. For the initial two steps the yields
were similar, however the SnCl, reduction work-up is considerably more difficult when carried out on
larger scale due to the amount of 25% NaOH that is required to be added and the difficulty with
filtering the NaCl and Sn waste solids produced. This required much more extensive washing of the
solid, to ensure as much diamine was obtained in the filtrate for purification. This was balanced out
by larger scale reactions performing better in the final ring-closure step, which in the case of 6a
resulted in 1.30 g of final product being obtained in 78% yield, which is an improvement from 47%
yield seen with the smaller scale. Whilst this is not an industrial size scale up, it has indicated potential

issues and benefits of the scale up of compound 6a.

4.2.2 Biological Activity

Biological testing carried out as stated in Chapter 3, Section 3.2.3 and data given in Table 4.2.

Table 4.2. The ether class of compound show generally good MIC testing data. Green — good - 0.015 — 0.25
mg/L, — acceptable - 0.5 — 4 mg/L, red — poor - >4 mg/L. * 6h-s made by Dr Emma Shore, 6t made by
Monika Lisauskaite, 6u made by Rachel Crick and 6v — 6ae made by Natasha Hatton.
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R 0
O X N OR*
T LT
R2 N
Compound R! R? R3 R* X MIC (mg/L)
Flubendazole 0.125
Fenbendazole 0.03
6a 4-F H H OMe C 0.06
6b 4-F H OMe N >4
6¢ 4-F Br H OMe C >4
6d 4-F Br H OEt C >4
6e 4-F H F OMe C >4
6f 4-F H F OEt C >4
6g 4-F F F OMe C >4
6h 3-F H H OMe C 0.125
6i 2-F H H OMe C 0.06
6j 4-C| H H OMe C 0.125
6k 3-Cl H H OMe C 0.06
6l 4-CN H H OMe C
6m 4-OMe H H OMe C 0.125
6n 3-OMe H H OMe C 0.06
60 4-Br H H OMe C 0.125
6p 2-F F H OMe C 0.25
6q 4-F F H OMe C
ér 3-Cl, 4-F H H OMe C 0.25
6s 3-Cl, 4-F H H OBn C >4
6t 4-F H H NMe C >4
6u 4-F H H Propargyl C 0.25
6v H H H OMe C
6w 2-Cl H H OMe C
6x 2-CN H H OMe C >4
6y 2-OMe H H OMe C >4
6z 2-Br H H Me C >4
6aa 2-0OCF3 H H Me C >4
6ab 2-F, 4-F H H OMe C
bac 2-F, 5-F H H OMe C
6ad 2-F,6-F H H OMe C >4
bae 3-F,5-F H H OMe C 0.125

The ether class, whilst possessing some of the best biological activity of all the templates, was not as
good in comparison to the thioether analogues overall (Table 4.2). The 2-Br thiol derivative showed
an activity value of 0.03 mg/L, whereas the ether derivative (6z) showed no activity. This was also true

for a number of other compounds, which showed excellent activity in the thiol class, but reduced
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activity in the ether class. However, it’s important to note that whilst these compounds do have

reduced activity, it is still improved versus the other classes and templates within the project.

However, there are some trends for activity that can be observed. For the mono-substituted fluorine
derivatives 6a, 6h and 6i, fluorine in the 2 and 4-position leads to an increase in activity, whereby both
have an MIC value of 0.06 mg/L, versus the 3-position analogue (6h) which has a value of 0.25 mg/L.
Fluorine is electron withdrawing from the ortho and para positions, which may result in less electron
density on the ether, leading to improved activity. This appears to also be the case when comparing
less electron withdrawing functionalities such as Cl and Br, whereby the activity for the ortho (6w and
6z) and para (6j and 60) positions is reduced compared to the fluorine analogues. This potentially has
a two-fold reason. Firstly, the size of the halogen atoms increases down the group, so steric factors
may impede activity. Secondly, whilst halogens are electron withdrawing, Cl and Br are also
mesomerically electron donating, whereas fluorine is inductively electron withdrawing. This would
result in extra electron density on the ether from those analogues in the ortho and para positions,
explaining the lower activity. The meta-Cl analogue (6k) shows better activity than the meta-F
derivative (6h). This is because at this position they don’t donate electrons onto the ether due to being
ortho/para directing. For the (6h), there is no electron withdrawing ability at this position, so activity
is lower.}* We also synthesised a derivative (7) whereby the aryl group has been moved to the 4-

position, but like the thiol derivative it presented with a poor MIC of >4 mg/L (Figure 4.3).

L
o o)

7 N OMe
S—NH
N
H

Figure 4.3. A 4-position derivative was synthesised but showed no activity.
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4.2.3 DMPK

4.2.3.1 Predicted DMPK

The ethers show properties that are very comparable to the thioethers (Table 4.3). Log D is poor,
meaning these compounds will be lipophilic.'® This is good as it is more likely to penetrate the blood
brain barrier, but does mean they are less likely to be absorbed from the gut.'® Aqueous solubility
shows no improvement via the predictive screen, with compound 6b showing the highest value due
to the presence of a pyridine ring in the core. Metabolic data is predicted to be excellent and generally
lower than the thiol derivatives. One of the attractions of synthesising the ether template was the lack
of metabolism at the oxygen linker, versus the potential oxidation of the sulphur. The predicted data
indicates that the ethers are better in terms of metabolism. MPO scores are also mostly above 4,
indicating these compounds will have good CNS penetration. 6¢ and 6d have lower MPO scores due

to the addition of the bromine group driving CLogP, CLogD and molecular weight up.

Table 4.3. Predicted data shows the ether class has excellent metabolic properties but no further improvement
in solubility. Values are colour coded with a traffic light system according to how good or bad a particular value

is. Green —good, — acceptable/medium, red — poor.
Aqueous Rat Heps CLint | Human Mics CLint
LogD7. | ClogP Solugility (um) (ul/m?n/mg) (ul/min/mg) MPO

6a 2.7 10 18 4.6
6b 2.86 6 9 53
6¢ 4.06 1.0 10 16

6d 4.44 5.19 1.0 16

6e 2.7 12 15 4.7
6f 2.3 20 29 4.2
6u 2.67 56 29 4.3

Metabolism investigation was carried out using Stardrop (Figure 4.4). Two examples of the ether
class are shown here and show that the major isoforms for metabolism are 3A4, 2C9 and 1A2, which
shows agreement with the literature and the thiol class. Metabolism on the aryl ring to an epoxide
and then alcohol is predicted to occur, but given the low measured metabolic clearance values, this
does not appear to have a major influence. The carbamate group metabolism to produce the
demethylated metabolite is also indicated, which is likely the major metabolic hit-point and is widely

reported in the literature.'®1°
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€17,c22: c18,c21:
A4: 8% 3A4: 62%
§§°63 e 12c9: 81%
Bl 2C19: 40%
hA2:1% ha2: 22%
cig,c21: F N F > N
3A4: 40% N N
|2D6: 36% l N/>_ 3 < N/>_
12C9: 64% o b \ Gt 0" 'N 0
2C19: 22% o 3A4: 51% o \e:
ha2: 1% |2D6: 57% c17,c22: R3M: 35%
12C9: 28% 3A4:3% 12C9:17%
2C19: 76% 12€9: 2% 2C19: 59%
hA2: 89% 2C19:1% hAa2: 78%
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= o
=L mJF1

Figure 4.4. Metabolism predictions for two compounds from the ether series. Calculations run on Stardrop.?’

4.2.3.2 Measured DMPK

Table 4.4. Measured data shows the ether class has excellent metabolic properties but no further improvement
in solubility. Values are colour coded with a traffic light system according to how good or bad a particular value

is. Green —good, — acceptable/medium, red — poor.
Compound LogDs.4 Aq'u‘eous Rat Heps Clint Human Mics Clint
Solubility (uM) (ul/min/mg) (ul/min/mg)

6a 0.3 8 26

6b 2.6 2 15

6h 0.5 10 13

6i 1 22 23

6j 4.1 0.7 11

6q 1 8

6r 4.2 0.1 4 10

6u 4 0.3 25
6ab 0.3 5
6ae 4 14 4 12

Measured data shows agreement with the predicted data overall. Some of the numbers aren’t
identical, but the general magnitude of these numbers is comparable. Log D and aqueous solubility
are very poor, however this appears to be inherent to the core of this template. Addition of solubilising
groups has been attempted and will be discussed in Section 4.3. Metabolism values confirm what was
predicted. 6a shows excellent metabolic values, which are improved when compared to the thiol
analogue. This validates the ether as a lead template due to less metabolic risk, despite having
moderately reduced activity. It also indicates that the measured DMPK screen is highlighting potential

metabolism of the sulphur, providing a better level of confidence in the screening of our compounds.
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4.2.4 In Vivo Mouse Data

A larger scale batch of compound 6a was produced, yielding around 2 g of final material in total. This
was used to carry out in vivo mouse testing on 6a, which had an excellent MIC value of 0.06 mg/L.
Initially, this was tested in vivo via an oral dosing method using 10% DMSO in 90% castor oil and dosing
once a day. From Figure 4.5, it is apparent that 6a has no effect in vivo via the dosing method as there
is no drop in fungal density in the brain when compared with the control. Furthermore, when this
testing was carried out, it was noticed that the mice had issues with diarrhoea, which is a known issue

when using large amounts of castor oil in vehicles.?

CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
4.7x10° CFU/ml IV and treated 200mg/kg orally - 10% DMSO, 90% Castor
oil vehicle - 6a - Ether Derivative

Log10 CFU/g brain Tissue
Y

3
5 —e— Control
= ba
1
0 @
0 50 100 150 200 250 300 350

Time Post Infection (Hours)

Figure 4.5. Compound 6a was chosen for in vivo testing using a mouse model. The control shows an increase in
fungal density in the brain when no drug is given. The ether derivative shows no fungal density drop when
compared to the control and is considered inactive via this dosing method and vehicle.

6a also underwent subcutaneous testing using a different vehicle. One of the problems with using 90%
castor oil in the previous vehicle was consistency. Castor oil is very viscous, and whilst it could be
dosed orally, was too viscous to be dosed subcutaneously, so the vehicle was modified to include 10%
ethanol, which made the solution less viscous and easier to dose. Figure 4.6 shows that even with
subcutaneous dosing, 6a shows no drop in fungal density. This is hypothesised to be due to poor

solubility, and may be navigated in future trials by using a different vehicle.
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CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
3.1x10° CFU/ml IV and treated 150mg/kg Subcutaneously GW-09-79 -
Ether Derivative
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Figure 4.6. Compound 6a was chosen for in vivo testing using a mouse model. The control shows an increase in
fungal density in the brain when no drug is given. The ether derivative shows no fungal density drop when
compared to the control and is considered inactive via this dosing method and vehicle.

4.3 Morpholine Ether Derivatives Discussion

It was apparent, from the measured and predicted DMPK data obtained, that solubility was an issue
with this template. With this in mind, addition of solubilising groups such as morpholine was
attempted.?! This has been observed in the literature in a paper by A. Zafar et al, incorporation of a
morpholine can significantly improve solubility (Figure 4.2).22 Design of these compounds was limited
due to the availability of starting materials. Ether analogues could be synthesised due to ready

availability of starting materials, however this was not possible for the corresponding thiol derivatives.

Solublllty Increase

Sol =1339.8 pg/mL

s

)

Sol = 1.21pg/mL

Figure 4.7. An example of the solubility increase observed from the addition of a morpholine group.??
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4.3.1 Synthesis
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Scheme 4.2. Reagents and Conditions: (a) K2COs (2.0 eq.), DMF or MeCN, reflux, overnight (40 — 66% yield); (b)

K2CO3z (2.0 eq.), DMF, reflux, overnight (49 — 93% yield); (c) SnCl2 (5.0 eq.), ethanol, reflux, overnight (15 -77%

yield); (d) 1,3-Bis(methoxycarbonyl)-2-methyl-2-thiopseudourea (5) (1.0 eq.), acetic acid (2 M), methanol (0.4
M), sealed tube, 65 °C, overnight (25 — 49% yield).

Table 4.5. Percentage yields obtained for all compounds created within the ether template, including
intermediates and final products.

Rl R2 R3 Step A % Step B % Step C% Step D%

yield (10) yield (11) yield (13) yield (14)
14a Morpholine Me 66 85 77 49
14b | Benzyl | Me Me 56 54 46 37
14c 4-fluoropiperidine Me 40 80 44 25
14d Piperazine Me 64 49 15 44
l4e Thiomorpholine Me 63 75 50 43

4.3.1.1 Nucleophilic Substitution to generate morpholine phenol derivatives

The first step of the reaction sequence involved a nucleophilic substitution of 9 with the desired amine
(8). The reaction occurred in moderate yields of 40 - 65%, with a number of other analogues not being
synthesised due to very poor yields obtained from the first step. Most of the analogues synthesised
involved a morpholine-like derivative, in order to improve solubility. This did require the addition of
secondary amines, which are more sterically demanding in the reaction and were a contributing factor

to the reduced yield.

The reaction required a phenol derivatives (9), DMF and amine (8) being stirred with potassium
carbonate. In DMF it is believed that 9 is potentially undergoing a self-coupling reaction, producing
dimers (Figure 4.8). These have been observed in small amounts within *H NMR spectra and can be

seen on the TLC, whereby additional, more polar spots have been present and are observed with

91



Chapter 4 Benzimidazole Ethers

higher mass numbers in the mass spectrum. This is because in DMF the pK, of phenol is 15.40 (Table
4.6) and this is still moderately acidic and is deprotonated readily by the potassium carbonate, hence

a competing nucleophilic substitution reaction with morpholine.

Figure 4.8. Reaction in DMF resulted in multiple by-products being formed. From NMR data it was
hypothesised that self-coupling products were being produced.

Table 4.6. Changes in pKa of both phenol and morpholine can help to improve the reaction yields through
selective deprotonation.

Phenol Morpholine
Water 9.89% 8.49%
DMF 15.40% Not Found in Lit.
DMSO 16.47% 9.15%
MeCN 26.60% 16.61%

When the solvent was changed to acetonitrile, a high yield was observed and the product was easier
to purify due to the lack of other side products being produced. In the *H NMR spectrum there was no
observation of self-coupling products. This can be rationalised if we considered the literature reported
values for both phenol and morpholine in acetonitrile (Table 4.6). Morpholine shows a small increase
to a pK, of 16.61. However, phenol sees a sharp increase to 26.60, making it far less acidic and less
likely to be deprotonated by potassium carbonate. This will reduce the phenol self-coupling reaction

improving the yield.

Furthermore, literature suggested that carrying this reaction out in acetonitrile actually helped with
purification as the product was only sparingly soluble in the reaction solvent. Thus concentration and
filtration with diethyl ether yielded the product as a white solid, and removed the need for column
purification, which resulted in a loss of yield due to polarity of the compound.? Whilst this did produce
a white solid when tried on the morpholine analogue, 'H NMR confirmed the presence of unreacted
morpholine, which couldn’t be easily washed out with diethyl ether. An aqueous workup was
attempted, however due to morpholine addition enhancing water solubility, some product
transitioned to the aqueous layer and yield was reduced. We attempted to reduce the equivalents of
the morpholine so that less would remain, which did improve purity but some remained. The
morpholine did result in some further purification issues, which will be discussed in the next section.
Furthermore, it was advantageous to use N,N-diisopropylethylamine as the base in these reaction, as
potassium carbonate was soluble in acetonitrile and during the filtration step would be filtered off

with the product. DIPEA had enhanced solubility in acetonitrile and was mostly washed out with the
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diethyl ether during the filtration, however small traces did remain in the NMR, though it was unlikely
to effect the next step.

These compounds (10) were characterised by *H and *C NMR, and additional morpholine aliphatic
protons were observed, but the clearest evidence provided that these reactions had worked was the
lack of bromine splitting pattern observed in the mass spectrometry data, along with the correct mass,
which indicated the nucleophilic substitution has occurred to produce an isolatable product (10) (See

Appendix, Figure 3A).

4.3.1.2 Nucleophilic Aromatic Substitution (SnAr)

This reaction occurred in the same manner as observed in previous templates, however due to the
higher polarity of the compound (11), and the addition of water solubilising groups, purification
proved to be more difficult due to the product partially partitioning into the water layer, or being lost
on the column. The appearance of an additional three aromatic peaks corresponding to the protons
on the nitroaniline ring, as well as the downfield shift of the phenol protons from 7.04 ppm and 6.72
ppm to 7.25 ppm and 7.02 ppm, due to the addition of an electron withdrawing ring being added,
confirmed the product (See Appendix, Figure 3B). Furthermore, amine based impurities such as
morpholine from the first step were also found to react and produce by-products in this step, which
displayed similar polarity on the TLC plate to the desired product, meaning it was difficult to obtain
pure compound. The morpholine was observed via NMR to be adding in to the nitroaniline and
completing the SyAr coupling to produce 15 (Figure 4.9). This was identified by having both nitroaniline

peaks and morpholine peaks in the *H NMR spectrum, but no peaks belonging to the ethyl linkage.

O
K/N NH,
s UL
NO,
Figure 4.9. Residual morpholine from the initial nucleophilic substitution reaction can also react in the SnAr
reaction to produce a by-product (15) that is difficult to separate from the desired product.

4.3.1.3 Tin (Il) Chloride Nitro Group Reduction

Tin (1) chloride reduction generally showed moderate yields for this reaction of 44 — 77%. Reduced
yields were observed due to the diamine (13) being very water soluble, with a large amount of
compounds needing to be removed from the water layer. Higher yields were observed when more
extensive washing and ‘salting out’ was employed. The aqueous workup was essential in order to
separate out Sn waste from the product, as small amounts did filter through into the filtrate. Iron

reduction was also attempted with the addition of acid, and this encountered the same issues with
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the need for water washes, and the work-up was actually more problematic with the iron, due to

greater difficult filtering off the waste.

One reaction showed a very poor yield, where a piperazine analogue 13d was produced. Up until this
stage the piperazine analogue possessed a t-butyl carbonate protecting group on one of the amines
and the acidic conditions of the tin (Il) chloride reaction causes its deprotection. Deprotection of this
amine resulted in a particularly polar amine, which was very water soluble and only a small amount

could be extracted, resulting in a yield of 14%.

HNJ 13d

Figure 4.10. The piperazine derivative produced was particularly polar, and thus a lot of this compound was
lost in the water layer during extraction, results in a low yield of 15%.

These samples required methanol-Ds as an NMR solvent, given their very poor solubility in other
organic solvents. Previously, identification of the diamine (13) could have been validated via the
presence of a peak around 3.5 ppm, for the four N-H protons, as observed in other diamine analogues.
Instead, an upfield shift was observed for the proton that was previously adjacent to the nitro group.
This shift was due to removal of the electron withdrawing influence of the nitro group (Figure 4.11)
(See Appendix, Figure 3C).

.0 NH, o) NH,

R R

N02 NH2
H H

8.10 ppm 6.57 ppm

Figure 4.11. Upfield shift of the proton highlight in blue, was used to identify the product was obtained.

4.3.1.4 Acid Mediated Ring Closure to Establish the Benzimidazole Core

Yields for this final ring closure reaction were much more variable than for other sub-templates, with
arange of 25 —49%. Predicted DMPK data suggested these compounds had greater aqueous solubility
and it is believed for this reason that the final compounds are slightly more soluble in the methanol
used in the final ring closure. Subsequently, not all of the final compound precipitated, and therefore
could not be obtained via filtration. Whilst these compounds do have improved solubility, they were
not soluble enough to allow purification via column chromatography, using normal phase solvents and
silica. A further issue with this reaction was due to reduced yields throughout the synthesis, only a

small amount of final compound was obtained, and like all final carbamate compounds solubility is
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poor and thus DMSO was used as the NMR solvent, which resulted in the product being submitted for

NMR analysis that couldn’t be recovered (See Appendix 3D - F).

4.3.2 Synthesis of methyl (5-(4-(morpholinomethyl)phenoxy)-1H-benzo[d]imidazol-2-

yl)carbamate

Scheme 4.3. Hit compound 14a led to the design of a shorter linker chain and compound 21. Reagents and
Conditions: (a) methanol, reflux, 2 hours, NaBH4 (5.0 eq.), methanol, 0 °C to room temperature, overnight (54%
yield); (b) K2CO3 (2.0 eq.), N, N-dimethylformamide, reflux, overnight (93% yield); (c) SnClz (5.0 eq.), ethanol,
reflux, overnight (41% yield); (d) 1,3-Bis(methoxycarbonyl)-2-methyl-2-thiopseudourea (5) (1.0 eq.), acetic acid
(2 M), methanol (0.4 M), sealed tube, 65 °C, overnight (46% yield).

Given the initial activity observed with the morpholine hit compound (14a), changing the carbon linker
attached to the nitrogen of the morpholine was an obvious choice. Firstly, we looked at shortening

the chain by one carbon and produced compound 21.

The first step of this reaction involved reacting 4-hydroxybenzaldehyde and using reductive amination
reaction conditions to remove the aldehyde and replace it with a morpholine. After acid-base work-
up and purification the desired compound (18) was produced in a moderate 54% yield. A one-pot
condition was tried at 0 °C and then heating to reflux to provide faster and easier reaction conditions,
however this proved unsuccessful with both morpholine and thiomorpholine derivatives. This reaction
was characterised via the disappearance of the aldehyde peak observed in the starting material (16)
which appears around 9.8 ppm and the appearance of a CH; peak at 3.44 ppm indicating the aldehyde
has been reduced. Finishing this route utilised the same reaction conditions as above; Step b) SNAr of
18 with 11 to give the nitroaniline intermediate (19), Step c) SnCl, reduction to give the diamine (20),

Step d) Ring closure to give the final product (21).
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4.3.3 Compound Scale-Up

Compound 14a, based on its original MIC value of 0.25 mg/L and improved solubility, was chosen as a
candidate for in vivo testing. This resulted in large amounts of this compound needing to be
synthesised. For the morpholine derivative this was more difficult than other analogues as the higher
polarity and more aqueous solubility of these compounds meant that work-up and purification
conditions were less successful. This was more than what was synthetically feasible in our laboratory

set-up and was therefore outsourced to WUXI and followed the route detailed in Scheme 4.4.

R1 N R2 /\/©/ 82% RY /\/©/ \Q

d
R! /\/©/ \O: \>_NH
45%

Scheme 4.4. Updated WUXI conditions. Reagents and Conditions: (a) DIPEA (2.0 eq.), MeCN, reflux, overnight
(82% yield); (b) K2COs (2.0 eq.), DMF, reflux, overnight (75% yield); (c) Hz, Pd/C (10%), DMF/ethanol, reflux,
overnight; (d) 1,3-Bis(methoxycarbonyl)-2-methyl-2-thiopseudourea (1.0 eq.), acetic acid (2 M), methanol (0.4
M), sealed tube, 65 °C, overnight (45% yield).

The route used by WUXI largely followed what was detailed earlier in Scheme 2.2. The main
differences were; the initial coupling step was carried out using acetonitrile, as indicated in the
discussion and led to improved yields. The nitro reduction step was carried out using 10% Pd/C, which
is a superior reaction condition given the removal of tin from the route. At the end of this scale up

process 27.1 g of final product was made in 98.5% purity.

4.3.4 Biological Activity

Initially, minimum inhibitory concentration testing identified the morpholine analogue as having a
good activity value of 0.25 mg/L, and the predicted improvement in solubility made it an attractive
template, thus we sought to make other analogues which can be seen in Table 4.7. All other analogues
showed minimal or no activity, with a value of >4 mg/L being observed. The morpholine analogue by
this point had been selected for in vivo mice testing, which will be described in the subsequent section
and was found to have activity. This led us to re-test the morpholine and it was found to have a lower

MIC than initially tested.
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Particularly for the morpholine analogues, there appeared to be discrepancies with MIC data that
weren’t observed for other templates. This occurred regardless of whether compound came from
identical batches or when fresh compounds were made. Furthermore, because we realised that the
compounds weren’t obtaining the higher MIC values we expected, they were re-tested again at higher
concentration allowing the range to run up to 32 mg/L rather than the previous 4 mg/L. This data
showed no change in MIC across the compound class despite the morpholine having good activity in
vivo.

Table 4.7. Biological activity observed for the morpholine compound class. Higher concentration MIC’s were
also observed for this class to detect any possible structure activity relationships. Green — good - 0.015 — 0.25

mg/L, — acceptable - 0.5 — 4 mg/L, red — poor - >4 mg/L.
@)
O N OR®
A\
R! /\/©/ \©: >_NH
N N
R2
Higher
2 ) 3 Standard 8 .
Compound R R R n Concentration
MIC (mg/L)

MIC (mg/L)
14a Morpholine Me 2 0.25 ND
14b Benzyl Me Me 2 >4 >32
14c 4-fluoropiperidine Me 2 >4 32
14d Piperazine Me 2 >32
l4e Thiomorpholine Me 2 >32
21 Morpholine 1 >32

The biology testing for these compounds actually highlighted something important about compound
storage. To ensure no decomposition of these compounds occurred when they were made up in
solution for biological testing, they were plated up at varying concentrations and frozen, so that
repeats could be done at a later time. Due to the insolubility of these compounds, they were often
heated slightly to ensure full dissolution. Freezing actually caused the compounds to precipitate and
were therefore not fully dissolved in the testing medium. This means when the MIC test was carried
out, the concentration in DMSO was not correct and thus incorrect MIC values obtained. This resulted
in smaller amounts of compounds being used and fresh batches being made up for biological testing
each time. We are currently awaiting retesting of MIC data, but the most consistent values have been

given in Table 4.7.
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4.3.5 DMPK

4.3.5.1 Predicted DMPK

Predicted DMPK showed that these compounds generally would possess good log D values, except
compound 14b that contained an N-Benzylmethylamine group, which is known to drive log D up.
Aqgueous solubility showed no improvement, apart from compound 14d, a piperazine derivative which
showed an excellent predicted solubility value.

Table 4.8. Predicted DMPK data for the morpholine ether class of compounds show good metabolic properties
overall, but poor clearance. Values are colour coded with a traffic light system according to how good or bad a

particular value is. Green —good, — acceptable/medium, red — poor.
LogDra | ClogP Aq.u.eous Rat HeF)s Clint Human Mics Clint MPO
Solubility (uM) (ul/min/mg) (ul/min/mg)

14a 3.8 10 20 4.5
14b | 4.25 5.74 2.2

14c 7.8 14

14d 1.54 106.4 2 8 4.7
l4e 4.3 23 4.0
21 291 6.6 13 18 5.0

4.3.5.2 Measured DMPK

Measured DMPK obtained for the morpholine class showed two things. Firstly, that the addition of
morpholine-like groups to the benzimidazole did not increase solubility as significantly as expected.
However, values were better than the predictions and better when compared with other classes.
Secondly, the thiomorpholine 14e, which was predicted to have reasonable metabolic clearance

values, behaved very poorly when measured, mostly due to extensive oxidation of the sulphur.?®

Table 4.9. Measured DMPK data for the thiol class of compounds show good metabolic properties overall, but
poor clearance. Values are colour coded with a traffic light system according to how good or bad a particular

value is. Green — good, — acceptable/medium, red — poor.
Compound LogD.4 Aq.u.eous Rat HePs Clint Human Mics Clint
Solubility (uM) (ul/min/mg) (ul/min/mg)
1l4a 30 48
1l4c <3 10
14e 0.6 >300 127
21 2.6 16 7

Stardrop calculations show that the morpholine derivatives are extensively metabolised by the
CYP3A4 enzyme particularly on the morpholine ring and in the case of compound 14e, and on the

sulphur atom via oxidation (Figure 4.13). As with other templates the carbamate is also indicated for
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metabolism.3! CYP2D6 is also indicated as being a major isoform for metabolism, which is different to
the other templates and helps to facilitate metabolism of the carbamate of the morpholine compound

14a and the sulphur of 14e.
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Figure 4.13. Metabolism predictions for two compounds from the morpholine series. Calculations run on
Stardrop.’

Measured and predicted DMPK properties were plotted against each other for both the ether and
morpholine ether derivatives combined and show very little correlation for all of the properties
investigated (Figure 4.14). This means whilst the predicted DMPK may help indicate the general
direction of change for a property, it is not reliable enough to make a decision as to whether a

compound will be stable or more soluble for this particular group of compounds.
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Figure 4.14. Each of the parameters obtained from measured DMPK testing was plotted against the numbers
obtained from predicted DMPK analysis.

4.3.6 In Vivo Mouse Data

When compound 14a was tested initially it possessed a moderate MIC value of 0.25 mg/L. Measured
DMPK showed it was slightly more soluble, and this was further validated by its ease of dissolution in
a number of vehicles. 14a was tested subcutaneously and showed a very small decrease in fungal
density, which was better than other templates but not as significant as flubendazole (Figure 4.15).
Oral administration using 14a was also investigated and showed the dependency of efficacy on the
dosage vehicle used. When an oil based vehicle of 10% DMSO, 10% ethanol and 80% castor oil was
used, there was no increase in fungal density observed. When an aqueous based vehicle was used,
made up of 10% DMSO, 10% Tween and 80% PBS, there was a much more significant decrease in
fungal density (Figure 4.15). This was thought to be due to improved intestinal absorption due to being

in an aqueous vehicle and the mice not suffering from diarrhoea, so less compound was lost.
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CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
3.1x10° CFU/ml IV and treated 150mg/kg 14a - Morpholine Hit
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Figure 4.15. Compound 14a, was selected as the new hit compound for in vivo testing and was tested in a
range of vehicles and administration routes to obtain efficacy data. Given orally and using a 10% DMSO, 10%
Tween and 80% PBS solutions showed the most significant drop in fungal density.

Given that compound 14a was exhibiting a decrease in fungal density, it was outsourced to WUXI to
be made on a larger scale to allowing for more in vivo testing to be carried out. The compound was
tested both subcutaneously and orally using 10% DMSO, 10% Tween 80 and 80% PBS. Figure 4.16
shows that the WUXI compound showed a similar slight decrease in fungal density but when dosed
orally, the WUXI compound showed a much more significant drop in fungal density. From the data, it
appears that oral dosing of 14a results in better efficacy. This is hypothesised to be due to the drug
encountering the acidic environment of the stomach, meaning that the morpholine becomes
protonated, generating a salt which enhances solubility, resulting in a bigger reduction in fungal

density.
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CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
4.2x10° CFU/ml IV and treated with 150 mg/kg Morpholine - WUXI
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Figure 4.16. Compound 14a was made on large scale by WUXI and was tested in vivo. It showed improved
activity versus the in-house sample of 14a produced and was more soluble
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4.4 Conclusion

Synthetic routes for both the ether and morpholine class have been achieved, with significant work
carried out to improve the original low yielding route for the morpholine, with the new route being
implemented into scale-up reactions. Biological data for the ether class shows generally good activity
with an MIC range of 0.06 - >4 mg/L, with a number of compounds showing activity of 0.06 mg/L. From
this information, a basic SAR profile has been established as shown in Figure 4.17. However, these
compounds showed no activity in vivo, even with a change in dosing vehicle. For the morpholine
derivatives, MIC data is not consistent, but these compounds do show good activity in vivo, exhibiting
over a three-log drop in fungal density in the brain tissue.

Does not tolerate N in
aromatic ring. Does

. 1
Tolerates a variety of R improve DMPK properties

group at 3 and 4 positon. R3
[ ] |

At 2-position prefers R 0 X N

smaller groups such as F [ﬁj/ U \>_
Tolerates a linker and R2 = H
solubilising group.

Morpholine has shown
good /n vivo activity.

Tolerates F in R? position. Loss
of activity with other substitutions
in R? or R3 positions.

Figure 4.17. An overall SAR conclusion.

4.5 Future Work

Given that we believe solubility could play a role in both in vitro and in vivo activity, more soluble
versions of these compounds will be synthesised by making salt of the active compounds, such as the
HCI salt. This should improve the aqueous solubility, rendering it easier to administer and hopefully
more likely to be absorbed. We are also working on the synthesis of additional analogues with shorter
and longer chains lengths, to understand what is tolerated when adding the morpholine for additional

solubility (Figure 4.18).

(@)
R1 o N OMe
. H—NH
2N N
R
n 0-4 H
n = -

Figure 4.18. Additional morpholine analogues are being synthesised to probe SAR.

We are also investigating alternative morpholine derivatives. This includes alkylation of the ring,
looking at both R and S enantiomers to see if this confers any activity advantage. We are also
investigating the spiro morpholine given its structural similarity to morpholine but more compact
shape (Figure 4.19).
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Figure 4.19. Alternative morpholine derivatives to be synthesised.
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Work is also ongoing to carry out PK/PD studies to understand the outcomes of administration of
these compounds. This will allow for the identification of any routes of metabolism and whether the
drug is orally bioavailable. This important for both the active morpholine 14a, but also for the
compound that are inactive as this will allow understanding of why good MIC activity does not

translate into good in vivo activity.
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4.6 Experimental

4.6.1 General Experimental Details

For general experimental details please see Section 3.5.1, Chapter 3. For synthesis of dimethyl

((methylthio)methylene)dicarbamate please see Section 3.5.2, Chapter 3.

4.6.1.1 HPLC

Flow rate 1 ml/min for 15 minutes using MeCN/Water with compounds dissolved in methanol. UV
detector recorded signals at 254 nm. HPLC Method A: min, gradient: 2% MeCN hold to 1 min, 2-98%
MeCN in 11 min, then hold at 98% MeCN to 15 min. HPLC Method B: min, gradient: 2% MeCN (0.05%
Formic acid) hold to 1 min, 2-98% MeCN (0.05% Formic acid) in 11 min, then hold at 98% MeCN (0.05%

Formic acid) to 15 min.

4.6.2 General Procedures

General Procedure A — SyAr Coupling

To a flask at room temperature was added a 2-nitroaniline derivative (1.0 eq.), DMF (0.35 M), K,COs
(2.0 eq.) and the substituted phenol (1.5 eq.) and the reaction heated to reflux overnight. The reaction
was cooled to room temperature then diluted with ethyl acetate, washed with water, brine, dried
over magnesium sulphate and concentrated to give a crude orange or yellow oil, which was purified
by column chromatography eluting with 10% ethyl acetate in n-hexane increasing to 20% to obtain

the product, or triturating with n-Hexane to yield the pure product.

General Procedure B — Single Nitro reduction

To a flask at room temperature was added 2-nitro-5-phenoxyaniline derivative (1.0 eq.), EtOH (0.15
M) and SnCl, (5.0 eq.) and the reaction heated to reflux overnight. The reaction was then cooled to
room temperature. The reaction volume was then reduced, adjusted to pH 10 with 25% NaOH and
filtered, washing with water and ethyl acetate. The water layer was then washed twice more with
ethyl acetate, the combined organic layers washed with brine, dried over magnesium sulphate and
concentrated. The product was purified by column chromatography eluting with 50% Ethyl acetate in

n-hexane, increasing to 100% Ethyl acetate, to elute the product.

General Procedure C — Acid Mediated Ring Closure

To a flask at room temperature was added 4-phenoxybenzene-1,2-diamine derivative (1.0 eq.), acetic

acid (2.0 M), MeOH (0.4 M), dimethyl ((methylthio)methylene)dicarbamate (1.0 eq.) and the reaction
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heated to 65 °C overnight. The reaction was allowed to cool to room temperature and the resulting

solid filtered using diethyl ether to give the final product.

General Procedure D — Nucleophilic Subsitution

To a flask at room temperature was added 4-(2-bromoethyl)phenol (1.0 eq.), N,N-dimethylformamide
(0.64 M), potassium carbonate (2.0 eq.) and the desired amine (1.0 eq.) and the reaction heated to 90
°C overnight. The reaction was then cooled to room temperature and diluted with ethyl acetate,
washed with saturated ag. NaHCOs; solution, water, brine, dried over magnesium sulphate and
concentrated. The product was purified by column chromatography, eluting in 50% ethyl acetate/n-

hexane.

4.6.3 Ether Derivatives

4.6.3.1 Synthesis of 2-nitro-5-phenoxyaniline Derivatives

5-(4-Fluorophenoxy)-2-nitroaniline (3a)
@) NH,
L,
General Procedure A - Employed 5-fluoro-2-nitroaniline and 4-fluorophenol to give the product (3a)
(1.52 g, 95% vyield) as a pale yellow solid. *H NMR (400 MHz, CDCl3) § 8.10 (d, 1H, J = 9.6 Hz), 7.10 —
7.07 (m, 4H), 6.31 (dd, 1H, J=9.6 and 2.5 Hz), 6.13 (d, 1H, J = 2.5 Hz), 6.12 (s, 2H). *C NMR (100 MHz,
CDCl5) 6 164.2, 160.0 (J = 254.0 Hz), 150.2, 146.7, 128.9, 127.9, 122.4 (d, J = 8.4 Hz), 116.8 (d, / = 24.0

Hz), 107.4, 103.3. HRMS: (Cl+, CH4) m/z Calculated for C12H10FN205: 249.0670. Found [M+H]*: 259.0678
(Diff — 3.3 ppm).

6-(4-Fluorophenoxy)-3-nitropyridin-2-amine (3b)
O N\ NH»
F/©/ - NO,
General Procedure A - Employed 6-chloro-3-nitropyridin-2-amine and 4-fluorophenol to give the
product (3b) (0.32g, 44% yield) as a yellow solid. *H NMR (400 MHz, CDCl3) § 8.41 (d, 1H, J = 8.9 Hz),
7.90 (s, 1H), 7.12 - 7.08 (m, 4H), 6.28 (d, 1H, J = 8.9 Hz), 5.61 (s, 1H). 3C NMR (100 MHz, CDCls) § 166.1,

160.1 (d, J = 248.4), 153.6, 148.4, 138.9, 128.9, 123.2 (d, J = 8,7 Hz), 116.3 (d, J = 25.2 Hz), 101.5. HRMS:
(Cl+, CH4) m/z Calculated for C11HsFN3O3: 250.0622. Found [M+H]*: 250.0627 (Diff — 1.64 ppm).
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4-Bromo-5-(4-fluorophenoxy)-2-nitroaniline (3c/3d)

F Br NO,
General Procedure A - Employed 4-bromo-5-fluoro-2-nitroaniline and 4-fluorophenol to give the
product (3¢/3d) (0.24 g, 73% yield) as an orange solid. *H NMR (400 MHz, CDCls) 6 8.43 (s, 1H), 7.14 -

7.09 (m, 4H), 6.06 (s, 2H), 5.96 (s, 1H). HRMS: (Cl+, CH4) m/z Calculated for C12HsBrFN,Os: 326.9775.
Found [M+H]*: 326.9784 (Diff — 2.67 ppm).

2-Fluoro-3-(4-fluorophenoxy)-6-nitroaniline (3e/3f)

@) NH,

S,
General Procedure A - Employed 2,3-difluoro-6-nitroaniline and 4-fluorophenol to give the product
(3e/3f) (0.3 g, 79% yield) as an orange solid. *H NMR (400 MHz, CDCl;) & 7.89 (dd, 1H, J=9.7 & 2.1 Hz),
7.12 - 7.03 (m, 4H), 6.27 — 6.15 (m, 3H). **C NMR (100 MHz, CDCl3) & 159.7 (d, J = 245.0 Hz), 150.9,
149.6 (d, J = 8.9 Hz), 141.4 (d, J = 214.2 Hz), 136.6 (d, J = 12.5 Hz), 128.5, 122.1 (d, J = 4.0 Hz), 121.1 (d,

J = 8.8 Hz), 116.8 (d, J = 23.8 Hz), 105.3. HRMS: (Cl+, CH.) m/z Calculated for C12HsF2N,03: 267.0576.
Found [M+H]*: 267.0581 (Diff -1.98 ppm).

2,4-Difluoro-3-(4-fluorophenoxy)-6-nitroaniline (3g)
F
O:©:NH2
F/©/ F NO,
General Procedure A - Employed 2,3,4-trifluoro-6-nitroaniline and 4-fluorophenol to give the product
(3g) (0.23 g, 57% yield) as an orange solid. *H NMR (400 MHz, CDCls) 6§ 7.84 (dd, 1H, J = 10.9 & 2.2 Hz),

7.05-7.01 (m, 2H), 6.9 — 6.95 (m, 2H), 6.08 (s, 2H). HRMS: (Cl+, CH4) m/z Calculated for C1;HsF2N30Os:
285.0482. Found [M+H]*: 285.0493 (Diff -3.92 ppm)

3-(4-Fluorophenoxy)-2-nitroaniline (7a)

NO,

/©/O NH»>
=
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General Procedure A - Employed 4-fluorophenol and 3-fluoro-2-nitroaniline to give the crude product
(7a) as a brown oil. This was mixed with the starting nitroaniline in a ratio of 1: 0.47 in favour of the
desired product, indicated via the presence of the following peaks. *H NMR (400 MHz, CDCl3) § 7.12
(dd, 1H,J =8.5 & 8.2 Hz), 7.05 - 7.02 (m, 4H), 6.51 (d, 1H, J = 8.5 Hz), 6.17 (d, 1H, J = 8.2 Hz), 5.13 (s,
2H).

4.6.3.2 Synthesis of 4-phenoxybenzene-1,2-diamine Derivatives
4-(4-Fluorophenoxy)benzene-1,2-diamine (4a)

@) NH,
General Procedure B - Employed 5-(4-fluorophenoxy)-2-nitroaniline (3a) to give the product (4a) (0.8
g, 76% yield) as a brown solid. *H NMR (400 MHz, CDCl3) 6 6.95 - 6.92 (m, 4H), 6.65 (d, 1H, J = 8.7 Hz),
6.39 (d, 1H, J = 2.7 Hz), 6.34 (dd, 1H, J = 8.7 & 2.7 Hz), 3.30 (s, 4H). *C NMR (100 MHz, CDCl5) 6 158.3
(d, J=239.9 Hz), 154.4 (d, J = 2.4 Hz), 151.0, 136.7, 130.0, 119.1 (d, J = 8.6 Hz), 117.9, 116.0 (d, / = 23.3

Hz), 110.3, 107.7. HRMS: (Cl+, NH3) m/z Calculated for C12H12FN>0: 219.0928. Found [M+H]*: 219.0931
(Diff — 1.13 ppm).

6-(4-Fluorophenoxy)pyridine-2,3-diamine (4b)
O __N._ _NH,
ISR
F Z > NH,
General Procedure B - Employed 6-(4-fluorophenoxy)-3-nitropyridin-2-amine (3b) to give the product
(4b) (0.15 g, 54% yield) as a brown oil. *H NMR (400 MHz, CDCl;) § 7.03 - 7.00 (m, 4H), 6.93 (d, 1H, J =
8.2 Hz), 6.09 (d, 1H, J = 8.2 Hz), 4.30 (s, 2H), 3.08 (s, 2H). 3C NMR (100 MHz, CDCl3) & 158.9 (d, J = 244.5

Hz), 156.2,151.7, 148.6, 127.5, 123.6, 121 (d, / = 8.8 Hz), 116.0 (d, J = 24.7 Hz), 100.6. HRMS: (Cl+, CH4)
m/z Calculated for C11H11FN3: 220.0881. Found [M+H]*: 220.0887 (Diff 2.73).

4-Bromo-5-(4-fluorophenoxy)benzene-1,2-diamine (4c/4d)
F Br NH,
General Procedure B - Employed 4-bromo-5-(4-fluorophenoxy)-2-nitroaniline (3c/3d) to give the

product (4c/4d) (0.15 g, 68% yield) as a brown solid. *H NMR (400 MHz, CDCls) 6 7.00 — 6.94 (m, 2H),
6.92 (s, 1H), 6.87 — 6.83 (m, 2H), 6.40 (s, 1H), 3.39 (s, 4H). 3C NMR (100 MHz, CDCl3) § 158.2 (d, J =
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241.6 Hz), 154.0, 146.4, 135.9, 132.2, 120.7, 118.0 (d, J = 8.6 Hz), 116.0 (d, J = 23.6 Hz), 109.6, 103.9.
HRMS: (Cl+, CHa) m/z Calculated for CiH1:BrFN,O: 297.0033. Found [M+H]*: 297.0039 (Diff — 1.76

ppm).

3-Fluoro-4-(4-fluorophenoxy)benzene-1,2-diamine (4e/4f)
F
@) NH,
FJ@/ NH,
General Procedure B - Employed 2-fluoro-3-(4-fluorophenoxy)-6-nitroaniline (3e/3f) to give the
product (4e/4f) (0.23 g, 88% yield) as a brown oil. *H NMR (400 MHz, CDCl3) § 6.99 —6.93 (m, 2H), 6.91
—6.87 (m, 2H), 6.45 (dd, 1H, J = 8.5 & 1.1 Hz), 6.41 (dd, 1H, J = 8.5 & 7.7 Hz), 3.46 (s, 4H). *C NMR (100
MHz, CDCls) § 158.1 (d, J = 238.1 Hz), 154.5, 144.9 (d, J = 238.1 Hz), 136.8 (d, J = 11.0 Hz), 132.8 (d, J =
4.5 Hz),124.7 (d, J = 13.5 Hz), 117.5 (d, J = 7.8 Hz), 115.9 (d, J = 23.5 Hz), 111.8 (d, J = 1.2 Hz), 111.3 (d,

J =3.0 Hz). HRMS: (Cl+, CH4) m/z Calculated for C1oH11F2N>05: 237.0834. Found [M+H]*: 237.0845 (Diff

—4.7 ppm).

3,5-Difluoro-4-(4-fluorophenoxy)benzene-1,2-diamine (4g)
F
O:@:NHZ
F/©/ F NH,
General Procedure B - Employed 3-(4-fluorophenoxy)-2-nitroaniline (3g) to give the product (4g) (0.14
g, 41% yield) as a brown solid. *H NMR (400 MHz, CDCl3) § 6.98 — 6.94 (m, 2H), 6.37 (dd, 1H, J = 11.2
& 1.9 Hz), 3.34 (s, 4H). **C NMR (100 MHz, CDCl3) & 158.2 (d, J = 240.3 Hz), 154.5, 149.7 (d, J = 239.8
Hz), 146.7 (d, J = 240.6 Hz), 133.9 (dd, /= 6.6 & 6.5 Hz), 124.8, 119.0 (dd, / = 14.0 & 3.3 Hz), 116.2 (d, J

= 8.6 Hz), 115.9 (d, J = 23.7 Hz), 99.0 (dd, J = 22.4 & 2.9 Hz). HRMS: (Cl+, CH4) m/z Calculated for
C12H10F3N20: 255.0740. Found [M+H]*: 255.0743 (Diff -1.32 ppm).

3-(4-fluorophenoxy)benzene-1,2-diamine (7b)

General Procedure B - Employed 3-(4-fluorophenoxy)-2-nitroaniline (7a) to give the product (7b) (0.17
g, 47% yield) as a brown solid. *H NMR (400 MHz, CDCl3) § 7.03 — 6.90 (m, 4H), 6.64 (dd, 1H, J=8.3 &
7.9 Hz), 6.53 (d, 1H, J = 7.9 Hz), 6.36 (d, 1H, J = 8.3 Hz), 3.50 (s, 4H). 3C NMR (100 MHz, CDCls) & 158.6
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(d, J = 242.2 Hz), 153.4, 145.1, 136.4, 126.7, 119.4, 118.8 (d, J = 8.5 Hz), 116.1 (d, J = 23.7 Hz). HRMS:
(Cl+, CH4) m/z Calculated for C1,H12FN,0: 219.0928. Found [M+H]*: 219.0920 (Diff — 0.29 ppm).

4.6.3.3 Synthesis of (5-phenoxy-1H-benzo[d]imidazol-2-yl)carbamate Derivatives

Methyl (5-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (6a)

General Procedure C - Employed 4-(4-fluorophenoxy)benzene-1,2-diamine (4a) to give the product
(6a) (1.29 g, 78% vyield) as a pale pink solid. *H NMR (400 MHz, DMSO) 6 11.62 (s, 2H), 7.40 (d, 1H, J =
8.5 Hz), 7.19-7.17 (m, 2H), 7.03 (d, 1H, J = 2.1 Hz), 7.04 — 6.99 (m, 2H), 6.80 (dd, 1H, / = 8.5 & 2.1 Hz),
3.75 (s, 3H). *C NMR (100 MHz, DMSO) 6 158.1 (d, J = 239.9 Hz), 155.2, 154.9, 151.7, 148.5, 137.9,
130.9,119.7 (d, J=8.0 Hz), 116.8 (d, = 23.6 Hz), 114.9, 113.5, 105.2, 52.9. **F NMR (367 MHz, DMSO)
6 -121.3. HRMS: (ES+) m/z Calculated for Ci1sH13FN3Os: 302.0935. Found [M+H]*: 302.0945 (Diff -3.27
pPM). Vmax/cm™ : (solid) 3354 (s), 2980 (m), 2640 (m), 1627 (s), 1141 (m), 1276 (s). MP: 229-231 °C.
Purity HPLC (Method A) 97.3%, R: = 9.15 min.

Methyl (5-(4-fluorophenoxy)-1H-imidazo[4,5-b]pyridin-2-yl)carbamate (6b)

0]
O_N__N )»OMe
| S—NH

F Z N

H
General Procedure C - Employed 6-(4-fluorophenoxy)pyridine-2,3-diamine (4b) to give the product
(6b) (0.060 g, 32% yield) as a cream solid. *"H NMR (400 MHz, DMSO) § 12.00 (s, 1H), 11.4 (s, 1H), 7.80
(d, 1H, J = 7.9 Hz), 7.26 — 7.18 (m, 2H), 7.15 — 7.09 (m, 2H), 6.74 (d, 1H, J = 7.9 Hz), 3.77 (s, 3H). 1C
NMR (100 MHz, DMSO) 6 158.9, 158.8 (d, J = 238.9 Hz), 154.5, 151.8 (d, / = 2.3 Hz), 149.0, 122.5 (d, J
=7.9 Hz), 116.5 (d, J = 22.9 Hz), 104.8, 53.1 not all carbons visible. F NMR (376 MHz, DMSO) — 120.0

HRMS: (ES+) m/z Calculated for C14H1,FN4O3: 303.0888. Found [M+H]*: 303.0894 (Diff — 1.83 ppm).
MP: 278 — 280 °C. Purity HPLC (Method A) 94.9%, R = 8.24 min.

Methyl (6-bromo-5-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (6c)
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General Procedure C - Employed 4-bromo-5-(4-fluorophenoxy)benzene-1,2-diamine (4c) to give the
product (6¢) (0.32 g, 35% yield) as a pale pink solid. *H NMR (400 MHz, DMSO) & 11.44 (s, 2H), 7.71
(s, 1H), 7.22 — 7.14 (m, 3H), 6.95 — 6.88 (m, 2H), 3.77 (s, 3H). 3C NMR (100 MHz, DMSO) & 158.2 (d, J
=240.4 Hz), '54.7, 154.6, 149.0, 147.0, 137.9, 133.2, 119.8, 118.5 (d, J = 8.1 Hz), 116.8 (d, J = 23.6 Hz),
107.3, 53.1 not all carbons visible. HRMS: (ES+) m/z Calculated for CisH1,BrFN3sOs: 380.0041. Found
[M+H]*:380.0048 (Diff -1.94 ppm). Vmax/cm™ : (solid) 3346 (m), 2954 (m), 2654 (m), 1625 (m), 1593
(m), 1272 (s). MP 252 — 254 °C .Purity HPLC (Method A) 91.0%, R; = 9.82 min.

Ethyl (6-bromo-5-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (6d)

o N )—OFEt
Ly
F Br N

General Procedure C - Employed 4-bromo-5-(4-fluorophenoxy)benzene-1,2-diamine (4d) to give the
product (4d) (0.090g, 96% vyield) as a white solid. *H NMR (400 MHz, DMSO) & 11.78 (bs, 2H), 7.70 (s,
1H), 7.22 — 7.13 (m, 3H), 6.95 — 6.87 (m, 2H), 4.23 (q, 2H, J = 6.6 Hz), 1.28 (t, 3H, J = 6.6 Hz). 13C NMR
(100 MHz, DMSO) & 158.1 (d, J = 238.5 Hz), 154.6, 154.3, 149.0, 147.0, 137.1, 133.6, 118.7,118.5 (d, J
= 8.6 Hz), 116.8 (d, / = 22.4 Hz), 107.3, 106.3, 61.8, 14.6. HRMS: (ES+) m/z Calculated for
C16H14BrFNs03S: 394.0197. Found [M+H]*: 394.0205 (Diff -2.07 ppm). Vmax/cm™ : (solid) 3346 (m), 2954
(m), 2654 (m), 1625 (m), 1593 (m), 1272 (s). MP: 270 °C decomposed. Purity HPLC (Method A) 93.2%,
R¢=10.32 min.

Methyl (4-fluoro-5-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (6e)

General Procedure C - Employed 3-fluoro-4-(4-fluorophenoxy)benzene-1,2-diamine (4e) to give the
product (6e) (0.077 g, 55% yield) as a white solid. *H NMR (400 MHz, DMSO) & 11.76 (bs, 2H), 7.28 (d,
2H, J = 8.6 Hz), 7.19 — 7.12 (m, 2H), 6.97 — 6.89 (m, 3H), 3.78 (s, 3H). *C NMR (100 MHz, DMSO) &
157.9 (d, J = 238.8 Hz), 155.2, 154.5, 148.5, 136.7 (d, J = 8.6 Hz), 133.3, 117.6 (d, J = 8.4 Hz), 116.7 (d,
J =23.0 Hz), 115.5, 108.0, 53.1. Not all quaternary carbons visible. HRMS: (ES+) m/z Calculated for
CisH12F2N303: 320.0841. Found [M+H]*: 320.0841 (Diff 0.14 ppm). vmax/cm™ : (solid) 3321 (s), 2970 (m),
2742 (m), 1659 (s), 1450 (m), 1274(s). MP: 245 °C decomposed. Purity HPLC (Method A) 99.4%, R: =
9.37 min.
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Ethyl (4-fluoro-5-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (6f)

F 0
o N »—OEt
[eneas:
F N
H

General Procedure C - Employed 3-fluoro-4-(4-fluorophenoxy)benzene-1,2-diamine (4f) to give the
product (6f) (0.083 g, 57% vield) as a white solid. 'H NMR (400 MHz, DMSO) & 12.13 (bs, 1H), 11.41
(bs, 1H), 7.28 (d, 1H, J = 8.5 Hz), 7.19 — 7.12 (m, 2H), 3.96 — 6.88 (m, 3H), 4.25 (q, 2H, J = 7.1 Hz). 1.29
(t, 3H, J = 7.1 Hz). 3C NMR (100 MHz, DMSO) & 157.8 (d, J = 237.5 Hz), 155.2 (d, J = 1.8 Hz), 154.1,
148.5,136.7 (d, J =9.1 Hz), 133.1, 117.6 (d, / = 8.1 Hz), 116.7 (d, J= 23.5 Hz), 115.5, 107.9, 61.7, 14.8.
Not all carbons visible. HRMS: (ES+) m/z Calculated for CieH14F2N3Os: 334.0998. Found [M+H]":
334.1001 (Diff -0.96ppm). Vmax/cmt (solid): 3376 (s), 2984 (m), 2834 (m), 1689 (s), 1499 (s), 1224 (m).
MP: 252 °C decomposed. Purity HPLC (Method A) 91.8%, R = 10.32 min.

Methyl (4,6-difluoro-5-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (6g)
F

0
o N »—OMe
T T i
F F N

H
General Procedure C - Employed 3,5-difluoro-4-(4-fluorophenoxy)benzene-1,2-diamine (4g) to give
the product (6g) (0.15 g, 65% yield) as a white solid. *H NMR (400 MHz, DMSO) & 12.28 (s, 1H), 11.52
(s, 1H), 7.29(d, 1H,J=9.9 Hz), 7.20 - 7.13 (m, 2H), 7.00 — 6.94 (m, 2H), 3.77 (s, 3H). *C NMR (100 MHz,
DMSO) 6 158.0 (d, J =246. 1 Hz), 154.8, 154.5, 150.8 (d, J = 238.5 Hz), 148.5,131.2, 126.6, 125.6, 116.8
(d,J=25.1Hz),116.6 (d, J=8.5Hz), 95.8, 53.1. One C-F carbon not visible. HRMS: (ES+) m/z Calculated
for C1sH11FsN30s: 338.0747. Found [M+H]*: 338.0748 (Diff -0.22 ppm). Vmax/cm™ (solid): 3318 (m), 2971
m), 2767 (m), 2689 (m), 1710 (s), 1614 (m), 1466 (m), 1270 (s). MP: > 300 °C decomposed. Purity HPLC
(Method A) 99.3%, R: = 9.57 min.

Methyl (4-(4-fluorophenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (7)

T,

)

N OMe
S—NH

N

H

General Procedure C - Employed 3-(4-fluorophenoxy)benzene-1,2-diamine (7b) to give the product

(7) (0.11 g, 47% yield) as a white solid. *H NMR (400 MHz, DMSO) & 12.00 (s, 1H), 11.30 (s, 1H), 7.45 —
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6.61 (m, 7H), 3.74 (s, 3H). 3C NMR (100 MHz, DMSO) & 157.8 (d, J = 237.2 Hz), 154.7, 154.6, 147.2,
144.6, 140.0, 135.9, 121.7,118.5 (d, J = 7.9 Hz), 116.5 (d, J = 23.4 Hz), 112.5, 108.8, 52.8. HRMS: (ES+)
m/z Calculated for C1sH13FN3Os: 302.0935. Found [M+H]*: 302.0935 (Diff -2.26 ppm). Vmax/cm™ (solid):
3338 (m), 2980 (m), 2885 (m), 1632 (s), 1439 (m), 1262 (s). MP: 222 — 225 °C. Purity HPLC (Method A)
97.0%, R: =9.28 min.

4.6.4 Morpholine Derivatives

4.6.4.1 Synthesis of 4-(2-aminoethyl)phenol Derivatives

T

)

4-(2-Morpholinoethyl)phenol (10a)

General Procedure D - Employed morpholine to give the product (10a) (0.52 g, 66% yield) as a pale
pink solid. *H NMR (400 MHz, CDs0OD) 6 7.04 (d, 2H, J = 8.1 Hz), 6.72 (d 2H, J = 8.1 Hz), 3.75 — 3.72 (m,
4H), 2.76 - 2.73 (m, 2H), 2.59 — 2.56 (m, 6H).23C NMR (100 MHz, CDs0D) & 155.4, 130.3, 129.1, 114.8,
66.1, 60.8, 53.5, 31.5. HRMS: (Cl+, CH4) m/z Calculated for Ci;oH1sNO,: 208.1332. Found [M+H]*:
208.1325 (Diff 3.32 ppm).

