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Abstract

Malaria remains a large burden in many areas of the world, with millions of
deaths caused by the Plasmodium parasite each year. There are several
existing treatments for malaria but none are perfect, especially with the
increasing prevalence of resistant strains.

Dihydroorotate dehydrogenase (DHODH) is an enzyme in the de novo
pyrimidine biosynthesis pathway. It is an attractive target for Plasmodium
parasites in particular, since these species lack a salvage pathway and
therefore rely solely on the de novo pathway.

In this project, a potent and selective series of inhibitors based on a
1,8-naphthyridine scaffold has been developed. Once a reliable synthetic
route to the desired 1,8-naphthyridines had been established, a library of
compounds was synthesised, allowing the series to be optimised with special
focus on pharmacokinetic properties.

Initial compounds showed excellent selectivity and potency against both
DHODH and Plasmodium parasite but solubility in fasted-state simulated
intestinal fluid (FaSSIF) was quite poor and metabolism by aldehyde oxidase
was detected. Subsequently, compounds were made which overcame this
metabolic liability while retaining excellent potency (ICso < 20 nM on
P. falciparum DHODH, ECso < 10 nM on Plasmodium cells) and with an
improvement in solubility (> 50 uM in FaSSIF). These lead compounds will be
taken forward for further assays to assess whether they could be used as
novel anti-malarial drugs.

Toxoplasma gondii, the causative agent of toxoplasmosis, was also targeted
with this series of molecules. However, T. gondii DHODH has a mutation
which results in lower levels of inhibition with these 1,8-naphthyridines. By
using computational design, potency against T. gondii was increased, albeit
not to as high a level as against P. falciparum, with the best inhibitors for this
species having ECsp values around 500 nM. The tight binding site in this
species made the design of potent inhibitors challenging.
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Chapter 1 Introduction

1.1 The need for novel anti-infectives

The development of several potent anti-infectives, along with vaccines and
increased understanding of how better to control the spread of diseases, led
Nobel Prize-winning virologist Sir Frank Macfarlane Burnet to state in 1962
that: “By the end of the Second World War it was possible to say that almost
all of the major practical problems of dealing with infectious disease had been
solved”.! However, there were 16 million deaths caused by pathogens and
parasites in 1990 and 15 million in 2010, and such diseases are still the largest
cause of death in less developed countries.? This shows how little progress
has been made in 20 years, a problem aggravated by the increase in
resistance of disease-causing organisms to currently available medications.

1.1.1 Therisein drug-resistant infections

There are increasing numbers of infectious agents that have evolved
resistance to some or all of the drugs that were previously used to treat them.
Well-known  examples  of  antibiotic-resistant  bacteria  include
methicillin-resistant  Staphylococcus aureus (MRSA), Streptococcus
pneumoniae and Mycobacterium tuberculosis, which is now commonly seen
in multi-drug resistant and even extensively-drug resistant forms.® However,
resistance has also been seen in almost all pathogenic bacteria and many
eukaryotic parasites t00.*

The fast replication rates of many micro-organisms have enabled them to
quickly evolve to meet the selection pressure of antibiotics introduced by
humans. Thus novel scaffolds with new modes of action are highly sought
after in drugs to minimise the chance of resistance mechanisms already being
present in nature. Over-use of antibiotics has hastened the rate of resistance
appearing, with thousands of tons of antibiotics being used in agriculture and
the treatment of human diseases over the past 60 years.® Reducing the use
of antibiotics would therefore reduce the rate of resistance spreading but
would not ultimately prevent it. Hence, new antibiotics are urgently required
but, despite this, the amount of research carried out by pharmaceutical
companies on the treatment of infectious diseases has been declining due to
their relatively low rate of return on investment and the need to reduce the use
of any new antimicrobials that are developed.® With this problem of
anti-microbial resistance being described as “dire” by the World Health
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Organisation,’ it has largely been left to smaller research organisations to try
to develop new treatments for the infectious diseases that cause so much
suffering across the globe.

This is an equally large problem for parasitic diseases as it is for those caused
by bacteria, with many parasites showing resistance to several first-line
treatments.
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Figure 1.1 The structures of some anti-parasitics for which resistance has been observed

For example, Plasmodium falciparum now shows widespread resistance to
chloroquine (1) and sulfadoxine—pyrimethamine treatments and increasingly
to the current front-line artemisinin-based malaria treatments (2) t0o.8 In this
case the spread of resistance is thought to be due to the transmission of
resistant parasites rather than frequent mutations occurring in the population.®
Another parasite, Leishmania, is especially good at overcoming the effects of
drugs: the extrachromosomal episomes found in these organisms contain
genes which can quickly be up- or down-regulated as needed to combat a
stressful environment.'® The increased drug pressure on parasitic infections,
coupled with poor quality mono-therapy treatments, has allowed for selection
of resistant mutants and over time the effectiveness of drugs on the entire
population of parasites has decreased significantly as multi-drug resistant
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parasites have become more common. Multi-drug resistance has now been
seen in parasites including Plasmodia, Leishmania, Entamoeba, Trichomonas
vaginalis, schistosomes!! and Toxoplasma gondiit®14 against many different
drugs (Fig. 1.1). Although combination therapies are reducing the rate at
which resistance to a new drug spreads, there is a serious danger that these
infections could soon become untreatable unless new anti-infectives can be
developed.®®

1.1.2 Malaria

Malaria is a disease that remains a major global problem, resulting in 219
million cases and 435000 deaths in 2017.1® The cause of the infection in
humans is by one of five different plasmodium species of parasite:
P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi; these are mostly
spread through the bite of female Anopheles mosquitoes. The two most
problematic are P. falciparum, which is found predominantly in Africa and
causes the most deaths, and P. vivax, which can survive in a wider range of
environmental conditions and hence is more widespread worldwide.® Malaria
results in severe anaemia due to the bursting of erythrocytes by the parasite,
eventually leading to death if not treated. The P. vivax species also has a
dormant liver form (hypnozoite) which can activate at a later stage, resulting
in a relapse of symptoms.*’

Better prevention of malaria has largely contributed to the decrease in deaths,
with vector control methods such as use of insecticide-treated mosquito nets
shown to reduce the incidence of malaria by more than 50%.8
Chemoprevention has also been largely successful, especially in pregnant
women where sulfadoxine—pyrimethamine is commonly administered.