4-(2-(Benzyl(methyl)amino)ethyl)phenol (10b)

@uw@

General Procedure D - Employed N-benzylmethylamine to give the product (10b) (0.51 g, 56% vyield)
as a white solid. *H NMR (400 MHz, CDCl3) 6 7.27 (m, 5H), 7.00 (d, 2H, J = 8.2 Hz), 6.70 (d, 2H, J = 8.2
Hz), 3.59 (s, 2H), 2.79 — 2.75 (m, 2H), 2.65 - 2.61 (m, 2H), 2.30 (s, 3H). 3C NMR (100 MHz, CDCls) &
154.3, 138.1, 132.0, 129.8, 129.3, 128.3, 127.2, 115.4, 62.1, 59.3, 42.0, 32.7. HRMS: (Cl+, CH4) m/z
Calculated for Ci16H20NO: 242.1539. Found [M+H]*: 242.1548 (Diff — 3.73 ppm).

4-(2-(4-Fluoropiperidin-1-yl)ethyl)phenol (10c)

KLQF
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General Procedure D - Employed 4-fluoropiperidine to give the product (10c) (0.35 g, 40% yield) as a
pale white solid. *H NMR (400 MHz, DMSO) & 9,12 (s, 1H), 6.99 (d, 2H, J = 8.7 Hz), 6.65 (d, 2H, J = 8.7
Hz), 4.68 — 4.64 (m, 1H, J = 49.6 Hz), 2.60 — 2.57 (m, 4H), 2.46 — 2.43 (m, 2H), 2.35 - 2.32 (m, 2H), 1.87
—1.82 (m, 2H), 1.71 - 1.68 (m, 2H). 3C NMR (100 MHz, CD;0D) &§ 155.9, 131.0, 129.9, 115.5, 89.2 (d, J
=170.4 Hz), 60.5, 49.7 (d, J = 6.9 Hz), 32.7, 31.7 (d, J = 19.7 Hz). HRMS: (Cl+, CH4) m/z Calculated for
Ci13H1sFNO: 224.1445. Found [M+H]*: 224.1441 (Diff 1.85 ppm).

tert-Butyl 4-(4-hydroxyphenethyl)piperazine-1-carboxylate (10d)

General Procedure D - Employed to give the product (10d) (0.49 g, 64% yield) as a yellow oil. *H NMR
(400 MHz, CDs0D) 6 7.04 (d, 2H, J =8.5 Hz), 6.71 (d, 2H, J = 8.5 Hz), 3.48 — 3.44 (m, 4H), 2.78 - 3.72 (m,
2H), 2.59 — 2.56 (m, 2H), 2.53 — 2.49 (m, 4H), 1.46 (s, 9H). 3C NMR (100 MHz, CDs0D) & 155.4, 155.0,
130.4, 129.2, 114.8, 79.8, 60.4, 52.5, 42.9, 31.7, 27.2. HRMS: (ES+) m/z Calculated for Ci7H27N>0s:
307.2016. Found [M+H]*: 307.2025 (Diff -3.00 ppm)

4-(2-thiomorpholinoethyl)phenol (10e)

T

S

General Procedure D - Employed thiomorpholine to give the product (10e) (0.35 g, 63% yield) as a
yellow solid. *H NMR (400 MHz, CDs0D) 6§ 7.02 (d, 2H, J = 8.5 Hz), 6.72 (d, 2H, J = 8.5 Hz), 2.83 - 2.79
(m, 4H), 2.73 — 2.68 (m, 6H), 2.60 - 2.57 (m, 2H). 3C NMR (100 MHz, CD;0OD) 6 155.3, 130.5, 129.2,
114.8,61.2,54.6,31.1, 26.8. HRMS: (Cl+, CH4) m/z Calculated for C1,H1sNOS: 224.1104. Found [M+H]*:
224.1109 (Diff -2.43 ppm).

4.6.4.2 4-((amino)methyl)phenol Derivatives

H
O\(jV R
N.
R,

To a flask at room temperature was added the desired aldehyde (1.0 eq.) and amine (1.0 eq.), along

with anhydrous methanol and the reaction refluxed for two hours. The reaction was cooled and then
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concentrated. The compound was then redissolved in methanol at 0 °C and NaBH, (5.0 eq.) added
portion-wise. The reaction was left to stir at 0 °C for an hour and then overnight at room temperature.
The reaction was then acidified to pH 3 using 3M HCI, basified to pH 9 using 25% NaOH. Extracted
using DCM. The organic layer dried over magnesium sulphate, filtered and concentrated. The product
was purified via column chromatography, eluting with 50% ethyl acetate in hexane, increasing to 66%

ethyl acetate in hexane to give the product as a white solid.

4-(Morpholinomethyl)phenol (18)

ROV

Reaction carried out using 4-hydroxybenzaldehyde and morpholine to give the product (18) (0.27 g,
54% vyield) as a white solid. *H NMR (400 MHz, CD;0D) & 7.16 (d, 2H), 6.76 (d, 2H, J = 8.4 Hz), 3.72 -
3.67 (m, 4H), 3.44 (s, 2H), 2.48 — 2.45 (m, 4H). *C NMR (100 MHz, CDs0D) § 156.5, 130.6, 127.1, 114.6,
66.3, 62.5, 52.9. HRMS: (ES+) m/z Calculated for C1,H16NO;: 194.1176. Found [M+H]*: 194.1182 (Diff -
3.45 ppm).

4.6.4.3 Synthesis of 5-(4-(2-(amine)ethyl)phenoxy)-2-nitroaniline
5-(4-(2-Morpholinoethyl)phenoxy)-2-nitroaniline (12a)
O NH,

AT,

o
General Procedure A - Employed 5-fluoro-2-nitroaniline and 4-(2-morpholinoethyl)phenol (10a) to
give the product (12a) (1.02. g, 85% yield) as a yellow oil. *H NMR (400 MHz, CDs0OD) § 8.10 (d, 1H, J =
9.7 Hz), 7.25 (d, 2H, J = 8.3 Hz), 7.00 (d, 2H, / = 8.3 Hz), 6.31 (dd, 1H, /= 9.7 & 2.4 Hz), 6.14 (d, 1H, J =
2.4 Hz), 6.11 (s, 2H), 3.78 - 3.74 (m, 4H), 2.86 - 2.83 (m, 2H), 2.64 - 2.61 (m, 2H), 2.57 — 2.53 (m, 4H).
13C NMR (100 MHz, CDs0D) 6 164.2, 152.7, 146.7,137.3,130.3, 128.7, 127.7, 120.8, 107.7, 103.3, 66.9,

50.7, 53.7, 32.6. HRMS: (ES+) m/z Calculated for C1gH2,N304: 344.1605. Found [M+H]*: 344.1601 (Diff
0.97 ppm).

5-(4-(2-(Benzyl(methyl)amino)ethyl)phenoxy)-2-nitroaniline (12b)
o
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General Procedure A - Employed 5-fluoro-2-nitroaniline and 4-(2-(benzyl(methyl)amino)ethyl)phenol
(10b) to give the product (12b) (0.35 g, 54% yield) as a yellow solid. *H NMR (400 MHz, CDCls) 6 8.10
(d, 1H,J =9.6 Hz), 7.31 = 7.26 (m, 5H), 7.22 (d, 2H, J = 8.2 Hz), 6.98 (d, 2H, J = 8.2 Hz), 6.33 (dd, 1H, J =
9.6 & 2.8 Hz), 6.12 (d, 1H, J = 2.8 Hz), 6.08 (s, 2H), 3.57 (s, 2H), 2.86 — 2.82 (m, 2H), 2.67 — 2.63 (m, 2H),
2.30 (s, 3H). *C NMR (100 MHz, CDCl3) & 164.5, 152.5, 146.8, 138.9, 137.8, 130.4, 129.0, 128.7, 128.2,
127.7, 126.9, 120.7, 107.7, 103.2, 62.3, 58.9, 42.2, 33.2. HRMS: (ES+) m/z Calculated for Cy;H,4N30s:
378.1812. Found [M+H]*: 378. 1822 (Diff -2.54 ppm).

5-(4-(2-(4-Fluoropiperidin-1-yl)ethyl)phenoxy)-2-nitroaniline (12c)
@) NH,
pNeg e
F
General Procedure A - Employed 5-fluoro-2-nitroaniline and 4-(2-(4-fluoropiperidin-1-yl)ethyl)phenol
(10c) to give the product (12c) (0.36 g, 80% vyield) as a yellow solid. *H NMR (400 MHz, CDsOD) & 8.10
(d, 1H, J = 9.3 Hz), 7.24 (d, 2H, J = 8.5 Hz), 6.99 (d, 2H, J = 8.5 Hz), 6.32 (dd, 1H, J = 9.3 & 2.4 Hz), 6.14
(d, 1H, J = 2.4 Hz), 6.10 (s, 2H), 4.73 —4.70 (m, J = 48.1 Hz), 2.85 — 2.82 (m, 2H), 2.68 — 2.66 (m, 6H),
2.51 — 2.48 (m, 2H). *C NMR (100 MHz, CDs0OD) & 164.3, 152.7, 146.8, 137.5, 130.3, 129.8, 128.7,

120.8, 107.7, 103.4, 90.1 (d, J = 175.0 Hz), 60.3, 49.5 (d, / = 5.0 Hz), 33.1, 31.4 (d, J = 20.2 Hz). HRMS:
(ES+) m/z Calculated for C19H23FN3O: 360.1718. Found [M+H]*: 360.1728 (Diff — 2.65 ppm).

tert-Butyl 4-(4-(3-amino-4-nitrophenoxy)phenethyl)piperazine-1-carboxylate (12d)

General Procedure A - Employed 5-fluoro-2-nitroaniline and  tert-butyl  4-(4-
hydroxyphenethyl)piperazine-1-carboxylate (10d) to give the product (12d) (0.34 g, 49% vyield) as a
yellow oil. *H NMR (400 MHz, CDs0D) 6 8.03 (d, 1H, J=9.3 Hz), 7.29 (d, 2H, J = 8.4 Hz), 7.01 (d, 2H, J =
8.4 Hz), 6.27 (s, 1H, /= 2.6 Hz), 6.24 (dd, 1H, J=9.3 & 2.6 Hz), 3.47 — 3.44 (m, 4H), 2.86 — 2.82 (m, 2H),
2.65—-2.63 (m, 2H), 2.53 —2.49 (m, 4H).**C NMR (100 MHz, CD;0D) 6 164.3, 155.0, 153.0, 148.2, 137.0,
130.1, 129.2, 128.0, 120.5, 106.5, 102.8, 80.0, 60.1, 60.0, 52.5, 31.9, 27.2.
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2-Nitro-5-(4-(2-thiomorpholinoethyl)phenoxy)aniline (12e)

N NO,

S
General Procedure A — Employed 5-fluoro-2-nitroaniline and 4-(2-thiomorpholinoethyl)phenol (10e)
to give the product (12e) (0.42 g, 75% yield) as a brown oil. *H NMR (400 MHz, CD;0D) 6 8.00 (d, 1H,
J=9.5Hz),7.32 (d, 2H, J=8.3 Hz), 7.07 (d, 2H, /= 8.3 Hz), 6.34 (d, 1H, J = 2,5 Hz), 6.27 (dd, 1H, /= 8.3
& 2.5 Hz), 2.75-2.72 (m, 6H), 2.63 — 2.57 (m, 8H). 1*C NMR (100 MHz, CD3:0D) § 164.0, 152.9, 148.7,

138.0, 131.2, 128.7, 126.5, 120.9, 107.1, 103.0, 60.7, 54.9, 32.1, 27.7. HRMS: (ES+) m/z Calculated for
CisH22N305S: 360.1376. Found [M+H]*: 360.1389 (Diff — 3.48 ppm).

5-(4-(Morpholinomethyl)phenoxy)-2-nitroaniline (19)
O C,
N N,
General Procedure A - Employed 5-fluoro-2-nitroaniline and 4-(morpholinomethyl)phenol (18) to give
the product (19) (0.39 g, 93% yield) as a yellow solid. *H NMR (400 MHz, CD;0D) § 8.07 (d, 1H, J=9.4
Hz), 7.44 (d, 2H, J = 8.5 Hz), 7.09 (d, 2H, J = 8.5 Hz), 6.33 (d, 1H, J = 2.5 Hz), 6.29 (dd, 1H, J = 9.4 & 2.5
Hz), 3.74 —3.71 (m, 4H), 3.59 — 3.55 (s, 2H), 2.52 — 2.49 (m, 4H). 3C NMR (100 MHz, CD;0D) & 163.4,
153.9, 148.2, 134.2, 130.9, 129.0, 120.2, 106.5, 103.0, 66.4, 52.1, 53.2. Not all quaternary carbons
visible. HRMS: (ES+) m/z Calculated for Ci17H20N304: 330.1448. Found [M+H]*: 330.1454 (Diff — 1.81
ppm).
4.6.4.4 4-(4-(amino)phenoxy)benzene-1,2-diamine Derivatives
4-(4-(2-Morpholinoethyl)phenoxy)benzene-1,2-diamine (13a)
o] NH,
N o0 e
o
General Procedure B - Employed 5-(4-(2-morpholinoethyl)phenoxy)-2-nitroaniline (12a) to give the
product (13a) (0.60 g, 77% yield) as a brown oil. 'H NMR (400 MHz, CDs0D) § 7.01 (d, 2H, J = 8.6 Hz),
6.71(d, 2H, J = 8.6 Hz), 6.57 (d, 1H, J = 8.3 Hz), 6.30 (d, 1H, J = 2.7 Hz), 6.13 (dd, 1H, J = 8.3 & 2.7 Hz),
3.64 — 3.60 (m, 4H), 2.68 — 2.63 (m, 2H), 2.48 — 2.42 (m, 6H). 3C NMR (100 MHz, CD;0D) & 157.3,

150.2, 136.7, 133.2,130.8, 129.3, 117.1, 117.0, 109.6, 107.5, 66.2, 60.6, 53.2, 31.5. HRMS: (ES+) m/z
Calculated for CigH24N30,: 314.1863. Found [M+H]*: 314.1874 (Diff -.3.35 ppm).
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4-(4-(2-(Benzyl(methyl)amino)ethyl)phenoxy)benzene-1,2-diamine (13b)
o
General Procedure B - Employed 5-(4-(2-(benzyl(methyl)amino)ethyl)phenoxy)-2-nitroaniline (12b)
to give the product (13b) (0.33 g, 46% yield) as a brown oil. *H NMR (400 MHz, CDsOD) § 7.33 - 7.21
(m, 5H), 7.08 (d, 2H, J = 8.4 Hz), 6.86 (d, 2H, J = 8.4 Hz), 6.65 (d, 1H, J = 8.2 Hz), 6.41 (d, 1H, J = 2.6 Hz),
6.37 (dd, 1H, J = 8.2 & 2.6 Hz), 3.56 (s, 2H), 2.82 — 2.75 (m, 2H), 2.65 — 2.60 (m, 2H), 2.27 (s, 3H). 13C
NMR (100 MHz, CDs0D) 6 156.6, 151.0, 139.0, 136.6, 134.4, 130.0, 129.7, 129.0, 128.2, 127.0, 117.9,

117.7,110.6, 108.0, 62.2, 59.3, 42.2, 33.1. HRMS: (ES+) m/z Calculated for C,H26N0: 348.0270. Found
[M+H]*: 348.2063 (Diff 2.08 ppm).

4-(4-(2-(4-Fluoropiperidin-1-yl)ethyl)phenoxy)benzene-1,2-diamine (13c)
o) NH,
ON@ L,
F
General Procedure B - Employed 5-(4-(2-(4-fluoropiperidin-1-yl)ethyl)phenoxy)-2-nitroaniline (12c)
to give the product (13c) (0.14 g, 44% yield) as a brown oil. *H NMR (400 MHz, CD;0D) § 7.10 (d, 2H, J
= 8.8 Hz), 6.87 (d, 2H, J = 8.8 Hz), 6.66 (d, 1H, J = 7.9 Hz), 6.42 (d, 1H, J = 2.6 Hz), 6.37 (dd, 1H,J=7.9 &
2.6 Hz), 4.71 — 4.69 (m, 1H, J = 48.4 Hz), 2.79 — 2.76 (m, 2H), 2.70 — 2.66(m, 4H), 2.62 — 2.59 (m, 2H),
2.53 — 2.49 (m, 4H), 1.95 — 1.90 (m, 4H). *C NMR (100 MHz, CDs;0D) & 156.9, 150.8, 136.6, 133.9,
130.0, 129.6, 117.9, 117.8, 110.6, 108.1, 88.2 (d, J = 164.7 Hz), 60.1, 49.4 (d, J = 5.2 Hz), 32.8, 31.3 (d,

J =19.6 Hz). HRMS: (ES+) m/z Calculated for Ci9H2sFN3O: 330.1976. Found [M+H]*: 330.1986 (Diff —
2.87 ppm).

4-(4-(2-(Piperazin-1-yl)ethyl)phenoxy)benzene-1,2-diamine (13d)
N NH,,
HN.
General Procedure B - Employed tert-butyl 4-(4-(3-amino-4-nitrophenoxy)phenethyl)piperazine-1-
carboxylate (12d) to give the product (13d) (0.050 g, 15% yield) as a brown oil. *H NMR (400 MHz,

CDs0D) 6 7.01 (d, 2H, J = 8.7 Hz), 6.71 (d, 2H, J = 8.7 Hz), 6.56 (d, 1H, J = 8.4 Hz), 6.30 (d, 1H, J = 2.8
Hz), 6.13 (dd, 1H, J = 8.4 & 2.8 Hz), 2.79 — 2.75 (m, 4H), 2.67 — 2.65 (m, 2H), 2.48 — 2.43 (m, 6H). 13C
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NMR (100 MHz, CDs0OD) & 157.3, 150.2, 136.7, 133.4, 130.1, 129.3, 117.1, 117.0, 109.5, 107.5, 60.8,
53.3, 44.6, 31.5. HRMS: (ES+) m/z Calculated for CisH,sN40O: 313.2023. Found [M+H]*: 313.2025 (Diff -
0.72 ppm).

4-(4-(2-Thiomorpholinoethyl)phenoxy)benzene-1,2-diamine (13e)

N NH,

S
General Procedure B - Employed 2-nitro-5-(4-(2-thiomorpholinoethyl)phenoxy)aniline to give the
product (13e) (0.18 g, 50% yield) as a brown oil. *H NMR (400 MHz, CDs0D) & 7.10 (d, 2H, J = 8.3 Hz),
6.82 (d, 2H, /= 8.3 Hz), 6.68 (d, 1H, J = 8.4 Hz), 6.41 (d, 1H, J = 2.5 Hz), 6.24 (dd, 1H, J = 8.4 & 2.5 Hz),
2.83-2.79 (m, 4H), 2.76 — 2.73 (m, 2H), 2.71 — 2.66 (m, 4H), 2.62 — 2.59 (m, 2H). 3C NMR (100 MHz,

CDs0D) 6 157.3,150.2, 137.7, 133.4,130.1, 129.4, 117.2, 117.1, 109.6, 107.5, 61.0, 54.6, 313.3, 26.9.
HRMS: (ES+) m/z Calculated for C1sH24N30S: 330.1635. Found [M+H]*: 330.1636 (Diff -0.55 ppm).

4-(4-(Morpholinomethyl)phenoxy)benzene-1,2-diamine (20)

DT

k/N NH,
General Procedure B - Employed 5-(4-(morpholinomethyl)phenoxy)-2-nitroaniline (19) to give the
product (20) (0.14 g, 41% yield) as a brown solid. *H NMR (400 MHz, CDs0D) 6 7.25 (d, 2H, J = 8.5 Hz),
6.86 (d, 2H, J = 8.5 Hz), 6.71 (d, 1H, J = 8.1 Hz), 6.44 (d, 1H, J = 2.6 Hz), 6.27 (dd, 1H, J = 8.1 & 2.6 Hz),
3.72-3.69 (m, 4H), 3.48 (s, 2H), 2.48 — 2.43 (m, 4H). *C NMR (100 MHz, CD;0D) § 158.4, 149.8, 136.6,

130.5, 130.3, 130.0, 117.0, 116.6, 109.8, 107.7, 66.3, 62.2, 53.1. HRMS: (Cl+, NH3) m/z Calculated for
C17H22N30,: 300.1707. Found [M+H]*: 300.1710 (Diff — 3.06 ppm).

4.6.4.5 Synthesis of methyl (5-(4-(amine)phenoxy)-1H-benzo[d]imidazol-2-yl)carbamate Derivatives

Methyl (5-(4-(2-morpholinoethyl)phenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (14a)
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General Procedure C - Employed 4-(4-(2-morpholinoethyl)phenoxy)benzene-1,2-diamine (13a) to
give the product (14a) (0.38 g, 49% vyield) as a white solid. *H NMR (400 MHz, DMSO) § 11.66 (bs, 2H),
7.39 (d, 1H, J = 8.4 Hz), 7.19 (d, 2H, J = 7.8 Hz), 7.03 (s, 1H), 6.86 (d, 2H, J = 7.8 Hz), 6.79 (d, 1H, J = 8.4
Hz), 3.74 (s, 3H), 3.64 — 3.54 (m, 4H), 2.74 — 2.66 (m, 2H), 2.51 — 2.39 (m, 6H). 3C NMR (100 MHz,
DMSO) 6 156.9, 155.2, 151.6, 148.4, 134.8, 130.4, 117.9, 114.6, 113.8, 105.0, 66.6, 60.5, 53.7, 52.9,
31.9 not all quaternary carbons visible. HRMS: (ES+) m/z Calculated for C2;H2sN4O4: 397.1870. Found
[M+H]*: 397.1871 (Diff -0.21 ppm). Vmax/cm™ : (solid) 3328 (s), 2947 (m), 1626 (s), 1472 (m), 1225 (s).
MP: 198 — 201 °C. Purity HPLC (Method B) 97.3%, R¢ = 9.15 min.

Methyl (5-(4-(2-(benzyl(methyl)amino)ethyl)phenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (14b)

General Procedure C - Employed 4-(4-(2-(benzyl(methyl)amino)ethyl)phenoxy)benzene-1,2-diamine
(13b) to give the product (14b) (0.069 g, 37% yield) as a pale pink solid. *H NMR (400 MHz, DMSO)
610.65 (s, 2H), 7.38 (d, 1H, J = 8.3 Hz), 7.27 (m, 5H), 7.16 (d, 2H, J = 8.8 Hz), 7.02 (d, 1H, J = 2.4 Hz),
6.86 (d, 2H, J = 8.8 Hz), 6.79 (dd, 1H, J = 8.3 & 2.4 Hz), 3.75 (s, 3H), 3.52 (s, 2H), 2.75 — 2.72 (m, 2H),
2.57-2.54(m, 2H),2.20—-2.17 (m, 3H). *C NMR (100 MHz, DMSO) 6 156.9, 154.1, 151.7, 148.4, 140.8,
139.6, 136.0, 130.4, 129.8,129.1, 128.6, 127.2,117.9,113.7,113.6, 104.7,61.7,59.1, 52.9, 42.4, 32.6.
HRMS: (ES+) m/z Calculated for CisH7N4O3: 431.2078. Found [M+H]*: 431.2070 (Diff 1.76 ppm).
vmax/cm® : (solid) 3331 (s), 3028 (m), 2943 (m), 2839 (m), 1625 (s), 1474 (m), 1277 (s). MP: 180 - 183
°C decomposed. Purity HPLC (Method B) 97.3%, R: = 6.28 min.

Methyl (5-(4-(2-(4-fluoropiperidin-1-yl)ethyl)phenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (14c)

General Procedure C - Employed 4-(4-(2-(4-fluoropiperidin-1-yl)ethyl)phenoxy)benzene-1,2-diamine
(13c) to give the product (14c) (0.043 g, 25% yield) as an orange solid. *H NMR (400 MHz, DMSO) 6
11.60 (d, 2H), 7.38 (d, 1H, J = 8.4 Hz), 7.18 (d, 2H, J = 7.8 Hz), 7.02 (s, 1H), 6.86 (d, 2H, J = 7.8 Hz), 6.79
(d, 1H, J = 8.4 Hz), 4.69 — 4.66 (m, 1H, J = 49.6 Hz), 3.75 (s, 3H), 2.71 — 2.68 (m, 2H), 2.63 — 2.59 (m,
6H), 1.87 — 1.85 (m, 2H), 1.72 — 1.69 (m, 2H). 3C NMR (100 MHz, DMSO) 6§ 156.7, 155.3, 151.6, 148.4,
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137.1, 135.0, 130.4, 117.9, 114.8, 113.7, 105.0, 89.3 (d, J = 163.2 Hz), 60.2, 52.9, 49.6 (d, J = 6.6 Hz),
32.6, 31.7 (d, J = 18.7 Hz), not all quaternary carbons visible. HRMS: (ES+) m/z Calculated for
Ca2H26FN4O3: 413.1983. Vmax/cm™ : (solid) 3357 (m), 2980 (m), 2768 (m), 1627 (s), 1473 (m), 1262 (s).
Found [M+H]*: 413.1982 (Diff — 0.35 ppm). MP: 218 — 220 °C. Purity HPLC (Method B) 96.7%, R; = 5.68

min.

Methyl (5-(4-(2-(piperazin-1-yl)ethyl)benzyl)-1H-benzo[d]imidazol-2-yl)carbamate (14d)

(\NA/Q/OQE%NE_OMG
HN

General Procedure C - Employed 4-(4-(2-(piperazin-1-yl)ethyl)phenoxy)benzene-1,2-diamine (13d) to
give the product (14d) (0.028 g, 44% vyield) as a cream solid. *H NMR (400 MHz, DMSO) & 7.38 (d, 1H,
J=8.5Hz),7.18 (d, 2H, J = 8.8 Hz), 7.01 (d, 1H, J = 2.3 Hz), 6.85 (d, 2H, J = 8.8 Hz), 6.78 (dd, 1H, J = 8.5
& 2.3 Hz), 3.75 (s, 3H), 2.76 — 2.71 (m, 4H), 2.69 — 2.65 (m, 2H), 2.48 — 2.46 (m, 2H), 2.41 — 2.37 (m,
4H).3C NMR (100 MHz, DMSO) & 156.9, 155.3, 151.6, 148.4, 135.0, 133.3, 130.4, 130.0, 117.9, 114.7,
113.7,104.9,60.9, 53.8,52.9, 45.5, 32.2. HRMS: (ES+) m/z Calculated for C12H26Ns03: 396.2030. Found
[M+H]*: 396.2039 (Diff -2.13 ppm). Vmax/cm™ : (solid) 3655 (m), 3331 (m), 2980 (m), 2888 (m), 1626 (s).
1473 (m), 1261 (s). MP: 228 - 230 °C decomposed.

Methyl (5-(4-(2-thiomorpholinoethyl)benzyl)-1H-benzo[d]imidazol-2-yl)carbamate (14e)

O

General Procedure C - Employed 4-(4-(2-thiomorpholinoethyl)phenoxy)benzene-1,2-diamine (13e) to
give the product (14e) (0.10 g, 43% yield) as a cream solid. *H NMR (400 MHz, DMSO) & 11.59 (s, 2H),
7.38(d, 1H,/=8.6 Hz), 7.18 (d, 2H, J=8.9 Hz), 7.02 (d, 1H, J = 2.1 Hz), 6.87 (d, 2H, J = 8.9 Hz), 6.79 (dd,
1H,J=8.6 & 2.1 Hz), 3.75 (s, 3H), 2.73 - 2.68 (m, 6H), 2.62 — 2.58 (m, 4H), 2.54 — 2.52 (m, 2H)."*C NMR
(100 MHz, DMSO) 6 156.9, 155.3, 151.6, 148.4, 137.5, 134.9, 130.4, 129.9, 117.9, 114.9, 113.7, 104.8,
61.0, 54.9, 52.5, 31.9, 27.6. HRMS: (ES+) m/z Calculated for C»1H26N405S: 413.1642. Found [M+H]*:
413.1652 (Diff -2.43 ppm). Vmax/cm™ : (solid) 3339 (m), 2980 (m), 2888 (m), 2805 (m), 1632 (s), 1458
(m), 1263 (s). MP: 220 -222 °C decomposed. Purity HPLC (Method B) 93.7%, R = 5.23 min.
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methyl (5-(4-(morpholinomethyl)phenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (21)

General Procedure C — Employed 4-(4-(morpholinomethyl)phenoxy)benzene-1,2-diamine (20) to give
the product (21) (0.082 g, 46% yield) as a white solid. *H NMR (400 MHz, DMSO) & 11.67 (s, 2H), 7.40
(d, 1H, J=8.5 Hz), 7.26 (d, 2H, J = 8.2 Hz), 7.05 (d, 1H, J = 1.7 Hz), 6.90 (d, 2H, J = 8.2 Hz), 6.81 (dd, 1H,
J=8.5&1.7 Hz), 3.75 (s, 3H), 3.59 - 3.55 (m, 4H), 3.43 —3.41 (s, 2H), 2.38 — 2.33 (m, 4H).2*C NMR (100
MHz, DMSO) 6 157.9, 155.2, 152.9, 151.3, 148.4, 132.1, 131.0, 117.6, 114.9, 113.9, 105.3, 66.6, 62.2,
53.5, 52.9. Not all quaternary carbons visible. HRMS: (ES+) m/z Calculated for CaoH23N404: 383.1714.
Found [M+H]*: 383.1721 (Diff -1.75 ppm). Vma/cm™ : (solid) 3382 (m), 2970 (m), 2929 (m), 2853 (m),
1705 (s), 1599 (m), 1476 (m), 1323 (m), 1271 (m). MP:222 -225 °C decomposed. Purity HPLC (Method
B) 100%, R: = 5.19 min.

122



Chapter 4 Benzimidazole Ethers

4.7 References

14.

15.
16.
17.
18.
19.
20.
21.
22.

23.
24,
25.
26.
27.
28.

29.

30.

31.

E. C. Cortés and L. A. A. Anaya, J. Heterocycl. Chem., 1997, 34, 745-748.

E. C. Cortés, R.S. Mendoza, M. S. Gutiérrez and O. G.-M. De Cortés, J. Heterocycl. Chem., 2004,
41, 273-276.

US Pat., US20030612163, 2003.

W. Wang, D. Kong, H. Cheng, L. Tan, Z. Zhang, X. Zhuang, H. Long, Y. Zhou, Y. Xu, X. Yang and
K. Ding, Bioorg. Med. Chem. Lett., 2014, 4250-4253.

R. F. Hudson and G. Klopman, J. Chem. Soc., 1962, 1, 1062-1067.

S. K. Giri, R. Gour and K. P. R. Kartha, RSC Adv., 2017, 7, 13653-13667.

J. McMurry, Organic Chemistry, Brooks Cole, 7th edn., 2009.

V. M. Vlasov, Russ. Chem. Rev., 2003, 72, 681-703.

G. P. Stahly, J. Org. Chem., 1985, 50, 3091-3094.

H. Amii and K. Uneyama, Chem. Rev., 2009, 109, 2119-2183.

N. A. Senger, B. Bo, Q. Cheng, J. R. Keeffe, S. Gronert and W. Wu, J. Org. Chem., 2012, 77,
9535-9540.

Y. Ogata, J. Org. Chem., 1982, 47, 3577-3581.

M. B. Smith and J. March, March's Advanced Organic Chemistry: Reactions, Mechanisms, and
Structure, Wiley, 2001.

I. Hunt, Chapter 12 : Reactions of Arenes. Electrophilic Aromatic Substitution
http://www.chem.ucalgary.ca/courses/350/Carey5th/Ch12/ch12-8b.html, June 2019).

M. Kah and C. D. Brown, Chemosphere, 2008, 72, 1401-1408.

M. Remko, Chemical Papers- Slovak Academy of Sciences, 2007, 61, 133-141.

Optibrium, Stardrop, 2018.

P.-G. Forkert, R. P. Lee and K. Reid, Drug Metab. Dispos., 2001, 29, 258-263.

A. K. Ghosh and M. Brindisi, J. Med. Chem., 2015, 58, 2895-2940.

P. Girard, Y. Pansart, |. Lorette and J.-M. Gillardin, Dig. Dis. Sci., 2003, 48, 770-774.

M. A. Walker, Expert Opin. Drug Discov., 2014, 9, 1421-1433.

A. Zafar, L. I. Pilkington, N. A. Haverkate, M. Van Rensburg, E. Leung, S. Kumara, W. A. Denny,
D. Barker, A. Alsuraifi, C. Hoskins and J. Reynisson, Molecules, 2018, 23, 145-169.

A. Zhai, Determination of Phenols in Drinking Water with Agilent Bond Elut Plexa SPE and
HPLC, Agilent Technologies, 2012.

M. R. Crampton and I. A. Robotham, J. Chem. Res., 1997, DOI: 10.1039/A606020J, 22-23.

F. Maran, D. Celadon, M. G. Severin and E. Vianello, J. Am. Chem. Soc., 1991, 113, 9320-9329.
F. G. Bordwell, R. J. McCallum and W. N. Olmstead, J. Org. Chem., 1984, 49, 1424-1427.

K. Roy and P. L. A. Popelier, J. Phys. Org. Chem., 2009, 22, 186-196.

J. D. Soper, E. Saganic, D. Weinberg, D. A. Hrovat, J. B. Benedict, W. Kaminsky and J. M. Mayer,
Inorganic Chemistry, 2004, 43, 5804-5815.

C. A. Grice, K. L. Tays, B. M. Savall, J. Wei, C. R. Butler, F. U. Axe, S. D. Bembenek, A. M. Fourie,
P. J. Dunford, K. Lundeen, F. Coles, X. Xue, J. P. Riley, K. N. Williams, L. Karlsson and J. P.
Edwards, J. Med. Chem., 2008, 51, 4150-4169.

B. Combourieu, P. Besse, M. Sancelme, J. P. Godin, A. Monteil, H. Veschambre and A. M.
Delort, Appl. Environ. Microbiol., 2000, 66, 3187-3193.

R. Gao, L. Li, C. Xie, X. Diao, D. Zhong and X. Chen, Drug Metab. Dispos., 2012, 40, 556-567.

123


http://www.chem.ucalgary.ca/courses/350/Carey5th/Ch12/ch12-8b.html

Chapter 5

Synthesis and Biological Evaluation of

Benzimidazole Ketone Derivatives



Chapter 5 Benzimidazole Ketones

5.1 Benzimidazole Ketones

As stated in previous chapters, Flubendazole (1), a ketone derivative of the benzimidazoles, served as
the starting analogue for this project, with established activity against C. neoformans and an MIC value
of 0.125 mg/L. Whilst 1 has good activity against C. neoformans, it possesses a very poor agueous
solubility profile (0.8 uM). In order to be used more effectively in clinical treatment solubility needs
to be improved to allow for gut permeation. Flubendazole (1) is made commercially for its use in the
veterinary clinic and as a fungicide, however very little is reported in the literature regarding its precise
synthesis, or synthesis of its derivatives. This brings a further challenge in making compounds of this
type. 1 has also been reported recently in the literature as exhibit a poor toxicity profile, which is
mainly due to its mechanism of action at B-tubulin, which is present in both C. neoformans and
humans. This causes gastrointestinal issues at the site of absorption and were intestinal cells are

undergoing rapid mitosis, thus experiencing the toxicity effects of flubendazole more rapidly.*?

Figure 5.1. The commercially available therapeutic, Flubendazole. A ketone derivative of the benzimidazole
class.

Knowing the challenges presented by developing new flubendazole analogues, means medicinal
chemistry can be targeted to attempted to overcome these issues. With this in mind the aims of the

ketone project were;

1. To develop new synthetic routes to generate new derivatives of the ketone class. This would
allow for SAR exploration and better design of future analogues.

2. To understand whether selectivity for C. neoformans B-tubulin can be achieved allowing for a
potentially reduced toxicity profile.

3. To improve aqueous solubility resulting in better absorption, allowing for better in vivo

efficacy.
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5.2 Ketone Discussion

5.2.1 Synthesis

5.2.1.1 Previous Synthesis

Literature methods for the synthesis of flubendazole are somewhat limited. There is one key synthetic

route used and this was attempted first for the initial analogues.

5.2.1.1.1 Friedel-Crafts Acylations

The initial synthetic route involved conversion of the commercially available 3,4-dinitrobenzoic acid
(2) into the acid chloride derivative 3, via widely reported SOCI, conditions, and this was carried out
in a good yield of 76% (Scheme 5.1).*7 Using standard Friedel-Crafts acylation conditions, whereby the
catalyst aluminium chloride was used and the desired benzene derivative, installation of the ketone
with the required R group was attempted.®> Apart from making the 4-F derivative, no other analogues
were made as the para were the most favourable, due to electronic and steric effects. Analogues such
as CN and OCF; are electron withdrawing, removing electron density away from the benzene ring,
resulting in an inability to react in the electrophilic substitution reaction as the nucleophile, despite
the acid chloride being an excellent electrophile.

0 o] 0O
O,N O,N O,N

OH Cl R

O,N 76%  O,N 0%  O,N
2 3 4

Scheme 5.1. The failed Friedel-Crafts acylation route that was initially employed for the synthesis of the
ketone class of compound. Reagents and Conditions: (a) SOCl2 (xs), DMF (cat.), 65 °C, 4 hours, 76% Yield; (b)
AlClIz3 (1.0 eq.), ArX (1.0 eq.), DCM, reflux, 4 hours, no reaction.

A number of other Friedel-Crafts style routes were attempted over the course of the project, with the
main issue being the necessity for the two nitrogen atoms on the benzene ring, in order for a ring
closure to occur later. Main routes involved masking or protecting these nitrogen groups, or even
omitting them and facilitating their later installation through tert-butylcarbamate Buchwald-Hartwig
chemistry, but all of these were unsuccessful .2 This is predominantly due to the directing effects of
the amine/nitro substituents preventing the reaction occurring in the desired position and Friedel-

Crafts acylation reactions often presenting with reduced yields.

5.2.1.1.2 Weinreb Amide — Grignard Chemistry
Generation of biaryl ketones is commonly carried out using the addition of a Grignard reagent into an

aldehyde. This produces an alcohol, with can then be re-oxidised to the ketone using an oxidising
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agent such as pyridinium chlorochromate (PCC) or Mn0,.%!! This route was also attempted. 3,4-
dinitrobenzaldehyde (6) is not commercially available and neither is the precursor alcohol, so we
started with 3,4-dinitrobenzoic acid (2) (Scheme 5.2). This was reduced using borane dimethylsulfide,
to give the intermediate alcohol (5), as reported in the literature.? 2 MnO, was then used to attempt
to oxidise the alcohol to the aldehyde, however there was no conversion of 5 to the aldehyde, as
would be observed via a less polar spot on the TLC plate.®
O O
O,N o o, OZNDAOH b o ’
O,N O,N O,N
2 5 6

Scheme 5.2. Reagents and conditions: (a) BH3.SMe2 (2.0 eq.), THF, 0 °C to RT, hours, (b) MnOz2 (10 eq.), THF, RT,
Overnight, no reaction.

An alternative to this route was to generate a Weinreb Amide (Scheme 5.3). This involved the
generation of the 3,4-dinitrobenzoyl chloride (3) using thionyl chloride and then coupling with
dimethylhydroxylamine hydrochloride to give the desired amide (7).” **° Initially, direct coupling of
a Grignard reagent was attempted with 7, as reported in the literature, however this resulted in no
product formation. Therefore, the Weinreb amide was reduced using DIBAL to give the aldehyde (6),
which was reacted with the Grignard reagent to give an alcohol (8). Subsequent oxidation to yield the
ketone (9) was followed by SnCl, reduction and ring closure to give the desired final benzimidazole

compound (10).

o} 0 0
O,N oH a O,N - b O,N N,o\
91% |
02N 02N O2N
2 3 7
0 OH
c O2N Y d O2N e
61% ON 80% ON 60%
2 6 2 8
0 0 o
OzN fg N »—OMe
el GG
02N 43% and 7% N
9 10 H

Scheme 5.3. Reagents and conditions: (a) thionyl chloride (xs), 65 °C, 4 hours; (b) N,O-dimethylhydroxylamine
hydrochloride (1.1 eq.), NEt3 (1.5 eq.), DCM, 0°C to room temperature, overnight (91% yield); (c) DIBAL (3.0
eq.), THF, -20 °C to room temperature, 1 hour (61% yield); (d) Mg (10 eq.), |2, bromobenzene derivative (1.1
eq.), 0°C to reflux, 1 hour (80% yield); (e) PDC (1.5 eq.), DCM, room temperature, 4 hours (60% yield). (f) Hz,

10% Pd/C, ethanol, room temperature, overnight (48% yield), 1,3-Bis(methoxycarbonyl)-2-methyl-2-
thiopseudourea (1.0 eq.), DME (0.55 M), methanol (2.2 M), sealed tube, 65 °C, overnight (7 % yield).
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This synthetic route only worked for one the 3-F ketone analogue. It required a number of repeats of
the route to obtain enough compound for the final step. It also contains a number of steps in

comparison to the routes for other templates.

5.2.1.1.3 Initial Suzuki Chemistry Routes

Literature investigation uncovered that a ketone could be formed from a Suzuki cross coupling
reaction between a ketone and an acid chloride (Scheme 5.4).1% 7 |nitially, the route involved
synthesising the already established 3,4-dinitrobenzoyl chloride (3), with the desired boronic acid,
however no product (9) was observed. A test reaction using 4-fluorobenzoyl chloride and 4-

chlorobenzeneboronic acid, yielded the product in poor yield, along with an ester product.

OH)2

76% 0%

9

Scheme 5.4. Reagents and conditions: (a) SOClz (xs), 65 °C, 4 hours, 76% Yield; (b) Pd(PPhs).Cl2 (0.10 eq.),
K3P04.H20 (1.5 eq.), toluene, 110 °C, overnight, no reaction.

Next, we chose to synthesise the boronic ester 13, due to the high commercial availability of
derivatised acid chlorides (14) (Scheme 5.5). The reaction involved using 5-bromo-benzenediamine
(11) and tert-butyl carbamate protection of the primary amines to give 12. Carrying out a Suzuki-
Miyaura Borylation using bis(pinacolato)diboron yielded 13, which was then employed in the Suzuki

coupling step, however again this yielded no results.*®
Br NH, a Br NHBoc b
[s]
i :NH2 87% i :NHBoc 56%
/B NHBoc NHBoc

NHBoc o NHBoc
13 15

Scheme 5.5. Reagents and conditions: (a) Dl-tert-butyl dicarbonate (2.4 eq.), ethanol, room temperature,
Overnight, 97% yield; (b) Pd(PPhs)2Cl2 (0.20 eq.), bis(pinacolato)diboron (6.0 eq.), KOAc (6.0 eq.), toluene, 100
°C, overnight (56% yield); (c) Pd(PPhz)2Cl> (0.10 eq.), KsPO4.H20 (1.5 eq.), toluene, 100 °C, overnight.

It is believed for both of the routes described, that the acid chloride was not reactive enough and the

reaction may be more substrate specific, so an alternative route was envisaged.
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5.2.1.2 Current Synthesis
Due to the lack of success with Freidel-Crafts Acylation and other Suzuki chemistry routes, as well as
the long synthesis for the Weinreb Amide, finding a new route was imperative.

o cat. Pd(OAc),, PPhg 0
o U+ PhBOH), — L

R® O° N dioxane, 50 °C,10h  R™ "Ph

Scheme 5.6. Suzuki couplings using activated esters to generate ketones.®

Literature investigation led to the discovery of a pyridine activating group, which had been used in a
Suzuki style reaction, albeit with very simplified analogues (Scheme 5.6). Four ester analogues were
synthesised and evaluated in the Suzuki reaction based on reaction yields. All four of these analogues
showed similar electronic properties, but two possessed additional methyl groups on the pyridine ring

or movement of the pyridine nitrogen (Figure 5.2).1°

2, L) T
O \N O \N
16 17

92% yield 3% yield

22% yield 93% yield

Figure 5.2. Structure and yields of different pyridyl analogues used in the Suzuki cross coupling.

The 2-pyridine ester 16 gave an excellent yield, as does its 4-methylated derivative compound 19.
However, despite being electronically similar, compounds 17 and 18 showed a sharp reduction in
yield. 17 shows the 2-methylated pyridine ring, which is proposed to be sterically blocking the pyridine
nitrogen from co-ordinating to the palladium catalyst, thus reducing yield. 18 shows the movement of
the pyridine nitrogen around the ring, into a position that cannot easily co-ordinate to the palladium

catalyst and still carry out the coupling reaction. *°
Use of an activated pyridine ester under Suzuki coupling conditions was attempted for the synthesis

of the benzimidazole ketones, with synthetic route and yields reported below (Scheme 5.7 and Table

5.1).
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on (I 1 O O b
NO, NH, >—0Me

O O i O _
NO, 3995/o 3071%

25
O N OMe

A

MeO N SMe
26
Scheme 5.7. Reagents and conditions: (a) DMAP (0.1 eq.), DCM, room temperature, overnight (69% yield); (b)
Pd(PPhs)s (0.1 eq.), dioxane, sealed tube, 80 °C, overnight (15 — 53% yield); (c) SnCl2 (10 eq.), ethanol, 65 °C,
overnight, (39 — 95% Yield); (d) 1,3-Bis(methoxycarbonyl)-2-methyl-2-thiopseudourea (26) (1 eq.), acetic acid
(2 M), methanol (0.4 M), sealed tube, 65 °C, overnight (30 — 71% yield).

Table 5.1. Percentage yields obtained for all compounds created within the ketone template,
including intermediates and final products.

Rl Step B % StepC% Step D %

Yield (23) Yield (24) Yield (25)
25a 2-F 45 60 50
25b 2-F, 4-F 17 94 49
25c 4-Me 53 39 50
25d 4-Cl 29 62 71
25e 4-OMe 48 71 45
25f 3-OMe 15 76 17
25g 4-0OCF3 29 50 36
25h 2-F, 5-F 23 88 53
25i 2-F, 3-F 19 95 46

5.2.1.2.1 Synthesis of Activated Pyridyl Ester

Firstly, we needed to synthesise a pyridine ester derivative (21) in order to trial this reaction. Initially,
due to concerns with the double reduction of the nitro groups, 4-amino-3-nitrobenzoic acid was used,
coupling with 2-hydroxypyridine using both EDC.HCI and HATU as coupling reagents, but neither
condition produced the desired ester. This was thought to be a two-fold issue, whereby the carboxylic
acid has proven to be quite unreactive when it has been employed in other reactions within the group.
Secondly the 2-hydroxypyridine shows reduced reactivity as it is known to tautomerise (Figure 5.3A).
This renders the hydroxyl groups less likely to be involved in nucleophilic attack, and 2 hydroxypyridine

is also known to form dimers, which may further reduce reactivity (Figure 5.3B).2% 2
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X X X
» | |
N” 0 N0 N"0
N N R I B Ho =
LA = foso s h
N~ “OH NN Oo_ _N O N. O
H =
A e UU

Figure 5.3. A. 2-hydroxypyridine tautomerisation to give pyridin-2(1H)-one. B. 2-hydroxypyridine tautomer
dimers.

An alternative route involved using di(pyridin-2-yl) carbonate (20) and coupling with 3,4-
dinitrobenzoic acid (2), which has been used in a number of synthetic routes during the project.?2*
The use of DMAP further accelerated this coupling process to give the desired product in around 56%
yield. 21 was characterised by *H NMR noting the additional pyridine peaks observed when the ester
is generated. This procedure involved a work-up which did result in some loss of product due to
decomposition of the activated ester back to the acid, due to its high susceptibility to nucleophilic
attack. This did result in some acid impurity in the product, however purification of 21 proved to be
unsuccessful via column chromatography and it was easier to carry through crude into the next Suzuki
coupling step. Furthermore, the 3,4-dinitrobenzoic acid (2) does not react in the next step, and can

easily be removed.

5.2.1.2.2 Pyridyl Ester Suzuki Coupling Route

The next step involved a palladium mediated Suzuki style coupling between the activated ester (21)
and a chosen boronic acid (22). It is proposed by Tatamidani et. al. that this reaction occurs via initial
coordination of palladium to the pyridine nitrogen (A) (Figure 5.4). The palladium can then undergo
attack on the carbonyl of the of the activated ester (A) to generate an unstable tetrahedral
intermediate (B). This collapses to reform the carbonyl and an acylpalladium species (C), then
undergoes transmetalation, with an boronic acid to give (D). Finally, a reductive elimination occurs,

which produces the desired ketone (23), and regenerates the catalyst.

R)OJ\O;ENj ()J\ ;<\r\© o | X
0 /x z

1 o Ph— )OJ\ j\ HO N
R” “Pd-))— T» Pd—Ph R” “Ph
X D ?,; 23

c N v
\_/ Y-B,
X

Figure 5.4. A Suzuki palladium catalysed reaction, following coordination, transmetalation and reductive
elimination to give the desired ketones (23).
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This reaction provided 23, using only two synthetic steps and offered a moderately easy purification
of the compound. However, these ketones were synthesised in variable yields (15 — 43 %). Firstly,
remaining starting material from the first step as well as degradation of the activated ester, may have
resulted in a smaller amount of product formation. To improve yields a number of changes to the
reaction conditions were attempted (Table 5.2). This included placing the reactions in a sealed tube,
rather than a round bottom flask fitted with a reflux condenser. The sealed tubes appeared to offer
little to no improvement in yield, however allowed for a number of coupling reactions to be run in
parallel, allowing for faster synthesis but also to allow more rapid use of the activated ester starting
material in order to reduce its degradation upon storage. Furthermore, it was noted that in the paper,
they used Pd(OAc), and PPhs, thus generating the catalyst in the reaction, rather than using the
Pd(PPhs)s, initially used for the first few palladium couplings. However no change in yield was observed

and it was easier to employ Pd(PPhs),in the reaction (Table 5.2).

Table 5.2. Altering the Suzuki condition on the o-F substrate revealed the a sealed tube and Pd(PPhs)s showed
slightly better yields and an ease of reaction set-up.

Entry Catalyst Reaction Container Yield %
a Pd(PPhs)4 Round bottom flask 43
b Pd(PPhs)4 Sealed Tube 45
c Pd(OAc), Sealed Tube 41

This showed success for a number of ketones within this project. The products were characterised by
NMR, with 3C NMR proving to be the most useful, as the presence of a peak at around 190 ppm
indicates the carbon of the ketone functionality has been installed. One compound of particular
interest that was made was a morpholine derivative (26), this was successfully synthesised using these
reaction conditions, however was only made in small amounts, so not enough was produced to carry
through to the final ring closure reaction, and there was not enough time to complete a scale up (See
Appendix, Figure 4A).
o]
O O NO,

Figure 5.5. The morpholine derivative synthesised.

5.2.1.2.3 Tin (ll) Chloride Dinitro reduction
There were concerns surrounding the success of the dinitro reduction. In the literature they discussed
doubling equivalents of tin (Il) Chloride in the reaction to ensure full reduction of the nitro groups. Ten

equivalents were employed in the reaction and this resulted in an excellent yield being obtained for
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the majority of the ketone compounds and generally better than other templates.?>2® A reaction was
also tested using 5 eq of tin (ll) chloride as seen with the other templates. Given that at these
concentrations the tin was still in excess, there was potential for this to work whilst reducing tin (l1)
chloride use. However, after overnight reflux this resulted in incomplete reduction and an additional

5 eq of the tin (Il) chloride was added, which ensured reaction completion.

'H NMR analysis was used to confirm these compounds given the substantial up-field shift of the
protons on the diamine core. This is due to the loss of two powerful electron withdrawing nitro groups
and their conversion into two electron donating groups, causing this up-field shift (Figure 5.6) (See

Appendix, Figure 4B).

8.30 7.30
o | o
N NH
R o R 2
NH
8.12/ T NO2 7.24/ T 2
8.02 6.69

Figure 5.6. The 'H NMR spectra for these the diamine shows a significant up-field shift for the protons on the
rings bearing the diamine.

5.2.1.2.4 Acid Mediated Ring Closure to Establish the Benzimidazole Core

The final acid mediated ring closure steps occurred in variable yields for this reaction with the ketone
(30—-71%). Unlike other templates the ketones underwent ring closure reactions, and the precipitated
solid was isolatable, even on very small-scale reactions, will the smallest scale observed being 15 mg.
However, for these analogues obtaining full final data wasn’t always easy due to a very small amount
of product being formed. It was often difficult to get a full characterisable 3C NMR spectra, whereby

all carbons, particularly quaternary carbons were actually visible (See Appendix, Figure 4C - E).
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5.2.2 Biological Activity

Biological testing was carried out as stated in Section 3.2.2, Chapter 3. Data given in Table 5.3.

Minimum inhibitory testing was carried out on these analogues and it was found that these
compounds possessed similar activity to the starting compound flubendazole (1) (0.125 mg/L). Para
substituted derivatives appear to provide the best activity (1, 25c, 25d and 25e), with ortho and meta
derivatives giving similar values. As with all other templates the addition of an OCF; group (25g) results
in a complete loss of activity. Double substitution of the fluorine on the ring also results in a drop in
activity. When the substitution pattern is 2,4 as seen in compound 25b, some activity is still
maintained, giving a value of 1 mg/L, however the 3,5 compound (25k) shows a complete lack of

activity.

Table 5.3. The ketone class of compound show generally good MIC testing data. Green — good - 0.015 - 0.25
mg/L, — acceptable - 0.5 — 4 mg/L, red — poor - >4 mg/L. * j and k made by Dr Emma Shore. ATD —
Awaiting Testing Data.

= N
Compound R? MIC (mg/L)

1 4-F 0.125
25a 2-F
25b 2-F, 4-F
25c 4-Me 0.25
25d 4-Cl 0.25
25e 4-OMe 0.125
25f 3-OMe
25g 4-OCF3 >4
25h 2-F, 5-F ATD
25i 2-F, 3-F ATD
25j 3-F
25k 3-F, 5-F >4
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5.2.3 DMPK

5.2.3.1 Predicted DMPK

Predicted DMPK data for the ketone class showed overall favourable properties, apart from aqueous
solubility showing no further improvement (Table 5.4). Log D for these compounds is lower than 4
with the majority below 3.5, which shows these compounds should have a good balance between
solubility and permeability, meaning the compounds should have the best compromise of lipophilicity
for oral absorption and cell membrane permeation. These compounds all show excellent values for
metabolism, with all compounds highlighted in green. However, like the thiol class of compound, we
need measured data to confirm that the predicted clearance values are identifying the reduction of
the ketone as a possible metabolic route, especially as metabolites of this kind have been identified

in the literature.

Table 5.4. Predicted DMPK data for the ketone class of compounds show good metabolic properties overall,
but solubility is poor. Values are colour coded with a traffic light system according to how good or bad a

particular value is. Green —good, — acceptable/medium, red — poor.
Aqueous . Human Mics
LogD7.4 ClogP Solubility RatIHeps Clint ClLint MPO

v) | W/mivmel | mingme)
25a 2.68 2.80 2.4 14 15 5.1
25b 2.89 2.94 1.0 11 13 5.1
25c¢ 1.9 20 28 4.6
25d 0.5 15 20 4.4
25e 2.75 1.6 12 12 5.1
25g 0.4 7 9 4.1

Stardrop predictions were carried out for these compounds (Figure 5.7) and we observed that they
are mostly metabolised by CYP3A4 and CYP2C9 as reported in the literature.?® There is also the usual
metabolic hit-point on the carbamate, metabolism of the aryl ring, and for the 4-OMe derivative 25e,
there is oxidation of the methoxy group. Interestingly, Stardrop does not indicate any metabolism of
the ketone to the hydroxyl metabolite.>* 3! This was a concern as the hydroxyl metabolite is known to
show reduced efficacy. However, based on the Stardrop predictions and the measured and predicted
DMPK data, this may not happen significantly or quickly, allowing for more efficacious concentrations

of the drug to remain.
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Figure 5.7. Metabolism predictions for two compounds from the ketone series. Calculations run on Stardrop.

5.2.3.2 Measured DMPK

The measured DMPK shows some differences versus what was predicted. Log D values are similar to
both the ether and thiol templates, and show a lipophilicity that should be suitable for CNS
penetration. As observed with other templates, the aqueous solubility is still very low, apart from 25g
which contains a OCF; group and may be an anomalous result. However, the biggest change observed
is for the measured DMPK values which are larger than predicted for some of the analogues (Table
5.5). Compound 25a, which is a 2-F derivative shows better DMPK than flubendazole (1) which is a 4-

F derivative. It is believed that the 2-F is potentially acting as a steric block reducing metabolism at the

carbonyl group.

Table 5.5. Measured DMPK data for the ketone class of compounds show good metabolic properties overall,
but poorer clearance compared with other templates. Values are colour coded with a traffic light system

according to how good or bad a particular value is. Green — good,

— acceptable/medium, red — poor.

Compound LogD7.4 Aq.u.eous Rat HeF)s Clint Human '\_/“CS Clint
Solubility (uM) (nl/min/mg) (nl/min/mg)
1 2.9 0.8
25a 2.8 10
25d 169
25e 0.3 15 19
25g 145 24 3

Measured and predicted values were plotted against each other to understand if there was any

correlation between values (Figure 5.8). Generally across the ketone class, there is good correlation
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between measured and predicted values. The log D values show excellent correlation with an R? =
0.98, with numbers being almost identical. Aqueous solubility shows a negative correlation; however
this was due to the 4-OCF; derivative (25g) having a much larger value than predicted. Rat hepatic
clearance shows a generally positive correlation, however the measured clearance of the of the 4-Cl
derivative (25d) was higher than expected and affects the correlation. Finally, the human microsomal
clearance values show excellent correlation with R? = 0.98, and whilst the numbers aren’t identical
and are general slightly higher for the measured DMPK values, the increase or decrease observed for
each compound is consistent. This could be used to predict whether a compound would likely increase
or decrease this metabolism. This is only a small sample size, so more measured DMPK values would
be required in order to further investigate the correlation between measured and predicted DMPK

properties, but can be used as a reasonable guide for compound selection.

Log D7.4 - Predicted vs Measured Aqueous Solubility - Predicted vs Measured
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Figure 5.8. Each of the parameters obtained from measured DMPK testing was plotted against the numbers
obtained from predicted DMPK analysis.

5.2.4 In Vivo Mouse Data

Flubendazole, the starting compound for this project, is a commercially available drug and thus was
an ideal candidate for in vivo testing. A number of in vivo tests were carried out on flubendazole (1)
assessing activity, choice of vehicle, administration route and dose. In vivo work was carried out by

Suzy Gore.

From the data in Figures 5.9 — 5.11, we can see that flubendazole has excellent in vivo activity, which

is observed through a significant log drop in fungal density in the brain, when compared with the
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control and the other templates previously discussed. Furthermore, flubendazole was tested
subcutaneously and orally at 150mg/kg and no significant difference between the dosing method was
observed in terms of activity (Figure 5.9).

CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
3.1x10° CFU/ml IV and treated 150mg/kg Flubendazole - Ketone

7 Derivative
6
g5
a
2
{=
§4
o]
oo
S~
23
o
o
-
g2
1 —&— Control
®— Flubendazole SC
Flubendazole PO
0
0 20 40 60 80 100 120

Time Post Infection (Hours)

Figure 5.9. Flubendazole (1) was testing in vivo using 10% DMSO, 10% Tween and 80% PBS as the vehicle.
Flubendazole shows a significant drop in fungal density in the brain, with similar results being observed,
regardless of route of administration.

Different routes of administration were also investigated further along with dosage (Figure 5.10). The
dose range chosen was 25 mg/kg to 150 mg/kg was chose, with 150mg/kg chosen as the maximum
due to higher risk of toxicity. Furthermore, above this dose solubility limitations mean the compound
would precipitate out of solution. Figure 5.10 shows subcutaneous dosing at a range of concentration,
whereby the drug is given once a day (q24) at four doses and shows no significant decrease in efficacy,
even as the dose is lowered, with only a slightly smaller drop in fungal density observed at the lower

dose of 25 mg/kg.

Interestingly, if we compare the once every 48-hour dose (g48), this showed a similar decrease in
fungal density as dosing every 24 hours, even when the same dose of 150 mg/kg was used. Finally, 1
was also administered as a single dose, and whilst it showed the least significant drop in fungal density
of all the doses tested, it still exhibited a significant drop in fungal density when compared with the
control and with other analogues in the project, reducing fungal density to the same level after 24
hours of growth. This provides a potential opportunity for single dose, subcutaneous administration.
This is attractive prospect given the need for novel antifungal drugs in areas with poor medical

infrastructure.
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CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
4.1x10° CFU/ml IV and treated with Flubendazole - Ketone Derivative -
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Figure 5.10. Flubendazole was tested subcutaneously at a range of doses and regimens, with no significant
difference in fungal density being observed when dosing once a day at a range of concentrations. The single
dose administration didn’t reduce fungal density as much as the other examples, but still showed a significant
decrease.

Figure 5.11 displays the dosage studies carried out when flubendazole was tested orally using 10%
DMSO, 10% Tween and PBS as the vehicle. Oral dosing appeared to show a similar magnitude of
decrease in fungal desnity as observed with subcutaneous administration. Oral adminstration showed
no signficant difference in efficacy when dosage was decreased from 150 mg/kg to 25 mg/kg once
daily, with 25 mg/kg offering a substantial fungal density drop, but due to lower dose may prevent

some of the toxicty issues present with benzimidazoles.
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CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
4.1x105 CFU/ml IV and treated with Flubendazole - Ketone Derivative -
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Figure 5.11. Flubendazole was extensively tested in vivo due to be the starting compound for the project and
ready accessibility to commercially available material. The results show that efficacy of flubendazole in vivo is
highly dependent on the vehicle used.
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5.3 Conclusion

Derivatives of flubendazole (1) were important to make given its precedence as a medicinal
compound. A number of synthetic routes were tried, with a new Suzuki based route developed and
implemented. Biological data shows that these compounds have sub-optimal activity (0.125 - >4 mg/L)
when compared the thioether and ether class (0.015 - >4 mg/L). Derivatives in the para postion show
better activity, apart from 25g, which is a 4-OCF; derivative. Furthermore, the analogues synthesised
have shown no improvement in solubility when compared with 1. Metabolic clearance values however

are generally improved when compared with flubendazole.

5.4 Future Work

Synthesis of other derivatives is important in order to allow for better development of an SAR profile
(Figure 5.12). This includes different carbamate derivatives, different substituents in the R? position,
substitution on the benzimidazole core and furnishing the aryl ring with a solubilising group, similar to

the active morpholine derivative observed in Chapter 4.

Synthesis of a wider Addition of F to the core
range of p,0,m derivatives.

CN, Et, OEt, iPr, CF; R!

o R’ 0
N »—ORS
(I
R4 N Replacement of
H

Incorporation of chain R? OMe with OEt or
with solubilising group NMe
such as morpholine

Figure 5.12. Design of future analogues to improve both activity and solubility.

Further work is also being carried out to look at the selectivity of these compounds. Work is ongoing
to isolate the C. neoformans B-tubulin protein for use in an in-house selectivity assay. The human
protein is not available, so porcine B-tubulin will be used instead as this is reported to be similar in
structure to human B-tubulin. This will allow us to identify if flubendazole and other analogues are

selective for C. neoformans B-tubulin over human B-tubulin, which may help to reduce toxicity.
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5.5 Experimental

5.5.1 General Experimental Details
For general experimental details please see Section 3.5.1, Chapter 3. For synthesis of dimethyl

((methylthio)methylene)dicarbamate please see Section 3.5.2, Chapter 3.

5.5.1.1 HPLC

Flow rate 1 ml/min for 15 minutes using MeCN/Water with compounds dissolved in methanol. UV
detector recorded signals at 254 nm. HPLC Method A: min, gradient: 2% MeCN hold to 1 min, 2-98%
MeCN in 11 min, then hold at 98% MeCN to 15 min.

General Procedure A — Ketone Suzuki Coupling

To a sealed tube at room temperature was added pyridin-2-yl 3,4-dinitrobenzoate (21) (1.0 eq.), the
desired boronic acid (2.0 eq.), dioxane and Pd(PPhs)s (0.1 eq.) and the reaction heated to 80 °C
overnight. The reaction was then cooled to room temperature and diluted with ethyl acetate, washed
with saturated aq. NaHCOs solution, water, brine, dried over magnesium sulphate and concentrated.
The crude product was then purified via column chromatography, eluting with 100% n-hexane,

increasing up to a maximum of 20% ethyl acetate in n-hexane.

General Procedure B — Dinitro SnCl, Reduction

To a flask at room temperature was added the desired (3,4-dinitrophenyl)(phenyl)methanone
derivative (1.0 eq.), ethanol (0.15 M) and tin (ll) chloride (10 eq.) and the reaction heated to 65 °C
overnight. The reaction was then cooled to room temperature, concentrated, basified to pH 10 using
25% NaOH solution and the precipitate filtered off. The filtrate was then washed with water, brine,
dried over magnesium sulfate, concentrated. The product was purified via column chromatography

eluting with 50% ethyl acetate in n-hexane, increasing to 100% ethyl acetate.

General Procedure C — Acid Mediated Ring Closure

To a flask at room temperature was added (3,4-diaminophenyl)(phenyl)methanone derivative (1.0
eq.), acetic acid (2 M), methanol (0.4 M), dimethyl ((methylthio)methylene)dicarbamate (1.0 eq.) and
the reaction heated to 65 °C overnight. The reaction was cooled to room temperature and the

resulting solid filtered using diethyl ether to give the final product.
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5.5.1.1 Synthesis of pyridin-2-yl 3,4-dinitrobenzoate (21)

To a flask at room temperature was added 3,4-dinitrobenzoic acid (2) (1 eq.), dichloromethane,
di(pyridin-2-yl) carbonate (20) (1 eq.) and DMAP (0.1 eq.) and the reaction stirred at room
temperature overnight. Reaction was then concentrated, diluted with ethyl acetate, washed with
NaHCOs, water, brine, dried over magnesium sulfate and concentrated. The product (21) was then
continued crude into the next reaction (1.38 g, 69 % yield) as a cream solid. *H NMR (400 MHz, CDCls)
68.27 (d, 1H, J=1.3 Hz), 8.10 (dd, 1H, /=8.1 & 1.3 Hz), 8.02 (d, 1H, /= 8.1 Hz), 7.80 (d, 2H, J = 8.9 Hz),
7.03 (d, 2H, J = 8.9 Hz), 3.93 (s, 3H). 3C NMR (100 MHz, CDCl3) 6 190.6, 164.5, 147.9, 143.0, 133.9,
132.7, 130.5, 127.8, 125.9, 125.5, 114.4, 55.6. HRMS: (Cl+, CH4) m/z calculated for CisH11N,Qe:
303.0612. Found [M+H]*: 303.0623 (Diff -3.86 ppm).

5.5.1.2 Synthesis of (3,4-dinitrophenyl)(phenyl)methanone Derivatives

(3,4-Dinitrophenyl)(2-fluorophenyl)methanone (23a)
F O

NO,

(L,

General Procedure A — Employed 2-fluorophenylboronic acid to give the title compound (23a) (0.14

g, 45% yield) as a white solid. *H NMR (400 MHz, CDCl;) § 8.34 (s, 1H), 8.16 (d, 1H, J = 8.3 Hz), 8.01 (d,

1H,J=8.3 Hz), 7.71—7.67 (m, 2H), 7.39 = 7.37 (m, 1H), 7.24 — 7.21 (m, 1H). 3C NMR (100 MHz, CDCls)

6 189.2, 160.2 (d, J = 253.3 Hz), 149.5, 144.9, 141.7, 135.5 (d, J = 9.5 Hz), 134.0 (d, J = 1.9 Hz), 131.3

(d,J=2.6 Hz),125.8 (d, J = 2.0 Hz), 125.3 (d, J = 3.5 Hz), 124.5, 124.4 (d, J = 13.8 Hz), 116.8 (d, / = 21.3

Hz). HRMS: (Cl+, CH4) m/z calculated for C13HsFN>Os: 291.0412. Found [M+H]*: 291.0425 (Diff - 4.68

ppm).

(2,4-Difluorophenyl)(3,4-dinitrophenyl)methanone (23b)

F O
SRS
F

NO,
General Procedure A — Employed 2,4-difluorophenylboronic acid to give the title compound (23b)
(0.073 g, 17% yield) as a yellow oil. 'H NMR (400 MHz, CDCls) 6§ 8.32 (t, 1H, J = 1.5 Hz), 8.13 (dt, 1H, J =
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8.2 & 1.5 Hz), 8.01 (d, 1H, J = 8.2 Hz), 7.76 — 7.73 (m, 1H), 7.13 — 7.11 (m, 1H), 6.99 — 6.66 (m, 1H).
HRMS (ES+) m/z C16H12F2N303 Found 332.0840, Expected 332.0847 (Diff = -2.0 ppm).

(3,4-Dinitrophenyl)(p-tolyl)methanone (23c)
O
NO,
L,
General Procedure A — Employed 4-methylphenylboronic acid to give the title compound (23c) (0.10
g, 53% yield) as a brown oil. *H NMR (400 MHz, CDCls) & 8.30 (d, 1H, J = 1.7 Hz), 8.12 (dd, 1H,/=8.2 &
1.7 Hz), 8.02 (d, 1H, J=8.2 Hz), 7.70 (d, 2H, J = 7.9 Hz), 2.48 (s, 3H). **C NMR (100 MHz, CDCls) 6§ 191.7,

145.5, 144.3, 142.6, 141.2, 134.2, 132.5, 130.3, 129.8, 136.1, 125.2, 21.9. HRMS: (Cl+, CH4) m/z
calculated for C14H11N20s: 287.0662. Found [M+H]*: 287.0670 (diff — 2.60 ppm).

(4-Chlorophenyl)(3,4-dinitrophenyl)methanone (23d)

o)
NO,
Cl O O NO,
General Procedure A — Employed 4-chlorophenylboronic acid to give the title compound (23d) (0.092
g, 29% yield) as a white solid. *H NMR (400 MHz, CDCl;) 6 8.31 (d, 1H, J = 1.5 Hz), 8.13 (dd, 1H, J = 8.3
and 1.5 Hz), 8.04 (d, 1H, J = 8.3 Hz), 7.76 (d, 2H, J = 8.7 Hz), 7.55 (d, 2H, J = 8.7 Hz). 3C NMR (100 MHz,

CDCls3) 6 190.9, 144.6, 142.7, 141.7, 141.0, 134.2, 133.5, 131.4, 129.5, 126.1, 125.4. HRMS: (Cl+, CH4)
m/z calculated for C13HsCIN,Os: 307.0116. Found [M+H]*: 307.0116 (Diff -0.17 ppm).

(3,4-Dinitrophenyl)(4-methoxyphenyl)methanone (23e)

(0]
SR
MeO

NO,
General Procedure A — Employed 4-methoxyphenylboronic acid to give the title compound (23e) (0.17
g, 48% yield) as a white solid. *"H NMR (400 MHz, CDCl5) § 8.27 (d, 1H, J = 1.3 Hz), 8.10 (dd, 1H, J = 8.1
& 1.3 Hz), 8.02 (d, 1H, J = 8.1 Hz), 7.80 (d, 2H, J = 8.9 Hz), 7.03 (d, 2H, J = 8.9 Hz), 3.93 (s, 3H). *C NMR
(100 MHz, CDCls) 6 190.6, 164.5, 147.9, 143.0, 133.9, 132.7, 130.5, 127.8, 125.9, 125.2, 114.4, 55.6.
HRMS: (Cl+, CH4) m/z calculated for Ci14H11N>O¢: 303.0612. Found [M+H]*: 303.0623 (Diff -3.86 ppm).
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(3,4-Dinitrophenyl)(3-methoxyphenyl)methanone (23f)

o)
MeO l l NO,

NO,
General Procedure A — Employed 3-methoxyphenylboronic acid to give the title compound (23f)
(0.062 g, 15% yield) as a yellow solid. 'H NMR (400 MHz, CDCls) § 8.33 (d, 1H, J = 1.6 Hz), 8.15 (dd, 1H,
J=8.2& 1.6 Hz), 8.03 (d, 1H, J = 8.2 Hz), 7.46 (dd, 1H, J = 7.8 & 8.6 Hz), 7.36 (dd, 1H, J = 2.7 & 1.7 Hz),
7.28 (ddd, 1H, J = 7.7, 1.7 & 0.9 Hz), 7.24 (ddd, 1H, J = 8.3, 2.7 & 0.9 Hz), 3.88 (s, 3H). **C NMR (100
MHz, CDCl3) 6 191.8, 160.2, 149.3, 143.0, 142.1, 136.4, 134.3,130.0, 126.2, 125.2,122.8, 120.6, 114.2,
55.6. HRMS: (Cl+, CH4) m/z calculated for C14H11N,O6: 303.0612. Found [M+H]*: 303.0600 (Diff 3.84

ppm).

(3,4-Dinitrophenyl)(4-(trifluoromethoxy)phenyl)methanone (23g)

0
SRS
F,CO

NO,

General Procedure A — Employed (4-(trifluoromethoxy)phenyl)boronic acid to give the title compound
(23g) (0.14 g, 29% yield) as a yellow oil. 'H NMR (400 MHz, CDCls) & 8.32 (d, 1H, J = 1.6 Hz), 8.14 (dd,
1H, J = 8.3 & 1.6 Hz), 8.05 (d, 1H, J = 8.3 Hz), 7.88 (d, 2H, J = 8.9 Hz), 7.40 (d, 2H, J = 8.9 Hz). 3C NMR
(100 MHz, CDCl5) 6 190.5, 153.3, 149.2, 144.6, 141.6, 134.2, 133.2, 132.1, 126.1, 125.4, 120.7. OCF3
carbon not visible due to fluorine splitting. HRMS: (Cl+, CH4) m/z calculated for C14HsF3N,Og: 357.0329.
Found [M+H]*: 357.0339 (Diff — 2.72 ppm).

(2,5-Difluorophenyl)(3,4-dinitrophenyl)methanone (23h)
O
F NO,
(L,
General Procedure A — Employed 2,5-difluorophenylboronic acid to give the title compound (23h)
(0.099 g, 23% yield) as a pale yellow solid. *H NMR (400 MHz, CDCl3) & 8.35 (s, 1H), 8.16 (d, 1H, /= 8.3

Hz), 8.01 (d, 1H, J = 8.3 Hz), 7.44 — 7.33 (m, 2H), 7.22 (ddd, 1H, J =9.6 & 9.1 and 4.0 Hz). HRMS: (Cl+,
CH4) m/z calculated for C13H7F2N20s: 309.0318. Found [M+H]*: 309.0326 (Diff — 2.82 ppm).
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(2,3-Difluorophenyl)(3,4-dinitrophenyl)methanone (23i)

F O
ARG
NO,
General Procedure A — Employed 2,3-difluorophenylboronic acid to give the title compound (23i)
(0.080 g, 19% vield) as a pale yellow solid. *H NMR (400 MHz, CDCls) 6 8.36 (s, 1H), 8.17 (d, 1H, J = 8.3

Hz), 8.02 (d, 1H, J = 8.3 Hz), 7.54 — 7.40 (m, 2H), 7.37 — 7.29 (m, 1H). LRMS: (Cl+, CH4) m/z calculated
for C13H7F2N,0s: 309.0318. Found [M+H]*: 309.0.

5.5.1.3 Synthesis of (3,4-diaminophenyl)(phenyl)methanone Derivatives
(3,4-Diaminophenyl)(2-fluorophenyl)methanone (24a)
F (0]
NH,

SRS
General Procedure B - Employed (3,4-dinitrophenyl)(2-fluorophenyl)methanone (23a) to give the title
compound (24a) (0.066 g, 60% vyield) as a white solid. *H NMR (400 MHz, CDCls) § 7.48 - 7.44 (m, 2H),
7.34 (s, 1H), 7.23 = 7.21 (m, 2H, J = 8.1 Hz), 7.15 = 7.12 (m, 1H), 6.66 (d, 2H, J = 8.1 Hz). 3C NMR (100
MHz, CDCls) & 191.9, 159.8 (d, J = 247.9 Hz), 141.8, 139.5, 133.2, 132.0 (d, J = 8.0 Hz), 130.3 (d, /= 3.6

Hz), 128.8, 128.1 (d, J = 16.1 Hz), 124.0, 118.3, 116.0 (d, J = 21.4 Hz), 114.4. HRMS: (Cl+, CHs) m/z
calculated for Ci3H12FN20: 231.0928. Found [M+H]*: 231.0934 (Diff -2.58 ppm).

(3,4-Diaminophenyl)(2,4-difluorophenyl)methanone (24b)

F O
SAGH
F

NH>

General Procedure B - Employed (2,4-difluorophenyl)(3,4-dinitrophenyl)methanone (23b) to give the
title compound (24b) (0.049 g, 94% yield) as a yellow solid. *H NMR (400 MHz, CDCl;) § 7.52 —7.45 (m,
1H), 7.32 (d, 1H, J = 1.7 Hz), 7.19 (dd, 1H, J = 8.1 & 1.7 Hz), 6.99 — 6.93 (m, 1H), 6.91 — 6.85 (m, 1H),
6.67 (d, 1H, J = 8.1 Hz), 3.99 (bs, 2H), 3.38 (bs, 2H). 3C NMR (100 MHz, CDCl5) 6 190.8, 164.3 (d, J =
253.0 Hz), 141.9, 133.2, 131.8 (dd, /= 10.4 & 9.9 Hz), 128.8, 125.4, 124.3,118.3, 114.4,111.6 (dd, J =
21.4 and 3.4 Hz), 104.4 (dd, J = 25.7 & 26.0 Hz) one C-F carbon not visible. HRMS: (ES+) m/z calculated
for C13H11FoN,0: 249.0834. Found [M+H]*: 294.0844 (Diff -2.62 ppm).
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(3,4-Diaminophenyl)(p-tolyl)methanone (24c)
(0]

NH,
L,
General Procedure B - Employed (3,4-dinitrophenyl)(p-tolyl)methanone (23c) to give the title
compound (24c) (0.031 g, 39% vield) as a yellow solid. *H NMR (400 MHz, CDCl3) § 7.66 (d, 1H, /= 7.8
Hz), 7.30 (d, 1H, J = 1.8 Hz), 7.25 (d, 2H, J = 7.8 Hz), 7.24 (dd, 1H, J = 8.4 & 8.1 Hz), 6.69 (d, 1H, J = 8.4
Hz), 3.86 (s, 2H), 3.38 (s, 2H), 2.24 (s, 3H). 3C NMR (100 MHz, CDCl5) & 185.4, 146.7, 143.8, 138.6,

136.6, 134.3, 130.2, 129.6, 120.8, 117.8, 115.1, 32.4. HRMS: (Cl+, CH4) m/z calculated for C14H1sN,0:
227.1179. Found [M+H]*: 227.1187 (Diff — 3.58 ppm).

(4-Chlorophenyl)(3,4-diaminophenyl)methanone (24d)

0]
SR
Cl

NH,
General Procedure B - Employed (4-chlorophenyl)(3,4-dinitrophenyl)methanone (23d) to give the title
compound (24d) (0.046 g, 62% yield) as a yellow solid. *H NMR (400 MHz, CDCl3) 6 7.68 (d, 2H, J = 8.3
Hz), 7.43 (d, 2H, J = 8.3 Hz), 7.29 (d, 1H, J = 1.9 Hz), 7.20 (d, 1H, J = 8.0 Hz), 6.69 (d, 1H, J = 8.0 Hz), 3.92
(s, 2H), 3.40 (s, 2H). 3C NMR (100 MHz, CDCl5) § 194.4, 142.0, 139.8, 138.5, 137.1, 133.3, 131.0, 128.3,
125.2, 118.8, 114.4. HRMS: (Cl+, CH4) m/z calculated for Ci3H1>CIN,O: 247.0633. Found [M+H]":
247.0637 (Diff 1.62 ppm).

(3,4-Diaminophenyl)(4-methoxyphenyl)methanone (24e)

(0]
L
MeO

NH,
General Procedure B - Employed (3,4-dinitrophenyl)(4-methoxyphenyl)methanone (23e) to give the
title compound (24e) (0.10 g, 71% yield) as a white solid. *H NMR (400 MHz, CDCl5) § 7.77 (d, 2H, J =
8.9 Hz), 7.27 (d, 1H, J = 1.9 Hz), 7.21 (dd, J = 8.3 & 1.9 Hz), 6.94 (d, 2H, J = 8.9 Hz), 6.69 (d, 1H, J = 8.3
Hz), 3.89 - 3.85 (m, 5H), 3.41 (s, 2H). 13C NMR (100 MHz, CDCls) § 194.7, 162.6, 140.2, 133.3, 132.1,
131.3, 129.5, 124.5, 118.9, 114.5, 113.3, 55.8. HRMS: (Cl+, CH4) m/z calculated for CisH1sN,0,:
243.1128. Found [M+H]*: 243.1134 (Diff -2.63ppm).
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(3,4-Diaminophenyl)(3-methoxyphenyl)methanone (24f)

o)
MeO NH,
o,
General Procedure B - Employed (3,4-dinitrophenyl)(3-methoxyphenyl)methanone (23f) to give the
title compound (24f) (0.039 g, 76% yield) as a orange oil. *H NMR (400 MHz, CDCl5) § 7.31 — 7.15 (m,
5H), 7.10 — 6.95 (m, 2H), 3.85 (bs, 4H), 3.77 (s, 3H). 23C NMR (100 MHz, CDCl;) § 194.4, 158.3, 139.8,

139.2,138.0, 132.1, 128.0, 124.3, 121.1, 118.0, 116.7, 116.4, 113.3, 54.6. HRMS: (ES+) m/z calculated
for C14H1sN20,: 243.1128. Found [M+H]*: 243.1126 (Diff 0.67ppm).

(3,4-Diaminophenyl)(4-(trifluoromethoxy)phenyl)methanone (24g)

0
NH,
F5CO O O NH,
General Procedure B - Employed (3,4-dinitrophenyl)(4-(trifluoromethoxy)phenyl)methanone (23g) to
give the title compound (24g) (0.058 g, 50% vyield) as a yellow solid. *H NMR (400 MHz, CDCls) & 7.78
(d, 2H, J = 8.8 Hz), 7.30 (d, 1H, J = 1.9 Hz), 7.28 (d, 2H, J = 8.8 Hz), 7.21 (dd, 1H, J = 8.10 & 1.9 Hz), 6.70
(d, 1H, J = 8.8 Hz), 3.94 (s, 2H), 3.41 (s, 2H). 3C NMR (100 MHz, CDCls) 6 194.0, 151.4, 141.0, 137.3,

133.3, 131.3, 128.3, 125.2, 120.4 (q, J = 260.0 Hz), 120.1, 118.8, 114.5. HRMS: (ES+) C14H12F3N,0;:
297.0845. Found [M+H]*: 297.0853 (Diff -2.67 ppm).

(3,4-Diaminophenyl)(2,5-difluorophenyl)methanone (24h)

O
FNH2
F NH,
General Procedure B - Employed (2,5-difluorophenyl)(3,4-dinitrophenyl)methanone (23h) to give the
title compound (24h) (0.070 g, 88% yield) as a yellow solid. *H NMR (400 MHz, CDCls) 6 7.33 (d, 1H, J
=1.3 Hz), 7.20 (dd, 1H, J =8.2 & 1.3 Hz), 7.17 — 7.07 (m, 3H), 6.66 (d, 1H, J = 8.2 Hz), 4.03 (s, 2H), 3.37
(bs, 2H). 3C NMR (100 MHz, CDCls) & 190.3, 158.2 (d, J = 243.6 Hz), 155.5 (d, J = 249.4 Hz), 142.3,
133.1,129.1, 128.1, 125.6, 118.4, 118.3 (dd, J =24.1 & 8.7 Hz), 117.4 (dd, J = 24.7 & 8.7 Hz), 116.6 (dd,

J =25.2 & 3.8 Hz), 114.4. HRMS: (Cl+, CHa) m/z calculated for Ci3H11FoN,0: 249.0834. Found [M+H]*:
249.0834 (Diff -0.05 ppm).
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(3,4-Diaminophenyl)(2,3-difluorophenyl)methanone (24i)
F O

F NH,
O,
General Procedure B - Employed (2,3-difluorophenyl)(3,4-dinitrophenyl)methanone (23i) using to
give the title compound (24i) (0.062 g, 95% yield) as a yellow solid. *H NMR (400 MHz, CDCls) 6 7.25
(s, 1H), 7.23 = 7.18 (m, 1H), 7.16 — 7.06 (m, 3H), 6.59 (d, 1H, J = 8.1 Hz), 3.95 (s, 2H), 3.79 (s, 2H). 13C
NMR (100 MHz, CDCls) 6 190.5, 150.5 (dd, J = 250.5 Hz & 12.8 Hz), 147.8 (dd, J = 268.4 & 13.5 Hz),
142.3,133.1, 130.2 (d, J = 13.0 Hz), 128.1, 125.7, 124.8 (dd, J = 4.0 & 3.8 Hz), 124.2 (dd, J=7.0 & 6.5

Hz), 118.9 (d, J = 17.2 Hz), 118.3, 114.4. HRMS: (Cl+, CH4) m/z calculated for Ci3H11F2N,0: 249.0834.
Found [M+H]*: 249.0830 (Diff 1.44 ppm).

5.651.4 Synthesis of Methyl (5-benzoyl-1H-benzo[d]imidazol-2-yl)carbamate Derivatives
Methyl (5-(2-fluorobenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25a)
F O 0

General Procedure C - Employed (3,4-diaminophenyl)(2-fluorophenyl) (24a) to give the title
compound (25a) (0.040g , 50% yield) as a white solid. *H NMR (400 MHz, DMSO) & 11.86 (s, 2H), 7.84
(s, 1H), 7.65 (m, 1H), 7.60 (d, 1H, J = 8.2 Hz), 7.55 (m, 1H), 7.51 (d, 1H, J = 8.2 Hz), 7.39 (m, 2H), 3.78
(s, 3H). 3C NMR (100 MHz, DMSO) & 190.5, 159.4 (d, J = 244.0 Hz), 154.8, 150.2, 143.0, 141.0, 133.1
(d, J = 8.7 Hz), 130.5 (d, J = 2.6 Hz), 130.2, 128.1 (d, J = 15.2 Hz), 125.1 (d, J = 3.5 Hz), 123.7, 118.9,
116.6 (d, J = 22.4 Hz), 114.5, 53.2. HRMS: (ES+) m/z calculated for CisH13FN3Os: 314.0935. Found
[M+H]*: 314.0943 (Diff — 2.49 ppm). Vmax/cm™ (solid); 3318 (s), 2980 (m), 2883 (m), 1730 (s), 1638 (s),
1459 (m), 1301 (s), 1287 (s). MP: 274 °C decomposed. Purity HPLC (Method A) 96.2%, R: = 8.27 min.

Methyl (5-(2,4-difluorobenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25b)
F O
N O>\-—0Me
I
General Procedure C — Employed (3,4-diaminophenyl)(2,4-difluorophenyl)methanone (24b) to give
the title compound (25b) (0.026 g, 49% vyield) as a cream solid. *H NMR (400 MHz, DMSO) &§ 11.92 (s,

2H), 7.84 (s, 1H), 7.65 (m, 1H), 7.58 (d, 1H, J = 8.6 Hz), 7.51 (d, 1H, J = 8.6 Hz), 7.46 (ddd, 1H, J = 11.0,
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9.8 & 2.1 Hz), 7.27 (ddd, 1H, J = 9.0, 8.3 & 2.1 Hz), 3.78 (s, 3H). 3C NMR (100 MHz, DMSO) & 191.3,
164.0 (d, J = 250.4), 160.0 (d, J = 244.9), 153.1, 147.7, 141.0, 138.3, 132.4 (d, J = 15.2), 127.2, 125.0,
123.7(d,J=14.8),120.3,115.6,112.5 (d, J = 18.8), 105.3 (d, J = 25.6), 53.2. HRMS: (ES+) m/z calculated
for C16H12F2N303: 332.0841. Found [M+H]*: 332.0849 (Diff - 2.43 ppm). Vmax/cm* : (solid) 3320 (s), 3051
(m), 2735 (m), 1725 (s), 1639 (s), 1595 (m), 1457 (m), 1276 (m). MP: 280°C decomposed. Purity HPLC
(Method A) 98.8%, R: = 8.57 min.

Methyl (5-(4-methylbenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25c)

Q 0
N »—OMe
T
N
H

General Procedure C - Employed (3,4-diaminophenyl)(p-tolyl)methanone (24c) to give the title
compound (25c) (0.020 , 50% yield) as a white solid. *H NMR (400 MHz, DMSO) & 12.04 (s, 1H), 7.64
(d, 2H,J=7.8 Hz), 7.55 (d, 1H, J = 8.2 Hz), 7.5 (d, 1H, J = 8.2 Hz), 7.37 (d, 2H, J = 7.8 Hz), 3.78 (s, 3H),
2.42 (s, 3H). *CNMR (100 MHz, DMSO) 6 195.8, 151.5, 149.1, 142.6, 140.,5,138.9,136.1, 131.0, 130.1,
129.4, 124.0, 119.6, 113.9, 53.0, 21.6. HRMS: (ES+) m/z calculated for C17H16N303: 310.1186. Found
[M+H]*: 310.1172 (Diff 4.67 ppm). Vmax/cm? (solid); 3405 (s), 2956 (m), 2734 (m), 1715 (s), 1643 (s),
1452 (m), 1302 (s), 1242 (s). MP: 265 °C decomposed. Purity HPLC (Method A) 96.9%, R = 8.76 min.

Methyl (5-(4-chlorobenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25d)
O 0

N >—0Me
O
Cl N

General Procedure C - Employed (4-chlorophenyl)(3,4-diaminophenyl)methanone (24d) to give the
title compound (25d) (0.042 g, 71% yield) as a white solid. *H NMR (400 MHz, DMSO) § 11.88 (s, 2H),
7.83 (s, 1H), 7.74 (d, 2H, J = 8.3 Hz), 7.63 (d, 2H, J = 8.3 Hz), 7.57 (d, 1H, J = 8.5 Hz), 7.52 (d, 1H, /= 8.5
Hz), 3.78 (s, 3H). **C NMR (100 MHz, DMSO) &6 194.9, 154.8, 149.9, 141.0, 137.7, 137.6, 137.1, 131.7,
131.6,128.9,124.4,118.2,116.6, 53.0. HRMS: (ES+) m/z calculated for C16H13CIN3O3: 330.0640. Found
[M+H]*: 330.0635 (Diff 1.59 ppm). MP: > 300 °C decomposed. Purity HPLC (Method A) 95.5%, R:=9.14

min.
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Methyl (5-(4-methoxybenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25e)

General Procedure C - Employed (3,4-diaminophenyl)(3-methoxyphenyl)methanone (24e)to give the
title compound (25e) (0.058 g, 45% yield) as a cream solid. *H NMR (400 MHz, DMSO) & 11.83 (s, 2H),
7.81 (s, 1H), 7.75 (d, 2H, J = 8.7 Hz), 7.52 (m, 2H), 7.10 (d, 2H, J = 8.7 Hz), 3.87 (s, 3H), 3.77 (s, 3H). 13C
NMR (100 MHz, DMSO) & 194.9, 162.6, 149.6, 147.3, 141.1, 140.2, 132.4, 131.1, 130.3, 123.9, 119.6,
114.1, 110.5, 55.4, 53.1. HRMS: (ES+) m/z calculated for C;7H16N3O4: 326.1135. Found [M+H]":
326.1142 (Diff -2.08 ppm). MP: 288 - 290 °C. Purity HPLC (Method A) 97.2%, R; = 8.21 min.

Methyl (5-(3-methoxybenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25f)

0 0
MeO N >~0Me
(L
N
H

General Procedure C - Employed (3,4-diaminophenyl)(4-methoxyphenyl)methanone (24f) to give the
title compound (25f) (0.007 g, 17% yield) as a cream solid. *H NMR (400 MHz, DMSO) & 11.88 (s, 2H),
7.87 (s, 1H), 7.59 (d, 1H, J = 8.3 Hz), 7.52 (d, 1H, J = 8.3 Hz), 7.48 — 7.44 (m, 1H), 7.29 — 7.24 (m, 1H),
7.25-7.20 (m, 2H), 3.82 (s, 3H), 3.78 (s, 3H). 3C NMR (100 MHz, DMSO) & 195.6, 159.4, 154.9, 149.8,
140.3, 139.3, 138.0, 130.2, 130.0, 124.1, 122.2, 119.8, 118.1, 115.0, 114.6, 55.8, 53.1. HRMS: (ES+)
m/z calculated for C17H16N304: 326.1135. Found [M+H]*: 326.1141 (Diff -1.69 ppm). Vmax/cm™ : (solid)
33487 (m), 2980 (m), 2833 (m), 2651 (m), 1706 (s), 1627 (s). 1587 (m), 1449 (m), 1277 (s). MP: 289 -
291 °C.
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Methyl (5-(4-(trifluoromethoxy)benzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25g)
0 o)

N >—OMe
O
FsCO N

General Procedure C - Employed (3,4-diaminophenyl)(4-(trifluoromethoxy)phenyl)methanone (24g)
to give the title compound (25g) (0.022 g, 36% yield) as a pale yellow solid. *H NMR (400 MHz, DMSO)
5 11.86 (s, 2H), 7.86 (m, 3H), 7.59 (dd, 1H, J = 8.3 & 1.7 Hz), 7.54 (m, 3H), 3.78 (s, 3H). 3C NMR (100
MHz, DMSO) § 194.7, 154.9, 151.2, 150.1, 142.1, 137.9, 132.2,129.8,129.7,124.2,121.2,121.1, 119.2,
113.9, 53.3. HRMS: (ES+) m/z calculated for C17H13F3N304: 380.0853. Found [M+H]*: 380.0863. Vimax/cm”
1 (solid) 3304 (s), 2980 (m), 2709 (m), 1734 (s), 1645 (s), 1572 (m), 1459 (m), 1260 (m). MP 291 —
293°C. Purity HPLC (Method A) 96.9%, R: = 8.76 min. Purity HPLC (Method A) 99.6%, Ri = 9.70 min.

Methyl (5-(2,5-difluorobenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25h)

General Procedure C - Employed (3,4-diaminophenyl)(2,5-difluorophenyl)methanone (24h) to give
the title compound (25h) (0.049 g, 53% yield) as a yellow solid. *H NMR (400 MHz, DMSO) & 11.89 (s,
2H), 7.86 (s, 1H), 7.61 (d, 1H, J = 8.6 Hz), 7.52 (d, 1H, J = 8.6 Hz), 7.50 — 7.44 (m, 3H), 3. 78 (s, 3H). 13C
NMR (100 MHz, DMSO) 6 191.2, 158.2 (d, J = 249.3 Hz), 155.4 (d, J = 236.7 Hz), 154.7, 150.4, 141.6,
139.6, 130.5, 125.4, 123.8, 119.6, 119.5, 118.4 (dd, /= 25.1 & 7.8 Hz), 116.8, 116.6 (dd, / = 25.6 & 3.7
Hz), 53.3. HRMS: (ES+) m/z calculated for Ci1¢H12F2N303: 332.0841. Found [M+H]*: 332.0846 (Diff — 1.54
ppm). 19F NMR (376 MHz, DMSO) & -117.9 (d, J = 18.2 Hz), -120.0 (d, J = 18.2 Hz). Vmax/cm™ : (solid)
3319 (s), 2980 (m), 2884 (m), 2710 (m), 1727 (s), 1638 (s), 1593 (m), 1460 (m), 1272 (s). MP - 280 °C
decomposed. Purity HPLC (Method A) 95.2%, R: = 8.61 min.

Methyl (5-(2,3-difluorobenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (25i)
F O 0

General Procedure C - Employed (3,4-diaminophenyl)(2,3-difluorophenyl)methanone (24i) to give the
title compound (25i) (0.036 g, 46% yield) as a pale yellow solid. *H NMR (400 MHz, DMSO) & 11.85 (s,
2H), 7.87 (s, 1H), 7.75 - 7.65 (m, 1H), 7.63 (d, 1H, J = 8.5 Hz), 7.53 (d, 1H, J = 8.5 Hz), 7.53 (d, 1H, J =
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8.5 Hz), 7.44 — 7.36 (m, 2H), 3.78 (s, 3H). 3C NMR (100 MHz, DMSO) 6 191.0, 154.7, 150.4, 147.5 (d, J
=263.5Hz), 139.4,130.2 (d, J = 14.4 Hz), 129.7, 125.9, 125.6, 123.9,120.1 (d, J = 17.4 Hz), 118.3, 116.6,
53.1. F NMR (376 MHz, DMSO) & -138.0 (d, J = 23.3 Hz), -140.6 (d, J = 23.3 Hz). HRMS: (ES+) m/z
calculated for C16H12F2N30s: 332.0841. Found [M+H]*: 332.0842 (Diff —0.27 ppm). Vmax/cm™*:3312 (m),
2980 (m), 2883 (m), 2712 (m), 1733 (s), 1646 (s), 1596 (m), 1476 (m), 1263 (s). MP 272 —274 °C. Purity
HPLC (Method A) 96.6%, R: = 8.63 min.
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Chapter 6 Benzimidazole Biphenyls

6.1 Biphenyl Benzimidazole Derivatives

As previously reported in Chapter 2 there were concerns surrounding the metabolic stability of some
compounds within the thiol and ketone classes, with the linking group between the two aryl rings
thought to be the cause.™ With this in mind, we decided to remove this linker atom and have two

aryl rings joined directly together to create the biphenyl class (Figure 6.1).

CI o)
R
N >~0Me
\
Suzuki Coupling O >_NH

N
H

Figure 6.1. The new benzimidazole biphenyl template.

This template has not been reported in the literature before in terms of synthesis or biological activity.
Therefore, a new synthetic route will need to be devised in order to obtain the desired product. A
common way of connecting two aryl rings together is to carry out a palladium catalysed Suzuki
coupling.®® Furthermore, there is wide commercial availability of boronic acids that can be used in

Suzuki reactions, allowing for a wide range of derivatives to be explored (Figure 6.1).

The aims of the benzimidazole biphenyl project were;
1. To design and optimise a synthetic route to allow for synthesis of a number of biphenyl
compounds.
2. To subject novel compounds to MIC testing and DMPK testing to observe where activity or
metabolic clearance in improved.

3. Toincorporate a pyridine ring to increase solubility whilst maintaining activity.
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6.2 Biphenyl Discussion

6.2.1 Synthesis

6.2.1.1 Suzuki Coupling Chemistry

Firstly, we tried the most direct route (Scheme 6.1, Route 1), which was to employ the commercially
available 5-bromo-1,2-diaminobenzene (1), with the desired boronic acid (2) to give the diamine (3)
necessary for ring closure. However, only two analogues, 2,4-difluoro (3a) and 2-Cl (3b), were
synthesised and showed very poor yields of 11 and 33% respectively. A number of other analogues
were tried with this set of conditions but there was no formation of product. For the two products
produced, this allowed them to be carried into the ring closure step directly after purification to

generate the final product (4).

Route 2
B(OH),
Br. NHBoc c
\©: . NHBoc
R1
NHBoc , 5% O
5 2 R 6 NHBoc
b| 100% 100%\d
S e S
r
2 a NH, e N »—OMe
T e 7 e
NH2 ] 11-33% NH 15-49% N
2
1 2 R Route 1 3 4 H

Scheme 6.1. Reagents and Conditions: (a) Cs2COsz (1.8 eq), Pd(PPhs)s (0.05eq), toluene, reflux, overnight (11-
33% yield); (b) Boc20 (2.4 eq), ethanol, room temperature, overnight (100 % yield); (c) Cs2COs (1.8 eq),
Pd(dppf)Cl2 (0.05eq), toluene, reflux, overnight 80 °C, overnight (55% vyield); (d) DCM/TFA (1:1), room

temperature, overnight (100 % yield); (e) 1,3-Bis(carbonyl)-2-methyl-2-thiopseudourea (1.0 eq), acetic acid (2

M), methanol (0.4 M), sealed tube, 65 °C, overnight (15 - 49% yield).

Table 6.1. Percentage yields obtained for all compounds created within the biphenyl template,
including intermediates and final products produced from Scheme 6.1.

Stepa | Stepb | Stepc | Stepd Step
Compound R! R2 R3 X yield yield yield yield yield
(%) (3) | (%) (5) | (%)(6) | (%)(3) | (%)(4)
4a 2-F,4F | H Me | CH 11 - - - 32
4b 2-Cl H Me CH 33 - - - 15
4c 2-Me H Me CH - 100 55 100 49

It was realised that there was potential for the amines to interfere in the reaction, undergoing coupling
themselves or making the 5-bromo-1,2-diaminobenzene (1) less reactive. Route 2 in Scheme 6.1
allowed for protection of the diamine (1), which was carried out through a double tert-butyl
carbamate protection (5).> ¥° This prevented their interference in the reaction, and then employed

the same Suzuki conditions as presented in the first route to generate the desired biphenyl (6). The
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Boc protection was generally quantitative, with a brown solid being produced, and evidenced via the
appearance of two peaks at around 1.5 ppm, with a combined integration of 18, suggesting the two
Boc groups had been incorporated. The next step, which employed Suzuki coupling conditions
occurred in better yield than observed when the diamine was not protected, and yields for the methyl
derivative were improved to 55%. Boc deprotection with trifluoroacetic acid proved simple, and only
required an aqueous workup and concentration to yield the product diamine (3), as discussed further
in section 6.2.1.2.1% 12 Despite the addition of two further synthetic steps to Route 2, both steps
occurred in quantitative yield and the Suzuki coupling step showed improved yields. However, when
this new route was applied to other compounds, there was either no conversion of product observed

on the TLC or too little to be isolated, resulting in the design of an alternative route.

B(OH),
Br NO, NO,
L D
R2 NH, 26-82% NH, 37-100%

R1
7 8

1 R1 (@)
R O NH, O N, »—OMe
S>—NH

Scheme 6.2. Optimised route for biphenyl synthesis. Reagents and Conditions: (a) K2COz (1.8 eq), Pd(PPhs)s
(0.05eq), DMF/Water (1:1), reflux, overnight (26 — 82% vyield); (b) SnCl2 (5.0 eq), ethanol, reflux, overnight (37 —
100% yield); (c) 1,3-Bis(carbonyl)-2-methyl-2-thiopseudourea (1.0 eq), acetic acid (2 M), methanol (0.4 M),
sealed tube, 65 °C, overnight (7 - 66% yield).

Table 6.2. Percentage yields obtained for all compounds created within the biphenyl template,
including intermediates and final products produced from Scheme 6.2.

Rl R2 R3 X Step ayield Step b yield Step cyield
(%) (8) (%) (3) (%) (4)
4c 2-Me H Me | CH 100 91 27
4d H H Me CH 43 55 51
4e 3-F H Me CH 26 43 40
af 2-F F Me | CH 46 86 33
4g 2-F F Et CH 46 86 14
4h 2-F Me Me | CH 46 63 29
4i 2-isopropyl H Me CH 40 40 7
4j 4-OMe H Me | CH 57 55 66
4k 2-OMe, 6-OMe H Me | CH 42 37 30
4 2-Me, 4-OMe H Me CH 58 60 43
4m 3-OMe H Me CH 57 67 61
4n 2-OMe H Me CH 82 48 41
40 2-CF3 H Me | CH 23 51 37
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Scheme 6.2 details the use of 4-bromo-2-nitroaniline undergoing a Suzuki coupling with the desired
boronic acid.” '® The advantages of using 7 are cheap cost, availability and only possessing one nitro
group, which should allow for easier reduction to the diamine. Finally, the amine lone pair, which may
interfere with the Suzuki reaction, can be delocalised into the adjacent nitro group, making it less
available for side-reactions, and thus protecting groups on the amine don’t need to be employed. This
Suzuki reaction proved to be successful, but did require optimisation in order to work consistently for

a variety of analogues in improved yield.

PdL,
|-2
1
I R'—R? L-PdO-L R'X B
A
Reductive Oxid.a.tive
Elimination Addition
-L -L
H Pd! SPdT ¢
R R? X
KOB(OH), K2COg3
G * H,0
Transmetallation
K,COs4 PLEY
R2E’ =2gOH R"  “oH
OH OK D KHCO3

Figure 6.2. The mechanism of a Suzuki coupling of two aryl rings, R! and R2. Reproduced from; Transition-
metal-catalyzed Suzuki—-Miyaura cross-coupling reactions: a remarkable advance from palladium to nickel
catalysts, Han, F et al.** %5

The mechanism of the Suzuki reaction is detailed in Figure 6.2. The active palladium catalyst (A)
undergoes oxidative addition with the desired aryl halide (B), generating a organopalladium (lI)
intermediate, which can then undergo reaction with potassium carbonate to produce intermediate
(D). The boronic acid (E) is converted to the activated salt (F), which can then undergo transmetallation
with (D) to produce a salt (G) and the intermediate (H). This can then undergo reductive elimination

to provide the biphenyl and regenerate the active catalyst.'* 1

The reaction was initially carried out with the 5-chloro-2-nitroaniline derivative, as this had previously
been used on other templates. We also tried potassium carbonate and caesium carbonate as bases,
as well as toluene and a DMF/water mixture as the solvent, as reported in the literature (Table 6.3).1

Use of DMF/Water as the solvent mixture resulted in improved yields, and worked for all substrates

159



Chapter 6 Benzimidazole Biphenyls

tested, even in cases where toluene did not. This is thought to be due to enhanced solubility of the
starting materials in this mixture. Use of the bromo derivative also improved yields versus the chloro

derivative, owing to bromine being a better coupling partner in Suzuki reactions.

The bromine analogue was used with DMF/Water as a solvent and potassium carbonate, with the
reaction carried out on up to a 1 g scale successfully in a sealed tube. This was carried out for the 2-
methyl derivative, due to requiring more material for in vivo testing. This reaction resulted in 100%
yield, easy purification and only took one hour to go to completion, rather than overnight. Previously
for the 1 g scale, the bromo derivative was used but with toluene and caesium carbonate and the

reaction was unsuccessful.

Table 6.3. The Suzuki conditions for the biphenyl template required optimisation, this was carried out through
changing the halogenated started material, base and solvent to give the desired product, with a reaction that
worked more consistently.

Nltroanlllne.Startmg Base Solvent Yield Range
material
5-chloro-2-nitroaniline Cs,C0O3 Toluene 0-26%
5-chloro-2-nitroaniline K2COs DMF/Water 0-46%
4-bromo-2-nitroaniline Cs,COs Toluene 0-40%
4-bromo-2-nitroaniline K,COs DMF/Water 42 - 100%

2,6-difluorophenylboronic acid proved to be the only reactant that did not couple in any of the
conditions above. When a Suzuki reaction occurs, we think of the boronic acid as being the
‘nucleophilic’ partner, and the bromonitroaniline as being the ‘electrophile’ at the carbon. In the case
of 2,6-difluorophenylboronic acid, the two fluorines ortho to the carbon bearing the boron were very
electron withdrawing, rendering that carbon less electron rich and thus less nucleophilic. The
synthesis of compound 4k, which possesses two methoxy groups ortho to the carbon bearing the
boron, resulted in the product being obtained in 42% yield. Methoxy groups are electron donating,
pushing more electron density onto the carbon, making it more nucleophilic. This means it is more
likely to take place in the transmetallation step. The yield however is thought to be limited by the
methoxy groups providing a partial steric block at both ortho positions, making it more difficult for the

reaction to occur.

These analogues were identified by *H NMR, most notably observing downfield protons adjacent to

the nitro group, regardless of which starting nitroaniline was used (See Appendix, Figure 5A).
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6.2.1.2 Production of the Diamine

6.2.1.2.1 Tert-butyl carbamate deprotection to give diamine

Due to the diverse range of chemistry tried for the Suzuki coupling, there were a couple of different
routes utilised to achieve the diamine. For those analogues that were Boc protected, trifluoroacetic
acid and DCM was used to cleave off the t-butyl carbamate protecting groups. This was evidence by
the disappearance of the large Boc peaks at around 1.50 ppm. For the 2-Me derivative (4c) this was
successfully carried out and a quantitative yield was obtained. Furthermore, purification was effected
by the simple removal of the trifluoroacetic acid with a NaHCO3 wash and required no further column
purification before carrying through into the next step. Whilst this reaction does benefit from easy
purification and high yields, it does result in a large loss of mass in one step. The removal of two tert-

butyl carbamates results in a molecular weight loss of 200, which shows poor atom economy.

6.2.1.2.2 Tin (ll) Chloride Nitro Reduction

Alternatively, for those analogues bearing a nitro group, the usual tin (Il) chloride reduction was used
(See Chapter 3, Section 3.2.1.2 for more detail), with a noticeable shift in the *H NMR spectrum being
observed for the proton next to the nitro group regardless of the nitroaniline starting material used
(Figure 6.4). Yields of 37 - 86% were obtained, with no noticeable difference observed between the

nitro being in the 3 or 4 positions, due to the different initial starting materials used. *7-*°

6.9¢ppm

1

O NO2 R O NH2
R? NH, R2 ‘ NH,

Figure 6.4. Due to the electron withdrawing nature of the nitro group, the neighbouring proton highlighted is
blue is found downfield at 8.2 ppm. Reduction to the diamine results in an obvious 'H NMR change to a more
downfield position of 6.9 ppm.

8.2 ppm

A similar shift in protons is observed when the nitro reduction takes place as observed for the other
templates. The proton adjacent to the nitro group, shows the most identifiable change, from around
8.2 ppm to 6.9 ppm for all analogues, regardless of the position of the nitro group on the ring. When
this is combined with the appearance of a broad singlet, integrating to four protons at around 4.4
ppm, indicating the presence of the two amine groups and gives confidence the correct product has

been produced (Figure 6.4) (See Appendix, Figure 5B).
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6.2.1.3 Acid Mediated Ring Closure to Establish the Benzimidazole Core

A number of products (4) were produced through the usual ring closure method. However, there was
often the requirement to repeat the synthetic route to generate the product (4) due to poor yields (7-
66%) being observed in this final step. Measured DMPK shows the biphenyls have improved solubility
versus other benzimidazoles in this project, which will be discussed in more detail in a subsequent
section (Section 4.2.3.1). It was noticed during the reaction, that precipitation of the final product (4)
did not occur as readily as observed with the other templates, especially at the reaction temperature
(65 °C). Cooling of these reactions to room temperature, or even allowing further cooling in a fridge,

often resulted in solid precipitating, which could then be isolated, albeit in sub-optimal yields.

Also, when carrying out HPLC purity analysis of these compounds, it was noted that the biphenyl
compounds (4) more readily dissolved in methanol, which was used for sample preparation. The
samples were also much more soluble in the NMR solvent DMSO, requiring little heat for dissolution.
All this evidence is congruent with the biphenyl class having improved solubility, which is a desirable
characteristic for potential future drug formulation, but is problematic in the ring closure step, which
relies on its insolubility for isolation and purification. Nonetheless, a number of biphenyl analogues
were obtained, which were easily identified via NMR and mass spectrometry, and showed excellent
compound purity, which generally proved to be better than other templates (See Appendix, Figure 5C
—-E).

4.2.1.4 Compound Scale-Up

4c, a 2-Me derivative was taken forward for in vivo testing (discussed in Section 6.2.4). Compound
scale-up was therefore required. Previously this analogue had been synthesised on a 0.3 g scale, but
in order to synthesise enough for in vivo testing the scale was increased to 1.5 g of the starting 5-
bromo-2-nitroaniline (7) and the route from Scheme 6.2 was employed. The first two steps of this
sequence occurred in excellent yields of 100% and 91% for the Suzuki coupling and tin (Il) chloride
reduction respectively. The third step occurred in a low yield of 27%, which did allow for enough
compound to be synthesised for in vivo testing, but would need to be optimised if this was to be made
on a larger scale. This was carried out in a large sealed tube, but for reactions of this scale and larger

round bottom flask would allow for better stirring and may increase compound yield.
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6.2.2 Biological Activity

Biological testing was carried out as stated on Section 3.22, Chapter 3. Data shown in Table 6.4.20-2

The biphenyl template was sent for minimum inhibitory concentration testing, and in general the
results for this compound class showed poor activity for the majority of analogues. Those analogues
that did possess activity, showed sub-optimal activity when compared with the thiol, ether and ketone

class.

Table 6.4. The biphenyl class of compound show generally good MIC testing data. Green — good - 0.015 - 0.25
mg/L, — acceptable - 0.5 — 4 mg/L, red — poor - >4 mg/L. * Synthesis of compounds p-q was carried out by
Ryan McBerney

7~
R'T | Q
Sy N »—OR®
| »—NH
VA4
R2 H
Compound R R? R3 X MIC (mg/L)
4a 2-F, 4-F H Me CH
4b 2-Cl H Me CH
4c 2-Me H Me CH
4d H H Me CH >4
4e 3-F H Me CH >4
4f 2-F F Me CH
4g 2-F F Et CH >4
4h 2-F Me Me CH >4
4i 2-isopropyl H Me CH >4
4j 4-OMe H Me CH >4
4k 2-OMe, 6-OMe H Me CH >4
4| 2-OMe, 4-OMe H Me CH >4
4m 3-OMe H Me CH
4n 2-OMe H ME CH
40 2-CF3 H Me CH >4
4p 2-F H Me CH
4q H H Me N >16

General observations show that the 2-position is preferred, with only one 3-position analogue, 4m,
showing activity. Smaller groups are preferred in the 2-position, however double substitution in the
ortho, as seen in compound 4k, causes a complete loss of activity. This also applies to 41, which despite
having a 2-OMe group, also possess a 4-OMe group and shows no biological activity (MIC = >4 mg/L).
4a, which bears a 2-F, 4-F substitution pattern shows a good MIC result of 1 mg/L, despite being doubly
substituted. It appears that the 2-F allows for activity, and the 4-F is not imposing any steric restrictions

or electron restrictions, given the 2-F derivative (4p) possess the same activity. Compound 4i, bearing
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a 2-isopropyl, validates that larger groups in the 2-position diminish biological activity. The 2-Cl
analogue compound 4b, shows an unexpected result, which is actually the best in terms of the
biphenyl class. This may be that chlorine is the optimal size for the binding pocket, enhancing binding
interactions. This could also be a spurious result, however multiple repeats of the MIC testing
confirmed and activity of 0.5 mg/L. Furthermore, a pyridine analogue (4q) was also synthesised to
improve solubility, but like all other pyridine analogues possessed no biological activity. Overall, the
SAR for this template proved to be flat, with multiple attempts at optimisation offering no

improvement in activity.?

6.2.3 DMPK Data

6.2.3.1 Predicted DMPK Data

Table 6.5. Predicted data shows the biphenyl class has acceptable metabolic properties but no further
improvement in solubility. Green — good, — acceptable/medium, red — poor. ClogP calculated using
Chemdraw.?*

LogDs.4 ClogP Aq'u‘eous Rat Heps Clint Human Mics CLint | MPO
Solubility (uM) (ul/min/mg) (ul/min/mg) Score

4a 1.4 10 12 4.5
4b 1.1 12 10 4.1
4c 2.4 27 25 4.3
4d 2.6 12 12 4.6
de 4.28 1.9 29
4f 1.9 12 20 4.5
4g 4.20 1.8 20 4.1
4h 6.8 19 20 4.3
4i 2.8 14 11 4.5
4j 1.8 14 18 4.9
4k 0.6 18 21 4.9
4] 1.2 19 18 4.9
dm 1.6 18 21 4.9
4n 3.4 23 22 4.9
40 1.0 16 23

Predicted DMPK showed that these compounds had generally very high log D values, which is due to
the addition of the lipophilic benzene ring, with no additional heteroatoms. Predicted solubility is
shown to be slightly improved upon most of the other templates, however no significant improvement
is offered, with all compound predicted to have values <10 uM. However, metabolically these
compounds look excellent, with only a couple of compounds showing slightly higher values. 4i
possesses an isopropyl group, which is known to have higher metabolic rates.? 4b, which contains a

2-Cl group, was identified as being the most active compound within the template. It shows excellent
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metabolic data, possessing much lower clearance values than flubendazole or fenbendazole. 4c, which
contains a 2-Me and possessed an MIC of 1 mg/L also showed excellent values and a modest increase
in aqueous solubility (2.4 uM). ClogP indicates these compounds have moderate lipophilicity which is
important for CNS penetration, but may mean that these compounds are not very hydrophilic,
meaning they may have difficulty during absorption from the intestines. All these ClogP values do obey

Lipinski’s rule of 5, whereby ClogP must be <5.2

Metabolism predictions were also calculated using Stardrop’s CYP450 metabolism prediction module,

with the results represented in Figure 6.6.%7

C17:
3A4: 35%
12D6: 17%
2C9: 44% c17,c21:
2C19:12% N Iggg: 123
ha2: 7% 7 )—N Bco: 2% N
N >/~—0 Cc20:
\ 3A4: 65% N >_° c1:
c19: 0 3A4:64%  |2D6: 45% (o} \ 3a4:34%
3A4:1% IZDG: 82% NZCQ_ 75% e '206: 53%
12D6: 1% 12C9:51% 2C19: 65% 12C9: 23%
12€9: 4% 2C19:87% hA2:72% 2C19: 34%
2C19:1% hA2: 93% hA2: 28%
F3A4 W1A2 03A4 W1A2
B 2D6 ®2D6
=209 ® 209
m2C8 W 2C8
D2c19 o 2¢19
N 2E1 ™ 2F1

Figure 6.6. Metabolism predictions for two compounds from the ether series. Calculations run on Stardrop.?’

These yielded similar information to the other templates whereby CYP3A4 and CYP2C9, CYP1A2 are
the main isoforms responsible for metabolism and agrees with what is reported in the literature.’®
The carbamate group is metabolised as expected, but not as significantly as observed in other
templates. The most notable metabolism is derived from the substituents on the aryl ring. Here the
methyl and methoxy groups are shows as being oxidised by CYP3A4 and 2C9. For the 4-OMe analogue
(4j), this agrees with the measured rat hepatic clearance value of 64 pl/min/mg, which is moderately

high.

6.2.3.2 Measured DMPK Data

Measured DMPK data was obtained for four of the analogues as shown in Table 6.6.

Table 6.6. Predicted data shows the biphenyl class has acceptable metabolic properties but no further
improvement in solubility. Green — good, — acceptable/medium, red — poor.
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Compound LogDs.4 Aq.u.eous Rat He!:)s Clint Human Mics Clint
‘ Solubility (uM) (ul/min/mg) (ul/min/mg)
Flubendazole 2.9 0.8
Fenbendazole 0.3 20
4c 58 26.1 12.5
4] 2.3 11
4dm
40 4.1 2 6 7

The most interesting data obtained was aqueous solubility, as it gave some unexpected results. The

biphenyl class still maintains the carbamate group which is believed to be the main contributor to the

poor aqueous solubility observed in other templates.?® 2° However, what we observed was a 100-fold

increase in aqueous solubility when compared with the ether, ketone and thiol analogues. This

presented the biphenyls as possessing the best solubility of all the benzimidazole templates. We

proposed that this was due to the ability of the biphenyl group to twist around the bond between the

two aryl rings at angles of between 45° and 90°. The angle was measured using Spartan®® and obtained

an angle of 53° for the unsubstituted biphenyl derivative 4d, and 81° for the 2-Me substituted

derivative 4c (Figure 6.5). Aryl rings are known to pi-pi stack and this is easier when bigger groups

can’t impede these effects through sterics.3! This is more profound when there is an ortho substituent

present, which agrees with the improved solubility value of 58 uM for compound 4c.

C

32,33

Figure 6.5. Biphenyls ‘twist’ in order to adopt an energetically favourable conformation.*
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6.2.4 In Vivo Mouse Data

Measured data showed a significant increase in solubility for one of the biphenyl molecules, 4c, and it
possessed a moderate activity value of 1 mg/L. Therefore, it was synthesised on an increased scale
and subjected to in vivo testing (Figure 6.7). Subcutaneous dosing was carried out using 10% DMSO,
10% Tween and 80% PBS and showed no significant decrease in fungal density when compared with
the control. This is believed to be an issue with gut penetration, as observed with some of the other

templates, but further PK/PD studies are ongoing to understand the lack of in vivo activity.

CFU/g of Mouse Brains Infected with Cryptococcus neoformans H99
3.1x10° CFU/ml IV and treated 150mg/kg q24 subcutenously 4c -
Biphenyl Derivative

*0

Log10 CFU/g brain Tissue
[ ]

—e— Control

1
—&— Ac

0 20 40 60 80 100 120
Time Post Infection (Hours)

Figure 6.7. Compound 4c was administered subcutaneously 150 mg/kg once daily, but showed no decrease in
fungal density.
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6.3 Conclusion

Establishment of a new synthetic route to synthesise a range of biphenyl derivatives was devised and
optimised and a total of 17 analogues were synthesised, and a basic SAR profile developed (Figure
6.8). Whilst there is the presence of some activity, the most active compound has an MIC of 0.5 mg/L,
which when compared to other benzimidazole templates is only acceptable. It also showed no
observable reduction in fungal density in the in vivo mouse model. Furthermore, compared to other
classes, the biphenyl class has increased measured metabolic clearance values. However, it does
possess improved solubility, with the best measured solubility value recorded as 58 uM, which is a
significantly better than the flubendazole value of 0.8 uM. Despite the improvement in solubility, this

template was suspended due to reduced activity and metabolic clearance values.

2-Cl most active activity

Small ortho substituents R O O o
S 3 Only OMe tolerated.
preferred for activity. N\ >~OR OEt results in loss of
Y>—NH
R2
Addition of F to core tolerated,
but does drop activity. Me

diminishes activity

N
H

Figure 6.8. An overall SAR conclusion.

6.4 Future work

Due to the suspension of this template, there are currently no plans to carry out any further
optimisation of these analogues due to suboptimal properties. However, addition of a morpholine
solubilising group could be employed to identify if this helps further with aqueous solubility. Given
that morpholine generally causes a reduction in activity, this is likely to completely diminish activity
from the biphenyl class. Furthermore, it may be beneficial to test an active biphenyl analogue again
in an in vivo mouse model, using a different vehicle or dosing route, so as to observe whether this
helps with exposure. This should be further validated with PK/PD models to determine what happens

to the compound after administration.
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6.5 Experimental

6.5.1 General Experimental Details

For general experimental details please see Section 3.5.1, Chapter 3. For synthesis of dimethyl

((methylthio)methylene)dicarbamate please see Section 3.5.2, Chapter 3.

6.5.1.1 HPLC

Flow rate 1 ml/min for 15 minutes using MeCN/Water with compounds dissolved in methanol. UV
detector recorded signals at 254 nm. HPLC Method A: min, gradient: 2% MeCN hold to 1 min, 2-98%
MeCN in 11 min, then hold at 98% MeCN to 15 min.

6.5.2 General Procedures

General Procedure A — Suzuki Coupling of tert-butyl dicarbonate protected amine

To a sealed tube at room temperature was added Di-tert-butyl (4-bromo-1,2-phenylene)dicarbamate
(1.0 eq.), cesium carbonate (2.0 eq.), a substituted boronic acid (1.2 eq.),
Bis(triphenylphosphine)palladium(ll) dichloride (0.1 eq.), toluene (4 ml) and the reaction stirred
overnight at 80 °C. The reaction was cooled to room temperature, diluted with ethyl acetate, washed
with saturated ag. NaHCOs solution, water and brine, dried over magnesium sulphate, concentrated
and purified by column chromatography eluting with 5% ethyl acetate and n-hexane to afford the

desired products (55% yield).

General Procedure B — Suzuki coupling of a 2-nitroaniline derivative with a boronic acid

To a flask at room temperature was added a halogenated 2-nitroaniline compound (1eq.), chosen
carbonate base (1.8 eq.), a substituted boronic acid (1.2 eq.),
Tetrakis(triphenylphosphine)palladium(0) (0.05 eq.) and chosen solvent and the reaction heated to 80
°C overnight. The reaction was then cooled to room temperature, diluted with ethyl acetate, washed
with saturated aq. NaHCOs solution, water and brine, dried over magnesium sulphate and purified via

column chromatography eluting with 10% ethyl acetate in n-hexane.

General Procedure C - tert-butyl carbamate deprotection
To a flask at room temperature was added the substituted di-tert-butyl [1,1'-biphenyl]-3,4-
diyldicarbamate (0.50 mmol, 1 eq.), DCM (5 ml) and trifluoroacetic acid (5 ml) and the reaction stirred

at room temperature overnight. The reaction was then concentrated, diluted with ethyl acetate,
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washed with saturated ag. NaHCOs solution,, water, brine, dried over magnesium sulphate and

concentrated to give the desired product (100%).

General Procedure D - Single Nitro reduction

To a flask at room temperature was added 3-nitro-[1,1'-biphenyl]-4-amine (1.0 eq.), EtOH (0.15 M)
and SnCl; (5.0 eq.) and the reaction refluxed (65 °C) overnight. The reaction was then cooled to room
temperature, concentrated, adjusted to pH 10 with 25% NaOH and filtered with water and ethyl
acetate. The water layer was then washed twice more with ethyl acetate, the combined organic layers
washed with brine, dried over magnesium sulphate and concentrated. The product was purified by
column chromatography eluting with 50% Ethyl acetate in n-hexane, increasing to 100% Ethyl acetate,

to elute the product.

General Procedure E — Acid Mediated Ring Closure

To a flask at room temperature was added 4-(Phenylthio)benzene-1,2-diamine derivative (1.0 eq.),
acetic acid (2 M), MeOH (0.4 M), dimethyl ((methylthio)methylene)dicarbamate (1.0 eq.) and the
reaction heated to 65 °C overnight. The reaction was allowed to cool to room temperature and the

resulting solid filtered using diethyl ether to give the final product.

Synthesis of Di-tert-butyl (4-bromo-1,2-phenylene)dicarbamate (5)
Br NHBoc
\©:NHBOC
To a flask at room temperature was added 4-bromo-1,2-diaminobenzene (1) (1.0 eq), ethanol (20 ml)
and di-tert-butyl dicarbonate (2.4 eq) and the reaction stirred at room temperature overnight. The
resulting reaction was concentrated under reduce pressure to yield the product (5) (4.37 g, 100%
yield) as a brown solid. *H NMR (400 MHz, CDCls) 6 7.75 (d, 1H, J = 2.1 Hz), 7.32 (d, 1H,J=7.0 Hz), 7.21
(dd, 1H, J = 7.0 & 2.1 Hz), 6.77 (bs, 1H), 6.59 (bs, 1H), 1.51 (s, 9H), 1.50 (s, 9H). *C NMR (100 MHz,

CDCls3) 6 153.7, 153.3, 127.9, 126.8, 126.5, 125.7, 125.5, 118.9, 85.2, 81.3, 28.2, 27.4. HRMS (ES+)
Calculated for Ci16H23N20423Na’®Br: 409.0739. Found [M+Na]*: 409.0727 (Diff -2.9 ppm).

Di-tert-butyl (2'-methyl-[1,1'-biphenyl]-3,4-diyl)dicarbamate (6c)

O l NHBoc
NHBoc
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General Procedure A - Employed 2-methylphenylboronic acid to yield the product (6c) (0.28 g, 55%
yield) as a yellow solid. *H NMR (400 MHz, CDCl5)  7.52 (d, 1H, J = 8.2 Hz), 7.45 (d, 1H, J = 2.0 Hz), 7.24
—7.20 (m, 4H), 7.09 (dd, 1H, J = 2.0 Hz), 6.75 (s, 2H), 2.27 (s, 3H), 1.54 (s, 9H), 1.51 (s, 9H). **C NMR
(100 MHz, CDCls) 6 153.9, 153.8, 140.9, 139.2, 135.4, 130.3, 129.8, 127.3, 126.2, 125.6, 125.7, 121.0,
80.9, 28.3, 28.2, 20.5. HRMS (ES+) Calculated for Ca3H30N204*Na: 421.2013. Found [M+Na]*: 421.2092
(Diff — 2.7 ppm).

6.5.2.1 Synthesis of 3-nitro-[1,1'-biphenyl]-4-amines
2'-Methyl-3-nitro-[1,1'-biphenyl]-4-amine (8c)

O : NO,
NH,

General Procedure B — Employed 4-bromo-2-nitroaniline and 2,4-dimethoxyphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8c) (1.58 g, 100% yield) as a yellow
solid. *H NMR (400 MHz, CDCl3) & 8.11 (d, 1H, J = 2.0 Hz), 7.37 (dd, 1H, /= 8.6 & 2.0 Hz), 7.29 — 7.19
(m, 4H), 6.86 (d, 1H, J = 8.6 Hz), 6.10 (bs, 2H), 2.29 (s, 3H). 3C NMR (100 MHz, CDCl;) § 143.5, 139.5,
136.9, 135.4, 132.0, 131.0, 130.6, 129.7, 127.6, 126.2, 126.1, 118.5, 20.5.

4-Nitro-[1,1'-biphenyl]-3-amine (8d)

® ook
NO,

General Procedure B — Employed 5-chloro-2-nitroaniline and phenylboronic acid, potassium
carbonate in DMF/Water (1:1) to yield the product (8d) (0.15 g, 43% vyield) as a yellow solid. *H NMR
(400 MHz, CDCls) 6 8.18 (d, 1H, J = 8.6 Hz), 7.59 - 7.55 (m, 2H), 7.47 - 7.44 (m, 3H), 6.98 (d, 1H, /=2.0
Hz), 6.93 (dd, 1H, J=8.6 & 2.0 Hz), 6.14 (s, 2H). *C NMR (100 MHz, CDCl3) § 148.6, 144.8,138.9, 131.5,
129.0, 128.9, 127.2, 126.9, 116.5, 116.4. HRMS (Cl+, CHa4) Calculated for C12H11N20,: 215.0815. Found
[M+H]*: 215.0819 (Diff -1.76 ppm).
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3'-Fluoro-4-nitro-[1,1'-biphenyl]-3-amine (8e)
F

O NH.
‘ NO,

General Procedure B — Employed 5-chloro-2-nitroaniline and 3-fluorophenylboronic acid, cesium
carbonate in Toluene (1:1) to yield the product (8e) (0.14 g, 26% yield) as a yellow solid. *H NMR (400
MHz, CDCls) § 8.19 (d, 1H, J = 8.9 Hz), 7.44 — 7.42 (m, 1H), 7.35 (d, 2H, J = 8.9 Hz), 7.27 (d, 1H, J = 8.5
Hz), 7.13- 7.10 (m, 1H), 6.96 (d, 1H, J = 2.1 Hz), 6.91 (dd, 1H, J = 8.5 & 2.1 Hz), 6.15 (s, 2H). 13C NMR
(100 MHz, CDCls) 6 163.1 (d, J = 247.3 Hz), 147.2, 144.8, 130.5 (d, J = 7.9 Hz), 130.1, 127.0, 122.8 (d, J
=3.2 Hz),116.7,116.2, 115.7 (d, /= 22.0 Hz), 114.2 (d, J = 22.0 Hz). Not all quaternary carbons visible.
HRMS (Cl+, CH4) Calculated for C1,H10FN,0,: 233.0721. Found [M+H]*: 233.0722 (Diff -0.72 ppm).

2',6-Difluoro-4-nitro-[1,1'-biphenyl]-3-amine (8f/8g)

F
o
F NO,

General Procedure B — Employed 5-chloro-4-fluoro-2-nitroaniline, 2-fluorophenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8f/8g) (0.17 g, 46% yield) as a yellow
solid. *H NMR (400 MHz, CDCls) & 7.94 (d, 1H, J = 10.2 Hz), 7.44 — 7.42 (m, 1H), 7.39 — 7.37 (m, 1H),
7.23-7.20 (m, 2H), 6.85 (d, 1H, J = 6.0 Hz), 6.00 (s, 2H). **C NMR (100 MHz, CDCl3) § 159.6 (d, J = 250.3
Hz), 150.8 (d, J = 244.2 Hz), 141.1, 139.7 (d, J = 22.6 Hz), 133.0 (d, J = 18.4 Hz), 131.1 (d, J = 8.1 Hz),
131.1(d, J=2.1 Hz), 124.3 (d, J = 3.6 Hz), 121.6 (d, J=15.0 Hz), 121.0 (d, / = 2.4 Hz), 116.1 (d, J =22.3
Hz), 111.9 (d, J = 28.5 Hz). HRMS (Cl+, CH,4) Calculated for Ci;H19F2N205: 251.0627. Found [M+H]*:
251.0624 (Diff 1.23 ppm).

2'-Fluoro-6-methyl-4-nitro-[1,1'-biphenyl]-3-amine (8h)

F
O O NH,
NO,

General Procedure B — Employed 5-chloro-4-methyl-2-nitroaniline, 2-fluorophenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8h) (0.18 g, 46% vyield) as a yellow solid.
'H NMR (400 MHz, CDCls) 6 8.03 (s, 1H), 7.40 — 7.38 (m, 1H), 7.23 = 7.20 (m, 2H), 7.16 — 7.14 (m, 1H),
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6.70 (s, 1H), 5.96 (s, 1H), 2.09 (s, 3H). 13C NMR (100 MHz, CDCls) 6 159.1 (d, J = 244.9), 153.3, 144.4,
142.4,130.6 (d, J = 3.4 Hz), 130.1 (d, /= 7.9 Hz), 127.2 (d, J = 17.5 Hz), 126.4, 125.1, 124.2, (d, J =3.3
Hz, 120.2, 115.8 (d, / = 21.9 Hz), 18.8. HRMS (Cl+. CH.) Calculated for Ci3H12FN2O5: 247.0877. Found
[M+H]*: 247.0885 (Diff -3.25 ppm).

2'-Isopropyl-3-nitro-[1,1'-biphenyl]-4-amine (8i)

O O NO,
NH,

General Procedure B — Employed 4-bromo-2-nitroaniline and 2-isopropylphenylboronic acid, cesium
carbonate in toluene to yield the product (8i) (0.19 g, 40% yield) as a yellow solid. *H NMR (400 MHz,
CDCls) 6 8.08 (s, 1H), 7.37 — 7.33 (m, 3H), 7.22 - 7.20 (m, 1H), 7.15 (d, 1H, J = 8.0 Hz), 6.85 (d, 1H, J =
8.6 Hz), 6.09 (s, 2H), 3.02 (sep, 1H, J = 6.8 Hz), 1.17 (d, 6H, J = 6.8 Hz). *C NMR (100 MHz, CDCls) &
146.6, 143.4, 138.6, 137.0, 133.4, 131.1, 130.0, 128.1, 126.2, 125.8, 125.6, 118.4, 29.5, 24.2. HRMS
(Cl+, CH,) Calculated for CisH17N,0,: 257.1285. Found [M+H]*: 257.1290 (Diff 1.94).

4'-Methoxy-3-nitro-[1,1'-biphenyl]-4-amine (8j)

MeO
O O NO,
NH,

General Procedure B — Employed 4-bromo-2-nitroaniline and 4-methoxyphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8j) (0.25 g, 57% yield) as a yellow solid.
1H NMR (400 MHz, CDCls) 6 8.31 (d, 1H, J = 1.9 Hz), 7.60 (dd, 1H, J = 8.7 & 1.9 Hz), 7.48 (d, 2H, J = 8.9
Hz), 6.97 (d, 2H, J = 8.9 Hz), 6.87 (d, 1H, J = 8.7 Hz), 6.07 (s, 2H), 3.84 (s, 3H). *C NMR (100 MHz, CDCls)
6159.1, 143.3, 134.3, 131.4, 130.2, 127.4, 123.2, 119.3, 114.4, 55.4. HRMS (Cl+, CH,) Calculated for
Ci13H12N,0: 245.0921. Found [M+H]*: 245.0929 (Diff -3.25 ppm).

2',6'-Dimethoxy-3-nitro-[1,1"-biphenyl]-4-amine (8k)

OMe
(L o
OMe O NH,
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General Procedure B — Employed 4-bromo-2-nitroaniline and 2,6-dimethoxyphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8k) (0.21g, 42% vyield) as a yellow solid.
'H NMR (400 MHz, CDCl3) 6 8.16 (d, 1H, J = 1.9 Hz), 7.39 (dd, 1H, /= 8.5 & 1.9 Hz), 7.28 (dd, 1H, /= 8.5
& 8.2 Hz), 6.82 (d, 1H, J = 8.5 Hz), 6.64 (d, 2H, J = 8.2 Hz), 6.06 (s, 2H), 3.76 (s, 6H). 3C NMR (100 MHz,
CDCl3) 6 157.7, 143.5, 139.0, 131.7, 129.0, 128.3, 122.9, 117.8, 117.0, 104.1, 56.1.

2',4'-Dimethoxy-3-nitro-[1,1'-biphenyl]-4-amine (8I)

MeO OMe
O ‘ NO,
NH,

General Procedure B — Employed 4-bromo-2-nitroaniline and 2,4-dimethoxyphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8l) (0.29 g, 58% vyield) as a yellow solid.
IH NMR (400 MHz, CDCls) & 8.25 (d, 1H, J = 1.8 Hz), 7.57 (dd, 1H, J = 8.4 & 1.8 Hz), 7.22 (d, 1H, J = 8.0
Hz), 6.82 (d, 1H, J = 8.4 Hz), 6.58 — 6.54 (m, 2H, J = 8.0 Hz), 6.06 (s, 2H), 3.85 (s, 3H), 3.81 (s, 3H). 3C
NMR (100 MHz, CDCl5) 6 160.5, 157.5, 143.3, 137.3, 132.2, 130.7, 127.7, 126.0, 121.2, 118.2, 104.8,
99.0, 55.6, 55.5. HRMS (Cl+, CH4) Calculated for C14H1sN,04: 275.1026. Found [M+H]*: 275.1034 (Diff -
2.81 ppm).

3'-Methoxy-3-nitro-[1,1'-biphenyl]-4-amine (8m)
OMe

s e
NH»,

General Procedure B — Employed 4-bromo-2-nitroaniline and 3-methoxyphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8m) (0.25 g, 57% yield) as a yellow
solid. *H NMR (400 MHz, CDCls) & 8.37 (d, 1H, J = 2.2 Hz), 7.63 (dd, 1H, J = 8.9 & 2.2 Hz), 7.36 — 7.34
(m, 1H, J = 8.6 Hz), 7.14 (d, 1H, J = 8.9 Hz), 7.08 — 7.05 (m, 1H), 6.88 (d, 2H, J = 8.6 Hz), 6.11 (bs, 2H),
3.87 (s, 3H). >*C NMR (100 MHz, CDCls) 6 160.2, 143.9, 140.3, 134.6, 132.5, 130.3, 130.0, 124.1, 119.3,
118.9, 112.7, 112.2, 55.4. HRMS (Cl+, CH4) Calculated for Ci3HisN2O: 215.1179. Found [M+H]* :
215.1186 (Diff -3.91 ppm).
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2'-Methoxy-3-nitro-[1,1'-biphenyl]-4-amine (8n)

OMe
® o
NH»

General Procedure B — Employed 4-bromo-2-nitroaniline and 2-methoxyphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (8n) (0.37 g, 82% yield) as a yellow solid.
1H NMR (400 MHz, CDCls) § 8.31 (d, 1H, J = 2.3 Hz), 7.61 (dd, 1H, J = 8.7 & 2.3 Hz), 7.33 — 7.30 (m, 2H),
7.04-7.02 (m, 1H, J = 7.9 Hz), 6.98 (d, 1H, J = 7.9 Hz), 6.83 (d, 1H, J = 8.7 Hz), 3.83 (s, 3H). 13C NMR
(100 MHz, CDCls) 6 156.4, 143.5, 137.3, 132.1, 130.2, 128.9, 128.3, 127.7, 126.4, 121.0, 118.2, 111.2,
55.6. HRMS (CI+, CH,) Calculated for Ci3H13N203: 245.0921. Found [M+H]": 245.0926 (Diff -2.25 ppm).

4-Nitro-2'-(trifluoromethyl)-[1,1"-biphenyl]-3-amine (80)

CF,
O NH.
‘ NO,

General Procedure B — Employed 5-chloro-2-nitroaniline and 2-trifluoromethylphenylboronic acid,
potassium carbonate in DMF/Water (1:1) to yield the product (80) (0.15 g, 23% yield) as a yellow solid.
IH NMR (400 MHz, CDCls) & 8.14 (d, 1H, J = 8.8 Hz), 7.76 (d, 1H, J = 7.5 Hz), 7.59 (dd, 1H, J = 7.6 Hz &
8.0 Hz), 7.52 (dd, 1H,J=7.4 & 8.0 Hz), 7.31 (d, 1H, /= 7.4 Hz), 6.76 (s, 1H), 6.67 (d, 1H, J = 8.8 Hz), 6.11
(s, 2H). *C NMR (100 MHz, CDCls) 6 147.5, 143.9, 139.1, 131.7, 131.6, 131.0, 128.3, 126.3 (q, /= 5.0
Hz), 125.8, 125.3, 122.5 (q, J = 234.5 Hz), 119.1, 118.4. HRMS (Cl+, CH,4) Calculated for Ci3H10F3N203:
283.0689. Found [M+H]": 283.0697 (Diff -3.04 ppm).

6.5.2.2 Synthesis of [1,1'-biphenyl]-3,4-diamines
2',4'-Difluoro-[1,1'-biphenyl]-3,4-diamine (3a)
F F
O O NH,
NH,

General Procedure D - Employed 4-bromo-1,2-diaminobenzene, 2,4-difluorophenylboronic acid and
cesium carbonate in dioxane to yield the product (3a) (0.037 g, 11% yield) as an orange oil. *H NMR
(400 MHz, CDCl3) 6 7.46 — 7.42 (m, 1H), 6.90 — 6.65 (m, 4H), 6.76 (d, 1H, J = 7.68 Hz), 3.45 (s, 4H). 13C
NMR (100 MHz, CDCls) 6 165.7 (d, J = 255.2 Hz), 165.3 (d, J = 252.5 Hz), 139.1, 134.7, 131.0, 126.8,
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124.0, 121.0, 117.3, 116.5, 109.0 (d, J = 14.6 Hz), 102.4 (dd, J = 26.5 & 24.5 Hz). HRMS (Cl+, CH,)
Calculated for Ci2H11F2N2: 221.0890. Found [M+H]*: 221.0885 (Diff — 2.26 ppm).

2'-Chloro-[1,1'-biphenyl]-3,4-diamine (3b)

Cl
O O NH,
NH,

General Procedure D — Employed 4-bromo-1,2-diaminobenzene, 2-chlorophenylboronic acid and
cesium carbonate in dioxane to yield the product (3b) (0.19 g, 33% yield) as an orange oil. *H NMR
(400 MHz, CDCl3) & 7.42 (d, 1H, J = 8.2 Hz), 7.31 (dd, 1H, J = 7.5 & 1.6 Hz), 7.28 — 7.25 (m, 1H, J = 1.6
Hz), 7.21 (ddd, 1H, J = 8.2, 7.5 & 1.9 Hz), 6.83 — 6.80 (m, 2H), 6.77 (d, 1H, J = 8.6 Hz), 3.45 (s, 4H). *C
NMR (100 MHz, CDCl5) & 140.7, 134.5, 134.1, 132.5, 131.4, 129.9, 127.9, 126.7, 121.6, 118.0, 116.8,
116.2. HRMS (Cl+, CH4) Calculated for C1,H1,CIN3: 219.0684. Found [M+H]*: 219.0690 (Diff -2.93 ppm).

2'-Methyl-[1,1"-biphenyl]-3,4-diamine (3c)

§ S
NH,

General Procedure C - Employed using di-tert-butyl (2'-methyl-[1,1'-biphenyl]-3,4-diyl)dicarbamate
(6¢) to yield the product (3c) (0.099 g, 100% yield) as an orange oil. *"H NMR (400 MHz, CDCl;) § 7.23 -
7.19 (m, 4H), 6.74 (d, 1H, J = 8.4 Hz), 6.69 — 6.65 (m, 2H), 2.89 (s, 4H), 2.29 (s, 3H). *C NMR (100 MHz,
CDCls) 6 142.1,135.5, 134.3, 134.2, 133.5, 130.2, 129.8, 126.7,125.6, 121.2,117.7, 116.4, 20.6. HRMS
(Cl+, CHa4) Calculated for Ci3H1sN2: 199.1235. Found [M+H]*: 199.1233 (Diff -1.00 ppm).

[1,1'-Biphenyl]-3,4-diamine (3d)

O O NH»,
NH,

General Procedure D - Employed 4-nitro-[1,1'-biphenyl]-3-amine (8d) to yield the product (3d) (0.11
g, 55% yield) as an orange oil. *H NMR (400 MHz, CDCl3) § 7.52 (d, 2H, J = 8.3 Hz), 7.50 - 747 (m, 3H),
7.27 (d, 1H, J = 7.5 Hz), 6.96 (s, 1H), 6.76 (d, 1H, J = 7.5 Hz). 3C NMR (100 MHz, CDCl3) 6 141.4, 134.9,
134.3, 133.5, 128.6, 126.6, 126.4, 119.1, 117.0, 115.5. HRMS (Cl+, CH4) Calculated for Ci;Hi3N,:
185.1073. Found [M+H]*: 185.1077 (Diff -2.27 ppm).
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3'-Fluoro-[1,1'-biphenyl]-3,4-diamine (3e)
F

O NH.
‘ NH,

General Procedure D - Employed 3'-fluoro-4-nitro-[1,1'-biphenyl]-3-amine (8e) to yield the product
(3e) (0.047 g, 43% vyield) as an orange oil. *H NMR (400 MHz, CDCls) § 7.25 —7.22 (m, 2H), 7.13 - 7.11
(m, 1H), 6.86 (d, 1H, J = 7.8 Hz), 6.85 — 6.82 (m, 2H), 6.66 (d, 1H, J = 7.8 Hz), 3.37 (s 4H). 3C NMR (100
MHz, CDCl5) 6 163.0 (d, J = 230.8 Hz), 143.7, 143.6, 134.9, 132.0, 130.0 (d, / =9.0 Hz), 122.1 (d, /=3.8
Hz), 119.1, 116.9, 115.3, 113.2, (d, J = 22.8 Hz), 113.0 (d, J = 21.4 Hz). HRMS (Cl+, CH4) Calculated for
C12H12FN3: 203.0979. Found [M+H]*: 203.0984 (Diff -2.58 ppm).

2',6-Difluoro-[1,1'-biphenyl]-3,4-diamine (3f/3g)

F
O ! NH
F NH.

General Procedure D - Employed 2',6-difluoro-4-nitro-[1,1'-biphenyl]-3-amine (8f/8g) to yield the
product (3f/3g) (0.13 g, 86% yield) as an orange oil. *H NMR (400 MHz, CDCl3) § 7.34 — 7.31 (m, 2H),
7.18-7.12 (m, 2H), 6.70 (d, 1H, J = 6.7 Hz), 6.52 (d, 1H, J = 10.6 Hz), 3.62 (s, 2H), 3.28 (s, 2H). *C NMR
(100 MHz, CDCl5) 6 159.9 (d, J = 248.0 Hz), 154.6 (d, J = 239.3 Hz), 137.2 (d, J = 10.3 Hz), 131.7 (dd, J =
3.3 & 2.1 Hz),129.7 (d, J = 2.3 Hz), 128.9 (d, J = 8.1 Hz), 115.7 (d, / = 22.4 Hz), 113.3 (d, J = 16.5 Hz),
103.3 (d, J = 26.9). Not all quaternary carbons visible. HRMS (Cl+, CH4) Calculated for Ci2H11F2N,:
221.0885. Found [M+H]*: 221.0887 (Diff -1.21 ppm).

2'-Fluoro-6-methyl-[1,1'-biphenyl]-3,4-diamine (3h)

F
O O NH,
NH,

General Procedure D - Employed 2'-fluoro-6-methyl-4-nitro-[1,1'-biphenyl]-3-amine (8h) to yield the
product (3h) (0.10 g, 63% yield) as an orange oil. *H NMR (400 MHz, CDCl5)  7.32 = 7.27 (m, 1H), 7.24
—7.20 (m, 1H), 7.17 - 7.14 (m, 1H), 7.13 — 7.08 (m, 1H), 6.62 (s, 1H), 6.59 (s, 1H), 3.36 (s, 4H), 2.06 (s,
3H). 3C NMR (100 MHz, CDCl3) § 159.9 (d, J = 245.1 Hz), 137.0, 135.0, 132.0 (d, J = 3.1 Hz), 129.4 (d, J
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=16.5 Hz), 128.5 (d, J =7.9 Hz), 127.1, 123.8 (d, J = 3.60 Hz), 118.9, 118.0, 117.1, 115.3 (d, J = 23.5 Hz),
19.1. HRMS (Cl+, CH4) Calculated for CisH14FN,: 217.1136. Found [M+H]*: 217.1138 (Diff -1.08 ppm).

2'-Isopropyl-[1,1'-biphenyl]-3,4-diamine (3i)

O O NH»
NH,

General Procedure D - Employed 2'-isopropyl-3-nitro-[1,1'-biphenyl]-4-amine (8i) to yield the product
(3i) (0.096 g, 60% yield) as an orange solid. *"H NMR (400 MHz, CDCl5) § 7.34 (d, 1H, J = 7.7 Hz), 7.30 -
7.28 (m, 1H), 7.18 — 7.14 (m, 2H), 6.74 - 7.72 (m, 1H), 6.65 — 6.63 (m, 2H), 3.44 (s, 4H), 3.15 (sep, 1H,
J=6.8Hz), 1.15 (d, 6H, J = 6.8 Hz). *C NMR (100 MHz, CDCl5) 6 146.6, 141.3,134.4,134.3, 133.4, 130.1,
127.2,125.4,125.1,121.3,117.8, 116.3, 20.5, 24.2. HRMS (Cl+, CH4) Calculated for C1sH19N»: 227.1543.
Found [M+H]*: 227.1552 (Diff — 4.18 ppm).

4'-Methoxy-[1,1'-biphenyl]-3,4-diamine (3j)

MeO
® S
NH,

General Procedure D - Employed 4'-methoxy-3-nitro-[1,1'-biphenyl]-4-amine (8j) to yield the product
(3j) (0.12 g, 55% yield) as an orange oil. *H NMR (400 MHz, CDCls) 6 7.44 (d, 2H, J = 8.2 Hz), 6.92 (d,
2H, J = 8.2 Hz), 6.92 — 6.88 (m, 2H), 6.75 (d, 1H, J = 8.4 Hz), 3.83 (s, 3H), 3.43 (s, 4H). 3C NMR (100
MHz, CDCls) 6 158.5, 135.0, 134.1, 133.7, 133.3, 127.6, 118.7, 117.1, 115.2, 114.0, 55.3. HRMS (Cl+,
CH,) Calculated for Ci2H11F2N2: 215.1179. Found [M+H]*: 215.1183 (Diff -1.83 ppm).

2'4'-Dimethoxy-[1,1"-biphenyl]-3,4-diamine (3k)

MeO OMe
O O NH,
NH,

General Procedure D - Employed 2',4'-dimethoxy-3-nitro-[1,1'-biphenyl]-4-amine (8k) to yield the
product (8k) (0.15 g, 60% yield) as an orange oil. *H NMR (400 MHz, CDCl5) 7.19 (d, 1H, J = 8.2 Hz),
6.89 — 6.84 (m, 2H), 6.73 (d, 1H, J = 8.2 Hz), 6.55 - 6.51 (m, 2H), 3.83 (s, 3H), 3.78 (s, 3H), 3.34 (s, 4H).
13C NMR (100 MHz, CDCl5) 159.7, 157.4, 134.2, 133.6, 131.0, 130.5, 123.9, 121.5, 118.1, 116.4, 104.4,
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99.0, 55.6, 55.4. HRMS (Cl+, CH,4) Calculated for C14H17N205: 245.1285. Found [M+H]*: 245.1290 (Diff -
2.78 ppm).

2',6'-Dimethoxy-[1,1"-biphenyl]-3,4-diamine (3l)

OMe
(L
Wl
OMe NH,

General Procedure D - Employed 2',6'-dimethoxy-3-nitro-[1,1'-biphenyl]-4-amine (8l) to yield the
product (31) (0.068 g, 37% yield) as an orange oil. *H NMR (400 MHz, CDCls) 7.22 (d, 1H, J = 8.5 Hz),
6.75 (m, 1H), 6.72 (m, 2H), 6.63 (d, 2H, J = 8.5 Hz), 3.73 (s, 6H), 3.40 (s, 4H). *C NMR (100 MHz, CDCls)
157.9, 134.0, 133.8, 128.0, 125.7, 122.9, 121.1, 119.6, 116.4, 104.2, 56.0. HRMS (CI+, CH4) Calculated
for C14H17N205: 245.1285. Found [M+H]*: 245.1292.

3'-Methoxy-[1,1"-biphenyl]-3,4-diamine (3m)
OMe

C S
NH,

General Procedure D - Employed 3'-methoxy-3-nitro-[1,1'-biphenyl]-4-amine (8m) to yield the
product (3m) (0.14 g, 67% yield) as an orange oil."H NMR (400 MHz, CDCl3) § 7.30 (dd, 1H, J = 8.7 &
7.8 Hz), 7.11 (d, 1H, J = 7.8 Hz), 7.06 (d, 1H, J = 2.3 Hz), 6.99 - 6.95 (m, 2H, J = 8.2 Hz), 6.82 (dd, 1H, J =
8.2 & 2.3 Hz), 6.75 (d, 1H, J = 8.2 Hz), 3.86 (s, 3H), 3.45 (s, 4H). *C NMR (100 MHz, CDCl3) & 159.9,
142.9, 134.9, 134.5, 133.4, 129.5, 119.2, 119.1, 116.9, 115.5, 112.3, 111.8, 55.1. HRMS (Cl+, CH.)
Calculated for C1,H11FaN,: 215.1179. Found [M+H]*: 215.1186 (Diff -3.42 ppm).

2'-Methoxy-[1,1'-biphenyl]-3,4-diamine (3n)

OMe
O O NH,»
NH,

General Procedure D - Employed 2'-methoxy-3-nitro-[1,1'-biphenyl]-4-amine (8n) to yield the product
(3n) (0.15 g, 48% vyield) as an orange oil. 'H NMR (400 MHz, CDCl3) § 7.29 — 7.24 (m, 2H), 6.99 (d, 1H,
J =7.4 Hz), 6.93 — 6.58 (m, 3H), 6.74 (d, 1H, J = 7.4 Hz), 3.79 (s, 3H), 3.41 (s, 4H). HRMS (Cl+, CH,)
Calculated for C13H1sN,0: 215.1179. Found [M+H]*: 215.1186 (Diff -3.08 ppm).
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2'-(Trifluoromethyl)-[1,1'-biphenyl]-3,4-diamine (30)

CF4
O O NH,,
NH,

General Procedure D - Employed 4-nitro-2'-(trifluoromethyl)-[1,1'-biphenyl]-3-amine (80) to yield the
product (30) (0.082 g, 51% yield) as an orange oil. *H NMR (400 MHz, CDCls) § 7.07 (d, 1H, J = 7.4 Hz),
7.50 (dd, 1H, J = 8.6 & 7.4 Hz), 7.40 (dd, 1H, J = 8.6 & 7.5 Hz), 7.32 (d, 1H, J = 7.5 Hz), 6.72 — 6.68 (m,
3H), 3.44 (s, 4H). 3C NMR (100 MHz, CDCls) & 144.5, 141.7, 134.2 (q, J = 45.1 Hz), 132.2, 132.0, 131.1,
126.7, 126.0 (g, J = 6.3 Hz), 124.5 (g, J = 254.4 Hz), 122.9, 121.1, 117.6, 116.0. HRMS (Cl+, CHa)
Calculated for Ci3H12F3N2: 253.0947. Found [M+H]* : 253.0949 (Diff — 0.88 ppm).

6.5.2.3 Synthesis of methyl (5-phenyl-1H-benzo[d]imidazol-2-yl)carbamates
Methyl (5-(2,4-difluorophenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4a)

F F
g ;
N »—OMe
O

N

H
General Procedure E - Employed 2',4'-difluoro-[1,1'-biphenyl]-3,4-diamine (3a) to yield the product
(4a) (0.13 g, 32% yield) as white solid. 'H NMR (400 MHz, CDCls) § 11.67 (s, 2H), 7.57 (dd, 1H, J = 8.3
& 2.0 Hz), 7.52 (s, 1H), 7.47 (d, 1H, J = 8.3 Hz), 7.34 — 7.32 (m, 1H), 7.23 —= 7.20 (m, 1H), 7.17 — 7.14 (m,
1H), 3.77 (s, 3H). **C NMR (100 MHz, CDCl3) 6 163.6 (d, J = 252.3 Hz), 158.0 (d, J = 250.6 Hz), 152.6,
149.1, 1415, 134.6, 132.7, 132.6, 125.7 (d, J = 16.0 Hz), 112.4, 118.5, 113.1, 112.3 (d, J = 20.8 Hz),
105.0(dd, J=26.9 & 26.3 Hz), 52.9. HRMS (ES+) Calculated for CisH1,F2N305: 304.0898 (Diff -1.20 ppm).
Found [M+H]*: 304.0894. Vmax/cm™ : (solid) 3372 (s), 1715 (s), 1511 (m), 1478 (m), 1274 (m). Purity
HPLC (Method A) 92.6%, R: = 9.18 min.

Methyl (5-(2-chlorophenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4b)

cl
o)
O N —OMe
S—NH

L,

H
General Procedure E - Employed 2'-chloro-[1,1'-biphenyl]-3,4-diamine (3b) to yield the product (4b)
(0.020 g, 15% yield) as white solid. *H NMR (400 MHz, DMSO) 6 11.66 (s, 2H), 7.55 (d, 1H, J = 8.0 Hz),
7.47-7.42 (m, 4H), 7.38 = 7.36 (m, 1H), 7.11 (d, 1H, J = 8.0 Hz), 3.77 (s, 3H). 3C NMR (100 MHz, DMSO)
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6 156.1,150.6, 141.2,141.1,132.2,132.1, 132.0, 130.2, 129.1, 129.0, 127.8, 122.9,117.2, 116.0, 52.9.
HRMS (ES+) Calculated for Ci5H13CIN3O,: 302.0696. Found [M+H]*: 302.0688 (Diff — 2.64 ppm). Vmax/cm”
1: (solid) 3330 (s), 2979 (m), 2882 (m), 1645 (s), 1460 (m), 1440 (m), 1256 (m), 761 (s). MP: >280 °C
decomposed. Purity HPLC (Method A) 97.5%, Rt = 9.31 min.

Methyl (5-(o-tolyl)-1H-benzo[d]imidazol-2-yl)carbamate (4c)

General Procedure E - Employed 2'-methyl-[1,1'-biphenyl]-3,4-diamine (3c) to yield the product (4c)
(0.048 g, 49% yield) as white solid. *H NMR (400 MHz, DMSO) & 11.65 (bs, 2H), 7.44 (d, 1H, J = 8.2 Hz),
7.32(d, 1H, J = 1.3 Hz), 7.30 — 7.26 (m, 1H), 7.26 — 7.20 (m, 3H), 7.03 (dd, 1H ,J = 8.2 & 1.3 Hz), 3.75 (s,
3H), 2.24 (s, 3H). *C NMR (100 MHz, DMSO) & 115.6, 148.5, 142.7, 135.3, 134.8, 133.5, 132.7, 130.7,
130.3, 127.2, 126.3, 122.9, 114.0, 113.4, 52.6, 20.5. HRMS (ES+) Calculated for Ci6H16N30,: 282.1243.
Found [M+H]*: 282.1236 (Diff — 2.30 ppm). vmax/cm™ : (solid) 3328 (s), 3019 (m), 2952 (m), 1651 (s),
1469 (m), 1445 (m), 1262 (m). MP: 206 - 208 °C. Purity HPLC (Method A) 96.3%, R; = 9.38 min.

Methyl (5-phenyl-1H-benzo[d]imidazol-2-yl)carbamate (4d)

CI @)
N >—0Me
S—NH

L,

H
General Procedure E - Employed [1,1'-biphenyl]-3,4-diamine (3d) to yield the product (4d) (0.037 g,
51% yield) as white solid. *H NMR (400 MHz, DMSO) & 11.69 (s, 2H), 7.67 — 7.62 (m, 3H), 7.48 — 7.42
(m, 3H), 7.37 (d, 1H, J = 7.9 Hz), 7.32 (d, 1H, J = 7.9 Hz), 3.77 (s, 3H). 23C NMR (100 MHz, DMSO) &
155.5, 148.5, 141.8, 141.2, 134.1, 129.6, 126.3, 127.2, 127.0, 120.7, 117.8, 114.7. HRMS (ES+)
Calculated for C1sH14N30,: 268.1086. Found [M+H]*: 268.1084 (Diff -0.74 ppm). Vmax/cm™ : (solid) 3361
(s), 2950 (m), 2683 (m), 1621 (m), 1588 (m), 1268 (s). MP: >280 °C decomposed. Purity HPLC (Method
A) 97.1%, R; = 8.90 min.
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Methyl (5-(3-fluorophenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4e)
F

General Procedure E - Employed 3'-fluoro-[1,1'-biphenyl]-3,4-diamine (3e) to yield the product (4e)
(0.028g, 40 % yield) as white solid. *H NMR (400 MHz, DMSO) & 11.67 (s, 2H), 7.69 (s, 1H), 7.50 — 7.56
(m, 3H), 7.47 = 7.42 (m, 2H), 7.15 - 7.13 (m, 1H), 3.77 (s, 3H). **C NMR (100 MHz, DMSO) & 163.1 (d, J
=243.5 Hz), 155.4, 148.6, 144.4 (d, J = 7.6 Hz), 139.4, 135.6, 132.5, 131.2 (d, / = 8.6 Hz), 123.3 (d, J =
2.4 Hz), 120.7, 116.0, 114.3, 113.8 (d, J = 22.1 Hz), 113.6 (d, 21.2 Hz), 52.9. HRMS (ES+) Calculated for
Ci1sH13FN30;: 286.0992. Found [M+H]*: 286.0987 (Diff -1.75 ppm). Vmax/cm™ : (solid) 3371 (s), 2953 (m),
2682 (m), 1629 (s), 1460 (m), 1298 (s). MP: 282 °C decomposed. Purity HPLC (Method A) 97.3%, R: =
9.14 min.

Methyl (6-fluoro-5-(2-fluorophenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4f)

General Procedure E - Employed 2',6-difluoro-[1,1'-biphenyl]-3,4-diamine (3f) to yield the product (4f)
(0.027 g, 33% yield) as white solid. *H NMR (400 MHz, DMSO) 6 11.93 (s, 1H), 11.53 (s, 1H), 7.48 = 7.45
(m, 2H), 7.39 (d, 1H, J = 6.9 Hz), 7.35—7.33 (m, 2H), 7.29 (d, 1H, J = 9.6 Hz), 3.78 (s, 3H). *C NMR (100
MHz, DMSO) 6 162.3 (d, J = 248.6 Hz), 157.3 (d, J = 256.9 Hz), 154.9, 149.0, 139.5, 132.5 (d, J = 2.7 Hz),
131.0(dd, J=21.4 & 12.0 Hz), 130.5 (d, / = 9.9 Hz), 130.3 (d, J = 8.0 Hz), 125.1 (d, J = 2.2 Hz), 124.6 (d,
J—-16.3 Hz), 120.8 (dd, J =28.4 & 7.7 Hz), 176.1 (d, J = 22.4 Hz), 130.8 (d, J = 16.7 Hz), 53.5. HRMS (ES+)
Calculated for CisH12FN3O,: 304.0898. Found [M+H]*: 304.0891 (Diff -2.30 ppm). Vmax/cm™ : (solid)
3393 (s), 2956 (M0, 2668 (m), 1650 (s), 1581 (m), 1468 (m), 1262 (s). MP: 230 - 232 °C decomposed.
Purity HPLC (Method A) 97.3%, R: = 9.05 min.

Ethyl (6-fluoro-5-(2-fluorophenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4g)
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General Procedure E - Employed 2',6-difluoro-[1,1'-biphenyl]-3,4-diamine (3g) to yield the product
(4g) (0.012 g, 14% yield) as white solid. *H NMR (400 MHz, DMSO) § 11.91 (s, 2H), 7.47 — 7.44 (m, 2H),
7.37 (d, 1H, J = 6.8 Hz), 7.35 = 7.31 (m, 2H), 7.27 (d, 1H, J = 10.3 Hz), 4.22 (q, 2H, J = 6.2 Hz), 1.28 (t,
2H, J = 6.2 Hz). 3C NMR (100 MHz, DMSO) &6 159.9 (d, J = 247.5 Hz), 158.0 (d, J = 267.4 Hz), 150.3,
146.7, 139.2 (d, J = 10.2 Hz), 132.5 (d, / = 3.0 Hz), 131.6 (d, J = 8.7 Hz), 131.1 (dd, J = 33.4 & 8.7 Hz),
130.2 (d, J =8.7 Hz), 125.1 (d, / = 3.3 Hz), 124.6 (d, / = 16.2 Hz), 116.0 (d, / = 22.4 Hz), 114.2 (d, /= 11.3
Hz), 100.6 (d, J=17.1 Hz), 61.6, 14.9. HRMS (ES+) Calculated for C16H14F3N30,: 318.1054. Found [M+H]*
: 318.1045 (Diff — 2.83 ppm). vmax/cm™ : (solid) 3308 (m), 2028 (m), 2983 (m), 2944 (m), 1604 (s), 1526
(m), 1426 (m). MP: 294 - 296 °C decomposed. Purity HPLC (Method A) 96.5%, R; = 9.57 min.

Methyl (5-(2-fluorophenyl)-6-methyl-1H-benzo[d]imidazol-2-yl)carbamate (4h)

General Procedure E - Employed 2'-fluoro-6-methyl-[1,1'-biphenyl]-3,4-diamine (3h) to yield the
product (4h) (0.04 g, 29% vyield) as white solid. *H NMR (400 MHz, DMSO) 6 11.62 (s, 2H), 7.44 — 7.42
(m, 1H), 7.31-7.27 (m, 4H), 7.20 - 7.18 (s, 1H), 3.75 (s, 3H), 2.15 (s, 3H). *C NMR (100 MHz, DMSO)
6 159.6 (d, J =245.5 Hz), 156.2, 148.8, 148.4, 134.6, 132.5 (d, J = 3.4 Hz), 130.0, 129.8, 129.6 (d, /= 8.1
Hz), 129.0 (d, J = 23.0 Hz), 124.9 (d, J = 2.6 Hz), 116.7, 115.9 (d, J = 22.8 Hz), 113.2, 52.9, 20.4. HRMS
(ES+) Calculated for Ci6H1sFN3O,: 300.1148. Found [M+H]*: 300.1143 (Diff -1.67 ppm). Vmax/cm™ :
(solid) 3302 (s), 2984 (m), 2944 (m), 2846 (m), 1624 (s). 1594 (m), 1476 (m), 1274 (s). MP: >300 °C
decomposed. Purity HPLC (Method A) 96.5%, R: = 9.27 min

Methyl (5-(2-isopropylphenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4i)

General Procedure E - Employed 2'-isopropyl-[1,1'-biphenyl]-3,4-diamine (3i) to yield the product (4i)
(0.009 g, 7% vyield) as white solid. *H NMR (400 MHz, DMSO) & 11.54 (s, 2H), 7.37 (d, 1H, J = 7.6 Hz),
7.29-7.27 (m, 1H), 7.27 = 7.23 (m, 3H), 7.06 (d, 1H, J = 1.3 Hz), 6.71 (dd, 1H, J = 7.6 & 1.2 Hz), 3.54 (s,
3H), 3.16 (sep, 1H, J = 6.9 Hz), 1.11 (d, 6H, J = 6.9 Hz). 3C NMR (100 MHz, DMSO) & 157.6, 146.5, 142.9,
139.4,136.5,132.4,130.6,127.2,125.7,125.5,123.3,115.8, 114.1,51.7, 29.2, 24.7.. Not all quaternary
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carbons visible. HRMS (ES+) Calculated for CisH20N303: 310.1556. Found [M+H]*: 310.1556 (Diff 0.00

ppm). Not enough sample to obtain rest of data after MIC testing.

Methyl (5-(4-methoxyphenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4j)

MeO
g 3
N >~0Me
I

N

H
General Procedure E - Employed 4'-methoxy-[1,1'-biphenyl]-3,4-diamine (3j) to yield the product (4j)
(0.083 g, 66 % yield) as white solid. 'H NMR (400 MHz, DMSO) 6 11.63 (s, 2H), 7.58 (d, 1H, J = 1.5 Hz),
7.56 (d, 2H, J = 8.7 Hz), 7.43 (d, 1H, J = 8.3 Hz), 7.32 (dd, 1H, J = 8.3 & 1.5 Hz), 7.01 (d, 2H, J = 8.7 Hz),
3.80 (s, 3H), 3.76 (s, 3H). 3C NMR (100 MHz, DMSO) 6 158.8, 155.6, 145.5, 140.5,134.3, 133.9, 131.8,
128.2,120.4,118.1,115.2,114.9, 55.6, 52.9. HRMS (ES+) Calculated for C1¢H14F3N30,: 298.1186. Found
[M+H]*: 298.1196 (Diff 3.35 ppm). Vmax/cm™ : (solid) 3408 (s), 2958 (m), 2741 (m), 1637 (s), 1474 (m),
1275 (s). MP: >300 °C decomposed. Purity HPLC (Method A) 96.8%, R: = 9.84 min.

Methyl (5-(2,6-dimethoxyphenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4k)

General Procedure E - Employed 2',6'-dimethoxy-[1,1'-biphenyl]-3,4-diamine (3k) to yield the product
(4k) (0.025 g, 30% yield) as white solid. *H NMR (400 MHz, DMSO) & 11.63 (s, 2H), 7.33 (d, 1H, J = 8.7
Hz), 7.28 (d, 1H, /=8.2 Hz), 7.2 (d, 1H, J = 1.5 Hz), 6.88 (dd, 1H, / =8.2 & 1.5 Hz), 6.73 (d, 2H, J = 8.7
Hz), 3.24 (s, 3H), 3.65 (s, 6H). 13C NMR (100 MHz, DMSO) & 163.4, 157.8, 148.3, 139.1, 135.1, 131.6,
1128.9,124.5,120.1, 116.5, 109.8, 104.9, 56.0, 52.7. HRMS (ES+) Calculated for C17H1sN304: 328.1292.
Found [M+H]*: 328.1304 (Diff 3.66). MP: >300 °C. Purity HPLC (Method A) 98.0%, R: = 8.52 min.

Methyl (5-(2,4-dimethoxyphenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4l)

MeO OMe
CI @)
N >—OMe

General Procedure E - Employed 2',4'-dimethoxy-[1,1'-biphenyl]-3,4-diamine (3l) to yield the product
(4l) (0.041 g, 43% vyield) as white solid. "H NMR (400 MHz, DMSO) 6 11.72 (s, 2H), 7.26 (s, 1H), 7.19 —
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7.15 (m, 2H), 6.90 (d, 1H, J = 8.4 Hz), 6.62 (s, 1H), 6.58 (d, 1H, J = 8.4 Hz), 3.79 (s, 3H), 3.74 (s, 3H), 3.54
(s, 3H). 3C NMR (100 MHz, DMSO) & 161.9, 159.5, 157.5, 149.2, 140.6, 138.1, 131.4, 128.9, 125.1,
120.7, 115.1, 114.4, 105.5, 99.4, 55.9, 55.6, 51.6. HRMS (ES+) Calculated for C;7H1sN3Oa: 328.1292.
Found [M+H]*: 328.1300 (Diff 2.43 ppm). MP: >300 °C. Purity HPLC (Method A) 97.7%, R: = 8.76 min.

Methyl (5-(3-methoxyphenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4m)
OMe

o)
O N )—OMe
S—NH

L,

H
General Procedure E - Employed 3'-methoxy-[1,1'-biphenyl]-3,4-diamine (3m) to yield the product
(4m) (0.049 g, 61% yield) as white solid. *H NMR (400 MHz, DMSO) & 11.68 (s, 2H), 7.68 (s, 1H), 7.48
(d, 1H, J = 8.4 Hz), 7.41 - 7.39 (m, 1H), 7.37 (d, 1H, J = 7.9 Hz), 7.23 (d, 1H, J = 7.9 Hz), 7.17 (s, 1H), 6.92
(d, 1H, J = 8.4 Hz), 3.85 (s, 3H), 3.79 (s, 3H). 3C NMR (100 MHz, DMSO) & 160.2, 155.5, 152.1, 148.6,
143.4,137.0,133.9, 130.4, 120.8,119.6, 118.0, 117.1, 112.7, 112.6, 55.5, 53.0. HRMS (ES+) Calculated
for C16H14F3N303: 298.1186. Found [M+H]* : 298.1197 (Diff 3.69 ppm). MP: >300 °C decomposed.

Methyl (5-(2-methoxyphenyl)-1H-benzo[d]imidazol-2-yl)carbamate (4n)

General Procedure E - Employed 2'-methoxy-[1,1'-biphenyl]-3,4-diamine (3n) to yield the product (4n)
(0.030 g, 41% yield) as white solid. 'H NMR (400 MHz, DMSO) & 11.61 (s, 2H), 7.49 (s, 1H), 7.39 (d, 1H,
J=8.0Hz),7.32-7.28 (m, 2H, J=8.0 Hz), 7.16 (d, 1H, / = 7.6 Hz), 7.09 (d, 1H, J = 7.6 Hz), 7.03 — 7.01
(m, 1H), 3.76 (s, 6H). 3C NMR (100 MHz, DMSO) & 159.8, 156.6, 148.4, 138.2, 135.4, 131.6, 131.3,
131.1, 128.6, 123.1, 121.2, 116.9, 114.6, 112.2, 55.9, 52.8. HRMS (ES+) Calculated for Ci6H14F3N30;:
298.1186. Found [M+H]*: 298.1192 (Diff 2.01 ppm). vmax/cm™ : (solid) 3334 (s), 2955 (m), 2881 (m),
827 (m), 1653 (s), 1498 (m), 1263 (s). MP — 218 — 220 °C. Purity HPLC (Method A) 95.2%, R; = 12.60

min
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Methyl (5-(2-(trifluoromethyl)phenyl)-1H-benzo[d]imidazol-2-yl)carbamate (40)

General Procedure E - Employed 2'-(trifluoromethyl)-[1,1'-biphenyl]-3,4-diamine (30) to yield the
product (40) (0.041g, 37% yield) as white solid. *H NMR (400 MHz, DMSO) 6 11.71 (s, 2H), 7.82 (d, 1H,
J=7.7Hz),7.70 (d, 1H, J = 8.6 & 7.7 Hz), 7.60 (t, 1H, J = 8.6 Hz), 7.43 (d, 2H, J = 8.3), 7.34 (s, 1H), 7.01
(d, 1H, J = 8.3 Hz), 3.77 (s, 3H). 1*C NMR (100 MHz, DMSO) & 155.3, 148.5, 142.3, 141.6, 133.1, 132.6,
129.3, 128.0, 127.7 (g, / = 30.1 Hz), 126.4 (q, J = 6.0 Hz), 126.1, 124.8 (q, / = 272.7 Hz), 122.4, 118.1,
114.3, 52.9. HRMS (ES+) Calculated for Ci6H13F3N302: 336.0960. Found [M+H]*: 336.0959 (Diff -0.29
ppM). Vmax/cm™ : (solid) 3391 (s), 2956 (m), 2760 (m), 1718 (s), 1471 (m), 1458 (m), 1248 (s), 1103 (s).
MP —211 - 213 °C decomposed. Purity HPLC (Method A) 95.1%, R; = 9.51 min.
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Chapter 7 Benzimidazole Computational Evaluation

7.1 Computational Evaluation of the Benzimidazole Class

Synthetically, this project has allowed for the development and establishment of some successful
routes to synthesise a number of different benzimidazole analogues. This has resulted in a large library
of around 150 compounds being produced, with further synthesis ongoing. Within this template, there
is room for much more optimisation and structure exploration and this presents synthetic chemists
with a problem. With so many potential compounds that could be synthesised, how do we decide

which ones should be prioritised?