1.1.2.1 Treatment

For the treatment of uncomplicated P. falciparum malaria, artemisinin-based
combination therapy is commonly used and is highly effective.1® This involves
the partnering of artemisinin (2) with one of several partner drugs. This is
thought to reduce the chance of resistance to artemisinin occurring, as has
happened with many previously used malarial drugs such as chloroquine. The
short half-life is also thought to help prevent resistant parasites from
evolving.!® Nevertheless, resistance has been detected in five countries.®

This more expensive therapy is increasingly being used against P. vivax as
well, now that resistance to chloroquine is emerging in this species t00.2° The
only drug that can successfully treat the latent hypnozoite stage, however, is
primaquine but this has some common side effects such as gastrointestinal
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upset?! and the drug cannot be given to pregnant or glucose-6-phosphate
dehydrogenase-deficient people, as this can cause acute haemolysis. There
are also some strains that are tolerant or resistant to primaquine.??

In conclusion, malaria continues to present challenges to medicinal chemists
because of the constant need for new drugs to overcome resistance. There is
also a need to improve on some of the limitations of current therapies,
especially those targeting P. vivax.

1.1.3 Toxoplasmosis

Another example of an infection that remains a major global problem is that
which leads to the disease toxoplasmosis, caused by the Toxoplasma gondii
parasite that infects an estimated 30-50% of the world’s population.?
T. gondii is a protozoan, part of the phylum Apicomplexa, with three stages to
its life cycle: sporozoites which are protected by oocysts in the environment
and hence enable transmission to new hosts via ingestion, invasive
tachyzoites which divide quickly, and bradyzoites which divide slowly but can
remain in human cells for a long time (Fig. 1.2).%*
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Figure 1.2 The life cycle of T. gondii. Reproduced from Robert-Gangneux and Dardé,

201224, with permission.
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Humans can become infected by consumption of contaminated food or water.
The tachyzoite form of the parasite occurs in acute infection and can infect
any nucleated cell in the body. However, in the majority of cases, the immune
system can fight off the infection before it results in illness. Nevertheless, there
are some cases where infection can cause serious problems such as
toxoplasmic retinochoroiditis, which is the leading cause of blindness in
Brazil®®, one of the countries where toxoplasmosis is most prevalent.?6 People
with weakened immune systems, such as those with AIDS or undergoing
chemotherapy, are most susceptible, and an infection can be fatal for these
patients if untreated. It is also possible for a pregnant mother to transfer the
disease to her baby (congenital transmission) if she contracts an acute
infection during pregnancy, even if this is asymptomatic. Infection can cause
spontaneous abortion, hydrocephaly, mental retardation, hearing loss,
recurrent retinochoroiditis or other defects.?’

1.1.3.1 Treatment

First discovered by Eyles and Coleman?® over 60 years ago, the most
commonly used treatment for toxoplasmosis is still the combination of
pyrimethamine (3) with sulfadiazine (8) which inhibits folic acid metabolism
and hence DNA synthesis.?°

Unfortunately these drugs, originally designed to treat malaria, can induce
side effects including nausea, vomiting and diarrhoea as well as rashes®°, and
only treat an acute infection, not the underlying bradyzoite stage. Although
this latent stage has long been considered asymptomatic, there is evidence
that infection can alter the psychology of the host. A striking example is in
mice that lose their fear of cats, increasing the rate at which the parasite
returns into a cat to complete its life cycle.®! In humans there is some evidence
of a possible link with mental disorders like schizophrenia®? and bipolar
disorder®®* and neurodegenerative disorders such as Parkinson’s®* and
Alzheimer’s®, although this has been disputed.3® 37 Atovaquone (9), another
repurposed anti-malarial which acts against the cytochrome bci complex of
the parasite, can also be used for the treatment of toxoplasmosis.* This drug
shows some activity against the chronic stage of the infection, albeit only at
much higher doses than those needed for tachyzoites.

Strains of T. gondii that are resistant to either atovagquone!® 2 or sulfadiazine
have been observed?3® 4° and a mitochondrial protein, TJPRELID, has recently
been discovered that is thought to help this parasite develop resistance to
multiple drugs simultaneously.'? Therefore, new inhibitors acting against novel
targets are needed to solve this problem of drug resistance as well as the



-17 -

issues with the existing drugs of side effects and lack of efficacy against
bradyzoites.

1.2 Dihydroorotate dehydrogenase

Dihydroorotate dehydrogenase (DHODH) is the fourth enzyme in the de novo
pyrimidine nucleoside biosynthetic pathway (Scheme 1) in which uridine
5'-monophosphate (15) is made from an amino acid and can then be
converted to the other necessary pyrimidines.

Many organisms also have a salvage pathway, enabling them to make UMP
from any pyrimidine nucleotides taken up from food or the environment.
Therefore the de novo pathway may not be essential for the survival of
parasites, meaning that the salvage pathway may also have to be blocked in
any potential treatment involving the inhibition of this enzyme.

In the fourth step of the de novo pathway, DHODH catalyses the
FMN-mediated oxidation of dihydroorotate (12) to orotate (13). There are two
different classes of this enzyme, determined by sequence alignment, that are
further divided into subclasses depending on the oxidant used.** Class 1
DHODHs are found in the cytosol and use cysteine as the general base
needed to catalyse the reaction (Fig. 1.3). This class is split into subclasses
1A and 1B; 1A uses fumarate to accept electrons and is homodimeric,*?
whereas 1B uses NAD* as an electron acceptor and forms heterodimers
including class 1A-like subunits as well as different ones containing an
iron—sulphur cluster and FAD.*3

Class 2 enzymes differ in using serine as their base and coenzyme Q or
ubiquinone as the oxidant (Fig. 1.3). They are also membrane-bound rather
than free in the cytosol, being found in the inner mitochondrial membrane in
eukaryotes** or the cell membrane in Gram-negative bacteria like E. coli.*®
Another difference between the two classes is seen in the mechanism of the
reaction: the two C—H bonds breaking in this oxidation do so in a concerted
manner in class 1 enzymes, as determined by kinetic isotope effect studies,*®
whereas a stepwise mechanism with enol formation followed by
tautomerisation into orotic acid is preferred by class 2 enzymes.#’ In each
case there are several conserved active-site residues, four asparagines and
a threonine (or serine in class 1A), that are important for hydrogen bonding to
the substrate (Fig. 1.3), and mutation of any of these results in a large
decrease in rate constant.*
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Scheme 1.1 The de novo biosynthetic pathway to pyrimidines in which an amino acid is

converted into UMP in 6 steps catalysed by different enzymes
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AS

L. lactis

(Class 1)

E. coli \

(Class 2)

Figure 1.3 Substrate binding site of DHODH from an X-ray diffraction crystal structure of a
class 1A enzyme from L. lactis (top) and a class 2 enzyme from E. coli (bottom). The
orotic acid stacks above FMN and C-5 can be seen to be just below the catalytic
base, with the interaction between the base and the hydrogen it removes shown as a
pink dashed line. There are 5 conserved active site residues (4 asparagines and a
serine or threonine) that form hydrogen bonds to the substrate. Image created from
structures 2DOR and 1F76 in the PDB.
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1.2.1 Inhibitors of human DHODH

Human DHODH is non-essential in most cells, which are able to obtain
enough pyrimidines by the salvage pathway. Hence there has now been
substantial work done to try to discover inhibitors of DHODH, especially for
medicinal purposes. The first to be used in human medicine was leflunomide
(16), for the treatment of rheumatoid arthritis.*® This is a prodrug which
undergoes a base-mediated ring-opening in the plasma (Scheme 1.2) to form
the active drug, teriflunomide (17).

NH base NH

16 17

Scheme 1.2 The spontaneous in vivo ring-opening of leflunomide to produce the
active drug molecule teriflunomide.

This can then inhibit DHODH by binding to a hydrophobic channel found only
in class 2 enzymes and hence block the production of UMP by the de novo
pathway.

Since activated autoimmune lymphocytes require eight times the normal
amount of UMP for their cell cycle progression, they can be selectively
inhibited over other cells which can obtain enough pyrimidines by the salvage
pathway.>® Thus immunomodulation to reduce the symptoms of arthritis is
possible with few side effects seen at clinical dosage levels.

Leflunomide has also been used to treat multiple sclerosis® and has been
suggested as an immunosuppressive which acts as an antiviral against
cytomegalovirus, a cause of transplant failure.>?

Several other inhibitors of human DHODH have been developed, including
the anti-cancer compound brequinar (18) (Fig. 1.4).53 54
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Figure 1.4 Structure of human DHODH with brequinar bound in the hydrophobic channel.
Orotate and FMN are shown bound in the narrow polar region. Hydrogen bonds between
brequinar and arginine and glutamine residues are shown by yellow dashes. Image created
from structure 1D3G in the PDB.

Inhibition of host pyrimidine biosynthesis could also be a good way to treat
infections caused by a virus due to the reliance of the virus on its host for the
supply of such molecules. In one such example, brequinar had also been
shown to inhibit dengue virus by lowering the intracellular concentration of
pyrimidines®® and so inhibitors of human DHODH were developed in the hope
of finding a new treatment for dengue, a mosquito-borne disease resulting in
an estimated 96 million symptomatic infections annually.*® This used a
cell-based high-throughput screening approach to find an inhibitor, 19, with
high potency against a cell culture assay (ECo of 5.2 nM) that could be
reversed by adding uridine.?’

19

Unfortunately the compound was not effective in mouse models, thought to
be due to the failure of the compound to significantly reduce pyrimidine levels
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inside cells because of uptake from the diet via the salvage pathway. Another
possibility is that the compound does not get into cells at high enough
concentration due to its high level of binding to plasma proteins.>’

Nevertheless, such a molecule could potentially be used as part of a
combination therapy along with a nucleoside analogue to block viral RNA
synthesis.%8

Another example is a GSK compound (20) which has been shown to have
broad antiviral activity by inhibiting DHODH,® with ECso values of 10-40 nM
against cells infected with human T-cell lymphotropic virus type 1, Simian
virus 40, adenovirus type 5, Epstein-Barr virus or human papillomaviruses.®°

20

1.2.2 DHODH as atarget for anti-infectives

DHODH has been validated as a potential drug target in several species that
cause infectious diseases. The high similarity between human DHODH and
the enzyme found in these target organisms (Fig. 1.5) makes achieving
selectivity challenging but nevertheless this has been achieved to a good level
in many cases.
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Figure 1.5 Sequence alignment of DHODH proteins from Homo sapiens, Helicobacter pylori,
Plasmodium falciparum, Toxoplasma gondii and Trypanosoma brucei. Red shows highly
conserved amino acids and blue those that are less conserved. Protein sequence data

obtained from NCBI database.
1.2.2.1 Antibacterial agents

One bacterial organism for which DHODH has been targeted is the
Gram-negative bacterium Helicobacter pylori which causes gastritis and
gastric ulcers, with 25—-75% of people infected.? The lack of many enzymes
of the pyrimidine salvage pathway suggests that this bacterium should be
dependent on the de novo pathway and this has been confirmed to be the only
way for H. pylori to increase its pyrimidine levels.5? As other bacteria still have
salvage pathways present, good selectivity should be achievable by targeting
its class 2 DHODH which would reduce the side effects seen with previous



-24 -

treatments which indiscriminately kill gastrointestinal flora. H. pylori is capable
of genetic exchange with other bacteria so selectively targeting this species
could also reduce the chance of resistance occurring. There are some
significant differences with human DHODH, especially in the coenzyme Q
binding pocket, and inhibitors such as brequinar were shown to have no effect
on Gram-negative bacterial DHODH (H. pylori enzyme expressed in E. coli)
at concentrations up to 100 puM.%3

Following on from this, a high-throughput screen against the H. pylori enzyme
yielded pyrazole compounds of general structure 21 with Ki values as low as
12 nM for R! = benzyl, R? = N-pyrrolidine.®® This inhibitor was shown to bind
competitively with respect to coenzyme Q and uncompetitively with respect to
dihydroorotate, providing evidence for binding in the coenzyme Q binding
pocket. Further evidence was provided by a photolysable cross-link
introduced into an analogue of 21 which showed irreversible inhibition of the
enzyme that was reduced by increased concentrations of coenzyme Qo.

These molecules did not inhibit human DHODH (Ki > 100 uM for all tested
variants) but did inhibit the E. coli version of the enzyme to a similar degree to
H. pylori. However, in a cell-based assay, the minimum inhibitory
concentration (MIC) was 1-16 pg/mL for H. pylori compared to more than
50 pg/mL for all other tested bacteria and human cells,®3 suggesting that the
presence of a salvage pathway in these organisms could be the reason for
the observed selectivity.

1.2.2.2 Anti-parasitic agents

Trypanosomes, a complex of single-cell protozoan parasites, are another
organism in which the validity of DHODH as a drug target has been
investigated. These blood-borne organisms must reproduce constantly in
order to evade the immune system so nucleotide biosynthesis is potentially a
good target. Because of the lack of a purine biosynthesis pathway, the purine
salvage pathway was the first choice to be blocked, but the great redundancy
in this system means that targeting any transporter®® or enzyme in this
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pathway had little effect on the survival of the parasite.®® Therefore the
enzymes of the de novo pyrimidine biosynthetic pathway, such as DHODH,
have been investigated for their validity as drug targets.