In this chapter, we discuss the use of docking protocols and binding site visualisation, to understand
how the molecules which have been synthesised are predicted to bind to the target protein. We will
investigate the differences in binding between the classes, as well as any differences in binding
between active and inactive compounds of the same class. Knowledge of binding poses and

interactions can then be implemented in the design of future analogues.

Also, due to large number of compounds synthesised we can build a Quantitative Structure Activity
Relationship (QSAR) model, which through a process of machine learning, will allow for a model to be
built. The activity of new compounds can then be predicted, allowing for prioritisation of synthesis of

new analogues.

7.2 Chapter Acknowledgements

Many thanks to Neil Berry for his guidance on how to use the programmes, develop the protocols and
how to present the data. Thanks to Jack Simpson for the extra support with Pipeline Pilot and QSAR
Modelling. Many thanks to Jaclyn Bibby who built the homology models for C. neoformans and Human

B-tubulin, which are used for the docking protocols in this chapter.
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7.3 Molecular Modelling

It was important to attempt to understand how the compounds we were synthesising were binding
to the proposed target. This was carried out to aid understanding of the structure activity relationship.
Whilst benzimidazoles are widely known to bind to B-tubulin, the precise binding poses within the
active sites of C. neoformans and human B-tubulin are unknown due to no crystal structures being
available. This meant that generation of a homology model was necessary in order to assess the

binding of the molecules and understand the potential ligand-protein interactions.

7.3.1 Homology Models and Similarity

There are currently no crystal structures available for either C. neoformans or human B-tubulin. There
is a crystal structure available for Bos taurus, also known as common cattle, which shows a high degree
of similarity in amino sequence to both C. neoformans and of the human to C. neoformans (Table 7.1).
This showed an 81% identity and 91% similarity of Bos Taurus to C. neoformans and the human
showed a 90% similarity to C. neoformans. Work carried by Jaclyn Bibby in the University of Liverpool,
Department of Chemistry allowed for homology models of both C. neoformans and human B-tubulin

to be constructed from their amino acids sequences, based on the overall structure of Bos taurus.

Table 7.1. The identity and similarity of Bos Taurus and human B-tubulin when compared with C. neoformans B-
tubulin. Identity relates to the number of amino acids that are identical. Similarity is amino acids that are similar.

. Bos taurus B-tubulin Human B-tubulin
With respect to C.neoformans - : - :
B-tubulin N° of Amino Percentage N° of Amino Percentage %
acid residues % acid residues &
Identity 346/447 81.4
Similarity 405/447 90.6 402/447 89.9

Molecular docking looks at how a ligand interacts with the target binding site. It does this in terms of
conformation and orientation of a compound otherwise known as a pose. When looking at how a
ligand binds we generally want to see what molecular interactions are present and how this impacts
on activity. The process of docking starts by using docking algorithms to pose small molecules within
the chosen active site of the protein, which is a challenge given that even small molecules can produce
many different conformers and modes of binding. Scoring functions, which assess how strongly a

given binding pose interacts with the protein are the objective function in the docking process. *

Scoring functions rely on shape and what non-covalent interactions there could be, to evaluate how

well a compound will “fit’. If a particular conformer looks interesting, then it can be inspected in more
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detail, looking at non-covalent interactions, including electrostatic, H-bonding and Van der Waals

interactions. !

It is possible to look for a correlation between predicted strength of binding (Score) with biological
activity as it is hypothesised that those compounds with good activity, should also have good
complementary binding and therefore more likely to possess good binding scores. This approach can
then be applied to new molecules, which first can be docked and scored to see if they are likely to
produce biological activity and then synthesised if they are believed to be a suitable candidate. This
could save time and money as only compounds which are predicted to bind strongly would be

prioritised for synthesis.>?

Docking involves looking at the space within the binding site and how a ligand, in its large number of
orientations and conformations can be docked to find the most favourable pose. The docking
algorithms look at this ‘virtual space’ within the binding site and evaluate exactly how the ligand can
fit into the active site, given each ligand has a number of degrees of freedom, which leads to the vast
number of possibilities. Programmes such as GOLD, used in this project, can also take into account
some flexibility within the protein’s active site, usually from some rotation of amino acids side chains
and some further global energy minimisation, so give the lowest energy ligand-protein binding
interaction. Scoring functions are then used to rank each of proposed ligand conformations and how
tightly it binds to the active site. When using GOLD these binding scores used are known as CHEMPLP
scores. CHEMPLP score performs a force-field based scoring function, which looks at H-bonding and

Van der Waals interactions. 34

7.3.2 Identification of the Binding Site

Benzimidazoles are known to display a similar binding to colchicine so it was proposed that we would
start by investigating the binding site of colchicine (1).>7 Within the PDB databank there is a crystal
structure of colchicine bound to B-tubulin, within the crystallised tubulin protein derived from Bos

taurus in an Escherichia coli expression system.

The x-ray structure (PDB code 402A) shows the binding of colchicine to its binding site. From this, we
identified the amino acid residues that are within 5 A of colchicine, and this was used as our binding
site for docking. The homology model, which was built in house from a known protein sequence was
then aligned with this protein, to identify the binding site within both the C. neoformans and human

B-tubulin structures. Looking at the comparison of the 402A binding sites, we can see that they adopt
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a similar position (protein backbone), with some differences in amino acid residues, in the different

species.

Within the colchicine binding site there is a LEU 252 amino acid, which was identified as a possible
amino acid to be used as the residue to which new molecules are aligned to for their binding. This
does not directly bind to colchicine, but is within close proximity (3.0- 3.5 A). This was decided based
on alignment of our homology models with 402A. The LEU 252 is exchanged for a LYS 252 in both C.
neoformans and human B-tubulin and thus this amino acid was used as the binding site residue

reference for docking.

There is evidence for drugs that destabilise tubulin and prevent cell division binding to the colchicine
site, which is the proposed site for benzimidazoles to bind (Figure 7.2) (See Chapter 2, Page 34 for
more on benzimidazoles and tubulin). BAL27862 (2) is a novel microtubule destabilising drug, which
is implicated in the treatment of ovarian and breast cancers. It also has a benzimidazole moiety within
the core, which helps to give greater confidence to the potential of our own benzimidazoles binding
at this site.® Podophyllotoxin (3) is also known to bind to the colchicine site and destabilise B-tubulin

and is used in a wide range of medical applications including as an anthelminthic, antitumor and

9-11

antiviral agent, amongst many other applications.

Colchicine BAL27862 Podophyllotoxin
Figure 7.1. Colchicine (1) is a known B-tubulin binder, which binds at the colchicine site. BAL27862 (2) and

Podophyllotoxin (3) are also bound at the same site, as identified within crystal structures.

7.4 Comparison of Binding Sites

Comparison of the binding sites of C. neoformans and human B-tubulin can tell us a lot about what
sort of compounds may be able to bind preferentially to C. neoformans rather than human B-tubulin.
This was carried out by looking at all of the amino acid residues within 5 A of the bound molecule

Flubendazole (Table 7.2).
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Table 7.3. Identified amino acids in the C. neoformans and human B-tubulin binding site. Not Present* means
not identified as being part of the binding site. Green — conserved in both binding sites. — Found in only
one binding site. Red — different between the two binding sites.

C. neoformans Human
Not Present*
Not Present*
CYS 239 CYS 239
GLN 245 GLN 245
LEU 246 LEU 246
Not Present*
Not Present*
Not Present*
LYS 252 LYS 252
LEU 253 LEU 253
ASN 256 ASN 256
Not Present*
ALA 314 ALA 314
CYS 315 ALA 315
TYR 316 VAL 316
SER 350 LYS 350
ALA 351 THR 351
ALA 352 ALA 352

In total, there are 15 amino acids identified for both the C. neoformans and human binding sites (Table
7.2). There are a number of residues that are conserved between the binding sites. There are four
amino acid residues that are different, which could prove important for promoting selective binding,
as well as three residues that are present in one binding site, but not in the other. This produces a

similarity between the binding sites of 53.3%, based on having 8/15 amino acid residues conserved.

The cysteine 315 residue that is present in the C. neoformans binding site has been replaced by an
alanine in the human binding site (Figure 7.2). Cysteine has a polar neutral side chain versus alanine
which has an aliphatic hydrophobic side chain.?** There is a small change in size of the amino acids
as the cysteine has the additional larger sulphur atom off the side chain. This sulphur atom is also key
as it can form disulphide bridges in the protein, but importantly could form an S-S bond with a
molecule when it binds. This could be exploited as a way of designing compounds that are selective

for C. neoformans tubulin.
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] O
HS/\HJ\OH \HJ\OH
NH, NH,
cysteine alanine

Figure 7.2. Cysteine 315 in the C. neoformans binding site is swapped for Alanine 315 in the human binding
site.
In C. neoformans a tyrosine 316 residue has been swapped for a valine residue in the human binding

site (Figure 7.3). This shows an exchange of a hydrophobic aromatic residue for a hydrophobic
aliphatic residue, showing no change in hydropathy.'>* This does show some change in size due to
the bigger aromatic ring being swapped for a smaller iso-propyl group. The phenol group of the

tyrosine can also act as a H-bond donor or acceptor, this is lost when changed to valine and could

o} o}
OH MOH
NH, NH,

tyrosine valine

affect binding.

HO

Figure 7.3. Tyrosine 316 in the C. neoformans binding site is swapped for valine 316 in the human binding site.

In the C. neoformans binding site the serine 350 has been swapped for a lysine residue within the
human binding site (Figure 7.4). This an exchange of the polar neutral side change of serine 350 for a
charged basic side chain of the human lysine 350 at pH 7.1%* This changes the charge at this point
within the pocket. This is no change from aliphatic to aromatic, however lysine shows an elongated
side chain versus serine, which may affect the shape of the binding pocket. The OH of the serine can
undergo both H-bond acceptation and donation. The lysine can H-bond accept and donate as well,

however it has two hydrogen donors versus serine’s 1.

0] o]
HoN
HO%OH 2 WOH
NH, NH,
Serine lysine

Figure 7.4. Serine 350 in the C. neoformans binding site is swapped for lysine 350 in the human binding site.

In the C. neoformans the alanine 351 residue has been mutated to a threonine 351 residue in human
(Figure 7.5). This shows an exchange of a hydrophobic side aliphatic side chain for a polar neutral side
chain.'** Not a large difference in size as the threonine side chain has only been expanded by one
carbon. However, threonine has a side chain OH, which can act as both H-bond donor and acceptor,

unlike the alanine of the C. neoformans binding site, which may change binding properties.
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O OH O
%OH MOH
NH, NH,
Alanine threonine

Figure 7.5. Alanine 351 in the C. neoformans binding site is swapped for threonine 351 in the human binding
site.

The identification of these amino acid residues is crucial. Given that it is well established that
benzimidazole toxicity derives from its binding to human B-tubulin, design of analogues that can
selectively bind or interact with the residues indicated above that are present only in the C
neoformans binding site. The residues of particular interest are CYS 315, TYR 316 and SER 350 may
lead to future design of a selective compound with reduced toxicity, which is out of the scope of this

current work.

7.5 Benzimidazole Tautomerisation

Literature investigation showed that the benzimidazoles are regularly shown in two different
tautomeric forms, with their structures being used interchangeably. For this project, it was important
to understand any tautomeric binding differences, as different docking interactions may be observed.
Density Functional Theory (DFT) calculations have been employed to see if any energy difference can

be seen between the benzimidazole tautomers (Table 7.3).

Table 7.3. Energies calculated for the different tautomers of benzimidazoles, in order to determine the energy
minimum.

Tautomer DFT DFT Relative
(au) (kcal mol?) | Energies
O
N >—0Me
\©: S—NH -702.065177 | -440552.644 0
N
H
O
H
N >—0Me
\©: punvs -702.064864 | -440552.448 |  0.68
N
@)
H
N >—0Me
\©: >:N -702.061361 | -440550.249 2.40
N
H

DFT calculations were set up in water as the solvent and values quoted are calculated Gibbs free
energies (Table 7.3). DFT calculation show that tautomer 1 possesses the lowest energy, meaning it is

the most stable. Tautomer 2 shows a relative energy difference of 0.68, which is not significantly
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different and supports the theory that both of these tautomers are energetically favourable, and
interconvert readily. Tautomer 3 shows a greater relative energy difference of 2.40, indicating that it

is less likely to be present.

Due to the small energy differences between tautomers 1 and 2, tautomeric forms of our
benzimidazoles need to be taken into consideration when docking our compounds into the active site,

as in theory they could bind in either tautomeric form.

7.6 Docking Protocol

The crystal structure for both C. neoformans and human B-tubulin were unavailable. The sequence for
Bos taurus B-tubulin was most similar to both C. neoformans and human B-tubulin and thus was used

to create homology models of them both.

Table 7.4. Protocol used for docking.

Feature Protocol

Protonation Hydrogens added to the protein

No addition or extraction of waters as no waters incorporated into the
homology model

Ligands Ligands added as .sdf file, after energy minimisation

LYS 252 identified as being a residue in the binding site of Colchicine, so

Waters

Binding Site this was selected. Binding site identified within 5 A
Search Efficiency 200% efficiency
Number of GA runs 10 —terminated before this if 3 solutions found within 1.5 A RMSD
Lone Pairs Lone pairs not saved
Output Output poses saved as individual files to allow better inspection of each
pose
Scoring Function CHEMPLP score

A database was built containing all of the benzimidazoles produced on the project, and they were
separated into the different sub-templates. Each sub template was then subjected to a protocol to
produce the other tautomer using a protocol within pipeline pilot, which is discussed in the
experimental section (Figure 7.31, Section 7.14.3) and allowed for fast generation of tautomers for all
compounds with the project. All the compounds for each sub-template and their tautomers were then

docked into the active site of the protein using the docking programme GOLD.*

Molecules were then subjected to the docking protocol highlighted in Table 7.4. The binding pose with
the highest CHEMPLP score was then selected and visualised in PyMol (Table 7.12, Section 7.14.2).
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Potential interactions were identified using PyMol*® and ZincPharmer.'” Hydrogen bond distances

were measured as heavy atom to heavy atom.

7.7 Docking Studies

7.7.1 Flubendazole

7.7.1.1 Benzimidazole Sub-templates

Investigation of whether the other sub-templates bound in a similar manner to flubendazole was also
essential. Based on biological activity testing the thioether (MIC = 0.015 - >4 mg/L) and ether (0.06 -
>4 mg/L) classes of compounds some had improved activity over the starting compound flubendazole
(MIC = 0.125 mg/L). The biphenyl compounds had reduced activity (MIC = 0.5 - >4 mg/L) compared
with flubendazole. Identification of binding interaction differences between these sub templates

could help aid design of other analogues.

7.7.1.2 Flubendazole C. neoformans Binding Site

Given that flubendazole was the starting point for the project, we wanted to investigate its
interactions in the binding site of B-tubulin, in order to aid design of new ketone analogues as well as
new sub templates. As previously mentioned, the binding site has been found using flubendazole (4),
so with that already established we were able to look at the binding site interactions for both

flubendazole tautomers, in both C. neoformans and human B-tubulin.

As shown in Figure 7.6A, 4 interacts through a H-bond donor interaction to the carbonyl of the ASN
256 side chain. This is proposed to be a strong interaction as indicated by the short distance of 1.6 A.
There is also a H-bond acceptor interaction from the NH; of the side chain of the ASN 256 residue at
a distance of 3.2 A. There is also an additional acceptor interaction from a SER 350 residue with a
distance of 3.0 A. Finally, we can also observe an intramolecular H-bond between the carbonyl of the
carbamate and the NH of the benzimidazole core. This forms a pseudo six membered ring and may
help to lock the conformation, providing better binding interactions. For this tautomer, all poses
displayed similar binding scores, with the highest being 54.5, an average of 54.0 and a standard
deviation of 0.56. Visually, all binding poses looked very similar, with extensive superposition
observed. Furthermore, this binding pose shows the ‘tail’ or substituted aryl part of the molecule
buried in the hydrophobic pocket, which is observed for all analogues described in the following

sections.
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Looking at Figure 7.6B, we can see the proposed binding interactions observed for the other
flubendazole tautomer (4’) with in the C. neoformans binding site. We can see that the SER 350
acceptor interaction is identical to 4, with an identical length, which suggests it may be a key binding
interaction. However, for this tautomer interaction to ASN 256 are no longer observed, instead we
see interactions with LYS 252. There is an acceptor interaction from the carbonyl of the carbamate to
the NH, of the LYS 252 side chain, with a distance of the 2.7 A. There is also an acceptor interaction
from the N of the sp? nitrogen of the benzimidazole core, with a distance of 2.6 A. Both of the distances
indicate moderate strength H-bonding interactions. What is noticeable is due to the conformational
change there is no intramolecular H-bond in the carbamate region of the molecule. Whilst it may not
be necessary for activity, and for 4’ we are still seeing some binding interactions, it may bind less in
this tautomeric form and may be more favourable to bind as tautomer 4. For this tautomer, visual
inspection of the binding poses showed almost complete overlap, the highest CHEMPLP score being
58.1, the average 57.8 and a standard deviation of 0.33. It is worth noting that only when there is

score difference of over 10 is this considered significant.®
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Figure 7.6. Red — H-bond acceptors, blue —H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 4 and 4’ are represented
as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur — ,
fluorine — . Binding site residues selected around 5 A, represented as sticks where carbon — green,
nitrogen — blue, oxygen —red, sulfur — . Red sphere — H-bond acceptor, blue sphere — H-bond donor,
vellow sphere —hydrophobic interaction.
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7.7.1.3 Flubendazole Human Binding Site

Flubendazole (4) was also docked into the human B-tubulin binding site. This was carried out to
identify any potential binding difference that could be exploited to achieve selectivity. Benzimidazoles
have been identified as having potential toxicity issues due to their binding to human B-tubulin, which
is a problem in areas of the body where there is rapid cell division, such as the lining of the intestine,
resulting in gut toxicity, such as diarrhoea being observed.'® If there are differences in the binding
sites, then compounds could potentially be designed that are selective for C. neoformans B-tubulin,

over human B-tubulin, which may provide selectivity and reduce toxicity.

Figure 7.8A shows the first tautomer within the active site. We can see an acceptor interaction from
the carbonyl of the carbamate to the NH, of the LYS 252 side chain, with a distance of 2.9 A. This shows
potential issues with selectivity due to also being found in C. neoformans binding site, and appears to
be an essential binding amino acid residue for some of the templates. There is also a donor interaction
of the NH of the benzimidazole core to the side chain carbonyl of ASN 247, another residue which is
conserved from C. neoformans. Finally, there is also a strong interaction, with a distance of 2.2 A, from
the N-H of the carbamate to the backbone carbonyl of LEU 246, which is also implicated in being
important for activity in the binding of other templates. Furthermore, there is also a strong
intramolecular H-bond present, which may help to lock the conformation of flubendazole within the
human binding site. The binding pose for 4 shown has a CHEMPLP score of 53.7, an average of 53.5
(from 10 docking solutions) and a small standard deviation of 0.33. Visual inspection of the binding

poses showed good overlap, with only small differences in the position of the ketone.

We can also compare the second tautomer (4’) in Figure 7.8B, which also shows a number of strong
binding interactions. The acceptor interaction to LYS 252 and donor interactions to LEU 246 and ASN
247 still being present, despite the tautomerism. However, the tautomerism has resulted in a loss of
the pseudo six-membered ring that allowed for formation of the intramolecular H-bond. This
tautomer possessed an average value of 50.8, and highest CHEMPLP score of 53.2 and a relatively
large standard deviation of 1.44. From inspection of the binding; poses, it is clear to see why there is
a large difference in standard deviation. Whilst the position of the aryl ring bearing the fluorine is
similar in all poses, the position of the ketone, benzimidazole core and carbamate does vary in

orientation between the poses, even though the area with in the binding site remains the same.

So far, all the interactions highlighted indicate that achieving selectivity between the binding site of

human C. neoformans B-tubulin may be challenging. However, the human binding site is missing one

200



Chapter 7 Benzimidazole Computational Evaluation

key amino acid residue, SER 350, which was implicated in the binding of the ketone carbonyl of
flubendazole in the C. neoformans binding site. In the human binding site this has been replaced by a
LYS 350 residue. As discussed lysine is a more flexible side chain which, though having the potential
to undergo H-bonding with the ketone, isn’t ideally placed to do so. Furthermore, it is important to
understand what additional binding site interactions the human tubulin may have over C. neoformans.
The N-H of the carbamate appears to offer strong H-bonding in the human binding site, but no
interactions in the C. neoformans binding site. Removal of the N-H could result in some loss of binding

to human tubulin.

One proposed method of achieving this, was to methylate N-H, to produce compound 5. This was
attempted, however wasn’t synthetically possible via the normal method described in Chapter 2 for
producing the pseudo urea compound and ring closure. We attempted a methylation of the N-H of
the carbamate to produce 5, via synthesis of the appropriate urea. Whilst synthesis of the urea was

successful, the ring closure reaction wasn’t and thus the final product was not made.

0 0
N >~0Me
O O \>_N\
N
F 5 H
Figure 7.7. Compound 5 was proposed as an analogue that would more selectively bind to C. neoformans
tubulin over human tubulin, potentially reducing toxicity.
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Figure 7.8. Red — H-bond acceptors, blue — H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 4 and 4’ are represented
as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur — ,
fluorine — cyan. Binding site residues selected around 5 A, represented as sticks where carbon —green,
nitrogen — blue, oxygen —red, sulfur — . Red sphere — H-bond acceptor, blue sphere — H-bond donor,
vellow sphere —hydrophobic interaction.
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7.7.2 Thioethers

Given the excellent biological activity of some compounds within the thioether class, it was important
to understand the predicted binding and use this to rationalise the activity observed. This would allow

for easier design of future analogues, without having to synthesise all the compounds of interest.

Compound 6 is shown in Figure 7.9, having both of its tautomers docked into the binding site of C.
neoformans tubulin. For the first tautomer (Figure 7.9A) we can see a H-bond acceptor interaction to
the side chain NH; of the LYS 252 residue of the binding site, with a distance of 2.9 A. There are also
two H-bond donor interactions observed, firstly the N-H of the benzimidazole core binding to the back-
bone carbonyl of the LEU 246 with a strong interaction distance of 2.6 A. There is also a H-bond donor
interaction to the GLN 245 backbone carbonyl at a distance of 3.6 A. This wasn’t initially identified as
an interaction through PyMol, but was identified when looking at interactions through Zinc Pharmer,
and so the polar interaction range for PyMol was increased to encompass this. It is worth noting that
once H-bond is beyond the 3.2 A point, it is considered weak.2 2! Given the interaction between the
N-H of the carbamate and the GLN 245 residue has a distance of 3.6 A, it is considered a weak

interaction.

There is an additional intramolecular interaction between the N-H of the benzimidazole core and the
carbonyl of the carbamate, which aids in the formation of a pseudo six membered ring, which may
help to lock the compound into a more favourable binding pose. There are also a number of
hydrophobic interactions in the pocket of the binding site, which are identified through ZincPharmer
and are found in all of the compounds being discussed. This compound showed an average CHEMPLP
score of 54.4, with the pose shown possessing a score of 55.1 and a high standard deviation of 1.23.

This proved interesting, as there was near perfect overlap of the poses observed in the binding site.
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GLN 245 NH2

GLN 245 H2

Figure 7.9. Red — H-bond acceptors, blue — H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 6 and 6’ are represented
as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur — ,
fluorine — ¢y, Binding site residues selected around 5 A, represented as sticks where carbon — green,

nitrogen — blue, oxygen —red, sulfur —

. Red sphere — H-bond acceptor, blue sphere — H-bond donor,

vellow sphere —hydrophobic interaction.
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Figure 7.9B, shows the same compound, but with the alternative tautomer (6") docked in. It is
observed that the acceptor interaction for the carbamate carbonyl from LYS 252 and the donor
interaction of the carbamate N-H to the GLN 245 is conserved from the initial tautomer binding. New
interactions include two H-bond acceptor interactions on the N of the benzimidazole core, one to the
LYS 252 side chain, with a moderate distance of 2.7 A and one to the SER 248 backbone NH with a very
weak distance of 4.4 A. The binding posed observed possessed a CHEMPLP score of 51.7, with an
average score of 50.8 and a standard deviation of 0.84. Visually, all of the poses showed similar

binding, with some small differences observed in the position of the sulphur atom.

We also wanted to dock an inactive compound to see if anything about binding and activity could be
deduced. 7 was chosen with an MIC of >4 mg/L. Initially, similar binding interactions observed but
there is a difference in strength of these interactions. Figure 7.10A shows the same binding
interactions for 7 as seen for 6 Figure 7.9A. Table 7.5 shows the differences in bond strength for most
of the bonds are not significant, apart from for GLN 245, whereby it is 3.6 A for 6 and 4.3 A for 7. This
bonding interaction for 7 is very weak and could influence activity. The pose observed had the highest
binding score of 57.1, with an average score of 56.7 and a standard deviation of 0.39. Visual inspection

showed identical overlap of all of the binding poses.

Table 7.5. Hydrogen bond distance comparison for Compounds 6 and 7 for tautomer A.

Int:::;t;o:c\i/\élth A(‘fgecfsg oDS:c?)r Compound 6 Distance (A) | Compound 7 Distance (A)
LYS 252 Acceptor 2.9 3.0
LEU 246 Donor 2.6 2.4
GLN 245 Donor 3.6 4.3
Intramolecular - 2.8 2.6

For 7’, the same binding site comparison can be carried out and again all the interactions are similar,
showing similar H-bond distances, apart from the interactions at GLN 245, which are shorter for 6’ and
thus stronger. This may indicate the necessity for this interaction for the thioether class to have
activity. The pose observed showed the highest CHEMPLP score of 55.4, with an average of 54.8 and
a standard deviation of 0.78. Visually, all of the poses possess similar binding positions, but there does
appear to be some difference in the position of the sulphur, which results in moderate twisting of the

benzimidazole core and carbamate within the binding site.
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Table 7.6. Hydrogen bond distance comparison for Compounds 6’ and 7’ for tautomer A.

Interaction with

Acceptor/Donor (to

Compound 6’ Distance (A)

Compound 7’ Distance (A)

Amino Acid Compound)
LYS 252 Acceptor 2.7 2.9
LYS 252 Acceptor 2.7 2.8
SER 248 Acceptor 4.4 4.5
GLN 245 Donor 3.5 4.5
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Figure 7.10. Red — H-bond acceptors, blue —H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 7 and 7’ are represented
as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur — ,

fluorine —
nitrogen — blue, oxygen —red, sulfur —

. Binding site residues selected around 5 A, represented as sticks where carbon — green,
. Red sphere — H-bond acceptor, blue sphere — H-bond donor,

vellow sphere —hydrophobic interaction.
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7.7.3 Ethers

The ether class of compound was made as a direct comparison to the thioether class, in order to derive
analogues which would hopefully possess similar activity, with potential metabolism of the sulphur
negated. Whilst the ether class did produce compounds with good activity, they often proved to be
reduced when compared with the thioether class overall. Binding was carried out to compare these

classes to attempt to rationalise this difference in binding.

Figure 7.11A shows 8, which possessed an excellent MIC value of 0.06 mg/L. As seen with the
thioethers, we can observe an intramolecular H-bond between the carbamate and the NH of the core,
which may help to arrange the compound in the correct binding conformation. This compound shows
two H-bond acceptor interactions to the side chain of the LYS 252 and the OH of the SER 350 residue,
with distances of 2.9 A and 4.1 A respectively. A distance of 2.9 A shows a strong interaction between
the carbamate carbonyl and the NH; of LYS 252. This was also observed for the thioether class, and
for one of the tautomers of flubendazole, indicating it could be a key interaction. The SER 350
interaction of 4.1 A is considered a weak interaction, but has proven to be a key binding interaction
for the ketone class, and is an amino acid residue missing from the human binding site and could be
exploited for selectivity. There are also two NH donation interactions to the backbone carbonyl of
both LEU 246 and GLN 245, at distances of 3.1 A and 4.5 A respectively. A distance of 3.1 A shows a
moderate strength interaction, and the LEU 246 has also been implicated in binding with the thioether
class, however the distance observed was shorter, indicating a stronger interaction. A distance of 4.5
A, indicates a very weak interaction to GLN 245, much weaker than the 3.6 A interaction observed for
the thioether analogue. It is possible that the reason for the thioether class showing improved activity
versus the ether class could derive from the strong interactions with GLN 245 and LEU 246. For 8 the
pose observed had a CHEMPLP score of 51.4, with an average of 51.0 and a standard deviation of 0.34.

Visually, all poses showed almost identical overlap.

Figure 7.11B shows compound 9, which is an inactive ether (MIC of >4 mg/L). Overall, the binding
interactions observed are similar to the active ether 8 (Table 7.7). The interaction with the SER 350
OH, shows a shorter distance of 3.1 A, which indicates a stronger interaction than observed with 8.
However, there is no interaction of the core NH to LEU 246, which indicates that for the ether class
this could be important for activity. Targeting LEU 246 could be problematic as is present in the human

B-tubulin binding site
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Table 7.7. Hydrogen bond distance comparison for Compounds 8 and 9.

Interaction with

Acceptor/Donor (to

Compound 8 Distance (A)

Compound 9 Distance (A)

Amino Acid Compound)
GLN 245 Donor 4.5 4.2
LEU 246 Donor 3.1 -
SER 350 Acceptor 4.1 3.1
LYS 252 Acceptor 29 29
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Figure 7.11. Red — H-bond acceptors, blue — H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 8 and 9 are represented
as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur —
fluorine — . Binding site residues selected around 5 A, represented as sticks where carbon — green
nitrogen — blue, oxygen — red, sulfur — . Red sphere — H-bond acceptor, blue sphere — H-bond donor,
vellow sphere —hydrophobic interaction.
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7.7.4 Morpholine Derivatives

The ether derivatives were extended on the aryl ring to give an elongated side chain with the addition
of a group to enhance water solubility. The morpholine derivative (10) showed initial activity in the
MIC assay (0.25 mg/L) and good in vivo activity in mouse models, exhibiting over a 3 log drop in fungal

density. Therefore, it was important to see if any binding interactions could be predicted.

This image below (Figure 7.12) is observed from a different view point due to a small difference in the
binding position of the morpholine derivative (10). Firstly, we can observe some H-bond acceptor
interactions to ASN 256 and SER 350, which have previously been implicated in the binding of
flubendazole (4). The NH; of the ASN 256 side chains shows two interactions to the carbamate
carbonyl and the sp? N of the benzimidazole core, with distances of 4.1 A and 4.0 A respectively. This
shows two weaker interactions compared with 4. The SER 350 interaction is also weaker than
observed in 4 at 3.9 A. 10 shows two other H-bond donor interactions to THR 312 from the NH of the
carbamate and NH of the benzimidazole core, with distances of 4.7 A and 3.2 A respectively. Whilst a
distance of 4.7 A shows a very weak interaction, 3.2 A shows a stronger interaction, which may be
important for the morpholine class and binding. The pose show for 10 has a score of 59.6 and the
average binding score of 54.8 and a large standard deviation of 2.75. When visually inspecting the
binding poses calculated, 7 out of 10 possess a similar binding position, however three out of ten show
different binding positions, particularly regarding the carbamate, which accounts for the large

standard deviation.

Notably, the morpholine derivatives are thought to bind in a similar manner to the other analogues
with the aryl ring, ethyl chain and morpholine fitting into the pocket of the active site due to a good
spatial fit between size and shape of the morpholine and the pocket. The carbamate is also more
exposed to the edge of the pocket, due to the extended length of the morpholine derivative when

compared with other analogues.
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Figure 7.12. Red — H-bond acceptors, blue —H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compound 10 is represented as sticks
where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen —red, sulphur — , fluorine —
. Binding site residues selected around 5 A, represented as sticks where carbon — green, nitrogen — blue,
oxygen — red, sulfur — . Red sphere — H-bond acceptor, blue sphere — H-bond donor, vellow sphere —
hydrophobic interaction..
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7.7.5 Ketones

Whilst flubendazole binding has been extensively investigated at the beginning of this chapter, we
also investigated binding of both an active and inactive ketone, as observed in Figure 7.13. Compound
11, a 4-methoxy, derivative possessed an identical MIC value to flubendazole (4) of 0.125 mg/L. 11
shows identical binding to 4, with acceptor and donator interactions to ASN 256, with distances of 3.0
A and 1.6 A being identical to those shown in 4. The hydrogen acceptor interaction from the ketone
to the OH of the SER 350 side chain is maintained at a distance of 3.0 A and there is an intramolecular
H-bond present that has previously been observed. This binding pose is conserved amongst the active
analogues docked. The pose observed in Figure 7.13A possessed score of 55.9, average pose score of
50.7 and a standard deviation of 4.20. Visual inspection of the binding pose showed that whilst the
functionalised aryl ring was bound similarly in all examples, the carbamate showed significantly

different binding across the poses.

Figure 7.13B shows the binding of an inactive ketone, 12, which has an MIC of >4 mg/L. The binding
interaction to the SER 350 residue is maintained, with a moderate strength interaction at a distance
of 3.0 A. There is still binding to the ASN 256 residue, however rather than observing two interactions
with the side chain of this residue, instead only one donor interaction is observed to the backbone
carbonyl of ASN 245, through a strong interaction (2.0 A). The pose observed has a high CHEMPLP
score of 63.7, and average for the binding poses of 61.6 with a standard deviation of 1.53. This large
standard deviation can be accounted for when the binding poses are inspected, whereby 7 out of 10
of the poses are similar to that observed in the Figure 7.13B, however 3 of the poses shows binding
more similar to that usually observed for the ketones, but have the lowest CHEMPLP scores in the
range. There are a reduced number of interactions present for the inactive analogue, and it gives rise
to the hypothesis that extent of binding to the side chain of ASN 256 may be essential for ketone

activity.
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Figure 7.13. Red — H-bond acceptors, blue — H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 11 and 12 are
represented as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur
- , fluorine — . Binding site residues selected around 5 A, represented as sticks where carbon —
green, nitrogen — blue, oxygen — red, sulfur — . Red sphere — H-bond acceptor, blue sphere — H-bond
donor, yellow sphere —hydrophobic interaction.
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7.7.6 Biphenyls

The biphenyl class shows lower MIC values (0.5 - >4 mg/L) when compared with other classes,
however does possess improved solubility. It was important to understand the binding interactions
this class possesses so that improved analogues could be designed for better activity. Investigation of
the binding site for the biphenyls, showed that size and position of substituents led to larger variations
in binding interactions when compared with other classes. This can be rationalised as the
benzimidazole core and derivatised aryl ring do not have a rotable bond linking them. This results in
less flexibility within the molecule, so more dramatic changes in binding are observed to
accommodate the different groups. To exemplify the potential differences in binding, two active

analogues and two inactive analogues have been docked.

7.7.6.1 Active Biphenyls

Figure 7.14A shows the binding pose for 13. This 2-F biphenyl (13) possesses an MIC of 1 mg/L, which
normally is considered good activity for C. neoformans, but isn’t as biologically active as other
templates within this project. There are two H-bond donor interactions that can be observed to the
side chain of ASN 256 and the backbone carbonyl of LYS 252 at distances of 1.9 A and 4.0 A
respectively. The interaction with ASN 256 is considered a strong interaction, and is observed for a
number of other templates. There are also three potential acceptor interactions to ASN 256, LYS 252
and SER 350 of distances 4.5 A, 4.6 A and 5.0 A respectively, all of which are very weak interactions.
The pose shown possesses a binding core of 51.0, with an average score of 49.4 and a standard
deviation of 1.78, which is quite large considering all of the binding poses line up, with no significant

difference in the orientations observed.

If we look at Figure 7.14B, we can see the binding of 14, a 2-Me analogue which also showed an MIC
of 1 mg/L. We observe some conservation of the binding interactions seen with 13 (Table 7.8). There
is still the presence of two LYS 252 interactions, which show shorter interaction distances of 3.1 A and
3.9 A when compared with the same interactions in 13. The donor interaction at a distance of 2.0 A is
still present, however the acceptor interaction is not. Furthermore, there is also no interaction with
SER 350 in 14, although this was a very weak interaction in 13. This also seems to be congruent with
other templates. Notably, given that the images in Figure 1.14 are from the same view point, we can
see that due to the larger 2-Me group, the rest of the molecule must twist slightly within the binding
pocket in order to accommodate the larger group. Given the pocket is considered hydrophobic, the

additional methyl group on 14 may facilitate additional hydrophobic interactions, improving activity.
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The pose visualised possessed a CHEMPLP score of 46.6, with a pose average of 46.3 and a standard

deviation of 0.27. All binding poses showed almost identical binding for this analogue.

Table 7.8. Hydrogen bond distance comparison for Compounds 13 and 14.

Int:r?i(:::c\:gth A(fgecfr?g ODS:‘;); Compound 13 Distance (A) | Compound 14 Distance (A)
SER 350 Acceptor 5.0 -
LYS 252 Acceptor 4.6 3.1
LYS 252 Donor 4.0 3.9
ASN 256 Acceptor 4.5 -
ASN 256 Donor 1.9 2.0
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Figure 7.14. Red — H-bond acceptors, blue — H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 13 and 14 are
represented as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur
- , fluorine — cvan. Binding site residues selected around 5 A, represented as sticks where carbon —

green, nitrogen — blue, oxygen —red, sulfur —

. Red sphere — H-bond acceptor, blue sphere — H-bond

donor, yellow sphere —hydrophobic interaction.
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7.7.6.2 Inactive Biphenyl Derivatives

To assess what amino acids might be essential for binding, an investigation into the binding poses of
inactive biphenyls was undertaken. Figure 7.15A shows 15, a 3-F derivative which possessed an MIC
of >4 mg/L. It still maintains an interaction with LYS 252 at distance of 4.0 A, a weak interaction, but
is a shorter distance than the same interaction in 13. There is also an interaction with SER 350 at a
distance of 2.3 A, which is also shorter than that observed in the active analogue 13. However, this
interaction is now a donor interaction from the core NH, rather than an acceptor interaction that is
observed for all other templates binding at SER 350. We also observed an additional acceptor
interaction from the backbone NH of SER 248, which is a very weak interaction at a distance of 4.8 A.
Comparing the binding of 13 to 15 in the binding site, we can see that 15 lies “flat” within the binding
pocket, whereas 13 which is active, twists more due to accommodating 2-F into the binding pocket.
The average CHEMPLP score for the binding poses was 48.7, with a standard deviation of 3.19 and the
pose observed having a score of 54.4. The binding poses show almost perfect overlap, with only some

small changes in the orientation of the carbamate end.

Figure 7.15B shows a 2-iPr derivative, 16, which also has an MIC of >4 mg/L. Compared with the 2-Me
derivative 14, this group is a lot bigger and in order to accommodate the aryl ring in the pocket there
is a large change in conformation. This changes the binding interactions substantially, so now there
are only two H-bond acceptor interactions to the ASN 256 side chain NH, at moderate strength
distances of 3.1 A and 3.2 A. The binding pose shown has a CHEMPLP score of 54.9, an average of 51.9
and a standard deviation of 2.10. Inspection of the binding poses for 16 show nine poses that are
almost identical, with only small changes in the carbamate and one that shows completely different
binding, with none of the molecule sitting in the binding pocket. Binding evaluation of actives (13 and
14) and inactives (15 and 16) appears to indicate that interactions with both LYS 252 and ASN 256 are
essential to activity. Furthermore, substituents of the correct size also ensure the correct binding

conformation, meaning biological activity is achieved.

Table 7.9. Hydrogen bond distance comparison for Compounds 15 and 16.

Int:;?i;téoxc\;\élth ACC%?&ZODS:S; (to Compound 15 Distance (&) | Compound 16 Distance (A)
SER 248 Acceptor 4.8 -
SER 350 Donor 2.3 -
LYS 252 Acceptor 4.1 -
ASN 256 Acceptor - 3.1and 3.2
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Figure 7.15. Red — H-bond acceptors, blue —H-bond donors. Docking pose is visualized with PyMol. Protein is
shown as a surface representation coloured 40% transparent light blue. Compounds 15 and 16 are
represented as sticks where carbon — Light Blue, hydrogen — white, nitrogen — dark blue, oxygen — red, sulphur
- , fluorine — cyan. Binding site residues selected around 5 A, represented as sticks where carbon —
green, nitrogen — blue, oxygen — red, sulfur — . Red sphere — H-bond acceptor, blue sphere — H-bond
donor, yellow sphere —hydrophobic interaction.
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7.8 Correlation between Activity and CHEMPLP Score

We investigated if there was a correlation between CHEMPLP docking score and activity for the
different compound classes. This involved turning our minimum inhibitory concentration values into
more useful numbers by converting into molar units, and then converting into 1/molar. This was then
plotted against CHEMPLP score. This was carried out for both the thioether and ether class, with the
thioether class plot displayed below (Figure 7.16). It is clearly observed that there is no correlation
between activity and CHEMPLP score, with a R? value of 0.0002 for the thioether class and 0.0006 for

the ether class. This also didn’t show any further correlation when individual tautomers were

investigated.

Thioether Activity (1/mol) Plotted Against CHEMPLP score
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Figure 7.16. Activity was plotted against average CHEMPLP score for each compound, and it was clear that
there was no correlation observed.
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7.9 Binding Overview

It is worth noting that this section on binding offers a qualitative overview of expected binding of
benzimidazole with C. neoformans and human B-tubulin. Crystal structures would be required to gain
a more accurate understanding of the binding poses, which could then inform decisions about the
design of new analogues. This could be used to rationally design new and improved analogues, which
may allow for the addition of solubilising groups, without affecting activity. This is assuming that the

crystal structures obtained capture the pharmacologically relevant interactions.

From the binding of all the templates we can see a number of amino acids residues which appear to
be important to activity, including GLN 245, LEU 246, SER 350, LYS 252 and ASN 256. These amino
acids appear to show important binding interactions across a number of the templates. Furthermore,
SER 350, which is shown as a binding interaction in the ketones, ethers and biphenyls, is changed to a
LYS 350 in the human binding site. In the future, design of new analogues could exploit this difference

to create compounds that more selectively bind to C. neoformans B-tubulin.
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7.10 Quantitative Structure Activity Relationship Studies

7.10.1 What is QSAR Modelling?

QSAR stands for Quantitative Structure Activity Relationship. This explores the relationship between
biological activity and chemical structure, in order to help understand the molecular features that are
important for activity and aid the design of new drug candidates.?” 23 Chemical structure is related to
properties of the molecule which include electronic features, lipophilicity and steric parameters.?*
QSAR involves statistical analysis of sets of data to develop a model that can accurately predict
biological activity of a novel candidate, providing it falls within the “applicability domain” that the

model was built on.

Building of a QSAR model involves using statistical and mathematical methods to determine 2D

relationships and it does this using the following;

Pi is the biological activity of the molecules. The D coefficients are either experimental or calculated
structural properties and these are often referred to as molecular descriptors. K’ is a mathematical
transformation which is applied to the descriptors for all of the molecules. QSAR modelling is then
used to see if a trend in the molecular descriptors determined can be correlated to biological activity.?
QSAR doesn’t concern how the ligand binds within the active site and what pose it has. This falls more
into the realms of molecular modelling, and isn’t always completely accurate as analogues can bind
very differently in the crystal structure than what was predicted. Instead, we look at how different

structural features can influence activity.?*
QSAR methodologies can be classified depending on the way the descriptor values are derived and

used to observe correlation (Table 7.10). There are also 4D, 5D and 6D QSAR methodologies, which

take into account additional “dimensions” such as conformation.?®
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Table 7.10. Different QSAR Models that can be used.?
QSAR Methodology Description
The correlation of biological activity and calculated/experimental
properties such as pKa,, molecular weight or logP
The correlation of biological activity with structural patterns such as
2D-QSAR 2D pharmacophores, but not taking into account any 3D
representation
The correlation of biological activity with interaction fields
surrounding the molecules that are non-covalent in nature.

1D-QSAR

3D-QSAR

7.10.2 Why do we want to undertake QSAR studies?

QSAR is used often in medicinal chemistry projects for a number of reasons. Firstly, when starting a
project, large numbers of compounds are often investigated. Prioritisation of what compounds should
be screened and synthesised as starting points is essential if a new project is to move forward quickly.
Secondly, once compounds are being synthesised, biological data can often lead to the design of
numerous other analogues. Using models that can predict which of the compounds will have the best
activity, prioritisation of these compounds can occur, meaning only the candidates that are likely to
be successful are synthesised. If QSAR can predict what molecules should be made as a priority, this

can be hugely efficient, saving both time and money.?

Not only could QSAR help the organic and medicinal chemists, but also biologists. Biological assays
possess their own issues. They are time consuming, not always completely applicable to the disease
model, costly and ethically are problematic as most biological assays require some animal sacrifice.
This involves either testing the compounds directly in animals, or through growth of the disease in
animals, to be used in in vivo and in vitro assays.”® We need to be able to link biological activity with
molecular descriptors. Methods that allow for determination of this link are discussed in the following
sections. The flow diagram in Figure 7.17 gives an overview of the QSAR process, with the following

sections discussing this in more detail.
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Figure 7.17. The training and testing of the model is displayed in a simple flow diagram and discussed in more
detail in subsequent sections.

7.10.3 Molecular Fingerprints

Molecular fingerprints are a way of encoding the structure elements of a molecule into numerical
data. They allow for screening of large chemical databases via the representation of chemical
substructures, but are also used for analysis tasks including classification and similarity searching. For

this project, we are more interested in a specific type of fingerprint known as Extended-connectivity
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fingerprints (ECFPs) and they look specifically at the relationship between molecular features and
activity, which in this case is biological activity. This can then be used to determine whether

substructure can be used to predict activity.

ECFPs exhibit a number of important properties that allow for their use in structure activity modelling.
Firstly, they can be very rapidly calculated. This is important when handling large sets of data and
when large numbers of molecular fingerprints need to be calculated. They represent molecular
structure via circular fingerprint, which looks at the surrounding atoms. This therefore takes into
account local structural information, not just what is directly connected to an atom.?*?° Importantly,
they give information that denotes whether a substructure will allow for activity, or whether it inhibits
activity. This is important as for a more complete understanding of SAR, both are required. They are
also not predefined meaning they can represent an infinite number of features, depending on the
data set the ECFPs are learned from. This also means that stereochemical information can be obtained,

which is particularly important in medicinal chemistry projects.

O 1: 734603939
Considering atom 1 in benzoic acid amide 6 2: 1559650422
3: 1559650422
4: -1100000244
A 2 3 4 5: 1572579716
1 NS 6:-1074141656

A A 2
Iteration 0 Iteration 1 Iteration 2

Figure 7.18. Circular fingerprints take into account local structural information. Reproduced from; Extended-
Connectivity Fingerprints, D. Rogers et al.

The generation of ECFPs is a three-step process, which first involves assigning each atom a number
(identifier) which forms the initial fingerprint set. Each atom then gathers its own identifier along with
identifiers from neighbouring atoms. They then simplify this information back into a single integer
identifier, which now contains information about the original identifiers, with the new information
attached. This information is then added to the atom in a sequence of numbers known as a hash string
and this is shown in Figure 7.18. This is then repeated through a number of iterations. Once this
‘training’ part is done, they then remove duplicates and then the integers that are left give the ECFP
set. These ECFPs are structural features that are left as fingerprints for this project, given the non-

trivial nature of conversion of these fingerprints into usable, defined structures.?”3°
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7.10.4 Applicability Domains

The applicability domain is a theoretical area which defines a level of confidence on any given
molecule’s predicted property. This is based on how similar a new structure is compared to the
compounds the model was built on. This is important because how reliable a QSAR model is depends
on the confidence of predicting activity for compounds that fall within the applicability domain.3%32 A
restrictive applicability domain implies that the model learned will be reliable at predicting activity for

a limited number of compounds that will be closely related to the training set.

Within Pipeline pilot, during the learning process the applicability domain can be defined. It can do
this in two ways; firstly by tracking the property ranges, whereby it can detect any out of range values,
and allows for indication of the models domain of applicability. The learning process can also perform
an OPS (optimum prediction space) analysis where it determines the optimum prediction space in
which the model can reliably make prediction. This imposes tighter criteria on the prediction than

simply tracking property ranges.>

7.10.5 Random Forest Model

A random Forest is described as an ensemble of classification trees created from bootstrap samples
of a set of training data and looking at the importance of a random set of descriptors and then a
prediction is made when the outcomes of these trees are added together. In order to understand the

process that is occurring here some processes and terminology needs to be defined.

The term bootstrapping, in relation to decision trees, means to take a smaller sample of data from a
larger set of data. This larger set of data, when we start running a random forest model is known as a
training set. A training set of data is a series of compounds with known descriptors and data for the
property you are looking to predict, in this case whether something will be biologically active or not.
We then also use test sets, which are smaller set of compounds that we use to test the accuracy of
the model produced, where their activity is known, but crucially were not part of the training set. This

allows us to validate the accuracy of the model built. 3

Random forest models are formed from a number of decision trees, which are the building blocks of
this model. Decision trees individually can handle high-dimensional data and can ignore irrelevant
descriptors, but individually have a low level of accuracy when it comes to predicting outcome.
Individually, a decision tree can only learn from the data we give it, and this gives a propensity to

overfitting the data, which can therefore lead to inaccurate predictions. However, the random forest
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model, a supervised machine learning model, relies on an ensemble of decision trees. The Random
Forest model has proved to be the most robust method due to its built-in ability to measure prediction

accuracy and measure the importance of molecular descriptors. 23 3% 36

During the Random Forest Model, each decision tree will be based on a randomly selected
bootstrapped sample of data, and the tree will grow until it reaches a maximum size, where no further
splits are possible. Further randomness is incorporated because at each node in the tree a split is
based on a randomly selected subset of descriptors, rather than attempting to choose the best split
from all the descriptors. This additional randomness of the best splitting at nodes ensures no over-
fitting of the data occurs. There is then repetition of the growth of the decision trees, so that n trees
are grown. We then take all of the decision trees together, and a majority vote of all the trees is taken

at the end to give the classification. (Figure 7.19). 3>%7
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Figure 7.19. The random forest model builds a number of decision trees and then combines them
together to provide a stable predictive model. Blue circles are decision nodes. Red and Green circles
are terminal nodes. Reproduced from; Tuning the parameters of your Random Forest model, T.
Srivastava.’

The important thing about the Random Forest model is that it provides an assessment of the
performance of the model produced, as it is producing the model. Ideally, if this was done using a
large number of compounds, for example around 1000, we would use 900 for the training set and 100
as the test set. Unfortunately, the majority of academic and even some industry based projects don’t
have the luxury of 100s of compounds, rather have only around 100. Instead on the 100 compounds
we have, we need to carry out some cross validation to gain some understanding how accurate this
model is. Random Forest conveniently carries out its own cross validation as it carries out the training
step. This is known as an Out-of-Bag (OOB) estimate of performance. During bootstrapping, as

described above, some molecules are left out of the training samples, and these are what form the
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0OO0B sample, and these are what are used to estimate the prediction performance of the decision tree

ensemble and thus the model.

We also need to be wary of the applicability domain for any model produced. We build our data on a
test set of compounds and when we use our model we a bound by the prediction restrictions based
on that. In a very simplified way, if our training set contained only compounds between 200 and 500
molecular weight, we wouldn’t necessarily expect an accurate prediction for activity for a compound
that has a molecular weight of 150 or 600. This also applies to a number of other molecular
descriptors, and needs to be considered when any output is given, but also how we curate the training

set data.?®

7.10.6 Receiver Operator Characteristic Curves

A ROC curve employs a two-alternative forced choice (2AFC), also known as a binary classification. For
the project described, this is active or inactive.®® A receiver operator characteristic (ROC) curve shows
the plot of the true positive rate against the false positive rate in a binary classification system.3®%°The
ROC score obtained from a ROC plot is a measure of how good a model is at classifying molecules

correctly. For this project, it would be classifying them correctly as active or inactive.

The true positive rate is known as sensitivity or probability of detection. This is determined as a
number between 0 and 1 and is based on the ratio of the number of identified actives or true positives
(TP) to the total number of actives. The total number of actives is a combination of true positives and

false negatives (FN). This can be given by the equation (Figure 7.20);3% 4

selected actives _ TP
Ntotal actives TP +FN

oy . N
Sensitivity=

Figure 7.20. The equation that determines sensitivity, which is based on the number of positives identified
versus the total number of actives

The false positive rate indicates how specific the model is, and relates to the percentage of truly

inactive compounds that are identified. This is given by the equation (Figure 7.21);*

Ndiscarded inactives _ TN
Ntotal inactives TN +FP

Specificity=

Figure 7.21. The equation that determines specificity, which is based on the number of true negatives (TN) and
the total number of inactives.
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We can then plot this as a curve with ROC space (Figure 7.22). This is plotted as sensitivity as a function
of 1-specificity. From this curve, we can calculate the area under the curve (AUC), which provides with
a ROC score and enables us to quantify the performance of the model. The perfect classification, or
one that has 100% specificity and sensitivity would cross through coordinates (0,1) and would possess
an AUC of 1. A diagonal line that runs through the middle of the graph, through (0,0), (0.5,0.5) and
(1,1) shows the outcome if the prediction was just a random guess of whether a compound would be
active or inactive. This should be the curve produced upon flipping an un-biased coin as there should
be a 50/50 probability of obtaining head or tails and possesses an AUC of 0.5. In Figure 7.22, A shows
a classification where there is a low number of false positives, however it shows reduced sensitivity
so isn’t detecting all of the true positives. B shows a completely random performance. C indicates a
prediction worse than random. This could mean it is determining useful information, but it isn’t
applying the information towards prediction in the correct way. C’ is better than A and much better
than random, but still isn’t perfect. In reality, most curves lie in between the line for random guess
and the perfect classification. The closer the curve is to the perfect classification, the more reliable
the model should be at predicting the outcome. If this is applied to our project, it should be more
reliable at predicting whether a compound is active or inactive.*
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Figure 7.22. A receiver operator characteristic curve plots the true positive rate against the false positive rate.
The curve given has a value which indicates how accurate the model is at predicting whether a compound is
active or not. Reproduced from; ROC Space work by K. Walz.*
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7.11 Design and Testing of a QSAR Model

7.11.1 Pipeline Pilot Protocol

Pipeline pilot was used as the software to carry out machine learning (Figure 7.23). First of all, a
database of compounds was compiled with MICs and compounds classified as active or inactive based
on an MIC cut off value. For most of the templates this activity cut off is 0.5 mg/L, i.e. <0.5 is classified
as active as some classes of the benzimidazoles show excellent activity. For the biphenyl class the cut
off was set at 2 mg/L due to this class being less active overall and if set as the original cut off, would
have resulted in no active compounds. The next stage involved the calculation of molecular weight
and molecular fingerprints. These molecular fingerprints are parts of the molecule that correspond to

a structural motif. 28-3°

Finally, the last stage is the machine learning protocol. This is where the random forest protocol is
used to produce a model, using the molecular weight and fingerprints. This can then be used to predict
the activity of novel compounds, classifying them in a binary manner. There are also extra functions
which mainly concern data processing that produces tables confirming the classification of the

compounds, the ROC plot and ROC score and importance rankings for particular features.
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Figure 7.23. The protocol used for generating the Random Forest Model. This learned model can then be used to predict whether a compound is likely to be active or not,
which may help to aid future design and synthesis of new compounds
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7.11.2 Pipeline Pilot Results - Training

7.11.2.1 Complete Benzimidazole Library

Our own database of 134 compounds was subjected to the pipeline protocol listed above. The
protocol produced a ROC curve based a total number of 500 decision trees, with 15 random variables
tried at each split. The ROC curve generated had a score of 0.85 (Figure 7.24). This is much higher than
a score of 0.5, which is very good performance but not a perfect classification. We can also see there
is a reasonable balance between the number of predicted actives and inactives. This suggests that the
model produced should have an 85% chance of being able to distinguish between an active and
inactive class. It is important to note that within this data set there are compounds included from the
thioether, ether, biphenyl and ketone classes, as well as a number of other compounds that don’t
belong to a particular class due to differences in side chain structure. This gives a wider data set for
the machine learning process. This also helps to increase the ROC score and increase the likelihood of
the model predicting accurately whether new compounds are active. The balance of actives: inactives
is also important when constructing the training set. If it is too heavily weighted to either side, then

the model could generate biased predictions. In this database there are more inactives to actives (81

:53).
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Figure 7.24. The ROC curve produced when a training set of 134 benzimidazoles was screened against a
Random Forest Protocol.
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Figure 7.25 shows the property importance. We can see that molecular weight is the most important
property, followed by a number of molecular fingerprints. These fingerprints are ranked in accordance
to how important they are in correctly predicting the activity of a compound. It isn’t possible to map
the fingerprints onto molecular fragments, but the power of the approach is in future virtual screening
and prioritisation of molecules. For compounds we want to synthesise, application of this model will
use the molecular fingerprints generated from the new compounds and align them to what the model
has learnt, allowing for prediction of activity.
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Figure 7.25. The molecular fingerprint importance plot produced when a random forest model is built for the
whole benzimidazole class.

7.11.2.2 Thioether ROC Score

The thioether class was subjected to the pipeline pilot protocol (Figure 7.26). This was carried out for
32 compounds in the database, all of which possessed measured biological activity. We can see from
the results that the ROC score for this dataset is 0.61, this indicates it is better than simply randomly
guessing, but is not as good at predicting activity as when the whole class of benzimidazoles is
screened together as seen in Figure 7.25. The number of decision trees for this screening was
increased from 500 to 1000, to see if this would help to generate a better model with an improved

ROC score. Only a small increase was observed from 0.6 to 0.61. There was also only 10 variables tried
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at each node. Given that extra computer power must be dedicated to building extra decision trees,
the outcome is not significantly different and perhaps does not warrant the addition computational

time.
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Figure 7.26. The ROC curve produced when A training set of 32 thioethers were screened against a Random
Forest Protocol.

7.11.2.3 Ether ROC Score

The ether class was also subject to the modelling and showed a ROC score of 0.83, when a total of 42
ether compounds were screened, which also included the morpholine ethers (Figure 7.27). A ROC
score of 0.83 is considered good and gives a higher chance that the model will predict any new
compounds activity correctly. There is also a good balance of actives to inactives (22 : 20), with only a
small number of false positives and negatives being observed. This was carried out using 500 decision
trees with 10 variables tried at each split. The importance plot showed molecular weight as being the

most important factor.
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Figure 7.27. The ROC curve produced when A training set of 42 ethers were screened against a Random Forest

Protocol.

7.11.2.4 Biphenyl QSAR

The biphenyl class, which contains 18 compounds was also subjected to the protocol. The cut off value

for the classification of activity had to be changed from 0.5 mg/L to 2mg/L given the biphenyl class has

inherently lower activity and in order to give more balance to the ratio of actives: inactives (7:11). The

ROC plot produced showed a curve that sat closer to the line indicated for random guess, though with

a ROC score of 0.60, it does indicate that the model should be better at predicting whether compounds

are active than pulling results out of a bag. Again, molecular weight was of the highest importance.

235



Chapter 7 Benzimidazole Computational Evaluation

ROC plot for out-of-bag (OOB) data

1.0

@ _|
o
=
—
= © _|
= (=1
@
&
_51_.}
]
o
@
=
,";
£ I
o Number of Trees = 500
= Variables tried at each split= 10
ROC Score — 0.5974
Predicted
™~ _]
= _ Active Inactive
g
5 Active 3 4
<
Inactive 8 3
=
o T T T T
00 02 0.4 0.6 08 1.0

False Positive Rate (1-specificity)

Figure 7.28. The ROC curve produced when A training set of 18 biphenyls were screened against a Random
Forest Protocol.

7.11.3 Pipeline Pilot Results — Test

With our benzimidazole model built for the benzimidazole class from our training set, we now needed
to carry out a test of model to see how accurate it is a predicting new compound activity for molecules
that the model had not seen. This is done through a test set of compounds that haven’t been a part
of the set the model was trained on. These compounds used for validation of the model, need to have

activity associated with them.

7.11.3.1 Test Protocol

The test set containing a different set of compound was saved with information determining whether
these compounds were active or inactive, based on the activity cut off of 0.5 mg/L used for building
the model. We then use the model that was built to classify the test set of compounds as active or
inactive. The classification model evaluation then decides whether the model have correctly predicted
the activity of each compound and generates a ROC score based on the accuracy of the model’s

prediction from the test set of compounds (Figure 7.29).
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Figure 7.29. The protocol used for testing the model produced from the training protocol highlighted above.

7.11.3.2 Test Results

The test set investigated contained 12 compounds of known activity and were subjected to the model
learnt from the training set. It produced a good ROC score of 0.69, which in combination with the
shape of the graph shows this model is significantly better at predicting a compound’s activity than
just drawing activity from a bag. When we use a test set of data and for our compounds we will want
to test in future, we need to consider the applicability domain. A researcher cannot give an accurate
prediction of a compound’s properties if it is significantly different to the compounds that the model
was built on.”® The benzisothiazolinones and benzoxaboroles (Discussed in Chapters 8 and 9) have a
distinctly different structure and would not lie in the applicability domain of this model, which means
any activity predictions would be unreliable. The colours of the lines on the graph indicate which
compounds fall within the applicability domain. Those in green do, those in red don’t and we can see
that all of the compounds that formed part of our test set fell within the applicability domain. This
means the ROC score produced for the test set, isn’t biased by compounds the model can’t predict

activity for.
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Figure 7.30. The ROC curve produced when A test set of 12 benzimidazoles were screened against the Random
Forest Model learned from the training set.
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7.12 Conclusion

The computational aspect of the project has identified the binding site for C. neoformans and human
B-tubulin, noting some differences in the binding sites, which may allow for the development of C.
neoformans selective analogues. A protocol for binding and visualisation of benzimidazoles was
established using GOLD and PyMol. We have also identified some key binding site interactions that
may determine why some compounds and classes are more active than others. Investigation into
whether CHEMPLP score was linked to activity, showed no correlation, for either the thioether or

ether class.

A quantitative structure activity relationship model was built and tested based on a library of
benzimidazoles and preliminary tests show that this model could prove reliable for predicting activity

of future analogues, which could lead to earlier prioritisation of potentially active analogues.

7.13 Future Work

For the computational modelling studies a crystal structure is necessary to validate the homology
models and binding poses we have proposed. This crystal structure along with bound crystal structures

of our own analogues will allow for full confirmation of binding pose.

For the QSAR analysis we have be investigating binary classification based on active or inactive. Work
should be carried out to investigate whether a model can be built that will reliably predict activity
based on MIC values. A project like the benzimidazoles has many synthetic options to choose from,
and even a binary classification may not be enough to prioritise compounds enough. Regression QSAR

modelling will allow for prediction of these activities, which will allow for better prioritisation.

Furthermore, the input of additional data into the model when it is built, may further help with
predicting active compounds. Additional data could include predicted DMPK properties, pK,, MPO
score or binding scores. The prioritisation of molecules with better predicted potency and optimal

binding scores could then be carried out, to give a higher likelihood of compound success.
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7.14 Experimental

7.14.1 Docking Protocol

Table 7.11. Protocol used for docking.

Feature

Protocol

Protonation

Hydrogens added to the protein

No addition or extraction of waters as no waters incorporated into the

Waters homology model
Ligands Ligands added as .sdf file, after energy minimisation
- . LYS 252 identified as being a residue in the binding site of Colchicine, so
Binding Site .
this was selected
Efficiency 200% efficiency
Number of GA runs 10 —terminated before this if 3 solutions found within 1.5 A RMSD
Lone Pairs Lone pairs not saved
Output Output poses saved as individual files to allow better inspection of each
pose
Scoring Function CHEMPLP score
7.14.2 Generation of PyMol images
Table 7.12. Protocol to Generate PyMol images.*®
Feature Protocol

Pose Selection

Pose selected for visualisation was based on highest CHEMPLP score.

Protein

Surface Representation with Blue-white tint. 40% transparency.

Ligand

Stick Representation. Carbon — Light Blue, hydrogen — white, nitrogen —
dark blue, oxygen —red, sulphur — yellow, fluorine — cyan

Binding Site Amino
Acid Residues

Stick Representation. Carbon — green, nitrogen — blue, oxygen —red,
sulfur — yellow

Spheres

Radius 0.5. 40% transparency. Red — H-bond acceptor, blue H-bond
donor, yellow — hydrophobic interaction
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7.14.3 Tautomer Generation
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Figure 7.31. Generation of tautomers for each compound in pipeline pilot

7.14.4 Model Testing Protocol — Creation of data file

The test set containing a different set of compound was saved with information determining whether
these compounds were active or inactive, based on the activity cut off of 0.5 mg/L used for building
the model, this was done either by exporting these compounds into a separate database file, or by
editing to the text within the .sdf file directly. This was then read into the SD reader and as previously

observed, molecular weight and molecular fingerprints were calculated.
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Chapter 8 Benzisothiazolinones

8.1 An Introduction to Benzisothiazolinones

8.1.1 Properties of Benzisothiazolinones

O

NH

/

S
1

Figure 8.1. The structure of 1,2-benzoisothiazol-3(2H)-one.
The compound 1,2-benzoisothiazol-3(2H)-one (1) (Figure 8.1) is a commercially available off-white
solid. Of all of the sulphur and nitrogen containing heterocycles, it is considered one of the most
important due to its use in medicine, agriculture and the food industry.! The BIZT core is known for
exhibiting fungicidal and microbiocidal properties, as well as being used as a preservative in emulsion
paints, home cleaning and agriculturally in pesticides. In paint based products 1 is often used in

combination with other isothiazolinone core based compounds, including methylisothiazolinone (2).*

4

O

[Z{N_CHQ,

S 2

Figure 8.2. The structure of the biocide methylisothiazolinone (2).

The molecule is a fusion of benzene and an isothiazolinone, and the molecule retains some of the
properties of isothiazolinones. The tautomerisation of isothiazolinones also translates to the
benzisothiazolinones, whereby depending on solvent and groups attached to the molecules, it can
exist in keto or enolic forms (Figure 8.2). In solvents like chloroform, it is thought the molecule exists
primarily in the keto form, as substantiated by *C NMR spectroscopic analysis due to a change in the
position of the carbonyl peak. In solvents like dimethylsulphoxide the molecules exists primarily in the
enolic form.>® At 25 °C the pK, of the NH proton is 7.3 in water, meaning it is readily deprotonated by

a number of bases including potassium carbonate and sodium hydride.” ®

o OH

1 S =S

1
Figure 8.2. Tautomerisation of 1,2-benzoisothiazol-3(2H)-one (1).
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8.1.2 Previous Uses of Benzisothiazolinones

8.1.2.1 Saccharin
Saccharin is a benzisothiazolinone, where the sulphur has been oxidised to generate a sulphone.

@)

NH

/

S.
340

Figure 8.3. Saccharin (3) has a structure which is similar to that of the BIZT core being investigated.

3 is an artificial sweetener that is around 300 — 500 times as sweet as sucrose depending on
concentration and is used commonly in the food industry for sweetening cake and diet soft drinks.® In
rats, an association between in-take of 3 has shown an increase in urinary tumours, however testing

in humans has failed to show any similar association.®

8.1.2.2 MEP Pathway Inhibitors

Through an in-house drug discovery programme, the benzisothiazolinones were also identified as
potential novel antimalarial treatments. The methylerythritol phosphate (MEP) pathway does not
occur in mammals, but is an essential pathway found in malaria parasites.'! Isoprenoid biosynthesis is
an essential metabolic pathway in the malaria parasite, with the isoprenoids being essential for a
number of cellular activities including electron transport.}> Mammals synthesise their isoprenoids via
the mevalonate (MVA) pathway.®® Due to these pathways being biologically distinct, inhibitors can be
designed that inhibit the MEP pathway selectively, with no inhibition of the MVA pathway, minimising

the risk to the patient.!*

Identification of the BIZT core came about using a combinatorial approach of both high-throughput
enzymatic screening and chemoinformatics and from this a series of compounds, including 4 and 5

were synthesised and identified as potential new antimalarials.

O O
<) T
S S
S T
R

<)

O

Figure 8.4. The chemical structures of the lead BIZT core compounds (4 and 5) produced as IspD inhibitors of
the MEP pathway.?
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8.1.3 Discovery as a Potential C. neoformans Treatment

Screenings of an in-house library at the Department of Chemistry, Wichita State University, led to the

identification of a compound of the benzisothiazolinone class;*®

)
R
N
S COOH
6

Figure 8.5. The general structure of the compounds synthesised and tested against Candida and eventually C.
neoformans.
Of a number of compounds tested, some showed activity against two candida strains. Compound 6j
(Table 8.1) showed the best activity (MIC 1.6 mg/L) and was further tested against a larger number of

candida strains, as well as Aspergillus fumigatas and C. neoformans.

Table 8.1 shows that those compounds that are substituted at the R? position show a decline in activity
and those compounds that feature benzyls rather than phenyls also perform better. From this the best
performing compound 6j was then tested against a number of other fungal strains including other
Candida species, A. fumigatas and C. neoformans. Activity for compound 6j is conserved across all of
the Candida species tested, unlike the traditional treatment fluconazole, which shows varying activity.
In A. fumigatas we see a decrease in activity, which is comparable to that of fluconazole, and in C.
neoformans a dramatic increase in activity is observed (Table 8.2).1°

Table 8.1. A number of benzisothiazolinone compounds were synthesised and tested against two Candida
strains. Compound 6j showed good activity against both Candida strains and thus was further tested.®

o o R
@ D
N R2
s R

Rl RZ R3 M|C50 (mg/L)
C. albicans C. glabrata

6a H H Phenyl 6.4 6.4
6b H H (0-COOCH3)phenyl 6.4 12.5
6C H H (m-COOCH;3)phenyl 12.5 25

6d H Methyl Phenyl >50 >50
6e H H Benzyl 3.2 6.4
6f H H (m-OCHs)benzyl 3.2 6.4
6g H H (p-OCH3s)benzyl 3.2 3.2
6h H H (p-F)benzyl 1.6 3.2
6i Methyl H Benzyl >50 >50
6j H Methyl Benzyl 1.6 1.6
6k Methyl Methyl Benzyl 25 25
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6l H Ethyl Benzyl 6.4 12.5
6m H Ethyl Ethyl >50 >50
6n H H (S)CH(CH3)Ph 6.4 12.5
60 H H (R)CH(CH3)Ph 6.4 6.4
6p H H (CH32)2Ph >50 >50
6q H H 1-adamantyl 3.2 6.4
6r H H 2-thiazoyl >50 >50
6s H H (CHz)2morpholino >50 >50

Table 8.2. The data shows conservation of activity across the candida species. What is apparent is the large
increase in activity of compound 6j, when compared with fluconazole, a standard fungal treatment.®

MICs (pug/mL)
Fungus -
Compound 6j Fluconazole
Candida albicans (CAF-2) 1.6 0.2
Candida glabrata 1.6 3.2
Candida tropicalis 1.6 16
Candida parapsilosis 1.6 0.4
Candida lusitaniae 1.6 3.2
Candida guillermondii 1.6 6.4
Candida apicola 1.6 0.2
Aspergillus fumigatas (AF-298) 12.5 16
Cryptococcus neoformans (H-99) 1.6 >64
Cryptococcus neoformans (JEC-21) 1.6 >64

8.1.4 Biological Effects of Benzisothizolinones

8.1.4.1 Genetics Based Approach

Identification of benzisothiazolinone activity against C. neoformans resulted in mode of action studies.
‘Amino Acid-Derived 1,2-benzisothiazolinone Derivatives as Novel Small-Molecule Antifungal
Inhibitors’'” highlights the use of their analogue, DFD-VI-15, which possesses the same structure as
compound 6j. This mode of action study involved the combined use of a genetics-based approach,
utilising a homozygous deletion of a large number of Saccharomyces mutants, which allowed for the

identification of a number of hypersensitive and resistant mutants.

Susceptibility assays were then used to identify resistant and hypersensitive mutants. This screen
yielded a number of hypersensitive mutants, of which a large number lacked mitochondrial or
mitochondrion related encoding genes. A number of other categories were identified whereby genes
that were lacking included; amino acid biosynthesis, protein sorting, iron utilisation and stress
adaptation. From the resistant mutants one was identified as lacking ACE2. This has been implicated

in a number of functions including positively regulating glycolysis.”
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Down-regulation of glycolytic metabolism genes and genes responsible for adenosine triphosphate
(ATP) synthesis, oxidative phosphorylation and Tricarboxylic Acid (TCA) cycle was noted. Resistance
may be explained by mitochondrial functions being elevated by a compensatory mechanism that leads
to the survival of treated cells. Phenotypic data suggests that benzisothiazolinones inhibit
mitochondrial respiration, leading to an increased production of reactive oxygen species (ROS) and

membrane depolarisation can occur.”- 18

This is promising, as inhibition of mitochondrial functions is an alluring target in antifungal drug
discovery. Firstly, if inhibition of fungal-specific proteins occurs within the mitochondria, the essential
process of energy production will be affected, which could have a number of ‘knock-on’ effects on
other cellular activities, leading to fungal cell death.!® Secondly, most fungi have alternative
respiration pathways, which are the Alternative Oxidase Pathway (AOX) and the Parallel Pathway

(PAR), both of which are not present in mammalian cells making for an ideal selective target.

8.1.4.2 A Comparison to Ebselen

Ebselen (7) is considered to function by mimicking glutathione peroxidase and providing
cytoprotective, anti-inflammatory and anti-oxidant activity (Figure 8.5). Glutathione peroxidases are
part of a class of peroxidase enzymes which help to turn the cytotoxic compound hydrogen peroxide
into water. 7 is very good at sequestering hydrogen peroxide in cells, stopping oxidative damage

occurring when hydrogen peroxide is produced.®

Figure 8.5. The structure of ebselen (7) is similar to that of the benzisothiazolinone core with a simple
replacement of sulphur with selenium.

The compound has been indicated in a number of diseases such as ischemic heart disease, hearing
loss and bipolar disorder. We can also learn something about the potential mechanism of action of
BIZT compounds from the extensive work carried out on 7. One of the main proposed mechanism of
action for ebselen is the reduction of peroxide based compounds, which results in a reduction of

oxidative stress in a cell (Figure 8.6).1%2°

The mechanism starts with ebselen (7), which through a process of glutathione conjugation, produces
a selenium-sulphur bonded derivative known as selenyl sulphide (8), via a five-membered ring opening
mechanism. For our own compounds this would create a disulphide compound instead. A second
molecule of glutathione can then remove the sulphur linkage to produce a selenol compound (9). This

then can react with hydrogen peroxide or other peroxide derivatives, allowing for its conversion into
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water and the production of selenic acid (10), which with a second loss of water can undergo a 5-
memebered ring closure to regenerate 7. It is also hypothesised that 10 can undergo glutathione

conjugation to reform intermediate 8, providing a short cut to the cycle.!® %22

Vaaay

GSH
N
H o 10 8
SeOH SeSG
H,0 GSH
)
@”
H,0, o GSSG
9

Figure 8.6. The proposed mechanism of glutathione conjugation within the cell for the commercially available
drug ebselen (7). From this we can see how the generation of active intermediate selenium derivatives of
ebselen (7) can allow for reduction in the amount of hydrogen peroxide, leading to a reduced level of oxidative
stress. Reproduced from; In vitro glutathione peroxidase mimicry of ebselen is linked to its oxidation of critical
thiols on key cerebral suphydryl proteins — A novel component of its GPx-mimic antioxidant mechanism
emerging from its thiol-modulated toxicology and pharmacology, |, Kade et al.?

8.1.4.3 A comparison to the IspD Mechanism

Previous work within the department of chemistry allowed for discovery of a number of analogues of
the benzisothiazolinones that were tested against malaria and the IspD pathway. A mechanism of
action was proposed that involves the sulphur of a cysteine residue behaving as a nucleophile,
attacking the sulphur of the benzoisothiazolinone core, generating a disulphide bond. This causes ring
opening of the BIZT core, generating a negative charge on the nitrogen, which is now part of an amide

functionality (Figure 8.7).23%
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o 0
R
N ®
N-R —— ©  +H
s~ S
\_ S
* SH CYS

Figure 8.7. A hypothesised mechanism, showing the interactions of the core sulphur with a cysteine in the

binding site.?32

Despite not knowing the target of BIZTs within C. neoformans, it can be easily envisaged that the same
mechanism can be applied to the hypothetical target. Suggesting that the molecule binds with a
cysteine residue within the active site of the target, which suggests the necessity of the N-S bond.
However, whilst the N-S bond does appear to be essential for activity, due to its susceptibility to attack
by nucleophiles, this does make it weak, and could present problems metabolically. This N-S/N-Se

bond cleavage is observed in metabolism of these compounds and is discussed in the next section.?*

25

8.1.5 Benzisothiazolinone Metabolism

The metabolism of benzisothiazolinones is relatively under discussed in the literature. However, there
is data surrounding the metabolism of ebselen (7). Along with the glutathione conjugation mechanism
described in Figure 8.8, other metabolism of this core involves glucuronidation, hydroxylation and

methylation.

A study looking at these metabolic pathways employed the use of **C labelled (7), whereby two major
metabolites were discovered in high concentrations in plasma and bile. They then isolated these
metabolites and subjected them to structure elucidation. The metabolites Se(O)Me (11) and SeOx (12)
(Se-Oxide), as highlighted in the blue boxes in the image below have been confirmed via spectroscopic
analysis. The SeMe (B) product is produced, when methylation and ring opening of (7) occurs,
generating this intermediate, which is then oxidised to give the identified metabolite Se(O)Me (11).
When the SeOx metabolite is left for a prolonged period of time, it undergoes glutathione conjugation
to the intermediate D, which then undergoes ring closure to regenerate ebselen, and helps to verify

the reformation of ebselen, both metabolically and mechanistically, in terms of its mode of action.

Ebselen itself can also undergo direct oxidation of the selenium, to give an oxide SeOx (12), which can
undergo a ring opening reaction, from the addition of water to give intermediate A. This reaction is
reversible and SeOx can be reformed upon the loss of water. SeOx can then react with glutathione to

create an Se-S bond (D), as observed in the mechanism of action described for 7, which can then be
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cleaved, via a second reaction with glutathione to give intermediate C which can lose water to give

ebselen. It is proposed that the same metabolism can be envisaged for the BIZT core.?®

CONHPh
CONHPhO
o | (X
I§eMe

SeMe B
elvie o)
SeMe Se(O)Me M
o 7 0
[0] +H,0 CONHPh
) W X
Se S\g §eOH
Ebselen (0] A O SeOOH
-H,0 seox 12

/GSH
@CONHPh @CONHPh
SeOH
c

Se SG
GSSG

Figure 8.8. The metabolism of ebselen has identified through *C labelled Ebselen to follow the pathway
described, Compounds in blue boxes have been confirmed via spectroscopic analysis. Reproduced from;
Metabolism of ebselen (dr-3305) : relation to the antioxidant activity, H, Masumoto, et al.?®

There is also a proposed mechanism of metabolism which describes a similar route as for ebselen,
whereby a number of metabolic derivatives are produced. This includes the analogous o-
methylthiobenzamide (C) formed via methylation and the sulphoxide metabolite (D) formed via

oxidation (Figure 8.9).%

o d @%% c

o- mercaptobenzamlde o-methylthiobenzamide
// \\
E
o-methylsuIfmylbenzamlde o-methylsulfonylbenzamide

Figure 8.9. The proposed metabolic route for the BIZT core. %’
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8.1.6 This Project: The Benzisothiazolinone Core

The benzoisothiazolinone core presents as a promising starting point. There are synthetic routes
already established in the literature, and some previous work done within the group. There is evidence
in the literature of antifungal activity, but there is only limited evidence of activity against C.
neoformans specifically. We can also use ebselen (7) to draw comparisons from when attempting to
understand mechanisms of action and metabolism due to similarity in structure. However,
synthetically and biologically there is scope for improvement. The paper doesn’t test any other
analogues against C. neoformans, so work will be carried out to make more analogues. This is

important for understanding biological activity.
From this aims for this project were decided;

1. To resynthesise the hit from the paper to confirm biological activity.

2. To design and synthesise other benzisothiazolinone analogues in order to explore the SAR
relationship, and use this to design more efficacious analogues in the future (Figure 8.10).

3. Obtain DMPK data to understand the extent of the metabolism of these analogues,

particularly the impact of the N-S bond.

0]

} Varying Group R! o

N Aromatic subsitution
H, Me,

® 9 @ff“ F. O OF

Varying Ri truct

Varying X ary'”9 ing S ruc' ure Varying X
aromatics, morpholine

S, CH,, C=0 SO,

Figure 8.10. The benzisothiazolinone class presents a large number of compound derivatives that could be
synthesised in order to explore the SAR of this compound class as a treatment for C. neoformans.
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8.2 Results and Discussion

8.2.1 BIZT Core Amides

8.2.1.1 Synthesis

Given that a number of analogues needed to be synthesised, a route was implemented which only

underwent divergence in the last step.

8.2.1.1.1 Divergent Acid Synthetic Route

}OtBu .
NH LN N Na® LA
e

14

JLOH }
2 R2
"R 7 25%

15 16

Scheme 8.1. Reagents and conditions: (a) NaH (1.2 ), THF, 0 °C, 15mins; (b) t-butylbromoacetate (1.0 eq ),
2,2,2-trifluoroethanol, 0 °C to reflux, 1 hour; (c) TFA, DCM, room temperature, overnight, 52% yield; (d) N-
methylbenzylamine (1.0 eq.), EDC.HCI (1.2 eq.), pyridine (4.0 eq.), DMF, room temperature, overnight (7 — 25%
yield).1®

Table 8.3. Percentage yields obtained for all compounds created within the BIZT core amide template.

Compound R? R? Step D % yield
17a Me CeHs 17
17b H 4-phenoxyaniline 15
17c H 4-(4-fluorophenoxy)aniline 13
17d H 4-(4-chlorophenoxy)aniline 7
17e H 4-(3-chlorophenoxy)aniline 24
17f 4-benzylpiperidine 25
17g 4-fluoropiperidine 19

Initially, the hit compound (17a) from the paper was resynthesized to check activity against C.
neoformans. This was done by following the same route (Scheme 8.1) as that described in the paper,
with some minor alterations to the reagents used. The first step involved the deprotonation of the
acidic core N-H proton using sodium hydride in tetrahydrofuran at 0 °C to give the reactive sodium
salt of the BIZT core (13). Isolation of 13 was brought about via removal of the THF solvent, allowing
it to be used crude in the next step. The second step of this synthetic route involved the alkylation of
the BIZT core using t-butylbromoacetate, using 2,2,2-trifluoroethanol at 0 °C and then refluxed to give
14 as a pink solid that was continued crude into the next reaction. Next, we wanted to isolate the free

acid (15), which could be used as our divergent point for a series of amide couplings. The presence of
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the t-butyl ester allows for an easy deprotection which was carried out using trifluoroacetic acid, in
dichloromethane, to give the desired acid as a white solid in a moderate yield of 52%.° Steps a and b
were generally carried through crude, however 14 was isolated and *H NMR confirms the product via
the appearance of the Boc protons at 1.49 ppm. The acid (15) was confirmed via mass spectrometry
and 'H NMR showed a distinct peak at 4.59 ppm, which is indicative of the CH, aliphatic peak. There
was also the presence of a broad singlet at 13.09 ppm, which corresponds to the OH of the acid.
Focusing on the key peaks with in the 3C NMR we can detect the presence of two downfield peaks at
169.8 ppm and 165.4 ppm, indicating the presence of the two carbonyl groups of the BIZT core and

the acid handle.

The next step in this sequence involved an amide coupling between 15 and the desired amine (16) to
give compound 17. When synthesising the hit compound (17a), the yield for this reaction was quite
poor at only 17%. This is thought to be due to the bulky nature of the secondary amine coupling into
the acid, however a small amount of final compound was synthesised as indicated by mass
spectrometry and the presence of additional aromatic protons. Initial analysis of this compound
proved to be difficult due to the presence of cis and trans isomers of the compound, which results in

a more complicated *H NMR spectrum (See Appendix, Figure 6A&B for general NMR data).

Most secondary amide bonds adopt the trans conformation as this means the substituted groups are
furthest away from each other, minimising steric interactions.?® 2° For tertiary amides, this changes
and we observe an increase in the cis-amide population. This is because there is a lower energy barrier
between the cis and trans configurations.3>32 The stability of cis versus trans is derived from the
position of the groups attached to the amide and their steric interactions with the carbonyl and the
other groups attached. In the case of the N-benzylmethylamine derivate (17a), the trans amide is
considered more stable due to exhibiting reduced steric clashes of the benzyl group with the carbonyl,
whereas the cis show greater steric clashes. The methyl on the amide also provides some steric clashes
and whilst this impacts upon the carbonyl less, it is still substantial enough to result in a mixture of the

trans and cis isomer forming.3% 33

N trans-amide N cis-amide

Figure 8.11. Tertiary amides can exist as trans and cis isomers.
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This is most observable when studying the *H NMR spectrum (Figure 8.12). This shows the aromatic
protons, with only one being distinguishable from a multiplet at around 8.05 ppm, and clearly shows
two doublets, with different integrations. The rest of the aromatic protons are in complicated
multiplets, due to coupling to each other and different peaks for cis/trans isomers. The most profound
evidence of this cis/trans isomerisation derives from the CH, peaks at around 4.76 & 4.67 ppm. These
CH; peaks should be singlets, but instead initially appear as doublets. However, rather than doublets
there are individual singlets for each of the two isomers. Their relative integrations show a difference

in the ratio of the two isomers, with the trans likely to dominate with a ratio of 1:0.66, based on

literature evidence.?®3?
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Figure 8.12. The 'H NMR spectra of the N-Benzylmethylamine derivative 17a. It is clearly observed the
presence of two peaks for each proton, correlating with the cis and trans isomers of the amide.

Due to the poor yields we sought to improve the reaction conditions by changing the amide coupling

conditions used.

Table 8.4. A number of different conditions were used to promote amide bond formation, however using this
route only reaction one produced the desired product and this was done in poor yield.

Amide Coupling Reagent Eq. Base Eq. Yield (%)
1 EDC.HCI 1.2 Pyridine 4 17
2 EDC.HCI 1.2 Pyridine 2 0
3 HATU 1.5 K,COs 4 0
4 HATU 1.3 DIPEA 1.5 0
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Firstly, we started off by using EDC.HCI and four equivalents of base, this gave poor yields of 17% for
17a. We then tried to reduce the equivalents of base, to ensure the pyridine was not interfering in the
reaction. Reduction to two equivalents of pyridine resulted in no product observed via TLC. HATU was
also employed with the bases potassium carbonate and DIPEA, but still resulted in no conversion to
the product. These reactions were repeated many times, using a variety of amines, but only EDC.HCI

provided any final compound.

8.2.1.1.2 Ring Closing Benzisothiazolinone Synthetic Route

In the initial stages of this project, the synthesis of the initial hit 17a proved to be poor yielding, so an

alternative route was devised (Scheme 8.2).

o 0
H a b
HO)K/NHBOC+ RN g2 — > RlN)K/NHBOC —

18 16 4282% T g 99%
0 Q o o R
RlN)K/NHZ .\ o _° g N}N\RZ
R2 gC 7-35% g
20 21 17

Scheme 8.2. Reagents and conditions: (a) N-benzylmethylamine (1.0 eq.), EDC.HCI (2.0 eq.), pyridine (2.0 eq.),
DMF, room temperature, overnight, 42 - 82% yield; (b) TFA: DCM (3:7), room temperature, 2 hours, 99% yield;
(c) EtsN (1.0 eq.), DCM, room temperature, overnight, 7 - 35% yield.?

This involved t-butyl carbonyl protected glycine (18) and carrying out an amide coupling with the
desired amine (16) (N-Benzylmethylamine or phenoxyaniline), using EDC.HCI and pyridine to give the
intermediate 19 in moderate yields.3* 3> Confirmation of this product was carried out by lack of OH
proton from the carboxylic acid, which is predicted to be at approximately 13.0 ppm. Further proof
was derived from the *H and 3C NMR spectra which suggested the presence of cis/trans isomers due
to the formation of the tertiary amide. This was most profound for the Boc group protons at 1.46 ppm
which should be a singlet, but due to the two isomers have ended up as two separate peaks. All other

protons in the NMR spectra also show two peaks for each environment, confirming the two isomers.

The next step involved a trifluoroacetic acid deprotection of the Boc group from the amine of the
glycine portion of the molecule, and quantitative yields for this reaction were observed.?®3” The free
amine (20) generated from the deprotection reaction was then subjected to a ring closure reaction to
produce the final BIZT compound (17).28 The first step involves addition of the primary amine into the
acid chloride (21) to generate one molecule of HCI, followed by a second addition of the amine into
the S-Cl bond to produce a second molecule of HCI, completing the ring closure, with final compounds

being identified as previously described.
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8.2.1.2 Biological Activity
Biological testing carried out as stated in Chapter 3, Section 3.2.3 and data given in Table 8.5.
Table 8.5. Biological activity obtained in the form of minimum inhibitory concentration shows the compounds

with a sulphur core and amide arm showed poor biological activity. Green — good - 0.015 — 0.25 mg/L, -
acceptable - 0.5 -4 mg/L, red — poor - >4 mg/L. *17i-17k made by Caroline Vermeiren.

0O o R
Da
C-
S
Compound RL R2 C. neoformans MIC (mg/L)
17a Me CH2-CgHs >4
17b H 4-phenoxyaniline >4
17c H 4-(4-fluorophenoxy)aniline >4
17d H 4-(4-chlorophenoxy)aniline >4
17e H 4-(3-chlorophenoxy)aniline >4
17f 4-benzylpiperidine
17g 4-fluoropiperidine >4
17h Me CH3-2-F-CsH4
17i Me CH2-3-F-CeHa
17j Me CH-4-F-CsH4
17k H CHy-4-F-CeHa >4

The start of this project involved remaking the hit 17a and reassessing its biological activity against C.
neoformans through an in-house minimum inhibitory concentration assay. When subjected to our
own assay 17a was found to have an MIC of >4 mg/L, meaning no activity was observed. This was
different to what was proposed in the initial paper which suggested that this compound possessed an
MIC of 1.6 mg/L. Some fluorinated derivatives (17h, 17i and 17j) of this compound were synthesised,
and all possessed an MIC value of 4 mg/L, which does show some moderate activity and suggests that
the aryl ring needs to be fluorinated for activity. Furthermore, 17k showed that the removal of the
methyl from the amine, producing a secondary amide rather than a tertiary amide, resulting in a loss

of activity (MIC >4 mg/L), when compared with the methylated derivative (17j) (MIC 4mg/L).

An initial phenoxyaniline 17b was synthesised due to availability of the compound and wanting to see
if a larger group was potentially tolerated. Initial MIC testing values for this compound, showed a good
value of 0.5 mg/L and thus fluoro (17c) and chloro phenoxyaniline (17d and 17e) derivatives were also
synthesised. These compounds showed a lack of activity in the assay and lead to the re-testing of the
initial phenoxyaniline, which came back this time inactive and was more in line with the other results

for the phenoxyaniline derivatives we observed.
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Compound 17f was also synthesised at the same time. The rationale behind this was to provide a
molecule with a similar shape to the phenoxyaniline (17b) which was initially thought to be active.
This allowed reduction of the high lipophilicity of the extra benzene ring and introduced some more
sp? centres, which are thought to lead to a more ‘drug-like’ compound. This gave an activity value of

4 mg/L; whilst this may not be a potent compound, it does show some activity has been established.

It was also desirable to introduce solubilising groups into the scaffold to improve the compounds
aqueous solubility and also to increase the number of sp3 centres, something which had previously
give a minor improvement in activity with 17f. This was done via the introduction of a 4-

fluoropiperdine group (17g), this however resulted in no observable activity.

8.2.1.3 DMPK

8.2.1.3.1 Predicted DMPK
Table 8.6. Predicted DMPK data for the benzisothiazolinone amide derivatives show poor properties overall.

Values are colour coded with a traffic light system according to how good or bad a particular value is. Green —

good, — acceptable/medium, red — poor.
Aqueous Human Mics CLint | Rat Heps CLint

Log D74 | ClogP Solugility (uMm) (ul/min/mg) (ul/mipn/mg) MPO
17a 2.31 2.73 266.4 136.8 5.6
17b 4.02 5.9 213.6 4.0
17c 4.09 6.6 187.5
17d 4.67 5.26 1.6 150.6
17e 4.31 5.26 4.8 157.1
17f 127.6 4.0
17g 1.44 1.63 4558 6.0

Predicted DMPK data was obtained for these compounds (Table 8.6). The initial hit (17a), which was
described as active in the literature, showed good Log D and aqueous solubility, which was an
improvement over the benzimidazole class. However metabolic clearance was high, in particular in
the rat hepatocytes, where the compound is extensively metabolised. Derivatives containing a
phenoxyaniline side chain 17b-e, showed high Log D, poor solubility and very high metabolic clearance
rates. The benzyl piperidine derivative (17f) showed a modest improvement in solubility, but again
suffered from poor metabolic clearance. Finally, the 4-fluoropiperidine derivative (17g) showed

excellent aqueous solubility with a value of 4558 uM and acceptable metabolic clearance values.

Stardrop predictions have also been analysed and indicate the main CYP450 isoforms involved in
metabolism are 3A4 and 2C9. For the N-benzylmethylamine derivative 17a, there is extensive

oxidation on the unsubstituted benzene ring and methyl group of the amide. Interestingly, the
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nitrogen and sulphur atoms have also been indicated, but do exhibit reduced metabolism. The
phenoxyaniline derivative (17b) shows less metabolism across the molecule, but much more extensive

metabolism on the substituted aryl ring, which accounts for the high predicted metabolism for this

derivative. ¥
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Figure 8.13. Metabolism predictions for four compounds from the BIZT amide series. Calculations run on
Stardrop.
8.2.1.3.2 Measured DMPK

Table 8.7. Measured DMPK data for the benzisothiazolinone amide class of compounds show good to acceptable
metabolic properties overall, but poor solubility. Values are colour coded with a traffic light system according to

how good or bad a particular value is. Green —good, —acceptable/medium, — poor. *could not detect
after second-time point.
Compound LogDs.4 Aq.u.eous Human Mics Clint Rat Heps Clint
' Solubility (uM) (ul/min/mg) (ul/min/mg)

17a 2.2 1000 No Value*

17b >4.4 <0.90 No value* No value*

17d 0.3 No value* >300

17h 2.4 687 No value*

17i 2.4 909 No value*

The measured DMPK results (Table 8.7) showed good agreement with the predictive DMPK data.
However, the measured metabolic values were even poorer than that predicted, whereby the majority
of the compounds couldn’t be measured due to such rapid metabolism and they couldn’t be detected
at a second-time point. In some examples one clearance value was obtained, but the other not,

indicating this class may possess issues with metabolic clearance, which does not make for an ideal

future drug candidate.
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Amide metabolism was thought to be one possible route.*® Amides can by hydrolysed, however this
process is generally very slow. Oxidative a-hydroxylation is instead a possibility and this could occur
via hydroxylation of the C-H bond, as indicated by the Stardrop predictions. Metabolic oxidation of
the phenoxyaniline scaffold has been reported in the literature through the analysis of
Polybrominated diphenyl ethers (PDBE), whereby brominated and mono and poly chlorinated
compounds showed oxidation via CYP450 2B6, which also causes oxidation of around 10% of all drugs
including efavirenz and artemisinin.** 2 This explains the poor metabolic stability of the derivatives

containing phenoxyaniline groups (17b-e).

As mentioned in the introductory section discussing BIZT metabolism in Section 8.1.5, the N-S bond is
thought to be the major route of metabolism. This is due to oxidation of the sulphur to the sulphoxide
and sulphone resulting in cleavage of this bond to generate the ring opened compound. It is already
evidenced in the literature that ring open compounds possess no biological activity. This can be
observed for the original hit compound (17a), which reportedly possessed an MIC = 1.6 mg/L, whereas
the ring opened derivative (22) possessed no biological activity (Figure 8.14). This is important because
the N-S bond seems to be integral to the biological activity of these compounds, but also appears to

be a metabolic weakness, which may prevent the compounds from reaching biological relevant

0
5.0 oy
N
H
N T
S | 22

Reported MIC 1.6 mg/L Inactive

concentrations.

Figure 8.14. The hit compound 17a was reported to possess a MIC = 1.6 mg/L, but the open chain version (22)
shows no antifungal activity.

Owing to the lack of stability of these types of compounds, it was decided that no more of these amide
derivatives should be made until investigation of core and amide modification allowed for an

improvement in activity, metabolic stability or ideally both.

8.2.2 BIZT Core Alternatives

8.2.2.1 Synthesis

Removal of the sulphur from the BIZT core was studied for two reasons. Firstly, removing the sulphur
can help elucidate whether the sulphur atom is essential to the mechanism of action. Secondly, DMPK
testing of sulphur containing BIZT compounds has shown that they are metabolically unstable.
Removal of the sulphur, which is thought to be the metabolic weak point, may increase this stability,

leading to a compound with improved drug-like characteristics.
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Scheme 8.6. Reagents and conditions: (a) amine (1.0 eq.), EDC.HCI (1.2 eq.), pyridine (4.0 eq.), DMF, room
temperature, overnight (7 — 25% yield).

Table 8.8. Percentage yields obtained for all compounds created within the BIZT core alternatives template.

Compound R? R? X Step A % yield
24a Me CeHs Cc=0 34
24b H 4-phenoxyaniline C=0 59
24c H 4-(4-chlorophenoxy)aniline C=0 44
24d 4-fluoropiperidine Cc=0 29
24e morpholine Cc=0 22
24f Me CeHs CH; 44
24g H 4-phenoxyaniline CH, 43
24h H 4-(4-chlorophenoxy)aniline CH, 27
24i morpholine CH, 44

Synthesis was carried out via a one-step procedure due to the starting acids (23) being both
commercially available and inexpensive. The C=0 core replacement was characterised by the
presence of a carbonyl peak at 168 ppm, and the highly symmetrical nature of the phthalimide core
giving rise to only two doublet of doublets in the aromatic region of the *H NMR, rather than the 4
individual aromatic peaks observed with the other cores. Simplistically we would expect just two
doublets in the aromatic region, however the apparent doublet of doublet is commonly reported for

phthalimides, due to second order NMR effects (Figure 8.15) (See Appendix, Figures 6C&6D).**

For the CH; replacement on the core, this was easily identified by the presence an additional CH, peak
at around 4.4 ppm in the 'H NMR spectrum and in the 3C NMR spectrum there is an additional

aliphatic peak at around 50 ppm, signifying the desired product (See Appendix, Figures 6E&6F).
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Figure 8.15. The 'H NMR spectra for the phthalimide core shows unexpected coupling patterns due to second
order effects and can be used to identify whether the final compound has been obtained.
Yields of under 50% were observed for these reactions, which can be explained in a few ways. Often,
there was incomplete conversion of the starting carboxylic acid to the amide, as detected via TLC.
Secondly, the amines being used all had reduced nucleophilicity to react with the EDC activated
carboxylic acid. For the addition of the phenoxyanilines, the NH, will be able to delocalise its lone pair
of electron into the benzene ring, so may not be as nucleophilic. For the morpholine and N-
benzylmethylamine compounds, a secondary amine is being used, which often results in reduced
yields for amide couplings predominantly due to steric effects.*® Furthermore, for the morpholine
derivatives a large increase in polarity was observed. This made these compounds more difficult to
purify via column chromatography. Instead for a lot of these compounds, trituration with diethyl ether

was used instead, however this meant a sacrifice in yield, to gain improved purity.

8.2.2.2 Biological Activity

A number of different analogues were synthesised, mimicking those that had been produced as part
of the previous template. For these compounds no activity was observed, even when the counterpart
BIZT core analogue did give some activity (Table 8.9). The rationale for this observation is that the
alternative cores no longer have the N-S bond, which suggests that this bond is essential for
interaction with the target. The typical bond dissociation energy for a N-S bond is 469 + 24 kJ mol?,
which is significantly lower than the reported C-N bond dissociation energy of 750 + 2.9 kJ mol™. Due
to the higher bond dissociation energy of the C-N bond, is unlikely to ring open, unless subjected to

much more forcing conditions and thus no interaction with a target within C. neoformans.*”
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Table 8.9. Substitution of the N-S bond for a C-N bond results in a complete loss of activity. Green — good - 0.015

—0.25 mg/L, — acceptable - 0.5 — 4 mg/L, red — poor - >4 mg/L.
0 o R
Da
X
C. neoformans
Compound R! R? X MICJ(Cmg/L)

24a Me CeHs C=0 >4

24b H 4-phenoxyaniline Cc=0 >4

24c H 4-(4-chlorophenoxy)aniline C=0 >4

24d 4-fluoropiperidine C=0 >4

24e morpholine Cc=0 >4

24f Me CeHs CHz >4

24g H 4-phenoxyaniline CH, >4

24h H 4-(4-chlorophenoxy)aniline CH, >4

24i morpholine CH, >4
8.2.2.3 DMPK

8.2.2.3.1 Predicted DMPK

Table 8.10. Predicted DMPK data for the BIZT core alternative class of compounds show good metabolic
properties overall, but poor solubility and Log D values. Values are colour coded with a traffic light system

according to how good or bad a particular value is. Green — good, — acceptable/medium, red — poor.
Aqueous Human Mics CLint | Rat Heps CLint
LogD7a | ClogP Solugility (uM) (ul/min/mg) (ul/mipn/mg) MPO
24a 1.95 2.55 13.3 24.4 5.6
24b 0.35 25.5 4.3
24c 4.18 5.08 0.07 21.4
24d 1.09 0.97 119.7 15.3 13.3 6.0
24e 0.45 1.45 303.3 5.32 7.77 6.0
24f 2.12 2.32 239.1 22.1 5.7
24g 4.10 23.7 4.4
24h 4.20 1.11 19.1
24i 0.62 0.74 7230 4.9 6.1 6.0

These compounds showed greatly improved DMPK properties, when compared with the previous
sulphur based compounds (Table 8.10). Metabolism for these compounds was generally very good
with some of the compounds showing slightly high hepatic clearance, which is mostly likely due to CH,
groups, which can be easily metabolised and in the case of compounds 24b, 24c, 24g and 24h the
presence of phenoxyaniline derivatives results in more metabolism.*" % However, with these values
being reduced, it does suggest that the predictive screen may be identifying some sulphur oxidation,

which is why the BIZT core thiols have poor values. Overall Log D is good for these compounds, with
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compounds containing the phenxoyaniline moiety driving the lipophilicity and thus Log D higher, but
all other compounds fall within an acceptable range. Solubility is mixed, with derivatives containing
N-Benzylmethylamine, morpholine and 4-fluoropiperidine groups showing excellent solubility (24a,
24d-f and 24i). The derivatives containing phenoxyaniline groups (24b, 24c, 24g and 24h) show poor

aqueous solubility, due to the lipophilic nature of the multiple aryl rings.

Stardrop predictions (Figure 8.16) indicated a number of sites for metabolism, with CYP3A4, 2C9 and
2C19 being indicated as the biggest metabolising isoforms. The sites for metabolism are indicated as
the N-benzylmethylamine group, both on the aryl ring and the CH, and methyl groups. The
phthalimide derivative has greater metabolism indicated on the core aryl ring than CH; derivative,

which shows metabolism at the core CH; group instead.
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Figure 8.16. Metabolism predictions for two compounds from the BIZT alternative core series. Calculations run
on Stardrop.

8.2.2.3.2 Measured DMPK

Measured DMPK for these compounds shows a significant improvement on that of the BIZT core, and
is comparable if not better than the predicted data (Table 8.10 versus Table 8.11). Only two
compounds (24a and 24d) have been submitted for measured DMPK testing due to possessing poor
MIC results (MIC >4 mg/L). We can see for both compounds 24a and 24d that their overall profiles are
excellent. Metabolic clearance values are as expected, proving to be significantly better than the N-S

analogues. This confirms the theory that the N-S bond is crucial to the metabolism of this template

and its poor clearance values.
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Table 8.11. Predicted DMPK data for the BIZT core alternative class of compounds show good metabolic
properties overall, but poor solubility and Log D values. Values are colour coded with a traffic light system

according to how good or bad a particular value is. Green — good, —acceptable/medium, red — poor.
Compound LogD Aqueous Human Mics CLint Rat Heps CLint
P gU74 Solubility (uM) (ul/min/mg) (ul/min/1mg)
24a 2.1 106 7
24d 1 577 3 13

8.2.3 Benzyl BIZT Core Derivatives

It was identified in the Stardrop metabolism predictions that the amide group of the
benzisothiazolinone amide series (17) could also be metabolised. Investigation of this was carried out
via direct N-alkylation of the BIZT core. Synthesis of these compounds allowed for understanding of
SAR. Furthermore, removal of the amide could indicate whether this is the main site of metabolism or

the N-S bond.

8.2.3.1 Synthesis

O 0 R

Br a

b 0 T o

X R, 22-59% v
25 26 27

Scheme 8.7. Reagents and conditions: (a) benzyl bromide (1.0 eq.), Potassium Carbonate (2.5 eq.), THF, 27a-i
room temperature, 27j reflux, Overnight, 22 — 59% yield;

Table 8.12. Percentage yields obtained for all compounds created within the BIZT benzyl template.

Compound R X Step A % yield
27a H S 34
27b 4-F S 59
27c 3-F S 59
27d 2-F S 25
27e 4-Cl S 47
27f 4-CF; S 22
27g 3-OMe S 34
27h 4-Br S 56
27i 4-COOMe S 41
27] 4-F S0, 50

This was carried out by stirring 1,2-benzoisothiazol-3(2H)-one with potassium carbonate and the
desired benzyl bromide at room temperature. This allowed for the alkylation reaction to occur and a
number of compounds to be generated, typically as yellow solids and in moderate yields (Table 8.12).%°

This is characterised by the appearance of a CH, peak at around 5 ppm and additional aromatic
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protons as well as a carbon peak at around 40 — 55 ppm. There was an ease of purification for these
reactions, with the only spots being visible the two starting materials and the product. The variation
in the reactions yields was rationalised to be due to the reactivity of NH of the BITZ core. Whilst having
an acidic proton, the lone pair of the nitrogen after deprotonation can be delocalised into the carbonyl

of the core, rendering the nitrogen less available for the N-alkylation reaction (Figure 8.17).>®
0 09

P ®
Na
S S S

Figure 8.17. The BIZT core could potential undergo delocalisation of its charged amine into the carbonyl,
resulting in tautomers, resulting in a lower yielding N-alkylation.

Compound 27j, whereby the sulphur of the core has been replaced with a sulphone group, proved
much more difficult to synthesise. Several attempts at synthesising compounds eventually resulted in
refluxing the reaction in order for conversion to the product to occur, which eventually generated the
desired compound in a moderate yield of 50%. This may be due to the further ability of the
deprotonated nitrogen to delocalise its negative change into the sulphone groups, making the

negative charge less available for the N-alkylation reaction (See Appendix, Figure 6G&6H).

8.2.3.2 Biological Activity

The benzyl derivatives were synthesised in order to remove the amide, previously seen in the other
templates, to rule this bond out as a metabolic issue, whilst still retaining the N-S bond, which is
thought to be essential for activity. In total, ten compounds were synthesised, most of which provided
improved activity versus the previous BIZT sub-templates, though still possessed insufficient activity

when compared with the benzimidazoles.
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Table 8.13. MIC data for the benzisothiazolinone benzyl derivatives showed improved MIC data when compared

with other BIZT derivatives. Green — good - 0.015 — 0.25 mg/L, — acceptable - 0.5 — 4 mg/L, red — poor -
>4 mg/L.
R1
@)
N
%
Compound R! X C. neoformans MIC (mg/L)
a H S
b 4-F S
o 3-F S
d 2-F S
e 4-Cl S
f 4-CFs3 S
g 3-OMe S
h 4-Br S
i 4-COOMe S
j 4-F SO, >4

The SAR for these compounds is relatively flat. With a variety of groups, both electron donating and
withdrawing in nature being tolerated and only 3-CF; (27f) and 3-OMe (27g) showing poor activity.
One compound was made, whereby the sulphur of the core was replaced with a sulphone (27j), as
observed in the molecule saccharin and this showed no activity, despite the sulphur analogue (27j)

showing an MIC value of 2 mg/L.

8.2.3.3 DMPK

8.2.3.3.1 Predicted DMPK

Predicted DMPK measurements were obtained (Table 8.14) and showed that this class of compound
suffered similar issues with metabolism and the original BIZT core amide template, with both
microsomal and hepatic metabolism being slightly high. The lack of amide and phenoxyaniline groups
did help to reduce the metabolism and activity is generally better for this class, making them a more
promising candidate. Log D and aqueous solubility overall are good with only a few analogues (27e,
27f and 27h) showing poor aqueous solubility, due to the additional of more lipophilic halogen based

groups such as Cl, Br and CFs.
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Table 8.14. Predicted DMPK data for the BIZT benzyl class of compounds show good metabolic properties
overall, but poor solubility and Log D values. Values are colour coded with a traffic light system according to how

good or bad a particular value is. Green — good, — acceptable/medium, red — poor.
Aqueous Human Mics CLint | Rat Heps CLint
LogDr.a | ClogP Solugility (uMm) (ul/min/mg) (ul/m?n/mg) MPO

27a 2.89 2.90 4.4
27b 2.98 4.4
27c¢ 2.99 123.6 4.4
27d 2.98 105.7 4.4
27e 18.9

27f 16.5

27g 2.82 2.82 97.2 125.9 4.9
27h 5.1 132.0

27i 2.87 93.4 140.9 5.5
27j 1.82 2.46 23.1 6.0

Stardrop predictions were also obtained. For this class, no metabolism was indicated on the sulphur
atom of the core and no N-S bond cleavage was identified. CYP3A4 is indicated as being a major
metaboliser, particularly on the aromatic ring. For the sulphur derivative 27b, CYP1A2 and 2C9 are
indicated in metabolism of the aryl rings. For the saccharin derivative 27i, CYP2C9 and CYP2C19 appear

to be the major isoforms, particularly on the aryl ring.

c12: %?;4 23% c13: ca,c19:
. 3A4: 3% 3A4: 1%

260, 2232 2 |ce:2% 2C9: 3% SAa: %

ha2: 33% ha2: 1% 2C19: 2%

2c9: 62% 2C9: 95%
hA2: 66% 2C9: 2% 2C19: 97%

C3,C18: 4 C3,C20:
3A4:57% 3A4 1% 3A4:93%

2C19:1%

O3A4 W 1A2 O3A4 W 1A2
k B 2D6 H2D6
m209 m209
4 ™ 2C8 N 2CB
02¢19 ! 02c19
N 2E1 / N 2F1

Figure 8.18. Metabolism predictions for two compounds from the BIZT benzyl series. Calculations run on
Stardrop.

8.2.2.3.2 Measured DMPK

Measured DMPK data was obtained for three compounds. They possess moderate Log D and good
aqueous solubility values. Human microsomal clearance is good, however rat hepatic clearance data
is very high, with compound 27a not detectable after the second time point, due to such extensive
metabolism, and compounds 27b and 27c showing poor values of >300 ul/min/mg. This further

validates the N-S bond being the major site of metabolism, and not the amide from compound 17a,
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which was also predicted to undergo metabolism. This presents a problem given the extensive
metabolism, as it is highly likely that not enough drug will remain intact to achieve biologically relevant
concentrations.

Table 8.15. Predicted DMPK data for the BIZT benzyl class of compounds show good metabolic properties
overall, but poor solubility and Log D values. Values are colour coded with a traffic light system according to how

good or bad a particular value is. Green —good, —acceptable/medium, red — poor. *could not detect after
second time -point.

Compound LogD.4 Aqueous Human Mics CLint Rat Heps CLint
‘ Solubility (uM) (ul/min/mg) (ul/min/mg)
27a 357 No Value*
27b 325 >300
27¢ 21.7 >300
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8.3 Conclusion

A number of BIZT core analogues were made during this project, however biological activity and DMPK
properties were not suitable for continuing forward. Compounds containing the BIZT scaffold showed
poor activity when compared with the literature and metabolically were very unstable, with some

analogues too unstable to determine measured values.

Replacement of the BIZT core with CH, and C=0 alternatives, were easily synthesised from
commercially available starting materials in moderate yields. They showed a great improvement in
metabolic stability, but unfortunately they were completely inactive against C. neoformans, but could
prove to be promising drug candidates for another disease. This also highlighted the need for the N-S
bond, as it seems this is involved in the mechanism of action. It appears that the metabolic weak point
of the structure is the component essential for activity (Figure 8.19).

phezlnogyaniline Requires
derivatives do not , subsitution.

show activity /\:\;; F tolerated

N
Methylat|on/ s’ Sulfur preferred.
onlv S tolerated subsitution Sulphone rendered
y required for activity compound inactive

Figure 8.19. An overall SAR conclusion.

8.4 Future Work

Whilst synthetically we don’t wish to continue with this project, there is still biological investigation
that needs to be carried out. Given that one of the mechanisms of action reported in literature is
mitochondrial based, work is currently on going to devise an assay to test whether this is a likely
mechanism of action. This is done by investigating the growth of the fungus in different carbon
sources. Dextrose is a fermentable carbon source, whereas glycerol is not. If the BIZT core inhibits
mitochondrial functional, then if the fungus was grown in the two media, it would grow in the dextrose
solution but not in the glycerol, as it is not fermentable. A procedure similar to the MIC method is

used to determine the growth.>®
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8.5 Experimental

8.5.1 General Experimental Details
For general experimental details please see Section 3.5.1, Chapter 3. 2-(chlorocarbonyl)phenyl

hypochlorothioite obtained pure from Matthew Pye.

8.5.1.1 NMR
1H and ¥C NMR assighnment of amide isomers give as; isomer 1 — 11, isomer 2 — 12, mixed isomers —
11&2. For splitting, app. means apparent splitting from the NMR spectra but it should show something

different in theory.

8.5.1.2 HPLC

Flow rate 1 ml/min for 15 minutes using MeCN/Water with compounds dissolved in methanol. UV
detector recorded signals at 254 nm. Method A: min, gradient: 2% MeCN hold to 1 min, 2-98% MeCN
in 11 min, then hold at 98% MeCN to 15 min.

8.5.2 General Procedures

General Procedure A — Amide coupling conditions for final products

To a flask at room temperature was added 2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetic acid (1.0 eq.),
DMF (5 ml) EDC.HCI (1.2 eq.) and pyridine (2.0 eq.). The flask was left to stir for 15 minutes followed
by the addition of the desired amine (1.0 eq.) and further pyridine (2.0 eq.) and the reaction stirred
overnight at room temperature. The reaction was then diluted with ethyl acetate (30 ml), acidified
with 1 M HCI (20 ml), basified with 1 M NaOH (20 ml), washed with water, brine, dried over magnesium
sulphate and concentrated to yield the crude product, which was purified via column chromatography

eluting with 20% ethyl acetate in hexane to afford the desired compound.

General Procedure B - Synthesis of Tert-butyl (2-oxoethyl)carbamate derivatives via amide

To a flask at room temperature was added (tert-butoxycarbonyl)glycine (1.0 eq.), DMF (10 ml),
pyridine (2.0 eq.), EDC.HCI (2 eq.) and the reaction stirred at room temperature for 15 minutes.
Desired amine (1 eq.) and further pyridine (2.0 eq.) were added and the reaction stirred overnight at
room temperature. The reaction was then diluted with ethyl acetate, acidified with 1 M HCI, basified
with 1 M NaOH, washed with water, brine, dried over magnesium sulphate and concentrated. The
reaction was then purified via column chromatography eluting with 20% ethyl acetate in hexane to

give the product. (35% - 82% yield).
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General Procedure C - Trifluoroactic acid deprotection
To a flask at room temperature was added the desired tert-butyl (2-oxoethyl)carbamate derivative
(1.0 eqg.) and DCM and TFA as a 3:7 mixture and was then reacted overnight at room temperature. The

reaction was then concentrated to yield the product (99% yield).

General Procedure D — BIZT core ring closure

To a flask at room temperature was added 2-(chlorocarbonyl)phenyl hypochlorothioite (1.2 eq.), DCM,
the desired 2-amino-N-acetamide analogue (1.0 eq.) and triethylamine (1.0 eq.) and the reaction
stirred at room temperature overnight. The reaction was then diluted with ethyl acetate, washed with
water, NaHCO;, brine, dried over magnesium sulphate and concentrated. The reaction was then

purified via column chromatography eluting with 20% ethyl acetate in hexane to give the product.