This enzyme had already been shown to be vital in T. cruzi, with interruption
of the gene leading to non-viability of cells which was not rescued by the
addition of pyrimidines to the growth medium.®® Therefore, this target, a class
1A DHODH, was studied in T. brucei, the parasite which causes African
sleeping sickness. With several differences in sequence from the human
enzyme, especially in the FMN binding site which has only 25% sequence
identity (Fig. 1.5) and two of the five residues forming hydrophobic interactions
being different, there is potential to design a selective inhibitor of the parasite
enzyme. The dimethylbenzene part of FMN is also solvent accessible in the
T. brucei enzyme but blocked by the N-terminal domain in class 2 DHODHS,
further increasing the possibility of creating selective inhibitors.

When siRNA was used to knock down the gene to less than 5% of normal
levels, there was little change to the growth rate in normal medium; it was only
when using dialysed serum without any pyrimidines that growth was
significantly reduced.®’” This suggests that the salvage pathway is able to
provide enough pyrimidines from the medium so the experiment was repeated
in the presence of 5-fluorouracil, an inhibitor of pyrimidine uptake.®® Only then
was significant growth inhibition observed in a standard medium, with an ICsp
value of 0.64 uM reported with siRNA compared with 10.4 pM without,®’
possibly due to increased uptake of 5-fluorouracil in response to the inhibition
of the de novo pathway. Thus a potential combination therapy for African
sleeping sickness could use a DHODH inhibitor and 5-fluorouracil, which is
already an approved drug.

Although T. gondii has a functional salvage pathway, the de novo pyrimidine
biosynthesis pathway has been shown to be necessary for virulence.
Knocking out the uracil phosphoribosyltransferase gene required for the
salvage pathway did not affect growth of tachyzoites, suggesting that the de
novo pathway is used for growth. Mutants lacking carbamoyl phosphate
synthetase Il cannot replicate in cell culture without added uracil and were
shown to not be virulent in mice, reinforcing the theory that the de novo
pyrimidine biosynthetic pathway could be targeted for drug discovery.®°

The DHODH gene in T. gondii has been sequenced and shown to have
greatest sequence homology with the class 2 enzymes and to locate to the
mitochondria as expected for this class. Attempts have been made to delete
it but this has not been possible, indicating that it is an essential gene.”
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Deletion was only possible when replaced with a catalytically deficient version
of the enzyme by mutation of Asn-365 or Asn-468 to alanine in order to
remove the hydrogen bonds analogous to those formed by Asn-172 and
Asn-246 in E.coli (Fig. 1.3). These mutants showed significant increases in Km
and decreases in Kcat, and were shown to be uracil auxotrophs. This suggests
a second, pyrimidine-independent, function of DHODH in T. gondii that is
required for mitochondrial function, and so inhibitors of this enzyme could
potentially block both pyrimidine biosynthesis and this other essential
mitochondrial role, making it an interesting target for drug discovery.’*

Inhibitors of mammalian DHODH have also been shown to be poor inhibitors
of the T. gondii enzyme”™ so good selectivity could be achievable.
1-Hydroxyquinolones, similar in structure to ubiquinone, have been shown to
competitively inhibit T. gondii DHODH with high nanomolar potency,
competing with coenzyme Q. Since co-expression of the ubiquinone
independent S. cerevisiae DHODH led to partial 1-hydroxyquinolone
resistance, this suggests that the mechanism of action is by both pyrimidine
depletion and lack of ATP by stopping the transfer of electrons to the
mitochondrial electron transport chain.”? This acts as proof-of-concept for
using small molecules to inhibit T. gondii DHODH and hence develop new
treatments for toxoplasmosis. Now that recombinant enzyme is available’® it
is hoped that an X-ray crystal structure of T. gondii DHODH will soon be
obtained in order to aid with structure-based drug design for this target.

However, it is as an anti-malarial target that most work has been done on
DHODH. This is because P. falciparum has been sequenced and found to
have a complete de novo pyrimidine biosynthetic pathway’® 74 but no salvage
pathway. Studies using siRNA to block expression of DHODH saw the
expected inhibition of P. falciparum growth.” Therefore, this pathway has
been validated as a drug target for new antimalarials.’® This has led to multiple
efforts to find inhibitors for the class 2 P. falciparum DHODH.

1.2.3 Inhibitors of DHODH as anti-malarials

The first de novo designed inhibitors of P. falciparum DHODH were reported
in 2006 by a group at the University of Leeds. This involved the application of
computational design to the X-ray crystal structure of DHODH to look for
molecules that would form hydrogen bonds to two highly conserved residues
in class 2 DHODHSs, His-185 and Arg-265, in the ubiquinone binding site, a
channel leading to the active site (Fig. 1.6).74



Figure 1.6 A SPROUT-designed molecule showing predicted hydrogen bonds in the
ubiquinone binding site of PFDHODH reproduced from Heikkila et al, 200674, with permission.

While these molecules, such as 22, displayed only micromolar inhibition of the
enzyme (Table 1.1), the best inhibitors found for the Plasmodium enzyme did
not significantly inhibit human DHODH, demonstrating that selectivity is
possible and providing a starting point for the development of future inhibitors.

Several other molecular scaffolds were also developed over the following
years including a series containing a polar “head group” and hydrophobic
aromatic region (e.g. 23), predicted to make hydrogen bond contacts with the
conserved amino acid residues His-185, Arg-265, and Tyr-528 and
hydrophobic interactions with the hydrophobic cavity.””

A similar molecule to this series with polar and hydrophobic terminal portions
is teriflunomide (17), and this has been computationally optimised to bind to
PfDHODH, resulting in a series of analogues, including 24, that were
synthesised and tested for inhibition.”®

Other such analogous molecules to be made were based on an
N-arylaminomethylene malonate scaffold.”® A high-throughput screen has
identified an  N-alkyl-5-(1H-benzimidazol-1-yl)thiophene-2-carboxamide?°
scaffold whose structure—activity relationships (SAR) have been investigated
and the structure optimised to a lead compound (25) that proved efficacious
in a mouse model of malaria with good selectivity over the human enzyme.8!
Further SAR and optimisation of the ADME properties resulted in a compound
that was orally bioavailable and hence was chosen as a drug development
candidate.?? The structures of some of the most potent inhibitors discovered
in each of these studies can be found in Table 1.1, along with their reported
ICso values for PFDHODH. Whilst it is not possible to directly compare these
values, due to differences in the assays used to generate them, they provide
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an idea of some of the PfDHODH inhibitors that have previously been made
and their potency.