General Procedure E — Amide coupling to give 2-(lisoindolin-2-yl)acetamide Derivatives

To a flask at room temperature was added 2-(1-oxoisoindolin-2-yl)acetic acid derivative (1.0 eq.),
DMF, EDC.HCI (1.5 eq.), pyridine (2.5 eq.), and the desired amine (1.0 eq.) and the reaction stirred at
room temperature overnight. The reaction was then diluted with ethyl acetate, acidified with 1M HClI,
basified 1M NaOH, washed with water, brine, dried over magnesium sulphate, concentrated and

purified by trituration with ethyl acetate or column chromatography to give the final product.

General Procedure F — Alkylation of the BIZT core using benzyl bromides

To a flask at room temperature was added benzo[d]isothiazol-3(2H)-one (1eq.), THF, potassium
carbonate (2.5 eq.) and the desired benzyl bromide (2.0 eq.), and the reaction stirred at room
temperature overnight. The reaction was then concentrated, diluted with ethyl acetate, washed with
a saturated NaHCOs solution, water, brine, dried over magnesium sulphate, concentrated and purified

via column chromatography eluting with 12.5% ethyl acetate in n-hexane.

8.5.3 BZT Core Amides

2-(3-Oxobenzol[d]isothiazol-2(3H)-yl)acetic acid (15)

O O
@( }OH
N

S/

To a flask was added 1,2-benzoisothiazol-3(2H)-one (1.0 eq.) in THF (15 ml) and sodium hydride (1.2
eg.) was added portion-wise and the reaction stirred at 0 °C for 15 minutes. The solvent was then

removed and 2,2,2-trifluoroethanol added at 0 °C, along with tert-butylbromoacetate (1.0 eq.) and
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the reaction refluxed for 1 hour. The solvent was then removed and the reaction diluted with ethyl
acetate, acidified with 1 M HCI, basified with 1 M NaOH, washed with brine, dried over magnesium
sulphate and concentrated to give the crude material as a pink solid. On one occasion this

intermediate was also purified and tested. Data given below as compound 14.

To the solid was added dichloromethane (10 ml) and trifluoroacetic acid (20 ml) and the reaction
stirred overnight at room temperature. The reaction was then evaporated to dryness and washed with
ethyl acetate (3 x 20 ml), to give the title compound (15) (3.58 g, 52% vyield) as a white solid. *H NMR
(400 MHz, CDCls) 6 13.06 (bs, 1H), 7.99 (d, 1H, J = 8.0 Hz), 7.89 (d, 1H, J = 8.0 Hz), 7.71 (t, 1H, J = 7.4
Hz), 7.45 (t, 1H, J = 7.4 Hz), 4.59 (s, 2H). 3C NMR (100 MHz, CDCls) 6 169.8, 165.4, 141.8, 132.5, 126.12,
125.9, 122.8, 122.3, 44.7. HRMS (Cl+, NH3) Calculated for CsH;NOsS: 164.0165. Found [M+H]* :
164.0167 (Diff -1.67 ppm).

Tert-butyl 2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetate (14)

Sooal

'H NMR (400 MHz, CDCl3) 6 8.05 (d, 1H, J = 8.1 Hz), 7.62 (dd, 1H, J = 8.2 & 7.0 Hz), 7.55 (d, 1H, J = 8.2
Hz), 7.40 (dd, 1H, J = 8.1 & 7.0 Hz), 4.51 (s, 2H), 1.49 (s, 9H). *C NMR (100 MHz, CDCl5) § 166.7, 165.8,
140.9, 132.2, 126.9, 125.5, 123.6, 120.3, 83.0, 45.3, 28.0. HRMS (ES+) Calculated for C;13H1sNOsNasS:
288.0670. Found [M+H]*: 288.0668 (Diff -1.67 ppm). vmax/cm™ : (solid) 2998 (m), 2982 (m), 2935 (m),
1740 (s), 1660 (s), 1624 (s), 1459 (m), 1257 (m). MP: 68 - 70 °C Microanalysis: Calculated C(58.85%),
H(5.70%); N(5.28%), Obtained C(58.69%), H(5.64%), N(5.15%).

8.5.3.1 2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetamide Derivatives

N-benzyl-N-methyl-2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetamide (17a)

seave

General Procedure A - Employed N-benzylmethylamine to obtain the title compound (17a) (0.051 g,
17% yield) as yellow oil and as a mixture of two isomers 1:0.65. *H NMR (400 MHz, CDCl;) § 8.03 (I1,
d, 1H, J = 7.92 Hz), 7.99 (12, 1H, J = 7.92 Hz), 7.59 — 7.56 (11&2, m, 2H), 7.37 — 7.31 (11&2, m, 6H), 4.76
(11, s, 2H), 4.73 (12, s, 2H), 4.67 (12, s, 2H), 4.62 (I1, s, 1H), 3.02 (I1, s, 3H), 3.01 (12, s, 3H). 3C NMR (100
MHz, CDCls) 6 167.1 (12), 166.6 (11), 166.0 (12), 165.8 (11), 141.5 (12), 136.5 (I11), 135.7 (12), 132.1 (I1),
132.0 (12), 129.1 (12), 128.7 (11), 128.3 (I11), 127.9 (I12), 127.1 (11), 126.8 (I11), 126.74 (12), 126.3 (11&2,
125.4 (12), 123.5 (11), 123.4 (12), 120.3 (1), 120.3 (11), 53.1 (12), 51.4 (I11), 45.0 (11), 44.9 (12), 34.5 (12),
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34.1 (11). HRMS (ES+) Calculated for Ci7H16N,0,S: 335.0830. Found [M+Na]*: 335.0827 (Diff — 0.90
ppm). MP: 151 -153 °C. Purity HPLC (Method A) 97.7%, R = 8.58 min.

2-(3-Oxobenzo[d]isothiazol-2(3H)-yl)-N-(4-phenoxyphenyl)acetamide (17b)
O O
Ba
N
S
v,

General Procedure A - Employed 4-phenoxyaniline to obtain the title compound (17b) (0.059 g, 15%
yield) as a white solid. *H NMR (400 MHz, DMSO) &6 10.35 (s, 1H), 7.98 (d, 1H, J = 8.1 Hz), 7.89 (d, 1H, J
=7.8Hz),7.71 (t, 1H, H = 7.1 Hz), 7.60 (d, 2H J = 8.1 Hz), 7.45 (t, 1H, J = 7.8 Hz), 7.37 (t, 2H, J = 7.5 H2),
7.10 (t, 1H, J = 7.5 Hz), 7.00 — 6.96 (m, 4H), 4.67 (s, 2H). HRMS (ES+) Calculated for Cy1H1sN20sS%Na:
399.0779. Found [M+Na]*: 399.0768 (Diff -2.76 ppm). vmax/cm™ : (solid) 3657 (s), 3065 (m), 2980 (m),
1686 (s), 1661 (m), 1504 (m), 1445 (m), 1288 (m). MP: 175 — 178 °C. Purity HPLC (Method A) 95.3%, R
=10.04 min.

N-(4-(4-Fluorophenoxy)phenyl)-2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetamide (17c)
O O
S
N
S
0 —< >— F

General Procedure A - Employed 4-(4-fluorophenoxy)aniline to obtain the title compound (17c) (0.075
g, 13% yield) as a white solid. *H NMR (400 MHz, CDCl3) § 8.76 (s, 1H), 8.05 (d, 1H, J = 7.9 Hz), 7.70 —
7.68 (m, 1H), 7.65 (d, 1H, J = 8.1 Hz), 7.49 — 7.45 (m, 3H), 7.03 - 7.00 (m, 2H), 6.96 —6.91 (m, 4H), 4.63
(s, 2H). 3C NMR (100 MHz, CDCl5) 6 166.5, 165.1, 154.2, 141.1, 132.8, 132.7, 126.8, 126.0, 123.2,
121.8, 120.5, 120.1, 120.0, 119.0, 116.4, 116.1, 49.2. HRMS (ES+) Calculated for C;1H1sN,03FS?*Na:
417.0685. Found [M+Na]* : 417.0673 (Diff — 2.88 ppm). Vmax/cm™® : (solid) 3267 (m), 3076 (m), 2924
(m), 1686 (s), 1631 (d), 1495 (m), 1407 (m), 1290 (m). MP: 202-204 °C. Microanalysis: Calculated
C(63.95%), H(3.83%), N(7.10%); Obtained C(64.17%), H(4.13%), N(6.79%).
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N-(4-(4-Chlorophenoxy)phenyl)-2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetamide (17d)
O O
}NH
/N
S

General Procedure A - Employed 4-(4-chlorophenoxy)aniline to obtain the title compound (17d)
(0.043 g, 7% vield) as a white solid. H NMR (400 MHz, CDCls) & 8.79 (s, 1H), 8.08 (d, 1H, J = 7.7 Hz),
7.68 (dd, 1H, J=7.6 & 7.9 Hz), 7.60 (d, 1H, J = 7.6 Hz), 7.49 (d, 2H, / = 8.8 Hz), 7.45 (dd, 1H, /= 7.7 &
7.9 Hz), 7.25 (d, 2H, J = 8.8 Hz), 6.93 (d, 2H, J = 8.7 Hz), 6.87 (d, 2H, J = 8.7 Hz), 4.63 (s, 2H). 3C NMR
(100 MHz, CDCl5) & 166.7, 166.5, 156.2, 153.3, 141.1, 133.2, 133.1, 132.7, 129.7, 128.1, 126.9, 126.0,
121.8, 120.5, 119.6, 49.3. Not all quaternary carbons visible. HRMS (ES+) Calculated for
C21H15N,05CIS?®Na: 433.0390. Found [M+Na]* : 433.0377 (Diff -3.00 ppm). Vvmax/cm™ : (solid) 3281 (m),
3063 (m), 2980 (m), 1694 (s), 1669 (m), 1485 (m), 1400 (m), 1266 (m). MP: 175-177 °C.

N-(4-(3-Chlorophenoxy)phenyl)-2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetamide (17e)

General Procedure A - Employed 4-(3-chlorophenoxy)aniline to obtain the title compound (17ec)
(0.14 g, 24% vyield) as a white solid. *H NMR (400 MHz, CDCls) & 8.99 (s, 1H), 8.06 (d, 1H, J = 7.8 Hz),
7.65 (dd, 1H, J = 7.3 & 7.9 Hz), 7.59 (d, 1H, J = 7.9 Hz), 7.44 (dd, 1H, J = 7.3 & 7.8 Hz), 7.52 (d, 2H, J =
8.9 Hz), 7.20 (dd, 1H, J = 8.0 Hz, & 8.2 Hz), 7.02 (d, 1H, / = 8.0 Hz), 6.94 (d, 2H, J = 8.9 Hz), 6.91 (s, 1H),
6.82 (d, 1H, 8.2 Hz), 4.67 (s, 2H). *C NMR (100 MHz, CDCls) § 166.5, 165.2, 158.6, 156.7, 141.2, 135.0,
133.7, 132.6, 130.5, 126.8, 126.0, 123.2, 123.0, 121.8, 120.5, 120.1, 118.3, 116.2, 49.0. HRMS (ES+)
Calculated for C;1H1sN,03CIS#Na: 433.0390. Found [M+H]* : 433.0832 (Diff -1.85 ppm). Vmax/cm™ :
(solid) 3660 (s), 3074 (m), 2929 (m), 1684 (s), 1631 (d), 1503 (m), 1444 (m), 1297 (m). MP 174 - 176

°C. Microanalysis: Calculated C(61.39%), H(3.68%), N(6.82%); Obtained C(61.07%), H(3.71%), N
(6.66%).

2-(2-(4-Benzylpiperidin-1-yl)-2-oxoethyl)benzo[d]isothiazol-3(2H)-one (17f)
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General Procedure A - Employed 4-benzylpiperidine to obtain the title compound (17f) (0.13 g, 25%
yield) as a white solid. *H NMR (400 MHz, CDCls) & 8.03 (d, 1H, J = 8.0 Hz), 7.62 — 7.60 (m, 1H), 7.55 (d,
1H,/=8.0Hz),7.40-7.38 (m, 1H), 7.29 (d, 2H, J=7.1 Hz), 7.23-7.21 (m, 1H), 7.11 (d, 1H, /= 7.1 Hz),
4.74 (d, 1H, J = 16.1 Hz), 4.63 (d, 1H, J = 16.1 Hz), 3.92 — 3.91 (m, 1H), 3.04 — 3.02 (m, 1H), 2.60 — 2.59
(m, 1H), 2.55 — 2.54 (m, 1H), 2.54 — 2.52 (m, 2H), 1.75 — 1.73 (m, 3H), 1.20 — 1.17 (m, 2H). *C NMR
(100 MHz, CDCls) 6 174.5, 173.6, 150.3, 148.5, 140.8, 137.8, 137.14, 135.6, 135.5, 134.9, 134.2, 134.1,
132.3,129.0,54.3,53.6, 51.6, 46.8, 40.3. HRMS (Cl+, CH,) Calculated for C2;H,3N>0,S: 367.1475. Found
[M+H]*: 367.1490 (Diff -4.19 ppm). Vmax/cm™ : (solid) 3026 (m), 2926 (m) 1669 (s), 1633 (s), 1494 (m),
1284 (m). MP: 175 - 176 °C. Microanalysis: Calculated C(68.83%), H(6.05%), N(7.64%); Obtained
C(68.63%), H(6.03%), N (7.60%).

2-(2-(4-Fluoropiperidin-1-yl)-2-oxoethyl)benzo[d]isothiazol-3(2H)-one (17g)
O O
D
/N
S

General Procedure A - Employed 4-fluoropiperdine hydrochloride to obtain the title compound (17g)
(0.13 g, 19% yield) as a white solid. *H NMR (400 MHz, CDCl;) 6 8.04 (d, 1H, J = 7.9 Hz), 7.63 (app. t,
1H, J=8.1Hz), 7.56 (d, 1H, J = 7.9 Hz), 7.40 (app. t, 1H, J = 8.1 Hz), 4.97 — 4.80 (m, 2H), 4.62 (d, 1H, J =
16.0 Hz), 3.97 — 3.95 (m, 1H), 3.65 — 3.63 (m, 2H), 3.48 — 3.47 (m, 1H), 1.88 — 1.84 (m, 4H). **C NMR
(100 MHz, CDCl3) 6 165.7, 165.0, 141.4, 132.2, 126.8, 125.5, 123.5, 120.4, 87.1 (J = 172.2 Hz), 45.0,
41.3 (J=4.9 Hz),38.2 (J=4.2 Hz), 31.4 () = 18.6 Hz), 30.9 (J = 17.7 Hz). HRMS (Cl+, CH,) Calculated for
Ci14H15FN,0,S: 295.0911. Found [M+H]* : 295.0917 (Diff -1.99 ppm). Predicted C(57.13%), H(5.14%),
N(9.52%); Obtained C(56.82%), H(5.02%), N (9.44%). Vmax/cm™ : (solid) 2974 (m), 2937 (m), 1637 (s),
1596 (s), 1450 (m), 1252 (m). MP: 94 — 97 °C. Purity HPLC (Method A) 90.5%, R: = 7.88 min.

8.5.3.2 General Synthesis of Tert-butyl (2-oxoethyl)carbamate derivatives

Tert-butyl (2-(benzyl(methyl)amino)-2-oxoethyl)carbamate (19a)

(0]
BocHNJJ\N
AP

General Procedure B - Employed N-benzylmethylamine to obtain the title compound (19a) (0.66 g,
42% vyield) as a yellow oil. *H NMR (400 MHz, CDCl3) § 7.35 — 7.32 (11&2, m, 3H), 7.22 (11, d, 1H, J =
7.24 Hz), 7.14 (12, d, 1H, J = 7.24 Hz), 5.58 (11&2, bs, 1H), 4.60 (I1, s, 2H), 4.46 (12, s, 2H), 4.01 — 3.99
(11&2, m, 2H), 2.98 (12, s, 3H), 2.88 (I1, s, 3H), 1.46 (I1, s, 9H), 1.44 (12, s, 9H); 3C NMR (100 MHz,
CDCls) 6 168.8, 155.9, 136.6, 129.1, 128.7, 128.0, 71.9, 51.2, 42.4, 33.5, 28.3. HRMS (ES+) calculated
for C1sH22N20sNa 301.1528; [M+Na]* found 301.1524 (Diff -1.33 ppm).
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Tert-butyl (2-oxo-2-((4-phenoxyphenyl)amino)ethyl)carbamate (19b)

o o
BocHN&J\N
H

General Procedure B - Employed 4-phenoxyaniline to obtain the title compound (19b) (0.80 g, 82%
yield) as an orange/brown oil. *H NMR (400 MHz, CDCls) & 8.25 (bs, 1H) 7.46 (d, 2H, J = 8.88 Hz), 7.32
(t, 2H, J = 7.56 Hz), 7.08 (app. t, 1H, J = 7.4 Hz), 6.97 (app. d, 4H, J = 8.88 Hz) 5.33 (bs, 1H), 3.93 (d, 2H,
J =5.8 Hz), 1.48 (s, 9H). HRMS (ES+) calculated for C19H22N204Na 365.1477; [M+Na]* found 365.1466
(Diff -3.01 ppm).

8.5.3.3 General Synthesis of 2-Amino-N-acetamide Analogues

2-Amino-N-benzylacetamide 2,2,2-trifluoroacetate (20a)

o)
H2N\)J\N 0
H/\© HO)J\CFg

General Procedure C - Employed tert-butyl (2-(benzyl(methyl)amino)-2-oxoethyl)carbamate (19a)
(0.88 g) to give the title compound (20a) (0.78 g, 99% yield) as a yellow oil and as a mixture of isomers
in a ratio 1: 0.46. 'H NMR (400 MHz, CDCl3) & 8.08 (11&2, bs, 2H), 7.27 — 7.24 (11&2, m, 3H), 7.09 — 7.06
(11&2, m, 2H), 4.47 (11, s, 2H), 4.31 (12, s, 2H), 3.92 (11&2, s, 2H), 2.83 (12, s, 3H), 2.77 (11, s, 3H). 1C
NMR (100 MHz, CDCls) & 166.23 (11&2, 135.32 (11), 134.18 (12), 129.17 (12) 128.86 (11) 128.30 (I2),
127.38 (I1), 126.50 (12), 52.35 (12), 40.38 (11&2), 33.95 (12), 33.61 (11); HRMS (Cl+, CH4) calculated for
C10H15N20 179.1179; [M+H]* found 179.1183 (Diff -2.06 ppm).

2-Amino-N-(4-phenoxyphenyl)acetamide 2,2,2-trifluoroacetate (20b)
O
YOS
HsN @]
2 \)J\N )J\
H HO™ “CF,

General Procedure C - Employed tert-butyl (2-oxo-2-((4-phenoxyphenyl)amino)ethyl)carbamate (19b)
(0.80 g) to give the title compound (20b) (0.78g, 99% vyield) as a white/grey solid. Telescoped into next
reaction crude. LRMS (Cl+, CH4) calculated for Ci4H14N;0,; Loss of CegHs+2H+ obtained
[(CsH7N20,)+%Na]* found 186.
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8.5.3.4 General Synthesis of 3-Oxobenzo[d]isothiazol-2(3H)-yl)acetamides
N-Benzyl-2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetamide (17a)

General Procedure D - Employed 2-amino-N-benzylacetamide 2,2,2-trifluoroacetate (20a) to give the
title compound (17a) (0.11 g,35% yield) as a yellow solid. *H NMR (400 MHz, CDCl5) 6 8.05 (I1, 1H, J =
7.88 Hz), 7.99 (12, d, 1H, J = 7.88 Hz), 7.58 — 7.56 (11&2, m, 2H), 7.36 — 7.31 (11&2, m, 6H), 4.76 (11, s,
2H) 4.73 (12, s, 2H), 4.67 (12, s, 2H), 4.62 (11, s, 2H), 3.02 (11, s, 3H), 3.01 (12, s, 3H); 3C NMR & (100
MHz, CDCls) 6 167.1 (12), 166.6 (1), 166.0 (I2), 165.8 (I1), 141.6 (I1), 141.5 (12), 136.5 (11), 135.7 (12),
132.1(11), 132.0 (12), 129.1(12), 128.7 (11), 128.3 (11), 127.9 (12), 127.1 (11), 126.8 (11), 126.7 (12), 126.3
(11&2, 125. 4 (12), 123.5 (11), 123.5 (12), 120.3 (11& 12), 53.0 (12), 51.4 (I1), 45.0 (11), 44.9 (12), 34.5 (12),
34.1 (11); HRMS (ES+) calculated for Ci7H16N20,SNa 335.0830; [M+Na]* found 335.0827 (Diff -0.90
ppm); Microanalysis: Calculated C(65.36%), H(5.20%), N(8.97%), S(10.26%); Obtained C(63.42%),
H(5.46%), N(8.58%), S(9.09%).

8.5.4 Synthesis of 2-(1isoindolin-2-yl)acetamide Derivatives

N-benzyl-2-(1,3-dioxoisoindolin-2-yl)-N-methylacetamide (24a)
e q O
e
N \
0

General Procedure E - Employed 2-(1,3-dioxoisoindolin-2-yl)acetic acid and N-methyl-1-
phenylmethanamine to obtain the title compound (0.10 g, 34% yield) as a white solid and a mixture
of two isomers (1 : 0.59). *H NMR (400 MHz, CDCl3) § 7.89 - 7.86 (m, 2H), 7.74 — 7.72 (m, 2H), 7.45 —
7.42 (m, 2H), 7.34 - 7.30 (m, 3H), 7.26 — 7.23 (m, 2H), 4.61 (12, s, 2H), 4.59 (11, s, 2H), 4.56 (12, s, 2H),
4.54 (11, s, 2H), 3.01 (11, s, 3H), 2.967 (12, s, 3H). 13C NMR (100 MHz, CDCls) & 168.1 (11&2, 165.9 (12),
165.6 (1), 136.5 (11), 135.4 (12), 134.1 (11), 132.3 (12), 129.2 (12), 128.7 (1), 128.2 (I11), 128.0(I2), 127.6
(11), 126.4 (12), 123.6 (11), 123.0 (12), 52.6 (12), 51.5 (I11), 39.3 (I11), 39.2 (12), 34.3 (12), 33.8 (I11). HRMS
(CI+, CHa4) Calculated for Ci7H19N203: 309.1234. Found [M+H]* : 309.1245 (Diff -3.79 ppm). Vmax/cm™ :
(solid) 3670 (s), 2980 (m), 2888 (m), 1768 (s), 1709 (s), 1659 (s), 1495 (m), 1454 (m), 1270 (m). MP:
147 — 149 °C. Purity HPLC (Method A) 96.9%, R: = 9.24 min
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2-(1,3-Dioxoisoindolin-2-yl)-N-(4-phenoxyphenyl)acetamide (24b)
O O
}NH
N
0
o)

General Procedure E - Employed 2-(1,3-dioxoisoindolin-2-yl)acetic acid and 4-phenoxyaniline to
obtain the title compound (24b) (0.16 g, 59% yield) as a white solid. *H NMR (400 MHz, DMSO) § 10.35
(s, 1H), 7.92 (m, 4H), 7.57 (d, 2H, J = 8.3 Hz), 7.37 (app. t, 2H, J=8.3 & 7.9 Hz), 7.10 (app. t, 1H,J=7.9
Hz), 6.99 (d, 2H, J = 8.6 Hz), 6.97 (d, 2H, J = 8.6 Hz), 4.44 (s, 2H). 3C NMR (100 MHz, DMSO) & 168.0,
165.1,157.7,152.6, 135.2,134.8, 132.1, 130.4, 123.8, 128.5,121.4 119.9 118.5, 41.2. HRMS (Cl+, CH4)
Calculated for C2H17N204: 373.1183. Found [M+H]*: 373.1190 (Diff -3.85 ppm). Vmax/cm™ : (solid) 3261
(s). 2979 (m), 2889 (m), 1775 (s), 1723 (s), 1658 (s), 1464 (m), 1266 (m). MP: 201 — 203 °C. Purity HPLC
(Method A) 95.1%, R; = 10.41 min.

N-(4-(4-chlorophenoxy)phenyl)-2-(1,3-dioxoisoindolin-2-yl)acetamide (24c)
O O
4>—NH
N
0

General Procedure E - Employed 2-(1,3-dioxoisoindolin-2-yl)acetic acid and 4-(4-
chlorophenoxy)aniline to obtain the title compound (24c) (0.17 g, 44% yield) as a white solid. *H NMR
(400 MHz, DMSO) 6 10.38 (s, 1H), 7.95 — 7.93 (m, 2H), 7.93 — 7.90 (m, 2H), 7.60 — 7.57(m, 2H), 7.43 -
7.40 (m, 2H), 7.04 — 7.01 (m, 2H), 7.00 — 6.97 (m, 2H), 4.45 (s, 2H). **C NMR (100 MHz, DMSO) & 168.0,
165.2, 165.1, 156.7, 152.1, 135.1, 132.1, 130.3, 127.2, 123.7, 121.5, 121.4, 120.1, 120.0. HRMS (Cl+,
CH4) Calculated for CyHisN204Cl: 407.0793. Found [M+H]* : 407.0810 (Diff -4.24 ppm). Vmax/cm™ :
(solid) 3659 (s), 3272 (m), 2980 (m), 2888 (m), 1771 (s), 1715 (s), 1662 (s), 1504 (m), 1464 (m), 1233
(m). MP: 184 — 185 °C. Purity HPLC (Method A) 93.3%, R¢ = 11.06 min.

2-(2-(4-Fluoropiperidin-1-yl)-2-oxoethyl)isoindoline-1,3-dione (24d)

@E@‘}NQF

General Procedure E - Employed 2-(1,3-dioxoisoindolin-2-yl)acetic acid and 4-fluoropiperidine

hydrochloride to obtain the title compound (24d) (0.081 g, 29% yield) as a white solid. *"H NMR (400
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MHz, CDCls) & 7.89 — 8.86 (m, 2H), 7.44 — 7.42 (m, 2H), 4.51 (s, 2H), 4.93 —4.91(m, 1H), 3.94 —3.94 (m,
1H), 3.65 — 3.63 (m, 1H), 3.57 — 3.56 (m, 1H), 3.48 — 3.46 (m, 1H), 1.99 — 1.94 (m, 4H). 3C NMR (100
MHz, CDCls) 6 168.1, 163.9, 134.1, 132.2, 123.6, 87.2 (d, J = 172.1 Hz), 39.0, 40.7 (d, J = 5.2 Hz), 38.2
(d,J=4.7 Hz), 31.4 (d, J = 20.1 Hz), 30.6 (d, J = 20.3 Hz). Vmax/cm™ : (solid) 2990 (m), 2875 (m), 1771 (s),
1706 (s), 1645 (s), 1451 (m), 1262 (m). Purity HPLC (Method A) 96.5%, R = 7.88 min.

2-(2-Morpholino-2-oxoethyl)isoindoline-1,3-dione (24e)

0O O /\
3O
O

General Procedure E - Employed 2-(1,3-dioxoisoindolin-2-yl)acetic acid and morpholine hydrochloride
to obtain the title compound (24e) (0.043 g, 22% vyield) as a white solid. *H NMR (400 MHz, CDCls) &
7.88 (m, 2H), 7.73 (m, 2H), 4.49 (s, 2H), 3.74 (m, 4H), 3.58 (m, 4H). 1*C NMR (100 MHz, CDCl3) 6 168.0,
164.2, 134.1, 132.3, 123.6, 66.7, 66.3, 45.2, 42.5, 39.0. HRMS (Cl+, CH4) Calculated for CisH1sN,Oa:
275.1026. Found [M+H]* : 275.1030 (Diff 1.45 ppm). Vmax/cm™ : (solid) 2990(m), 2854(m), 1780(s),
1706(s), 1640(s), 1441(m), 1294 (m). MP: 182 — 185 °C. Microanalysis: Calculated C(61.31%), H(5.15%),
N(10.21%); Obtained C(60.53%), H(5.11%), N(10.16%). Purity HPLC (Method A) 97.1%, R: = 6.68 min.

N-benzyl-N-methyl-2-(1-oxoisoindolin-2-yl)acetamide (24f)

oo O
N
Co

General Procedure E - Employed 2-(1-oxoisoindolin-2-yl)acetic acid and N-benzylmethylamine to
obtain the title compound (24f) (0.14 g, 44% yield) as a white solid and a mixture of two isomers. H
NMR (400 MHz, CDCls) § 7.79 (I1, d, 1H, J = 8.0 Hz), 7.75 (12, d, 1H, J = 8.0 Hz), 7.47 — 7.45 (m, 1H), 7.38
—7.35(m, 2H), 7.27 - 7.23 (m, 3H), 7.18 —= 7.15 (m, 2H), 4.59 (12, s, 2H), 4.55 (I1, s, 2H), 4.52 (11, s, 2H),
4.50 (12, s, 2H), 4.43 (11, s, 2H), 4.42 (12, s, 2H), 2.94 (I1, s, 3H), 2.91 (12, s, 3H). 3C NMR (100 MHz,
CDCl3) & 169.0 (I1), 168.8 (12), 168.3 (I1), 167.9 (12), 141.9 (I1), 141.8 (I2), 136.7 (I1), 136.1 (I2), 132.0
(11), 131.6 (12), 129.0 (12), 128.7 (11), 128.2 (I1), 127.9 (11), 127.8 (12), 127.7 (12), 127.6 (I1), 126.3 (12),
123.9 (11), 53.4 (12), 58.0 (12), 51.3 (I11), 50.9 (I2), 44.0 (I1), 43. 9 (12), 34.3 (I12). HRMS (Cl+, CHa)
Calculated for CigH19N,0,: 296.1441. Found [M+H]* : 295.1449 (Diff 2.70 ppm). Vvmax/cm™ : (solid) 3667
(s), 2980 (m), 2927 (m), 1684 (s), 1646 (s), 1473 (m), 1424 (m), 1261 (m). MP: 121 — 124 °C .Purity HPLC
(Method A) 100%, R: = 8.30 min.
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2-(1-Oxoisoindolin-2-yl)-N-(4-phenoxyphenyl)acetamide (24g)
O

ey
W

General Procedure E - Employed 2-(1-oxoisoindolin-2-yl)acetic acid and 4-phenoxyaniline to obtain
the title compound (24g) (0.12 g, 43 % yield) as a white solid. *H NMR (400 MHz, DMSO) & 10.23 (s,
1H), 7.72 (d, 1H, J = 7.4 Hz), 7.62 (d, 1H, J = 7.8 Hz), 7.61 (d, 1H, J = 8.9 Hz), 7.55 — 7.50 (m, 1H), 7.37
(dd, 2H, J=8.1 & 7.9 Hz), 7.10 (t, 1H, J = 7.4 Hz), 6.99 (d, 2H, J = 8.9 Hz), 6.96 (d, 2H, J = 8.1 Hz), 4.59
(s, 2H), 4.40 (s, 2H). *C NMR (100 MHz, DMSO) & 168.4, 167.1,157.7,152.4, 142.8 135.1, 132.4, 132.0,
130.4, 128.3, 124.0, 123.5, 123.3, 121.4, 119.9, 118.4, 51.1, 45.7. HRMS (ES+) Calculated for
C2;H1sN»03%Na: 381.1215. Found [M+Na]*: 381.1208 (Diff -1.84 ppm). Vmax/cm™ : (solid) 3306 (s), 3042
(m), 2959 (m), 1666 (s). 1617 (s), 1455 (m), 1228 (m). MP: 185 — 187 °C. Microanalysis: Calculated
C(73.73%), H(5.06%), N(7.82%): Obtained C(73.36%), H(5.00%), N(7.69%).

N-(4-(4-chlorophenoxy)phenyl)-2-(1-oxoisoindolin-2-yl)acetamide (24h)

s

General Procedure E - Employed 2-(1-oxoisoindolin-2-yl)acetic acid and 4-(4-chlorophenoxy)aniline
to obtain the title compound (24h) (0.11 g, 27% yield) as a white solid. *H NMR (400 MHz, DMSO) &
10.26 (s, 1H), 7.76 — 7.74 (m, 1H), 7.69 — 7.63 (m, 4H), 7.55 — 7.54 (m, 1H), 7.45 — 7.42 (m, 2H), 7.05
(d, 2H, J = 8.7 Hz), 7.01 (d, 2H, J = 8.7 Hz), 4.59 (s, 2H), 4.40 (s, 2H). 3C NMR (100 MHz, DMSO) & 168.4,
167.2,156.8, 151.9, 142.8, 135.4, 132.3,132.0, 130.3, 128.3,127.2, 123.9, 123.3, 121.4, 120.1, 120.0,
51.1, 45.7. HRMS (Cl+, CH,) Calculated for C2;H1sN,05Cl: 393.0999. Found [M+H]*: 393.0999 (Diff 0.00
ppm). Vmax/cm™ : (solid) 3658 (s), 2989 (m), 2930 (m), 1666 (s), 1621 (m), 1503 (m), 1455 (m), 1288
(m). MP: 222 — 223 °C. Microanalysis: Calculated C(67.26%), H(4.36%), N(7.13%): Obtained C(66.90%),
H(4.28%), N(6.96%).

2-(2-Morpholino-2-oxoethyl)isoindolin-1-one (24i)
2 A /N
S
N __/
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General Procedure E - Employed 2-(1-oxoisoindolin-2-yl)acetic acid and morpholine to obtain the title
compound (24i) (0.088g, 44% yield) as a white solid. *H NMR (400 MHz, CDCls) 6 7.85 (d, 1H, J = 7.5
Hz), 7.55 (app. t, 1H, J = 7.7 Hz), 7.46 (app. t, 2H, J = 7.5 & 7.7 Hz), 4.55 (s, 2H), 4.45 (s, 2H), 3.71 - 3.67
(m, 4H), 3.63 — 3.58 (m, 4H). 13C NMR (100 MHz, CDCls) & 168.7, 166.5, 141.8, 131.8, 131.7, 128.0,
128.9, 122.8, 66.8, 66.6, 50.8, 45.7, 43.9, 42.2. HRMS (Cl+, CH4) Calculated for Co4H17N,03: 261.1242.
Found [M+H]*: 261.1234 (Diff -3.18 ppm). vmax/cm™ : (solid) 2920 (m), 2842 (m), 1683 (s), 1656 (s),
1468 (m), 1270 (m). Purity HPLC (Method A) 93.7%, R; = 6.012 min. MP: 140 — 142 °C .Purity HPLC
(Method A) 94.6%, R = 6.02 min.

8.5.5 2-benzylbenzo[d]isothiazol-3(2H)-one Derivatives

2-Benzylbenzo[d]isothiazol-3(2H)-one (27a)

et

General Procedure F - Employed benzyl bromide to obtain the title compound (27a) (0.11 g, 34% yield)
as pale yellow solid. *H NMR (400 MHz, CDCls) 6 8.07 (d, 1H, J=7.9 Hz), 7.58 (dd, 1H, J = 8.2 & 7.2 Hz),
7.48 (d, 1H, J = 8.1 Hz), 7.40 (dd, 1H, J = 7.9 & 7.2 Hz), 7.38 — 7.33 (m, 5H), 5.06 (s, 2H). 3C NMR (100
MHz, CDCls) 6 165.4, 140.4, 136.3, 131.9, 128.8, 128.5, 128.3, 126.8, 125.5, 124.5, 120.4, 47.6. HRMS
(Cl+, CH4) Calculated for C14H1,NOS: 242.0634. Found [M+H]*: 242.0643 (Diff -3.63 ppm). Vmax/cm™ :
(solid) 3077 (m), 3021 (m), 2923 (m), 1656 (s), 1454(m), 1242 (m). MP: 68 — 71 °C. Purity HPLC (Method
A) 95.3%, R =9.43 min.

2-(4-Fluorobenzyl)benzo[d]isothiazol-3(2H)-one (27b)

Qﬁ
S

General Procedure F - Employed 4-fluorobenzyl bromide to obtain the title compound (27b) (0.20 g,
59% yield) as pale yellow solid. *H NMR (400 MHz, CDCl5) & 8.06 (d, 1H, J = 7.7 Hz), 7.60 — 7.58 (m, 1H,
J=8.1Hz),7.51(d, 1H,J=8.1 Hz), 7.42 - 7.40 (m, 1H, /= 7.7 Hz), 7.36 — 7.32 (m, 2H), 7.06 — 7.03 (m,
2H), 5.02 (s, 2H). 3C NMR (100 MHz, CDCls) 6 165.3, 140.3, 132.0, 131.9, 130.2, 126.9, 125.6 124.4,
120.4, 115.9, 115.7, 46.8. HRMS (Cl+, CH4) Calculated for Ci4H1:FNOS: 260.0540. Found [M+H]* :
260.0550 (Diff -4.04 ppm). Vmax/cm™ : (solid) 2921 (m), 2851 (m), 1632 (s), 1444 (m), 1235 (m), 745
(m). MP: 78 — 80 °C. Purity HPLC (Method A) 96.6%, R: = 9.57 min.
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2-(3-Fluorobenzyl)benzo[d]isothiazol-3(2H)-one (27c)

vasal

General Procedure F - Employed 3-fluorobenzyl bromide to obtain the title compound (27c) (0.20 g,
59% yield) as pale yellow solid. *H NMR (400 MHz, CDCls) 6 8.07 (d, 1H, J = 7.8), 7.62 — 7.60 (m, 1H),
7.51(d, 1H,/=8.3 Hz), 7.42-7.40 (m, 1H), 7.33 - 7.31 (m, 1H), 7.13 (d, 1H, /= 7.8 Hz), 7.06 — 7.04 (m,
1H), 7.00 (d, 1H, J = 8.6 Hz), 5.04 (s, 2H). *C NMR (100 MHz, CDCl3) 6 165.4, 164.2, 161.8, 140.3, 138.6,
132.0, 130.4, 126.9, 125.6, 124.2, 123.8, 120.5, 115.3, 47.0. HRMS (Cl+, CH4) Calculated for
C14H11FNOS: 260.0540. Found [M+H]*: 260.0545 (Diff -2.05 ppm). Vmax/cm™ : (solid) 3050 (m), 2979
(m), 1847 (s), 1486 (m), 1263 (s), 733 (s). MP: 67 — 69 °C. Purity HPLC (Method A) 97.8%, R¢ = 9.59 min.

2-(2-Fluorobenzyl)benzo[d]isothiazol-3(2H)-one (27d)

Ssoa

General Procedure F - Employed 2-fluorobenzyl bromide to obtain the title compound (27d) (0.085 g,
25% yield) as pale yellow solid. *H NMR (400 MHz, CDCl5) 6§ 7.98 (D, 1H, J = 7.8 Hz), 7.51 (m, 1H), 7.42
(d, 1H,J = 7.8 Hz), 7.31 (m, 2H), 7.21 (m, 1H), 7.02 (m, 2H), 5.05 (s, 2H). *C NMR (100 MHz, CDCls) &
165.4, 160.8 (d, J = 247. 8 Hz), 140.5, 131.9, 130.8 (d, J = 3.5 Hz), 130.2 (d, J = 8.2 Hz), 126.8, 125.5,
124.6 (d, J = 3.4 Hz), 124.3, 123.3 (d, J = 14.6 Hz), 102.4, 115.5 (d, J = 21.3 Hz), 41.0. HRMS (Cl+, CHa)
Calculated for Ci14H1:FNOS: 260.0540. Found [M+H]*: 260.0544 (Diff — 1.52 ppm). Vma/cm™ : (solid)
3056 (m), 3015 (m), 2932 (m), 1652 (s), 1488 (m), 1356 (s). MP: 98 -100 °C. Purity HPLC (Method A)
97.6%, Rt =9.55 min.

2-(4-Chlorobenzyl)benzo[d]isothiazol-3(2H)-one (27e)

©f~
S

General Procedure F - Employed 4-chlorobenzyl bromide to obtain the title compound (27e) (0.17 g,

Cl

47% yield) as yellow solid. *H NMR (400 MHz, CDCl;) 6 8.06 (d, 1H, J = 7.9 Hz), 7.60 — 7.58 (m, 1H), 7.50
(d, 1H, J = 7.9 Hz), 7.41 — 7.39 (m, 1H), 7.33 — 7.28 (m, 4H), 5.01 (s, 2H). *C NMR (100 MHz, CDCl;) &
165.4, 140.3, 134.7, 134.2, 132.0, 129.8, 129.0, 126.9, 125.6, 124.3, 120.5, 46.8. HRMS (Cl+, CH.)
Calculated for C14H1:CINOS: 276.0244. Found [M+H]*: 276.0250 (Diff -2.09 ppm). Vma/cm™ : (solid)
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3056 (m), 928 (m), 1655 (s), 1459 (m), 1285 (m), 735 (s). MP: 64 - 66 °C. Microanalysis: Calculated
C(60.98%), H(3.66%), N(5.08%); Obtained C(60.81%), H(3.63%), N(4.85%).

2-(4-(Trifluoromethyl)benzyl)benzo[d]isothiazol-3(2H)-one (27f)

Oﬁ
S

General Procedure F - Employed 4-(trifluoromethyl)benzyl bromide to obtain the title compound (27f)

CF;

(0.086 g, 22% yield) as yellow solid. *H NMR (400 MHz, CDCl3) 6 8.08 (d, 1H, J = 7.9 Hz), 7.62 (m, 3H, J
=7.6 &8.3 Hz), 7.52 (d, 1H, J = 7.9 Hz), 7.46 (d, 2H, J = 8.3 Hz), 7.42 (d, 1H, J = 7.6 Hz), 5.12 (s, 2H). 13C
NMR (100 MHz, CDCls) 6 165.5, 140.3, 132.2, 130.6, 130.3, 128.5, 127.0, 125.9, 125.7, 125.3, 124.1,
120.5, 46.9. HRMS (Cl+, CH4) Calculated for CisH11FsNOS: 310.0508. Found [M+H]*: 310.051743 (Diff -
3.05 ppm). Vmax/cm? : (solid) 3067 (m), 2917 (m), 2853 (m), 1636 (s), 1443 (m), 1246 (m), 781 (s). MP:
82 -84 °C. Microanalysis: Calculated C(58.25%), H(4.83%), N(5.16%); Obtained C(58.20%), H(4.77%),
N(4.92%).

2-(3-Methoxybenzyl)benzo[d]isothiazol-3(2H)-one (27g)

General Procedure F - Employed 4-(methoxy)benzyl bromide to obtain the title compound (27g) (0.12
g, 34% yield) as cloudy oil that solidified to a yellow solid on standing. *H NMR (400 MHz, CDCl;) & 8.06
(d, 1H,J=7.8 Hz), 7.59 (app. t, 1H, /= 7.2 & 8.0 Hz), 7.49 (d, 1H, J = 8.0 Hz), 7.40 (app. t, 1H,/=7.2 &
7.8 Hz), 7.27 (app. t, 1H, /= 8.0 & 7.6 Hz), 6.94 (d, 1H, J = 7.6 Hz) 6.88 — 6.85 (m, 2H, J = 8.0 Hz), 5.03
(s, 2H), 3.79 (s, 3H). 3C NMR (100 MHz, CDCls) § 165.3, 160.0, 140.4, 137.7,131.9, 129.9, 126.8, 125.5,
124.5, 120.7, 120.4, 113.9, 113.8, 55.3, 47.5. HRMS (Cl+, CH4) Calculated for C15H14NO,S: 273.0740.
Found [M+H]*: 273.0738 (Diff 0.81 ppm). Vma/cm™ : (solid) 2919 (m), 1637 (s), 1455 (m), 1229 (m).
MP: 44 — 46 °C. Purity HPLC (Method A) 100%, R: = 9.44 min.

2-(4-Bromobenzyl)benzo[d]isothiazol-3(2H)-one (27h)

Qﬁ
S

Br
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General Procedure F - Employed 4-bromobenzyl bromide to obtain the title compound (27h) (0.60 g,
56% yield) as yellow solid. *H NMR (400 MHz, CDCls) & 8.06 (d, 1H, J = 7.9 Hz), 7.60 (dd, 1H, /= 7.2 &
8.1Hz),7.50 (d, 1H, J=8.1 Hz), 7.47 (d, 2H, J=8.4 Hz), 7.41 (app. t, 1H,/=7.2 & 7.9 Hz), 7.22 (d, 2H, J
= 8.4 Hz), 5.00 (s, 2H). **C NMR (100 MHz, CDCl3) & 165.4, 140.3, 135.2, 132.1, 132.0, 130.1, 126.9,
125.7,124.3,122.4,120.5,46.1. HRMS (Cl+, CH4) Calculated for C14H11BrNOS: 319.9739. Found [M+H]*
: 319.9739 (Diff 0.16 ppm). Vmax/cm™ : (solid) 2978 (m), 2928 (m), 1657 (s), 1446 (m), 1234 (m), 736
(m). MP: 103 — 105 °C. Microanalysis: Calculated C(52.51%), H(3.15%), N(4.37%); Obtained C(51.86%),
H(3.09%), N(4.17%).

Methyl 4-((3-oxobenzo[d]isothiazol-2(3H)-yl)methyl)benzoate (27i)

0)
@KN
S

General Procedure F - Employed 4-(bromomethyl)benzoate to obtain the title compound (27i) (0.24

OMe

g, 41% vield) as yellow solid. *H NMR (400 MHz, CDCls) 6 8.08 (d, 1H, J = 7.9 Hz), 8.02 (d, 2H, J = 8.3
Hz), 7.61 (app. t, 1H, /= 7.1 & 8.1 Hz), 7.51 (d, 1H, J = 7.9 Hz), 7.40 (m, 3H, J = 8.3 & 7.1 Hz), 5.12 (s,
2H), 3.91 (s, 3H). *C NMR (100 MHz, CDCl;) 6 166.6, 165.4, 141.2, 140.3, 132.1, 130.1, 130.0, 128.2,
126.9, 125.7, 124.2, 120.5, 52.2, 47.1 HRMS (Cl+, CH4) Calculated for C14H14NOS: 242.0634 (Diff -3.72
ppm). Found [M+H]*: 242.0643. vma/cm™ : (solid) 2979 (m), 2890 (m), 1713 (s), 1652 (s), 1455 (m),
1252 (m). MP: 115 - 117 °C. Microanalysis: Predicted C(64.20%), H(4.38%), N(4.68%); Obtained
C(63.92%), H(4.35%), N (4.60%).

8.5.6 Synthesis of 2-benzo[d]isothiazol-3(2H)-one 1,1-dioxide Derivatives
2-(4-Fluorobenzyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (27j)
F

0O

@5&
S

o
General Procedure F - Employed 4-fluorobenzyl bromide and benzo[d]isothiazol-3(2H)-one 1,1-
dioxide, refluxing overnight, to obtain the title compound (27j) (0.24 g, 50% yield) as yellow solid. *H
NMR (400 MHz, CDCls) 6 8.05 (d, 1H, J = 7.0 Hz), 7.91 (d, 1H, J = 7.3 Hz), 7.87 (m, 2H, J = 7.3 & 7.0 Hz),
7.51 (d, 2H, J = 8.5 Hz), 7.04 (d, 2H, J = 8.5 Hz), 4.87 (s, 2H). *C NMR (100 MHz, CDCl3) & 162.7 (d, J =
247.2 Hz), 158.9, 137.7, 134.9, 134.4, 130.8 (d, J = 8.9 Hz), 130.3 (d. J = 4.0 Hz), 127.2, 125.3, 121.1,
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115.6 (d, J = 22.0 Hz), 42.0. HRMS (Cl+, NH3) Calculated for C14H14FN205S: 309.0704. Found [M+NH,]*:

309.0713 (Diff -3.1 ppm). Vma/cm™ : (solid) 2980 (m), 1723 (s), 1504 (m), 1255 (m), 750 (s). MP: 116 —

119 °C. Microanalysis: Calculated C(57.73%), H(3.46%), N(4.81%): Obtained C(58.02%), H(3.47%),

N(4.51%).
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Chapter 9 Benzoxaboroles

9.1 Benzoxaborole Introduction

9.1.1 Benzoxaborole Overview

As detailed in earlier chapters, the benzimidazoles, with the exception of lead morpholine derivative
described in Chapter 4, possessed promising activity, but lacked the desired in vivo data and solubility
required for an optimal drug candidate. The benzisothiazolinones, whilst soluble, showed inadequate
activity when compared with other templates and possessed poor metabolic properties. In order to
provide a suitable back-up template to the morpholine benzimidazole series a new class of compounds
was required. Benzoxaboroles became known to the group when working on a project which allowed
for screening of an Anacor library as part of the AWOL (anti-wolbachia consortium) project.’® At this
point they were known to possess some antifungal activity, moderate DMPK properties and a good
toxicity profile. For these reasons, it was decided that the benzoxaborole class would form the third

template within the C. neoformans project.

9.1.2 Benzoxaborole Structure and Reactivity

Benzoxaboroles (Figure 9.1) are the fusion of the benzene ring with a five-membered oxaborole ring.
They were synthesised and characterised as early as 1957 and are also known as 1-hydroxy-1,3-
dihydrobenzoxaboroles. They are known to show a strong resistance to hydrolytic cleavage in
comparison to their boronic acid counterparts and the five-membered ring itself is very stable.
Furthermore, boronic acids are known for being poorly water soluble, however the oxaborole ring

helps to improve this solubility, making them more feasible as drug like molecules.*

1

7 PH
02
5
4 3

Figure 9.1. Benzoxaboroles are the fusion of the benzene ring and a five-membered boron containing ring.

9.1.2.1 Benzoxaboroles pK,

Benzoxaboroles behave in a similar manner to phenyl boronic acids in that they behave as Lewis acids,
rather than Brgnsted acids.> Benzoxaboroles show greater acidity (pK. = 7.3) than phenyl boronic acids
(pKa = 8.8). This is because coordination or addition of a nucleophilic species to the Lewis acidic boron
reduces ring strain that is present from the five-membered heterocyclic ring, via formation of a

tetrahedral species.®”’
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We can also draw a correlation between aromatic substituent values and the pK, of the
benzoxaboroles. The substituent constant (o) is a measure of the total polar effect exerted by a
particular substituent on the reaction centre, which in this case is the boron. This is related to pK, by

the following equation (Figure 9.2);

o= -(pK,- pK, (H))

Figure 9.2. the equation that relates substituent constant to pKa.

The pK, of an unsubstituted oxaborole is 7.4. As the o becomes more positive, the pK, decreases,
which is due to a more electron withdrawing group being present. This is because there will be more
electron density present on the boron, meaning it will be more susceptible to nucleophilic attack. This
occurs with substituents such a fluorine and more profoundly with CFs, which is particularly electron
withdrawing and reduces the pK, to 6.3. As o becomes more negative, we see an increase in pK,,
becoming less acidic. This is seen with electron donating groups such as methyl, which is inductively
electron withdrawing and increases pK, to 7.7, and even more profound with methoxy, which is
mesomerically electron donating which increases pK, to 7.9. This shows a negative correlation

between ¢ and pK, (Figure 9.3).”

OH OH OH OH OH
/ / / / /
B B B F B B
\ \ \ \ \
6] O O O O
MeO Me FsC
pK,=7.9 pK,=7.7 pK,=7.4 pK,=6.7 pK,=6.3

Y

Increasing Lewis Acidity

Figure 9.3. Different substituents can affect benzoxaborole pKas, which affects Lewis acidity.

9.1.2.2 Structural Properties
As observed with phenyl boronic acids, most benzoxaboroles occur in a dimeric form, when in the
solid state. The dimers are produced when hydrogen bonds form at a distance of 2.73 A between the

OH of one molecule and the oxygen of the other as shown in Figure 9.4.%8

O,HnnO{t@

/

B, B
OnnH’o

Figure 9.4. Oxaborole form dimers in the solid state.* 8
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9.1.3 Oxaborole Previous and Current Use

Boron containing compounds are well known to have biological activity and interact specifically with
the active sites of enzymes through esterification and the formation of a tetrahedral intermediates
which prevents the enzyme from exerting its biological effect.* % 1 A major target for the
benzoxaboroles has been identified at the leucyl-tRNA synthetases (LeuRS). These are enzymes that
aid protein biosynthesis and work via attachment of amino acid residues to the tRNA molecules, which
can then undergo translation. Benzoxaboroles have shown activity against a number of different

leucyl-tRNA synthetases, including fungal, bacterial and protozoal.>!

Benzoxaboroles have also been shown to exhibit activity against other classes of enzymes, including
selective inhibition of B-lactamases, some serine proteases and phosphodiesterases.'® 2 One example
of a phosophodiesterase inhibitor is Crisaborole (1), trademarked as Eucrisa (Figure 9.5). It is an anti-
inflammatory inhibitor of phosphodiesterase 4 (PDE4). It is a used a tropical treatment of atopic
dermatitis, also known as eczema, which causes the skin to become very red and itchy. Currently,
there is no precise mechanism of action known as to how 1 exerts its anti-inflammatory effect,
however they do see that PDE4 is inhibited, which increases intracellular cAMP, a second messenger.
Through a series of signals this leads to inhibition of cytokine production which is known to cause

inflammation.t

Figure 9.5. Crisaborole is a Benzoxaborole analogue used for the treatment of atopic dermatitis.

There are other less therapeutic uses for benzoxaboroles. Recognition of carbohydrates at
physiologically relevant conditions is important. Oligonucleotides have been shown to be functionally
important in mediating cell-cell interactions, which includes infection by pathogens, such as bacteria
and viruses.} It was found that simple benzoxaboroles, such as 2, are known to bind to carbohydrates
and could be used to design oligomeric receptors and sensors, which could aid in the understanding
of infection.’>!” Benzoxaboroles have also found use as plastic biocides (3), which prevent microbial
growth within the plastic, improving longevity.'” 8 Finally, benzoxaboroles have also found use in blue

dyes (4) and pigments (Figure 9.6).2°
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P OH
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Glycoconjugates Plastic Biocide N

Figure 9.6. The use of benzoxaboroles expands beyond medicinal chemistry.®

9.1.4 Identification of Oxaboroles as Antifungals

Benzoxaboroles have been identified as having anti-fungal activity. One of the leading fungicides

AN2690 (5) has a mode of action which involves the inhibition of fungal leucyl-tRNA synthetase (Figure

9.7).
NH,
N BN
N
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Figure 9.7. The spiro ester adduct formed from 5 which inhibits LeuRS and prevents fungal protein synthesis.?

It has also been established that the benzoxaboroles are better for antifungal activity than phenyl
boronic acid derivatives. This was carried out by investigating the fungicidal activity of 3-piperazine-
bis(Benzoxaborole) (6) and 3-piperazine-bis(phenylboronic acid) (7) (Figure 9.8). A total of five
filamentous fungal strains were investigated to understand the difference in activity between the two
analogues. The bis(Benzoxaborole analogue, 6, was found to not only have better activity than its
boronic acid counterpart, but even higher inhibitory activity than the antifungal drug amphotericin B,
which is one of the current front line treatments for C. neoformans and was discussed in more detail
in Chapter 1. The mechanism of action for these bis(benzoxaborole) analogues has still not been

elucidated.*?*
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Figure 9.8. Bis(Benzoxaboroles) (6 and 7) have proven to have enhanced activity over their bis(phenylboronic
acid) counterparts.?!

Furthermore, when benzoxaboroles are mixed with a- or B-hydroxy carboxylic acids, they produced
formulations, which were stable and could be used in the treatment of fungal nail infections, which is
clinical referred to as onychomycosis. They are used as a topical nail treatment and in this manner
they interact with hydroxyl acids and act as a drug delivery system, with the hydroxy acids performing
the role of antifungal carriers. They also established that these oxaboroles could be used as

antimicrobials in plant and meat protection. %2

In 2014 the FDA approved the first oxaborole antifungal drug, Tavaborole (5) under the trade name
‘Kerydin’. This drug is used to treat onychomycosis. They have identified it acting as a LeuRS synthetase
inhibitor, which leads to inhibition of fungal cell growth. Tavaborole can be used topically, which is an
advantage as it reduces the change of systemic effect. It also showed little inhibition of CYP450
enzymes, so less chance of drug-drug interaction occurring and shows a similar safety and efficacy

profile to other marketed topical antifungals.?*

Figure 9.9. Tavaborole is the first FDA approved Benzoxaborole agent.

In a paper published in 2006 by Baker, et al, they investigated a number of oxaborole analogues and
tested them against a number of fungal strains including C. neoformans. They found that 5 showed a

MIC of 0.25 mg/L against C.neoformans, which shows a potential starting point for good activity. °

9.1.5 Benzoxaboroles Mode of Action

Aminoacyl-tRNA synthetases allow for the attachment of an amino acid to a tRNA molecule (A) (Figure
9.10). This is done in the presence of ATP and via the formation of an enzyme-amino acid-AMP

complex (B). The specific tRNA molecule for that amino acid binds to the complex, forms a new
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covalent bond between the tRNA and the amino acid and releases AMP to give an enzyme-amino acid-
tRNA complex (C). The tRNA-amino acid complex then detaches from the enzyme for use (D). During
protein synthesis, it is tRNA molecules, with their corresponding amino acids, that are essential for
protein synthesis, during the translation step of gene expression.?® Blocking the active site of these
enzymes can prevent gene translation via blockage of protein biosynthesis. Compound 5 was found
to block the active site of this enzyme via the formation of a spiro ester adduct (Figure 9.7) with a
tRNA molecule that is bound with the LeuRS. This binding prevents the enzyme’s catalytic cycle from
occurring, which blocks protein synthesis within the fungus.°

Enzyme-Amino Acid-tRNA

Complex
AT
o
A B Cc D
Enzyme-Amino Acid-AMP Amino acid-tRNA
Complex complex

Figure 9.10. The synthesis of amino acid-tRNA complex using the enzyme LeuRS transferase. AA- amino acid.

However, one paper by Nocentini, et al., highlights benzoxaborole binding to carbonic anhydrases
(CAs) as being another potential mechanism of action. Here we discuss this mechanism of action in
more detail, given the paper specifically evidences its mechanism of action in C. neoformans.”’
Carbonic anhydrases are Zinc metalloproteins that catalyse the reversible hydration of carbon dioxide
to bicarbonate, via the removal of a proton.?® Carbonic anhydrases present as attractive anti-infective
targets for antibiotics and antifungals, and don’t appear to possess issues of resistance seen with other
drugs. Initially, there was an investigation into boronic acids as carbonic anhydrase inhibitors, and they
noticed the boronic acid acted as a zinc binding group.?® A marketed boronic acid peptidomimetic
drug, Bortezomib, 8, was shown to inhibit carbonic anhydrases in fungi and bacteria (Figure 9.11).%’

From this Nocentini, et al reported a benzoxaborole scaffold, that proved to bind to carbonyl

anhydrases.°

7N w9

AR o,
-
e

Figure 9.11. Bortezomib (8) is a marketed peptidomimetic drug, which has been found to inhibit carbon
anhydrases.?” %
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Within the active site of the C. neoformans carbonic anhydrases (Can2), it was observed that there
were a large number of interactions of the benzoxaborole with both binding site residues and active
site associated zinc ion (Figure 9.12).2731 There are key interactions of the Zn?* ion to three amino acid
residues within the binding site, HIS 124, CYS 127 and CYS 68. There are also interactions from the
boronic acid functionality to GLY 128, GLY 129, GLU 59 and ASP 70. Finally, there is also a pi-pi stacking

interaction from the aryl ring of the benzoxaborole to the aromatic ring of TYR 109.

B:Q136

Vil

B:L149 B:V92

B:V150

N \
s B:C68

P

3 B:C127

L BH124

Figure 9.12. A representation of the binding mode of a benzoxaborole in the Can2 binding site. Reproduced
from; Benzoxaboroles as Efficient Inhibitors of the 8-Carbonic Anhydrases
from Pathogenic Fungi: Activity and Modeling Study, Nocentini, A, et al.?”3*

9.1.6 Oxaborole Metabolism

Literature reveals very little information about the metabolic routes of benzoxaboroles, with more
sources stating that Tavaborole, 5, is extensively metabolised as has been proven by C labelling.3?
The ‘Office of Clinical Pharmacology Review’ does however propose a biotransformation pathway
(Figure 9.13),*® the results of which were gained from the topical administration of this drug onto
mice. Not all of these metabolites have been confirmed in humans, however some have been
identified through a radiolabelling study in a pharmacokinetic trial and are highlighted in blue. Based

on this Tavaborole undergoes extensive metabolism.
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A OH OH/OG
+ cysteine - H,0 B 5-OH/OG
/OH OH/OG
B, B Tavaborole
0o m/z 151 m/z 345 F
F
m/z 252 Oxidationl
OH/OG Glucuronldat|on /©/\/H OX|dat|on
/©/\/OH/OG C
F D m/z 141
m/z 317 . Sulphation m/z 155
OG = Glucuronide
OH/SO3
OH/SO3
F
G
m/z 221

Figure 9.13. Tavaborole, a commercially available oxaborole is extensively metabolised. For structures B,F,C
and G there is covalent attachment but precise structure is not known.

In vitro findings by Anacor suggested that the Cytochrome P450 (CYP450) enzymes were the main
route of metabolism for the formation of the major metabolite, D, which is carried out through
oxidation.® There is also the further involvement of Flavinmonooxygenases (FMO) in the formation of
metabolite D. In vivo studies which were carried out using **C labelling revealed the metabolic profiles
in both mice and rats showed that following administration there is oxaborole ring cleavage, as
observed through the oxidation pathway described, and then sulphation G and glucuronidation C.
They also identified a further metabolic product, which was an oxidation of the primary alcohol of D
to a benzoic acid metabolite E, which was carried out through an oxidation pathway. In mice, they
discovered all of these metabolites were at significant concentration in the blood and the most
predominant metabolite excreted in the urine was the sulphur conjugate G at up to 35% of the dose.
In rats the same metabolites were observed, with again the sulphur conjugate being the predominant

metabolite observed at 62% of the dose.3¥3*
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9.2 Results and Discussion

Due to the confirmed activity of benzoxaboroles against C .neoformans (MIC = 0.5 mg/L), it was

decided that a series of analogues should be made in order to carry out in-house MIC testing.

9.2.1 Synthesis

9.2.1.1 Synthesis of 6-fluorobenzo[c][1,2]oxaborol-1(3H)-ol

This reaction was carried out via a step conversion of the (5-fluoro-2-formylphenyl)boronic acid (9),
to the product, 6-fluorobenzo(c][1,2]oxaborol-1(3H)-ol (10). This reaction was carried out via a sodium
borohydride reduction of the aldehyde in tandem with a ring closure of the resulting alcohol to
generate a new five-membered heterocyclic ring. This reaction occurred in a moderate yield of 59%
and gave the pure product as a white solid, which only required an aqueous/organic separation to

purify, with microanalysis confirming that good purity was obtained.

QH OH
F B.
oH @ F B,
5 ——> o)
= 59%
9 10

Scheme 9.1. Reagents and Conditions: (a) NaBHa4 (1.0 eq.), ethanol/THF (4:1), 0 °C to room temperature,
Overnight (59% yield);

There were a number of reasons to synthesise this compound. Firstly, to create a simple
benzoxaborole derivative that could be tested for activity. Secondly, to prove that this ring closure
could be carried out on a boronic acid, rather just boronic esters, as proposed in the literature. Finally,

to have an example compound which could be used for comparative analysis of future analogues.

Confirmation of this product came from NMR data, with the 'H NMR spectrum being particularly
useful. We wanted to confirm that the peak observed at 9.35 ppm, which integrated to a single proton
was the OH attached to the boron and not a potential impurity. Furthermore, the peak at 5.02 ppm,
we wanted to confirm belonged to the CH, group, and wasn’t the 2 OH protons of the unreacted
starting material, which was predicted to be around 5 ppm. For this a D,O shake was carried out, with
the addition of deuterated water, to confirm the presence of exchangeable protons. In addition,
absence of the aldehyde proton at around 10.4 ppm indicating loss of the aldehyde proton, further

indicates conversion to the product has occurred (Figure 9.14).
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Sample in DMSO

Sample in DMSO + D,0

o B

' r T : 1 ' : : ' T - 1 1 ' r T r | : 1 1 T
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Figure 9.14. Stacked *H NMR spectra which show the presence of an exchangeable proton, which is proposed
to be the OH attached to the boron atom.

This analogue was then tested for biological activity, but gave an MIC of >4 mg/L. Further literature
investigation of this compound showed it had been synthesised previously and presented with an MIC

of 32 mg/L, which explains why no activity was observed as it was beyond the cut-off set for our own

assay.?

9.2.1.2 Synthesis of 2-bromo-4-phenoxybenzaldehyde and 2-bromo-4-(phenylthio)benzaldehyde

Derivatives
X F Br a X Br b
— —_—
R‘l + R1
_0 _0O
11 12 13
X=0orS (o)

X B P
~0 c X B,
R1 o —_— R1 0]
~
14 15

Scheme 9.2. Proposed three step synthesis Reagents and Conditions: (a) K2COz (2.0 eq.), DMF, reflux,
overnight); (b) Bis(pinacol-diboron (1.3 eq.), KOAc (2.0 eq.), dioxane, reflux, overnight; (c) NaBH4 (1.0 eq.),
ethanol/THF (4:1), 0 °C to room temperature, Overnight.3®
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For this project, we started by making derivatives of a similar design to the Crisaborole structure seen
in Figure 9.5. These compounds have reported synthetic routes in the literature. Initially, the first route

tried was a three step synthesis (Scheme 9.2).%

This proposed route was tried using both ether and thiol derivatives and resulted in no compound (15)
being produced. The first step of the route (13), which will be discussed in more detail in a subsequent
section, generally occurred in good yield. However, it was the second step, which involved a palladium
catalysed borylation (14) did not proceed as expected. Whilst there was full consumption of the
starting material, the TLC showed a very messy set of products. Even when column purification was
attempted, which was very difficult due to the very non-polar nature of the compound, isolation of

what appeared to be single spot, resulted in a mixture of two or more products by NMR.

The borylation conditions were checked by synthesising compound 16 (Figure 9.15). This reaction
occurred in a moderate yield, with confirmation of the product via NMR and mass spec, where there
was no bromine isotopic pattern present. A ring closure was attempted on this using the NaBH4
reduction method indicated above, however purification was difficult due to polarity of the compound
and number of products formed. However, NMR did indicate that the correct product had been

formed, and that this route was worth pursuing.

?

B\O

_0
16

Figure 9.15. Compound 16 was synthesised to confirm the conditions for the borylation were suitable.

Despite not being able to confirm the synthesis of intermediate 14, we decided to take the crude
material and perform the aldehyde reduction to see if the product (15) could be isolated at the final
step. For these reactions, full consumption of the starting material (14) was not observed, and further

numerous products were also observed, meaning purification and analysis of the product was difficult.
A new route need to be established (Scheme 9.3). What we learnt from the previous route is that the

first SNAr step generally worked very well and that carrying out the borylation under the correct

conditions could be a useable step.
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_b,

X = OorS

? OH
1 X B~g R o X B\O
R { — E
OBoc  18-47%
18 15

Scheme 9.3. New five step synthesis. Reagents and Conditions: (a) K2COs (2.0 eq.), DMF, reflux, overnight (52 —
84% yield); (b) NaBHa4 (1.0 eq.), ethanol/THF (4:1), 0 °C to room temperature, overnight (83 — 92% yield); (c)
Boc20 (1.0 eq.), EtsN (1.0 eq.) DMAP (0.1 eq.), DCM, room temperature, overnight (64 - 81% yield); (d)
Bis(pinacol-diboron (1.3 eq.), KOAc (3.0 eq.), Pd(dppf)Cl2 (0.05 eq) Dioxane, reflux, overnight (28 — 65% yield);
(e) Acetone/ 2M HCI (1:1), 40 °C, overnight (18 — 47% yield).3>

9.2.1.3 Synthesis of 2-bromo-4-phenoxybenzaldehyde and 2-bromo-4-(phenylthio)benzaldehyde
Derivatives

Making compound 13 involved a nucleophilic aromatic substitution reaction (SnAr) of the desired thiol
or phenol (11) with the 2-bromo-4-fluorobenzaldehyde starting material (12).> 3> 3% QOverall this
reaction occurred in good yield (52 — 84%) with no notable differences observed between using thiols
or phenols (Table 9.1). This was also somewhat comparable to yields of around 90% that are reported
in the literature, with small reductions in yield being attributable to protodeborylation or other

palladium catalysed side reactions, giving rise to small amounts of unidentifiable products.®

Table 9.1. Derivatives of compound 13 and their percentage yields.

0] Br
R'I
s

Ry X Yield (%)
13a 4-F 0 65
13b 2-F 0 84
13c 2-OMe 0 52
13d 4-F S 78
13e 2-F S 82
13f 4-OMe S 59
13g 3-OMe 0 58

The use of potassium carbonate as a base and DMF as a solvent is widely reported in the literature,

with reports of reaction times generally decreasing as temperature is increased.?” 3 Another base
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commonly used is NaH and is sometimes used when reactions with potassium carbonate fail and a
stronger base is required. This reaction uses the electron withdrawing ability of the aldehyde para to
the fluorine atom to allow for addition of a nucleophile. This generates a reactive Meisenheimer
intermediate, which undergoes re-aromatisation with the loss of fluoride to give the desired

product.®

The reactions were generally very clean with only two product spots produced and the desired
compound, which was the least polar spot, could be easily isolated. Confirmation of the product was
carried out via 'H NMR analysis, with additional aromatic peaks being observed (See Appendix, Figure
7A). F NMR was used to check for the absence of additional fluorine peaks in the derivatives, which
proved the correct product had been made and confirmed purity. The 2-OMe (13d) derivative was
more difficult to purify, with an additional spot sitting very close to the desired product spot, which

was very difficult to separate. For this reason, it was continued crude into the next step.

9.2.14 Synthesis of (2-bromo-4-phenoxyphenyl)methanol and (2-bromo-4-
(phenylthio)phenyl)methanol derivatives

This step involved a sodium borohydride reduction of the aldehyde (13) to produce a primary alcohol
(16) and fortunately did not require the use of more reactive hydride sources, such as lithium
aluminium hydride. Also, literature investigation of 2-bromobenzaldehyde derivatives showed that
NaBH. was the favoured reagent for reduction, especially in analogues similar in structure to our
own.> 354041 The reaction worked well when carried out in an ethanol/tetrahydrofuran mixture (4:1)

for the solvent and then left overnight at room temperature.

Table 9.2. Derivatives of compound 16 and their percentage yields.

X Br
1

Ry X Yield (%)
16a 4-F (0] 92
16b 2-F 0 83
16¢ 2-OMe 0 84
16d 4-F S 9%
16e 2-F S 90

Excellent yields were observed for this reaction, with the sulfides proving to have slightly better yields
that the ether derivatives. The reaction also occurred cleanly, with only a 1M NaOH based work up

required to quench the NaBH,4 and remove the HCl salt produced. The lack of requirement for column
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purification helped increase yields and synthesis time. For this reaction, it was simple to track
formation for the product through TLC, by staining with KMnO4 as the alcohol stains with a very yellow
colour, whereas the aldehyde does not. From this method of monitoring the reaction, we could see
that the reaction had almost gone to completion in only a couple of hours, however was left overnight

to ensure full consumption of the starting material.

Identification of the product proved simple from the NMR due to some major shifts in peaks in both
'H and 3C NMR spectra, which are compared in figure 9.16. The aldehyde proton which occurs at
10.24 ppm in the starting material disappears and is replaced by the CH; proton at 4.67 ppm, with an
integration of two protons. In the 3C NMR spectrum we can also see the disappearance of the
aldehyde carbon peak at 190.4 ppm, which is replaced by an aliphatic carbon of the primary alcohol
at 64.6 ppm (See Appendix, Figure 7B).

Jeaclieace '

190.4 T

10.24

Figure 9.16. Significant changes found in the NMR spectra, confirming the synthesis of the product. *H NMR
values highlighted in blue. *3C NMR shifts highlighted in green.

9.2.1.5 Synthesis of 2-bromo-4-phenoxybenzyl tert-butyl carbonate and 2-bromo-4-

(phenylthio)benzyl tert-butyl carbonate derivatives

Initially, the borylation step was attempted on the alcohol (16) intermediate directly. This resulted in
incomplete conversion of the starting materials and formation of a number of products, which could
not be identified. This was believed to be due to the presence of the free primary alcohol, which may
interfere in the reaction. It is often reported that for Suzuki coupling reactions and Miyaura borylations
that alcohols and amines are protected before the reaction occurs.*® % A patent detailing the synthesis

of crisaborole shows the acetate protection of the alcohol before carrying out the formylation step.*®

With this in mind, we decided to protect the alcohol using di-tert-butyl dicarbonate (Boc,0). This is a
common protecting group that is normally used in the protection of amines, but there is literature
precedence for its use as an alcohol protecting group. Conditions similar to that described in a paper
by Shang, et. al were used, which described the use of Boc,0, trimethylamine, 4-

Dimethylaminopyridine (DMAP) in DCM allowing for an overnight room temperature reaction.*
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Table 9.3. Derivatives of compound 17 and their percentage yields.

X Br
1
R ©/ \@/OBOC

R X Yield (%)
17a 4-F 0 66
17b 2-F 0 79
17c¢ 2-OMe 0 81
17d 4-F S 64
17e 2-F S 73

This reaction proceeds in generally good yield (64 — 81%) and the desired protected alcohol (17) was
afforded after a simple work up to remove DMAP and column purification. This product was confirmed
by the appearance of a distinctive t-butyl carbamate peak at around 1.50 ppm for all analogues. The
13C NMR spectra also showed 3 additional peaks at around 153, 82 and 27 ppm (see Appendix, Figure
7C).

9.2.1.6 5 Synthesis of tert-butyl (4-phenoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)
carbonate and tert-butyl (4-(phenylthio)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)

carbonate Derivatives

With the t-butyl carbamate protected analogues (17) in hand, the bromine could now be used to carry
out a standard Miyaura borylation reaction. These conditions required a boron source, which was
chosen as bis(pinacolato)diboron, which is a cheap and extensively used reagent, and within the group
we had observed success with this reagent for producing boronic esters.* The reaction used
potassium acetate as the base, Pd(dppf)Cl; as the catalyst and dioxane as the solvent. In this reaction,
it is essential to use correct base otherwise a competing Suzuki reaction can occur causing

homocoupling of the product (Figure 9.17).4%

0
OB
Miyaura Borylation F ¢
KOAc

0 Br
. /©/ \CE/OBOC K5PO, or K,CO5; BocO \©
ki - Mi l
Suzuki - Miyaura Coupling ©/ OBoc

Figure 9.17. Selection of the correct base is essential during a borylation reaction, otherwise production of the
undesired homocoupled product can occur.
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This reaction occurs via a palladium (0) catalysed mechanism (Figure 9.18). The catalyst used was

Pd(dppf)Cl,, which is converted to the active Pd(0) catalyst (A) in order to take part in the catalytic

cycle. Firstly, in the oxidative addition step, there is coordination of the aryl halide (B) to the Pd(0)

catalyst to generate a Pd(ll) species (C). The species then undergoes ligand exchange with acetate to

produce an acetoxopalladium intermediate (D). This intermediate is very reactive and readily

undergoes transmetalation with bis(pinacolato)diboron (F). One of the boron atoms forms a dative

covalent bond with the alkoxy anion (G), which allows for the other boron to act as a nucleophile

towards the palladium metal and coordinate (H). Finally, the last reductive elimination step produces

the desired arylboronate (1) and allows for the Pd(0) catalyst (A) to be regenerated.*® 48

Reductive
Elimination

H Ar—Pd'"-B(OR),

G (OR),BOAC

Transmetallation

o O
\ /
/B_B\

o ©

F

Pd° Ar-X B
A
Oxidative
Addition
Ar—Pd'-X €
@OAC
Ar—Pd'-OAc D
E

Figure 9.18. The Miyaura Borylation catalytic cycle. Reproduced from; A decade advancement of transition
metal-catalyzed borylation of aryl halides and sulfonates, W. Chow et al. 1448

Table 9.4. Derivatives of compound 18 and their percentage yields.

I
B\O
_0

X
R1©/

Yield (%)

28

62

26

65

R1
18a 4-F
18b 2-F
18c 2-OMe
18d 4-F
18e 2-F

wnlunfo|O|0 X

46

The reaction was carried out successfully, using the conditions described above. Yields for this reaction

showed a decrease when compared with the previous step, but overall were acceptable (Table 9.4).

305



Chapter 9 Benzoxaboroles

The reaction was generally clean, but it was difficult to observe whether the starting material had
been fully consumed due to overlapping R values. If starting material was present this made column
purification difficult as separation of the starting material and product resulted in mixed fractions and

reduced yields in order to obtain a purer product.

Confirmation of the product (18) was carried out by NMR analysis and mass spectrometry. In the H
NMR spectrum we observed a large peak at around 1.33 ppm, which indicates the presence of the
twelve pinacol protons, this is also accompanied by peaks at 84.1 and 24.8 ppm in the 3C NMR spectra
for the pinacol group carbons. Furthermore, mass spectrometry showed no bromine isotopic splitting

pattern, confirming its absence in the product (See Appendix, Figure 7D).

9.2.1.7 Synthesis of 6-phenoxybenzo(c][1,2]oxaborol-1(3H)-ol and 6-

(phenylthio)benzo[c][1,2]oxaborol-1(3H)-ol Derivatives

The last step of this sequence involved a tandem deprotection and ring closure mechanism. Initially,
we considered the use of standard trifluoroacetic acid conditions to deprotect the t-butyl carbonate
protecting group to generate the free alcohol.**>! This would mean that the boron pinacol ester would
have to be cleaved in a separate step. In the literature, there are numerous examples of pinacol ester
cleavage using sodium metaperiodate to cleave the ester and produce the boronic acid.>>> Whilst
sodium metaperiodate itself is relatively stable despite being hypervalent, it’s the sodium iodate by-
product that is formed that causes issues due to being heat, shock and friction explosive and may

cause asthma.

There is however literature precedence for the removal of the boronate ester via HCl and acetone
conditions, which would provide tandem deprotection conditions for the boc group, removing a
step.>® This was trialled using 2M HCl and acetone in a 1:1 ratio to obtain the product (15). The precise

mechanism of this is not known.
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Table 9.5. Derivatives of compound 15 and their percentage yields.

OH
X B
\
R1©/ \Oi/o
R1 X Yield (%)
15a 4-F 0 Not Completed
15b 2-F 0] 35
15c 2-OMe 0 47
15d 4-F S Not Completed
15e 2-F S 18

For this final step three products have been obtained so far with yields ranging from 18 — 47%. For
compounds 15a and 15d, the reaction was successfully carried out, but in the *H NMR spectrum there
appeared to be the presence of some of the Boc- deprotected starting material which was difficult to
separate from the starting material, particularly due to the “streaky” nature of the final benzoxaborole
product on the TLC plate. ldentification of the product was carried out thanks to the disappearance

of the twelve methyl protons of the pinacol groups from the 'H NMR spectra at 1.33 ppm.

Compounds 15a and 15d, were not finished as the final step occurred in low yield and isolation of the
pure product could not be obtained. The synthetic route needs to be repeated in order to obtain these

compounds for testing.

9.2.2 Biological Data

Biological testing carried out as stated in Chapter 3, Section 3.2.3 and data given in Table 9.6.

Table 9.6. MIC data obtained for the Benzoxaborole class.

R1 X MIC (mg/L)
15a 4-F 0 -
15b 2-F 0 >4
15c 2-OMe 0] >4
15d 4-F S -
15e 2-F S 0.25

Due to time constraints, it was difficult to synthesise a significant number of these compounds. Only
one of the compounds synthesised so far showed any activity against C. neoformans, which was a
sulfide (15e), whereas two ether compounds showed no activity at all. It is important to note that this

isn’t a huge sample size of compounds, so isn’t indicative of how the classes of compounds will behave
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as a whole. However, the MIC data obtained for 15e is promising and warrants further investigation

into this class as a novel template.

9.2.3 Predicted Metabolism

Table 9.10 Predicted data shows the benzoxaborole class has excellent DMPK properties. Values are colour
coded with a traffic light system according to how good or bad a particular value is. Green — good, -

acceptable/medium, red — poor.

Aqueous Rat Heps CLint | Human Mics CLint
LogDz.4 ClogP Solugility (uMm) (ul/mipn/mg) (ul/min/mg) MPO
10 1.24 4209 112 6 5.2
15a 2.10 215 9 5.2
15b 2.11 195 8 5.2
15c 1.86 2.77 116 19 5.3

These compounds were submitted for predicted DMPK assessment and show excellent values (Table
9.10). These compound show a good LogD implying better gut penetration, however this may result
in poorer CNS penetration. The aqueous solubility for these compounds is excellent and greatly
improved upon the benzimidazole class. Metabolic clearance values are good overall and much

improved compared with the benzisothiazolinone class.

When these compounds were set for measured DMPK assessment, no data was obtained due to an
unknown error. However, we did obtain some predicted metabolic data through StarDrop.
Unsurprisingly, for both compounds observed below, CYP3A4 carries out the most extensive
metabolism of these compounds. It is the most abundant isoform that is expressed mainly in the liver
and gastrointestinal tract and is known to be promiscuous in its metabolism. It metabolises a very
diverse range of compounds and carries out an oxidation process in over half of all drugs that are
administered.>” 8 Other CYP450 isoforms that show extensive metabolism of these compounds

include 2C9 and 1A2.

C7:
3A4:16%
2C9: 12%
2C19: 9%
I_fm: 10%
A2: 8% 0 0 3A4 W1A2
/ H 2D6
F B, 209
C10: 0 m2c8
3A4: 41% ca: . ggg
2C9: 42% 3A4: 43%
2C19: 53% 2C9: 46%
2E1: 48% 2C19: 37%
I1A2: 54% I2E1: 42%
hA2: 38%
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Figure 9.19. Predicted sites and extent of metabolism by CYP450 isoforms for Compound 10.

C12,C15:
3A4:48%  C1M,C16:
2C9: 44% 3A4: 5%
2C19: 61% 2C9: 2%
ha2:68%  2c19:4%

: D3A4 W1A2
hAZ. 2% Io 2 3n
° B 209
| - " 28
/©/ \©;’0 - 2C19
F c u 2E1
4:
3A4: 46%
c17: 2C9: 54%
3A4:1% 2C19: 35%
ha2: 29%

Figure 9.20. Predicted sites and extent of metabolism by CYP450 isoforms for Compound 15a.

9.3 Conclusion

A potential new class of C. neoformans agents has begun preliminary investigation. Work so far has
established a new synthetic route, which allows for all intermediates to be purified easily and fully
characterised, with removal of some potentially dangerous chemicals. Five analogues have been
synthesised, with two awaiting further purification or re-synthesis to obtain the final product in
improved purity. Compound 15e has shown a promising activity of 0.25 mg/L, which is comparable
with the active benzimidazole class. No DMPK data has been obtained for these compounds, mainly
due to them not having a suitable method to analyse the metabolism. Further work is required to
address the final step, for the Boc deprotection, pinacol cleavage and ring closure, to ensure that

occurs in higher yield with improved purity.
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9.4 Future Work

In order to better assess the activity of these compounds against C. neoformans, work needs to be
carried out to generate more analogues of both the thiol and ether classes, to allow for an improved
understanding of the SAR. In the literature, there are also many reported routes of functionalisation
of benzoxaboroles, which could be interesting to pursue for the development of other oxaboroles
derivatives, in order to investigate whether substitution elsewhere on the core is tolerated in terms

of biological activity.

Utilising the aldehyde functionality of the starting material we can add nucleophiles such as
morpholine in a reductive amination style reaction. This would be followed by a ring closure to install
the five-membered ring, in a single step, under mild conditions. This also generates a sterogenic

centre, which could be biologically interesting for comparing activity of different enantiomers.% >

oH H OH
Boon N Et,0 B,
o * 0]
= o RT, 1 hour
3eq 1eq

®
0]
Figure 9.21. Reductive amination style conditions can be used to functionalise the 3-position of the
benzoxaborole scaffold.>®

Also reported is the aryl functionalisation of the 3-position by taking 2-bromo-4-fluorobenzaldehyde
and subjecting it to a Grignard reagent to generate a functionalised alcohol. Treatment with NaH, BulLi
and B(QiPr); allowed for the borylation at the 2-bromo position. The isopropyl groups are then cleaved
under acidic conditions, generating the free boronic acid, which rapidly undergoes cyclisation to give

the final oxaborole product.®

(i) NaH OH
F Br RMgBr F Br (ii)BuLi F B,
\O/vo THF, 0 °C oH (i) B(QiPr)g \@(O
(lV) 10% HQSO4
R R

Figure 9.22. Grignard conditions to generate functionalised alcohol, followed by borylation and cyclisation can
lead to functionalisation of the 3-position of the benzoxaborole scaffold.®

Furthermore, development of a more reliable final pinacol cleavage reaction is important to ensure
better yields and purity. Two routes are of particular interest to attempt. Firstly, a paper by Sun et.al
highlights a two-step procedure for the deprotection of alkylpinacoyl boronate esters, by first creating

a diethanolamine (DEA) adduct, which is then much more readily hydrolysed to the boronic acid.®* 5!
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O\B)\/EWG H L\@N\EJ\/EWG 0.1 MHCI HO\B)\/EWG
, . -
0 oA i '
ANNe) <20 mins HO
fsh(??niFr:-ls- @) up 99% vyield

up 97% vyield

Figure 9.23. Cleavage of a pinacol boronate ester can be achieved via conversion into a more readily
hydrolysed boronate ester.®% 6!

Another option is to carry out a transesterification using a simple boronic acid such a phenyl boronic

acid and using the aryl group as ‘sacrificial’ acceptor of the boronic ester, allowing the attachment of

L)< /0 { Mg
N B -
1. PhB(OH), :
BocHNv§o O hexanes/HZO (PH3) H,N \/§ OH . Ph—B’O

: 2. HCI, Et,0 : o
\( 84% Yield \(

Figure 9.24. Cleavage of the boronic ester can also occur via a biphasic transesterification method in hexane
and water.5% 62

the boronic acid to the desired group.® %2
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9.5 Experimental

9.5.1 General Experimental Details

For general experimental details please see Section 3.5.1, Chapter 3.

General Procedure A — SyAr Coupling

To a flask at room temperature was added 2-bromo-4-fluorobenzaldehyde (1.0 eq.), DMF (0.64 M),
potassium carbonate (2.0 eq.) and the desired phenol or thiol derivative (1.2 eq.) and the reaction
refluxed overnight. The reaction was then cooled to room temperature, diluted with ethyl acetate,
washed with saturated ag. NaHCOs; solution, water and brine. Dried over magnesium sulphate and
concentrated. The crude material was purified by column chromatography, eluting with 2% ethyl

acetate in n-hexane to give the desired product.

General Procedure B — Reduction of aldehyde to alcohol

To a flask at 0 °C was added the desired 2-bromo-4-phenoxybenzaldehyde or 2-bromo-4-
(phenylthio)benzaldehyde derivative (1.0 eq.), ethanol and THF (4:1) and sodium borohydride was
added portion wise. The reaction was then stirred for 30 minutes at 0 °C, acidified carefully to pH 3
and then left to stir at room temperature overnight. The reaction was then quenched with NaHCO;,
diluted with ethyl acetate, washed with saturated aq. NaHCOs solution, water, brine and dried over
magnesium sulphate and concentrated to give the product, which was carried through into the next

step with no further purification.

General Procedure C - di-tert-butyl carbamate protection of alcohol

To a flask at room temperature was added the desired (2-bromo-4-phenoxyphenyl)methanol or (2-
bromo-4-(phenylthio)phenyl)methanol derivative (1.0 eq.), DCM, di-tert-butyl dicarbonate (1.0 eq.),
trimethylamine (1.0 eq.) and DMAP (0.1 eq.) and the reaction stirred at room temperature overnight.
The reaction was then cooled to room temperature, diluted with DCM, washed with water and brine,
dried over magnesium sulphate and concentrated. The crude material was purified by column

chromatography, eluting with 100% hexane to give the product.

General Procedure D — Suzuki Miyaura borylation

To a sealed tube at room temperature was added the desired 2-bromo-4-phenoxybenzyl tert-butyl
carbonate or 2-bromo-4-(phenylthio)benzyl tert-butyl carbonate derivative (1.0 eq.), Dioxane,
Bis(4,4,5,5-tetramethyl-[1,3]dioxolan-2-yl)borane (1.3 eq.), potassium acetate (3.0 eq.) and [1,1'-
Bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (0.05 eq.) and the reaction heated to 80 °C
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overnight The reaction was then cooled to room temperature, diluted with ethyl acetate and filtered
through celite. The filtrate was then washed with saturated ag. NaHCOs; solution, water and brine,
dried over magnesium sulphate and concentrated. The crude material was purified by column

chromatography eluting with 100% hexane.

General Procedure E - Synthesis of 6-phenoxybenzo[c][1,2]oxaborol-1(3H)-ol and 6-
(phenylthio)benzo[c][1,2]oxaborol-1(3H)-ol Derivatives

To a flask at room temperature was added the desired (4-phenoxy-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl) carbonate or tert-butyl (4-(phenylthio)-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl) carbonate derivative (1.0 eq.) acetone and 2M HCl and the reaction heated
to 55 °C overnight. The reaction was then cooled to room temperature, diluted with ethyl acetate,
washed with water and brine, dried over magnesium sulphate and concentrated. The crude product
was purified via column chromatography eluting with 10% ethyl acetate in n-hexane to yield the

product as a white solid.

6-Fluorobenzo[c][1,2]oxaborol-1(3H)-ol (10)

To a flask at 0 °C was added (5-fluoro-2-formylphenyl)boronic acid (1 eq.), ethanol and THF (4:1) and
sodium borohydride (1 eq.) was added portion wise. The reaction was then stirred for 1 hour at 0 °C,
acidified carefully to pH 3 and then left to stir at room temperature overnight. The reaction was then
guenched with NaHCO;, diluted with ethyl acetate, washed with saturated ag. NaHCOs, water, brine
and dried over magnesium sulphate and concentrated to give the product, which was carried through
into the next step with no further purification to yield the product (10) (0.16 g, 59% yield) as a white
solid. 'H NMR (400 MHz, DMSO) & 9.35 (s, 1H), 7.52 — 7.47 (m, 2H), 7.38 — 7.32 (m, 1H), 5.02 (s, 2H).
13C NMR (100 MHz, CDCl3) § 162.2 (d, J = 241.5 Hz), 150.0 (d, J = 1.9 Hz), 133.6, 123.9 (d, J = 8.2 Hz)
118.5(d, J =22.9 Hz), 116.4 (d, J = 20.0 Hz), 70.3. °F NMR (376 MHz, CDCls) 6 -116.8. HRMS (Cl+, CH4)
Calculated for C;H;BFNO;: 152.0554. Found [M+H]*: 152.0551 (Diff 2.18 ppm). vmax/cm™ : (solid) 3301
(m), .058 (m), 2959 (m), 2890 (m), 1476 (m), 1295 (m). MP: 112 — 114 °C. Predicted C(55.34%),
H(3.98%); Obtained C(55.18%), H(3.93%).
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2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (16)

To a flask at room temperature were added 2-bromobenzaldehyde (1.0 eq.), dioxane, Bis(4,4,5,5-
tetramethyl-[1,3]dioxolan-2-yl)borane (2.0 eq.), potassium acetate (3.0 eqg.) and
bis(triphenylphosphine)palladium(ll) dichloride (0.1 eq.), under a nitrogen atmosphere and the
reaction was heated to 80 °C overnight. The reaction was then cooled to room temperature, diluted
with ethyl acetate and filtered through celite. The filtrate was then washed with saturated ag. NaHCOs3,
water and brine, dried over magnesium sulphate and concentrated. The crude material was purified
by column chromatography eluting with 100% hexane to yield the product (16) (0.25 g, 40% vyield) as
a white solid. *H NMR (400 MHz, CDCls) 6 10.54 (s, 1H), 7.98 — 7.94 (m, 1H), 7.88 — 7.84 (m, 1H), 7.62
—7.53 (m, 2H), 1.40 (s, 12H). 3C NMR (100 MHz, CDCl3) 6 194.7, 141.3, 135.5, 132.9, 130.8, 128.0,
84.4, 24.9. One quaternary carbon not visible. HRMS (Cl+, NH3) Calculated for Ci3H13BOs: 233.1344.
Found [M+H]*: 233.1350 (Diff -2.59 ppm).

9.5.2.1 Synthesis of 2-bromo-4-phenoxybenzaldehyde and 2-bromo-4-(phenylthio)benzaldehyde

Derivatives

2-Bromo-4-(4-fluorophenoxy)benzaldehyde (13a)
) Br
AT
General procedure A - Employed 4-fluorophenol to yield the product (13a) (1.12 g, 65% yield) as a
white solid. *H NMR (400 MHz, CDCl3) & 10.24 (s, 1H), 7.89 (d, 1H, J = 8.6 Hz), 7.13 (m, 3H), 7.06 (m,
2H), 6.95 (dd, 1H, J = 8.6 & 2.6 Hz). *C NMR (100 MHz, CDCl5) 6 190.4, 163.3, 160.0 (d, J = 243.5 Hz),
150.2 (d, J = 3.2 Hz), 131.6, 128.5, 128.3, 122.2 (d, / = 8.4 Hz), 121.3, 117.0 (d, J = 23.7 Hz), 116.4. *°F

NMR (376 MHz, CDCls) 6 -116.8. HRMS (Cl+, CH,) Calculated for Ci3H9BrFO,: 294.9764. Found [M+H]*
: 294.9971 (Diff -2.22 ppm).

2-Bromo-4-(2-fluorophenoxy)benzaldehyde (13b)

(@) Br
T

F
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General procedure A - Employed 2-fluorophenol to yield the product (13b) (1.21 g, 84% yield) as a
white solid. *H NMR (400 MHz, CDCls) 6 10.25 (s, 1H), 7.90 (d, 1H, J = 8.7 Hz), 7.30 — 7.22 (m, 2H), 7.22
—7.17 (m, 2H), 7.16 (d, 1H, J = 2.4 Hz), 6.96 (dd, 1H, J = 8.7 & 2.4 Hz). 3C NMR (100 MHz, CDCls) &
190.4, 162.7,154.5 (d, J = 250.7 Hz), 141.2 (d, J = 13.0 Hz), 131.5, 128.5 (d, /= 5.5 Hz), 127.0 (d, /] = 6.7
Hz), 125.3 (d, J=4.1 Hz), 123.3,121.2,117.6 (d, / = 18.3 Hz), 115.6. Not all carbons visible. HRMS (Cl+,
CH,) Calculated for Ci13HsBrFO3: 294.9764. Found [M+H]*: 294.9774 (Diff — 3.38 ppm).

2-Bromo-4-(2-methoxyphenoxy)benzaldehyde (13c)
OMe

o Br
\©/vo
General procedure A - Employed 2-methoxyphenol to yield the product (13c) (0.79 g, 52% yield) as a

white solid. Carried through crude into next step.

2-Bromo-4-((4-fluorophenyl)thio)benzaldehyde (13d)
S Br
BORGE
General procedure A - Employed 4-fluorothiophenol to yield the product (13d) (1.20 g, 78% vyield) as
a white solid. *H NMR (400 MHz, CDCls) & 10.23 (s, 1H), 7.75 (d, 1H J = 8.3 Hz), 7.54 (dd, 2H, J = 8.7 &
7.3 Hz, 7.25 (s, 1H), 7.17 (dd, 2H, J = 9.7 & 8.7 Hz), 7.05 (d, 1H, J = 8.7 Hz). 3C NMR (100 MHz, CDCls)

6190.8, 163.7 (d, J =249.9 Hz), 149.0, 137.2 (d, J = 8.5 Hz), 130.6, 130.3, 129.9, 127.7,125.4, 125.2 (d,
J=3.6Hz),117.4(d, J =21.9 Hz).

2-Bromo-4-((2-fluorophenyl)thio)benzaldehyde (13e)
F
S Br
sae¢
General procedure A - Employed 2-fluorothiophenol to yield the product (13e) (0.94 g, 82% yield) as
a yellow solid. *H NMR (400 MHz, CDCls) § 10.24 (s, 1H), 7.76 (d, 1H, J = 8.4 Hz), 7.59 — 7.53 (m, 1H),
7.52—7.46 (m, 1H), 7.32 (s, 1H), 7.23 - 7.20 (m, 2H), 7.10 (d, 1H, J = 8.4 Hz). 3C NMR (100 MHz, CDCl)
8 190.9, 162.7 (d, J = 250.5 Hz), 146.9, 140.4, 135.8, 132.4 (d, J = 8.0 Hz), 130.9, 130.0, 127.6, 125.7,

125.4 (d, J = 4.0 Hz), 117.3 (d, J = 18.8 Hz), 116.9 (d, J = 23.1 Hz). HRMS (ClI+, CH4) Calculated for
Ci3H11BrF0O,S: 324.9693. Found [M+H]*: 324.9696 (Diff — 1.16 ppm).
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2-Bromo-4-((4-methoxyphenyl)thio)benzaldehyde (13f)

S Br
General procedure A - Employed 4-methoxythiophenol to yield the product (13f) (1.13 g, 59% yield)
as a cream solid. *H NMR (400 MHz, CDCls) & 10.22 (s, 1H), 7.72 (d, 1H, J = 8.1 Hz), 7.48 (d, 2H, J = 8.7
Hz), 7.21 (d, 1H, J = 8.7 Hz), 7.04 — 7.01 (m, 2H), 6.99 (d, 1H, J = 8.7 Hz), 3.87 (s, 3H). 3C NMR (100

MHz, CDCl5) 6 190.9, 161.1, 150.7, 137.1, 132.6, 130.2, 129.8, 129.6, 127.7, 119.8, 114.6, 55.5. HRMS
(Cl+, CH,) Calculated for C14H12Br0,S: 322.9736. Found [M+H]*: 322.9736 (Diff — 0.06 ppm).

2-Bromo-4-(3-methoxyphenoxy)benzaldehyde (13g)

MeO 0] Br
T T
General procedure A - Employed 3-methoxyphenol to yield the product (13g) (0.44 g, 58% yield) as a
white solid. *H NMR (400 MHz, CDCls) & 10.25 (s, 1H), 7.89 (d, 1H, J = 8.8 Hz), 7.32 (dd, 1H, J = 8.4 &
8.1 Hz),7.18 (d, 1H, J= 2.3 Hz), 6.99 (dd, 1H, J=8.4, 2.4 & 0.5 Hz), 6.80 (ddd, 1H, J=8.1, 2.6 & 0.5 Hz),

6.63 (dd, 1H, J = 2.4 & 2.6 Hz), 6.58 - 6.56 (m, 1H), 3.81 (s, 3H). 13C NMR (100 MHz, CDCls) & 190.5,
163.1, 161.3, 155.5, 131.5, 130.7, 128.5, 128.3, 121.7, 116.8, 112.5, 111.1, 106.6, 55.5.

9.5.2.2 Synthesis of (2-bromo-4-phenoxyphenyl)methanol and (2-bromo-4-
(phenylthio)phenyl)methanol derivatives

(2-Bromo-4-(4-fluorophenoxy)phenyl)methanol (16a)

o Br
General procedure B - Employed 2-bromo-4-(4-fluorophenoxy)benzaldehyde (13a) to yield the
product (16a) (1.01 g, 92% vyield) as a white solid. *H NMR (400 MHz, CDCls) 6 7.40 (d, 1H, J = 8.5 Hz),
7.15(d, 1H, J = 1.9 Hz), 7.05 (m, 2H), 6.98 (m, 2H), 6.91 (dd, 1H, J = 8.5 & 1.9 Hz), 4.67 (s, 2H).**C NMR
(100 MHz, CDCls) 6 159.2 (d, J = 244.5 Hz), 157.8,152.0 (d, / = 2.6 Hz), 134.3,130.1, 123.1, 122.0, 121.0

(d,/=8.0Hz),117.1,116.6(d, J = 23.6 Hz), 64.6. HRMS (Cl+, CH,) Calculated for Ci3H11BrFO,: 296.9921.
Found [M+H]*: 296.9920 (Diff — 1.19 ppm).

(2-Bromo-4-(2-fluorophenoxy)phenyl)methanol (16b)
F

OO
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General procedure B — Employed 2-bromo-4-(2-fluorophenoxy)benzaldehyde (13b) to yield the
product (16b) (1.21 g, 83% vield) as a white solid. *H NMR (400 MHz, CDCls) §7.42 (d, 1H, J = 8.5 Hz),
7.23 = 7.06 (m, 5H), 6.93 (dd, 1H, J = 8.5 & 2.1 Hz). 3C NMR (100 MHz, CDCls) § 157.5, 154.4 (d, J =
247.0 Hz), 142.9, 134.4, 130.0, 125.7 (d, J = 6.5 Hz), 124.9 (d, J = 3.7 Hz), 123.1, 122.4, 121.1, 121.0,
117.3 (d, J=18.9 Hz), 64.5.

(2-Bromo-4-(2-methoxyphenoxy)phenyl)methanol (16c)
OMe
o Br
Ol
General procedure B — Employed 2-bromo-4-(2-methoxyphenoxy)benzaldehyde (13c) to yield the
product (16c) (0.69 g, 84% yield) as a white solid. *H NMR (400 MHz, CDCl;) § 7.41 (d, 1H, J = 8.5 Hz),
7.27-7.22 (m, 1H), 7.21 (d, 1H, J = 2.2 Hz), 6.98 (dd, 1H, J = 8.5 & 2.2 Hz), 6.72 — 6.67 (m, 1H), 6.60 —
6.56 (M, 2H), 4.72 (s, 2H), 3.78 (s, 3H). *C NMR (100 MHz, CDCls) 6 161.1, 157.6, 157.3, 134.5, 130.3,

130.0, 123.0, 122.7, 117.8, 111.3, 109.6, 105.3, 64.6, 55.4. HRMS (Cl+, CHa4) Calculated for C14H14BrO;:
309.0121. Found [M+H]*: 309.0129 (Diff -2.75 ppm).

(2-Bromo-4-((4-fluorophenyl)thio)phenyl)methanol (16d)

S Br
General procedure B — Employed 2-bromo-4-((4-fluorophenyl)thio)benzaldehyde (16d) to yield the
product (16d) (1.26g, 96% yield) as a white solid. *H NMR (400 MHz, CDCl3) § 7.43 —7.35 (m, 4H), 7.17
(dd, 1H, J = 8.1 & 1.8 Hz), 7.08 — 7.03 (m, 2H), 4.69 (s, 2H). 3C NMR (100 MHz, CDCl3) 6 162.8 (d, J =
248.8 Hz), 138.3, 138.1, 134.9 (d, J = 8.2 Hz), 132.6, 129.3, 218.8, 128.4, 123.0, 116.7 (d, / = 22.4 Hz),

64.6. HRMS (Cl+, NHs) Calculated for Ci3HsBrFS: 294.9587. Found [M-H,0+H]*: 297.9589 (Diff -1.63
ppm).

(2-Bromo-4-((2-fluorophenyl)thio)phenyl)methanol (16e)
F
S Br
L
General procedure B — Employed 2-bromo-4-((2-fluorophenyl)thio)benzaldehyde (13e) to yield the

product (16e) (0.85 g, 90% yield) as a white solid. *H NMR (400 MHz, CDCls) & 7.47 (s, 1H), 7.41 (d, 1H,
J=7.4Hz),7.34 (m, 2H), 7.25 (m, 1H), 7.14 (m, 1H), 7.12 (d, 1H, J = 7.4 Hz), 4.72 (s, 2H). 3C NMR (100
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MHz, CDCls) & 138.6, 136.1, 134.4, 133.4, 130.3 (d, J = 8.0 Hz), 129.3 (d, J = 7.2 Hz), 124.9 (d, J = 3.8
Hz), 122.9,121.1 (d, J=17.2 Hz), 116.3 (d, J = 22.3 Hz), 64.8. not all quaternary carbons visible.

9.5.2.3 Synthesis of 2-bromo-4-phenoxybenzyl tert-butyl carbonate and 2-bromo-4-
(phenylthio)benzyl tert-butyl carbonate derivatives

2-bromo-4-(4-fluorophenoxy)benzyl tert-butyl carbonate (17a)

O Br
/©/ \@/OBOC
F

General procedure C — Employed (2-bromo-4-(4-fluorophenoxy)phenyl)methanol (16a) to yield the
product (17a) (0.88 g, 66% yield) as a white solid. *H NMR (400 MHz, CDCl3)  7.38 (d, 1H, J = 8.5 Hz),
7/15 (d, 1H, J = 2.2 Hz), 7.06 (m, 2H), 6.99 (m, 2H), 6.90 (dd, 1H, J = 8.5 & 2.2 Hz), 5.15 (s, 2H), 1.50 (s,
9H). *C NMR (100 MHz, CDCl3) 6 159.4 (d, J= 242.9 Hz), 158.4, 153.3, 151.8 (d, J = 2.6 Hz), 131.9, 129.6,
124.1,121.9,121.1 (d, J =8.0 Hz), 116.8 (d, / = 15.2 Hz), 116.5, 82.7, 67.3, 27.8.

2-Bromo-4-(2-fluorophenoxy)benzyl tert-butyl carbonate (17b)
F

O Br
\@/OBOC

General procedure C — Employed (2-bromo-4-(2-fluorophenoxy)phenyl)methanol (16b) to yield the
product (17b) (1.07 g, 79% yield) as a white solid. *H NMR (400 MHz, CDCl3) 6 7.38 (d, 1H, J = 8.4 Hz),
7.23-7.06 (m, 5H), 6.91 (dd, 1H, J = 8.4 & 2.5 Hz), 5.15 (s, 2H), 1.50 (s, 9H). **C NMR (100 MHz, CDCls)
6158.1,154.4 (d, J = 251.5 Hz), 153.3, 142.6 (d, / = 11.7 Hz), 131.1, 129.6, 125.8 (d, J = 6.9 Hz), 124.9
(d,J=3.8 Hz), 124.1,122.5,121.0,117.3 (d, J = 18.2 Hz), 115.9, 82.6, 67.6, 27.8. HRMS (ES+) Calculated
for C1sH1sBrFNaOa4: 419.0265. Found [M+Na]*: 419.0259 (Diff 1.27 ppm).

2-Bromo-4-(2-methoxyphenoxy)benzyl tert-butyl carbonate (17c)
OMe

O Br
\@/OBOC

General procedure C—Employed (2-bromo-4-(2-methoxyphenoxy)phenyl)methanol (17b) to yield the
product (17c) (0.74 g, 81% yield) as a white solid. *H NMR (400 MHz, CDCl5) 6 7.39 (d, 1H, J = 8.5 Hz),
7.26 — 7.21 (m, 2H), 6.96 (dd, 1H, J = 8.5 & 2.5 Hz), 6.73 — 6.69 (m, 1H), 6.60 — 6.56 (m, 2H), 5.16 (s,
2H), 3.79 (s, 3H), 1.51 (s, 9H).23C NMR (100 MHz, CDCls) & 161.1, 157.8, 157.3, 153.2, 131.1, 130.3,
129.7, 124.0, 122.6, 117.6, 11.4, 109.9, 105.4, 82.5, 67.8, 55.4, 27.8. HRMS (ES+) Calculated for
Ci9H21BrNaOs: 431.0465. Found [M+Na]*: 431.0479 (Diff -3.44 ppm).
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2-Bromo-4-((4-fluorophenyl)thio)benzyl tert-butyl carbonate (17d)

S Br
/O/ \@/OBOC
F

General procedure C — Employed (2-bromo-4-((4-fluorophenyl)thio)phenyl)methanol (16d) to yield
the product (17d) (1.07 g, 64% yield) as a white solid. *H NMR (400 MHz, CDCls) § 7.45 — 7.40 (m, 2H),
7.38(d, 1H,J=1.8 Hz), 7.31 (d, 1H, J =8.1 Hz), 7.13 (dd, 1H, J = 8.1 & 8.1 Hz), 7.10 — 7.05 (m, 2H), 5.13
(s, 2H), 1.50 (s, 9H). *C NMR (100 MHz, CDCl3) & 162.9 (d, J = 251.2 Hz), 153.2, 139.5, 135.3 (d, /= 8.8
Hz), 133.2, 132.4, 130.0, 128.4 (d, J = 3.4 Hz), 127.9, 123.8, 116.8 (d, / = 21.8 Hz), 82.7, 67.6, 27.8.
HRMS (ES+) Calculated for CigH1sBrFNaOsS: 435.0036. Found [M+Na]*: 435.0027 (Diff 2.13 ppm).

2-Bromo-4-((2-fluorophenyl)thio)benzyl tert-butyl carbonate (17¢)
F

S Br
\@/OBOC

General procedure C — Employed (2-bromo-4-((2-fluorophenyl)thio)phenyl)methanol (16e) to yield
the product (17e) (0.82 g, 73% yield) as a white solid. *H NMR (400 MHz, CDCls) § 7.45 (s, 1H), 7.35 (m,
3H), 7.20 (d, 1H, J = 8.3 Hz), 7.13 (m, 2H), 5.15 (s, 2H), 1.50 (s, 9H). 3C NMR (100 MHz, CDCl;) & 161.7
(d, J=245.9 Hz), 153.2, 137.3, 134.8, 133.7, 133.2, 130.6 (d, / = 7.6 Hz), 130.1, 128.7, 125.0 (d, / = 3.7
Hz), 123.6, 120.8, 116.3 (d, J = 21.4 Hz), 82.8, 67.6, 27.8.
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9.5.2.4 Synthesis of tert-butyl (4-phenoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)
carbonate and tert-butyl (4-(phenylthio)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)

carbonate Derivatives

Tert-butyl (4-(4-fluorophenoxy)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate
(18a)

?
QO\@B/\O
OB
E ocC

General procedure D — Employed 2-bromo-4-(4-fluorophenoxy)benzyl tert-butyl carbonate (17a) to
yield the product (18a) (0.27 g, 28% yield) as a clear oil. *H NMR (400 MHz, CDCl3) 6 7.45 (d, 1H,J=2.5
Hz), 7.35 (d, 1H, J = 8.4 Hz), 6.99 (m, 3H), 6.93 (m, 2H), 5.32 (s, 2H), 1.49 (s, 9H), 1.32 (s, 12H). 3C NMR
(100 MHz, CDCls) 6 158.6 (d, J =238.1 Hz), 156.6, 153.5, 153.2 (d, /= 2.6 Hz), 136.4, 130.5, 126.0, 120.9,
120.1 (d, J = 8.5 Hz), 118.1, 116.2 (d, J = 23.0 Hz), 84.0, 81.8, 68.1, 27.8, 24.8. HRMS (ES+) Calculated
for CasH30''BFNaQs: 467.2012. Found [M+Na]*: 467.2019 (Diff -1.46 ppm).

Tert-butyl (4-(2-fluorophenoxy)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate
(18b)

i 0

o) B\O
\@/OBOC
General procedure D — Employed 2-bromo-4-(2-fluorophenoxy)benzyl tert-butyl carbonate (17b) to
yield the product (18b) (0.74 g, 62% yield) as a white solid. 'H NMR (400 MHz, CDCl5) § 7.50 (d, 1H, J =
2,8 Hz), 7.35 (d, 1H, J = 8.5 Hz), 7.20 — 7.14 (m, 1H), 7.10 — 7.05 (m, 2H), 7.01 — 6.95 (m, 2H), 5.33 (s,
2H), 1.49 (s, 9H), 1.32 (s, 12 H). 3C NMR (100 MHz, CDCl3) & 156.4, 154.2 (d, J = 248.3 Hz), 153.5, 144.1
(d, J = 11. 4 Hz), 136.4, 130.5, 125.3, 124.6 (d, J = 3.9 Hz), 124.5 (d, J = 6.8 Hz), 121.3, 119.8, 117.8,

117.0 (d, /= 19.1 Hz), 84.0, 81.7, 68.1, 27.9, 24.8. HRMS (ES+) Calculated for C,4H30BFNaQs: 466.2048.
Found [M+Na]*: 466.2049 (Diff — 0.29 ppm).
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Tert-butyl (4-(2-methoxyphenoxy)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)

carbonate (18c)

OMe (0]

|
o) B\O
\@/OBOC
General procedure D — Employed 2-bromo-4-(2-methoxyphenoxy)benzyl tert-butyl carbonate (17c)
to yield the product (18¢c) (0.11 g, 26% yield) as a white solid. *H NMR (400 MHz, CDCls) 6 7.52 (d, 1H,
J=1.8Hz),7.37 (d, 1H, J = 8.4 Hz), 7.20 (dd, 1H, J = 9.0 & 8.5 Hz), 7.05 (dd, 1H, J = 8.4 & 1.8 Hz), 6.63
(d, 1H, J = 8.5 Hz), 6.55 — 6.51 (m, 2H), 5.33 (s, 2H), 3.77 (s, 3H), 1.50 (s, 9H), 1.32 (s, 12H). 3C NMR
(100 MHz, CDCls) 6 160.9, 158.7, 155.9, 153.4, 136.6, 135.3, 130.5, 130.0, 126.8, 121.6, 110.5, 108.8,

104.3,83.9,81.7,68.1, 55.3, 27.9, 24.8, 25.0. HRMS (ES+) Calculated for CsH33BNaO7: 479.2212. Found
[M+Na]*: 479.2214 (Diff -0.56 ppm).

Tert-butyl (4-((4-fluorophenyl)thio)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)

carbonate (18d)

?
OS\@B/\O
OB
E ocC

General procedure D — Employed 2-bromo-4-((4-fluorophenyl)thio)benzyl tert-butyl carbonate (17d)
to yield the product (18d) (0.68 g, 65% yield) as a white solid. *H NMR (400 MHz, CDCl5) 6 7.83 (d, 1H,
J=2.0Hz),7.34—-7.27 (m, 4H), 7.03 — 6.97 (m, 1H), 5.33 (s, 2H), 1.49 (s, 1H), 1.33 (s, 12H). 3C NMR
(100 MHz, CDCl5) 6 162.3 (d, J =246.9 Hz), 153.4, 140.6, 138.0, 135.4, 133.4 (d, J=8.2 Hz), 133.1,131.3,
130.7 (d, J = 3.2 Hz), 129.2, 116.3 (d, J = 22.0 Hz), 84.1, 81.9, 68.0, 27.9, 24.9. HRMS (Cl+, CHa)
Calculated for C24H30BFNaOsS: 482.1820. Found [M+Na]*: 482.1800 ( Diff - 0.04 ppm).

Tert-butyl (4-((2-fluorophenyl)thio)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)

carbonate (18e)
i 9
S B\O
OBoc

General procedure D — Employed 2-bromo-4-((2-fluorophenyl)thio)benzyl tert-butyl carbonate (17e)
to yield the product (18e) (0.42 g, 46% yield) as a white solid. *H NMR (400 MHz, CDCl3) 6 7.90 (s, 1H),
7.35 (s, 2H), 7.27 = 7.19 (m, 1H), 7.18 = 7.13 (m, 1H), 7.10 — 7.01 (m, 2H), 5.34 (s, 2H), 1.49 (s, 9H), 1.33
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(s, 12H). 3C NMR (100 MHz, CDCl3) 6 171.0, 160.8 (d, J = 247.6 Hz), 153.4, 141.1, 139.1, 134.1, 132.9,
132.8(d, J = 19.1 Hz), 132.7 (d, J = 1.2 Hz), 129.2, 128.9 (d, J = 7.7 Hz), 124.1 (d, J = 3.8 Hz), 123.3 (d, J
= 17.8 Hz), 115.8 (d, J = 22.1 Hz), 84.1, 83.5, 27.8, 24.8. HRMS (ES+) Calculated for CasH3oBFNaOsS:
483.1783. Found [M+H]*: 483.1787 (Diff — 0.81 ppm).

9.5.2.5 Synthesis of 6-phenoxybenzo(c][1,2]oxaborol-1(3H)-ol and 6-

(phenylthio)benzo[c][1,2]oxaborol-1(3H)-ol Derivatives

6-(4-Fluorophenoxy)benzo[c][1,2]oxaborol-1(3H)-ol (15a)

General procedure E — Employed tert-butyl (4-(4-fluorophenoxy)-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl) (18a) carbonate to yield the product (15a) (0.039 g, 35% yield) as a white
solid. *H NMR (400 MHz, CDCls) 6 7.27 (s, 1H), 7.23 (d, 1H, J = 8.1 Hz), 7.12 - 7.01 (m, 2H), 6.57 (d, 1H,
J =8.1Hz), 6.52 —6.47 (m, 2H), 5.85 (s, 1H), 5.01 (s, 2H), 3.69 (s, 3H). *C NMR (100 MHz, CDCls) &
161.0, 158.7, 156.6, 148.5, 130.2, 122.9, 122.5, 120.2, 110.9, 108.9, 104.9, 71.1, 55.4. LRMS (Cl+, CHa)
Calculated for C13H18BO3: 244.03. Found [M+NH4]*: 244.10. Vmax/cm™ : (solid) 3309 (m), 3058 (m), 2980
(m), 2935 (m), 1498 (m), 1266 (m). MP: 120 — 123 °C.

6-(2-Fluorophenoxy)benzo[c][1,2]oxaborol-1(3H)-ol (15b)
E OH
SRS
\
Ty
General procedure E — Employed tert-butyl (4-(2-fluorophenoxy)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl) carbonate (18b) to yield the product as a crude white solid (15b