Molecule ICs0 for PIDHODH/uM

Os_OH
|
O \ 42.67

o)
H o
N_/ 0.1677

Cl C NH 4.078

N\
T
|
FsC 25 U_H«N%

Table 1.1 The structures of some reported inhibitors of PFDHODH and their ICsp values for

0.02281

this enzyme

However, the most successful series of inhibitors yet discovered contains a
triazolopyrimidine core and has led to the development of a molecule® (26)
that is currently in clinical trials as an anti-malarial.®* This series was
discovered using a high-throughput screen of 220000 compounds resulting in
a hit (27) that was found to be a good inhibitor of PfDHODH with an ICso of
47 nM and over 4000 times selectivity over human DHODH.#
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Figure 1.7 The original triazolopyrimidine hit (27) from a high-throughput screen and its
development into a molecule with in vivo efficacy (28) and eventually to a clinical candidate
(26)

Although simple SAR around this molecule produced good inhibitors of growth
of the parasite in vitro, the efficacy in mice infected with P. berghei was poor.
This was shown to be partly because of two altered amino acids in the
P. berghei binding site compared to P. falciparum (Met-536 and Gly-181 in
PfDHODH correspond to Val-536 and Ser-181 in PbDHODH) reducing the
inhibitor binding and partly due to the maximum plasma concentration
decreasing significantly on repeat dosing. Development of this series (Fig. 1.7)
led to the synthesis of analogue 28 that is orally bioavailable and able to inhibit
growth of P. berghei in mice (Fig. 1.8), the first time this had been achieved
for Plasmodium DHODH..® Thus DHODH was fully validated as an
anti-malarial target.

¥~ 50 mgs/kg

%parasitemia

days

Figure 1.8 Graph showing efficacy of 28 in mice infected with parasites on day 0 with 2 doses
per day of 50 mg/kg given on days 1—4. Reprinted with permission from Gujjar et al.,®

copyright (2009) American Chemical Society.
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Further work to optimise the compound focused on molecules with the general
structure 29. Changes to the aniline ring and, in particular, inclusion of the
4-SFs substituent was even better than the 4-CFs analogue as a compromise
between activity and metabolic stability.
_Ar
HN
R—</ J\
29

However, these compounds still had some loss of potency compared to 27
and thus substitution at the 2-position of the triazolo-ring was investigated in
the hope of introducing interactions with a narrow hydrophobic channel in the
protein. All alkyl substituents tested except iso-butyl were tolerated here with
similar activity to the analogous compounds with just hydrogen at this position.
The most potent molecules were obtained with unbranched haloalkyl R groups
here, especially CF2CHzs which resulted in 4-40 times greater potency against
PfDHODH and 25-240 times against the parasite with similar activity against
P. vivax as well.8” This was also good for metabolic stability, in conjunction
with either the 4-CFs (30) or 4-SFs anilines (26) (Fig. 1.9), although aqueous
solubility at pH 6.5 was low at 70-140 yM and 30-60 uM respectively.

5 CFs /N| CF
N
N\N)ﬁ\ >i :N\N X :5 :N\N N

30 31

Figure 1.9 Structures of optimised triazolopyrimidines with improved activity and metabolic
stability (26 and 30) and solubility (31)

Further SAR was carried out investigating changing the fused ring system to
have either carbon or nitrogen at positions A—E of 32 but it was not possible
to improve the compound in this way.

_Ar
HN

4 *\L
B\ I
A;E \N/
32

Changing any nitrogen to carbon except at position ‘C’ on structure 32 (above)
significantly reduced potency, as did putting an amide linker before the
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Ar-group, but the nitrogen at position C is important for metabolic stability and
desirable pharmacokinetics.88 Adding fluorine atoms into either or both aniline
meta-positions led to a reduction in selectivity over mammalian DHODHSs,
from over 2500 times to only 100 times for human DHODH.® This is thought
to be due to the increased hydrophobicity of the molecule interacting more
strongly with the more hydrophobic binding pocket found in mammalian
DHODH which helps counteract the additional hydrogen bond possible in
PfDHODH, the origin of the previously seen selectivity.

The optimised compounds showed good oral bioavailability and efficacy in
mice (Fig. 1.10) and were not cytotoxic and so 26 was chosen to be taken
forward.

10+
S -6~ Vehicle
g 14 -0 0.2 mg/kg
’5 & 1 mglkg
© - 6 mg/kg
g;‘ 0.1+ -0- 25 mg/kg
S
] ] L] ] L] ]

o 1 2 3 4 5 6 7 8
day post infection

Figure 1.10 Graph showing efficacy of 26 in mice infected with parasites on day O
with a single oral dose per day given on days 3—6. Reprinted with permission from
Coteron et al.,®” copyright (2011) American Chemical Society.

Compound 26 was effective against both the blood and liver forms of
P. falciparum, including some drug-resistant strains. The pharmacokinetics
are also good, allowing for high enough blood plasma concentrations for
treatment of the disease to be sustained for more than eight days after one
oral dose of 200-400 mg. Results of safety studies have also been
encouraging: 26 was well tolerated in repeat-dose studies in mice and dogs
and not mutagenic or active against any human enzymes or receptors.® This
suggests a potential use as a single-dose treatment or chemopreventative
taken once a week that would be better than current drugs, which must be
dosed daily or are not effective against the liver form of P. falciparum.

In phase la human trials, 26 was safe at all doses tested (25-1200 mg).
Headache was the most commonly observed side effect but there were no
serious effects during the study. Pharmacokinetic parameters were promising,
with a long half-life of 86—118 h depending on dose.*°
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At first 26 was given in a 150 mg dose 7 days after infection with P. falciparum
parasites. This single dose resulted in parasite clearance initially but
recrudescence occurred.®® Increasing the dose to 400 mg resulted in
complete clearance of asexual parasites with no serious side effects.
However, gametocytes were not cleared even after an additional dose at day
23.°1 The compound has also been tested for use as a prophylactic, in a dose
of 400 mg either 1 day or 7 days before volunteers were injected with
P. falciparum sporozoites. Very good prophylactic activity was observed when
taken 1 day before, with no parasitaemia at all, but efficacy was lower when
taken 7 days prior to exposure.®? Partial protection was observed when the
drug was given 3 days before infection.®?

In a phase 2a trial, a single 400 mg dose was given to patients with
uncomplicated blood-stage malaria. For those infected by P. falciparum,
parasitaemia was cleared and all had an adequate clinical response on day
14. However, none of those infected with P. vivax achieved this and even
higher doses were only partially successful.%* 26 has slightly lower activity
against the P. vivax enzyme (ICso 48 nM®3) than the P. falciparum enzyme
(ICso 24 nM833) but this does not fully explain the difference in efficacy
observed.

Despite the positive results so far obtained for 26, back-up compounds have
been designed in case of later failure. One problem with 26 is that although it
does not inhibit human DHODH to a measurable extent, it is a low micromolar
inhibitor of rodent DHODH which created problems with animal toxicity testing.
Therefore a molecule was sought that would be inactive against all
mammalian DHODHSs, ideally with improved potency against PfDHODH so
doses could be reduced. Replacing the Ar-group with a tetrahydro-2-naphthyl
system could achieve such an increase in selectivity and, with a 7-Cl
substituent (33), this also resulted in a slight increase in potency to give an

ICso value of 6.3 nM.%
HN” : : “Cl
F N\N \
F>—</
NJ\N/
33

However, the disadvantage of this compound was that the metabolic stability
was lower, meaning that higher doses were needed for in vivo efficacy in a
mouse model. Work was then done to find a compound that would have better
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metabolic stability than this as well as greater solubility and selectivity than
26. It was thought that reducing the hydrophobicity of the molecule would help
with this and thus a series with the Ar-group replaced by nitrogen-containing
heterocycles was synthesised with general structure 34, where A, B, C and D
are either carbon or nitrogen.

_B._CF
Ly
HN™ "D~

: N\N \

4

The pyridin-3-yl (B = N) compounds had higher solubility and potency than
pyridin-2-yl (A = N) compounds. Analogues with two nitrogen atoms in this
ring (A, D =N and B, C = N) were less potent, as were compounds synthesised
with the CFs group switched to position B. Metabolic stability was good and
human DHODH was not inhibited, even at a concentration of 100 uM.

Therefore, 31 was chosen as a backup compound with the best overall
combination of these properties and only a small loss in potency (P. falciparum
ICs0 = 53 nM) compared to 26 and an X-ray crystal structure was obtained of
this compound bound to the enzyme, in the channel leading to the active site
(Fig. 1.11).84

Figure 1.11 X-ray crystal structure showing 31 (blue) bound to PfDHODH, along with orotate
and FMN (orange). Image created from structure 5TBO in the PDB.
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Overall, despite the promising results thus far obtained for this series, there
are some key disadvantages to these compounds, most notably their poor
solubility, difficult formulation and inability to treat P. vivax malaria.

1.2.4 1,8-Naphthyridines as DHODH inhibitors

Beginning with in silico screening and computational design, work has been
carried out in the Fishwick group to create novel DHODH inhibitors and
investigate selectivity between species. Initially, efforts were focused on
triazolopyrimidines and pyrimidones®® but subsequently 1,8-naphthyridines
(35) have been found to be much more promising for the creation of novel
selective DHODH inhibitors as potential anti-malarials.

35

An X-ray crystal structure of an early 1,8-naphthyridine, 36, bound to
PfDHODH has been obtained (Fig. 1.12), showing this molecule bound in a
similar mode to 31.

HN
|\ X
p7
N N

36

A hydrophobic region, including residues Phe-188, Phe-227 and Leu-240, can
be seen featuring Tmr-stacking between the alanine group of the
1,8-naphthyridine and a phenylalanine residue. Two hydrogen bonds between
the naphthyridine nitrogen atoms and an arginine residue are also observed,
a key advantage of this molecular scaffold over the triazolopyrimidines which
are observed to only make one hydrogen bond here (Fig. 1.13). This is likely
to be due to the different orientation and much greater basicity of this nitrogen
in the 1,8-naphthyridine compared to the corresponding atom in the
triazolopyrimidine scaffold.
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97

Figure 1.12 X-ray crystal structure of a 1,8-naphthyridine (36, blue) bound to P. falciparum
DHODH, along with FMN (orange). Hydrogen bonds are shown by yellow dashed lines.
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Figure 1.13 Comparison of the binding modes of the 1,8-naphthyridines (left) and

triazolopyrimidines (right). Hydrogen bonds are shown by dashed lines.
1.2.4.1 Structure-activity relationships

Initial SAR has already been performed in the group, investigating different
substituents at R, R? and Ar. Measurements of solubility in fasted-state
simulated intestinal fluid (FaSSIF), metabolism (from ChemPartner, an
external contract research organisation), enzyme inhibition and cellular
inhibition (from Dr Glenn McConkey, University of Leeds) have been obtained
on the synthesised compounds (Table 1.2).
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Cl\(\/ﬁi 17 > 2000 198 >30 19
| — =
N~ "N~ “CF;
a1 /@:CFa
HN F
cl \(ﬁ 101 319 118 >30 8
| — =
N~ "N~ “CF;
42 /©/CF3
HN
3.6 1725 100 >100 83

Table 1.2 SAR around the 1,8-naphthyridine framework previously carried out in the Fishwick

group, showing solubility in FaSSIF, half-life in mouse microsome and potency data.




-37-

To summarise this previously-established SAR, several compounds show
good potency, both in enzyme and cellular assays and all show very good
selectivity over human DHODH. SAR is summarised in Fig 1.14.

Good ©R3 Good tolerance for
-
HN
NN

tolerance for substituents at 3- and 4-

arange of —» R | positions. 4-position must be
small N/ N/ R2 blocked to avoid metabolism.
substituents '\

e.g. halogens Small, electron-donating

or CFs groups preferred but

metabolism must be blocked.

Figure 1.14 Structure-activity relationships discovered for the 1,8-naphthyridine series of

inhibitors

Unlike in the triazolopyrimidine series, compounds with Ar = 4-SFs aniline
(32) are not very potent compared with having a CF3 at this position (33). At
the R! position, the order of potency is CI>CFs/F and, while replacement of
the methyl group at R? with a trifluoromethyl resulted in a drop in potency in
the enzyme assay, the potency in cells was only slightly lower than the methyl
counterparts. This was necessary because those with R? = methyl show poor
metabolic stability which increases dramatically on substitution with
trifluoromethyl.

However, most of these compounds show very poor solubility, the one
anomaly being compound 41 where the addition of a 3-fluoro group to the
aniline seems to cause an increase of almost tenfold. This, along with the
decrease in potency when changing the group at R? from methyl to
trifluoromethyl to stop metabolism by cytochrome P450, shows that there is
still much work to be done to find the best compromise of all these properties.

1.2.4.2 Synthetic routes to 1,8-naphthyridines

There are few known routes to 1,8-naphthyridines, none of which could be
used to synthesise molecules with the desired substitution pattern (35). Hence
a new synthetic route to such 1,8-naphthyridines has been developed at the
University of Leeds by Professor Philip Kocienski (hereafter called the ‘PK’
synthesis, Scheme 1.3).
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Cl |\ NIS, TFA, DMF Cl |\ | "
7 o - —
N~ “NH, 60 °C, 3h N~ “NH,
43 /
—Si—
\

PACL[PPhal,, Cul, EtN | 11T 20-48°C, 2h

|
P P sil
C'\(\j\// Et,;N, MeOH Cl B =
— ~
N7 NH, MeOH, RT, 2h N7 NH,
46 45
JAr
i 47
MeCN, 3 h
cl” CF, e~
Cul, KI, KsPO,
/©/CF3
HN
, HCl(a
(aq) _ ¢l NN
EtOH,85°C,2h |
N” N7 CF,
40

Scheme 1.3 The ‘PK’ synthesis. Synthetic route to 40 developed by Professor Philip
Kocienski where Ar = trityl, 2-methylaniline or 2-aminobiphenyl. Other 1,8-naphthyridines

(Table 1.2) were synthesised by an analogous route.

This has enabled the aforementioned SAR to be carried out. However, there
are some issues with this route, notably the need to synthesise the imidoyl
chloride 47 (2 steps) and the low yield of the second Sonogashira reaction. It
is also possible that the displaced aniline in the final cyclisation could itself
cyclise to give another undesired product, reducing yield and making
purification difficult.
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1.3 Project goals

The goals of this project were to:

e Develop a more efficient synthesis of 1,8-naphthyridines;

e Further explore SAR via synthesis of novel 1,8-naphthyridines as
inhibitors of malarial DHODH

e Conduct lead optimisation of this series with the aim of producing
good inhibitors with better ADME properties that may ultimately be
taken further into clinical trials

e Design new inhibitor types for DHODH enzymes from other infective
organisms such as T. gondii

1.3.1 1,8-Naphthyridines as DHODH inhibitors for the treatment
of malaria

The initial goal of the current project was to build on the work previously
performed at Leeds on developing inhibitors of DHODH as anti-malarials. This
involved lead optimisation with the aim of synthesising compounds which
maintain good activity against the target and good selectivity over human
DHODH while showing improved aqueous solubility over current lead
compounds and ensuring good metabolic stability. As such, one aim was to
develop a more efficient synthesis of 1,8-naphthyridines of general structure
49, where R is either trifluoromethyl or difluoromethyl.

_Ar
HN

This enabled further investigation of the SAR of different Ar groups in the hope
of improving the properties of the R = CF3 series of compounds while
maintaining their good metabolic stability. In order to do this, it was planned
to investigate the possibility of going via an acetylenic ketone intermediate 50
to solve some of the problems with the previous route (Scheme 1.3) by
removing the need to synthesise the imidoyl chloride and carry out the second
Sonogashira reaction.
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50

In this previous work, no molecules had yet been synthesised with R = CHF2
so the aim was to be able to use this improved route to 1,8-naphthyridines to
make and investigate SAR of these compounds; the smaller CHF2 group may
help to retain more of the potency and solubility seen in the R = CHs
compounds while keeping the much improved metabolic stability of the CFs
analogues.

1.3.2 DHODH inhibitors as treatments for other infectious
diseases

It was also planned to extend these studies to the design and synthesis of
inhibitors of DHODH in other organisms such as T. gondii, in which this
enzyme has recently become a validated drug target® % 72 but which has not
yet been the focus of a medicinal chemistry programme to develop a potent
inhibitor and hence a new drug for the treatment of toxoplasmosis. The
existing 1, 8-naphthyridine series of compounds was tested for activity against
this target in other species to determine whether it is a good starting point for
drug development or whether a new molecular scaffold should be designed.
Computational design was then utilised to develop potent inhibitors of DHODH
from this species.
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Chapter 2 Synthesis and Evaluation of
6-Chloro-1,8-naphthyridines

2.1 Development of a new synthetic route to
4-anilino-1,8-naphthyridines

In order to attempt to make the key intermediate in the proposed improved
synthetic route to 1,8-naphthyridines, the first two steps of the PK synthesis
(Scheme 1.3) were repeated: starting from 43 with an iodination giving 44
followed by Sonogashira coupling with ethynyltrimethylsilane®’ to make 45,
which was achieved in good yield. This compound was initially a grey colour,
thought to be due to metal impurities, and could be produced in colourless
form by washing with ammonium 1-pyrrolidinedithiocarbamate to remove
residual metals.®® From this molecule it was possible to make the methyl
analogue of the ketone (51) directly in moderate yield (Scheme 2.1) by
repeating a literature procedure with acetyl chloride mediated by aluminium
trichloride.%°

(0] |./
cl Z = N
B )LC|,A|C|3, pcm © B ~ 2
Z .20 °C -RT, 1.5 h P N NH
N" NH, N” “NH, )\
o

45

51 52
24% 6%
Scheme 2.1 Reaction of 45 with acetyl chloride in the presence of AICI3 to make 51

However, attempts to make the trifluoromethyl compound in an analogous
reaction using trifluoroacetic anhydride instead of acetyl chloride were
unsuccessful, producing only the desilylated alkyne 46. Instead, microwave
reactions using a range of Lewis acids in DMF were tried but this gave the
same result. Changing the solvent to toluene resulted in the major product
instead being the N-substituted amide 53 for each Lewis acid tried
(palladium(ll) chloride and zinc chloride) as well as in the absence of Lewis
acid. The final set of conditions tried for this reaction used caesium fluoride in
THF under reflux at 60 °C which had literature precedent using aldehydes or
alkyl bromides as the electrophile.1% In this case, using ethyl difluoroacetate
as the electrophile resulted predominantly in desilylation to give 46, while
using trifluoroacetic anhydride gave 53 as the major product (Scheme 2.2).



-42 -

|
| si”
_ SN Cl =Z O
P TFAA, CsF, THF | N
| 60°C,20 h, 27% Z
~ 3 )
NN, N~ NH
.5 07 >CF,
53

Scheme 2.2 Attempted reaction with CsF that formed the amide 53

With none of these attempts to remove the trimethylsilyl group and add the
trifluoroacetyl group simultaneously producing the desired product, the steps
were tried separately. First a desilylation reaction developed by Professor
Kocienski, University of Leeds, using triethylamine in methanol, proceeded to
give 46 in good yield and using "butyllithium and boron trifluoride (to prevent
double addition to the electrophile) to trifluoroacetylate terminal alkynes,
adapted from a literature procedure using phenylacetylene,'! was successful
too, giving 50 in moderate yield (Scheme 2.3).

Cl | N NIS, TFA, DMF, 50 °C, 15 h Cl | !
~ ~
N NH, 58% N NH,
43 44
/
PACL[PPhsl,,Cul, Et,N | /6%
THF, RT, 3 h
|
P EtsN P Sii
Cl = 3 Cl =
| N MeOH, RT, 4 h | N
~ ~
N™ “NH, 63% N” NH,

R | 54% (R = CFy)
"BuLi, BF5 - OEt,, | 44% (R =CHFy)
THF, -78 °C, 2 h

0]

N~ “NH,
50 (R = CF5)
54 (R = CHF,)

Scheme 2.3 Synthesis of acetylenic ketone intermediates
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The disadvantage of using such a strong base was that this method might not
prove suitable for the synthesis of the analogous CHF2 compound due to the
possibility of enolising the ester. However, it proved possible to make this
compound in the same way as that for R = CFs3, albeit with a slightly lower
yield (Scheme 2.3). This could be because the boron trifluoride forms a
complex with the lithium acetylide,'%? making it less basic.

With the intermediate ketone in-hand, cyclisation reactions could now be
undertaken to produce the final 1,8-naphthyridine compounds. The reaction
of 50 was carried out first with 4-trifluoromethylaniline to make 40 (Scheme
2.4), a remake of a compound that had previously been synthesised in the
group via a different route (Scheme 1.3), as a proof of concept for making
1,8-naphthyridines by this new route. This was successful, albeit in a yield of
only 32%.

0 CFs /©/CF3
= R HN
| NH,» HCl(aq), EtOH, Y
N NH2 85 OC, 2 h N/ N R
50 (R = CFs) 32% (R = CFs) 40 (R = CFa)
54 (R = CHF,) 29% (R = CHF,) 55 (R = CHFy)

Scheme 2.4 Cyclisation of acetylenic ketone intermediates to 1,8-naphthyridines

The reaction to make 40 is proposed to proceed by the Michael addition of the
aniline to give 56 which can then get protonated to give the enone 57. This
alkene intermediate could be either the cis- or trans- isomer, but the two are
thought to be in equilibrium under the reaction conditions. Only the cis- isomer
has the correct orientation to allow for an intermolecular cyclisation to 58
which can then aromatise through the loss of water, yielding the final product
40 (Scheme 2.5).

Cyclisation of 54 to make the analogous difluoromethyl compound 55 was
similarly successful (Scheme 2.4). This is the first example of a novel
1,8-naphthyridine to be synthesised using this new, shorter route.

In order to synthesise a library of compounds with different aniline
substituents, it was desirable to be able to make the ketone intermediate 54
in higher yield and on larger scale. Therefore investigations were performed,
modifying the reaction conditions to try to improve yield. Changing the order
of addition of boron trifluoride and ethyl difluoroacetate had no significant
effect on yield but leaving out the boron trifluoride altogether resulted in a
complex reaction mixture from which the desired product could be isolated in
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low yield (10%). Scaling up the reaction also proved challenging, with
significantly reduced yields observed when the reaction was performed above
3 mmol scale. One explanation for this could be that increased amounts of the
doubly substituted product 59 were observed under these conditions.

NH»>
@ FsC
OH
C @ ®
NH H
AN
~

_ CF3
—
N~ NH, N~ “NH, oE)
50

56

Scheme 2.5 Proposed mechanism for the cyclisation of acetylenic ketone intermediate 50

to the 1,8-naphthyridine 40

Due to the difficulties encountered with attempting to increase the yield and
scale of this step, other types of reaction were tried to make this key
intermediate.
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By first making the Weinreb amide 60 to alleviate the need to add boron
trifluoride, it was hoped that these problems could be overcome. Initially this
was attempted from ethyl difluoroacetate using a Grignard reagent as a
base!®® but this did not yield any product. Therefore the reaction was
performed using difluoroacetic acid, which was first activated using
2-chloro-4,6-dimethoxy-1,3,5-triazine with N-methylmorpholine with followed
by displacement with N,O-dimethylhydroxylamine.1®* This gave the desired
Weinreb amide 60 in low yield, enabling the synthesis of ketone 54 to be
performed using this starting material (Scheme 2.6).

o 1. CDMT, NMM, THF, RT, 2 h O
£ 2 MeNHOMe - HCI, RT, 17 h /o\N)K(F
Ho 28% |
F ° F
60

1. "BuLi, THF, -78 °C, 30 min

/
CI\(\j\/ 2.57, THF, -78 °C, 4 h Cl |\ L
| 5% - p7
Z ° N” NH,

N~ “NH,
46 54

Scheme 2.6 Synthesis of acetylenic ketone intermediate using a Weinreb amide

Given the very poor yields of ketone obtained using the Weinreb amide, a
different approach was sought. It was reasoned that creating an activated
ester 61 from the carboxylic acid might enable the desired ketone to be
synthesised using a palladium catalysed approach, for which there was some
literature precedent.105

o
0 N )*N
R)J\O)\ N/)\O/
61

R = CFs, CHF2
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The reaction was performed with either tri- or difluoroacetic acid according to
the conditions reported by Yu et al.'®® or Rode, Son and Hong'%® for the
activation of alkyl or aryl carboxylic acids (Scheme 2.7).
: i
NN ) )OJ\ NMM R )O\
\O)\N/)\O/ R™SOH  DCM or THF, RT N° N
\O/I\N//l\o/

61

Scheme 2.7 Synthesis of activated ester intermediate, R = CF3, CHF2, CH3z

Monitoring this reaction using LCMS revealed that a peak was initially seen
for a positive ion with mass 241, corresponding to attack by
N-methylmorpholine to give 62, which was slowly converted to a less polar
molecule with mass 227, thought to correspond to loss of the N-methyl group

5 ¢

NI >N NI N
?)\Nz)\? ?)\Nz)\?
62 63

Even after the reaction was left overnight, no substitution was observed by
either the tri- or difluoroacetic acid. This was thought to be due to the
electron-withdrawing fluorine atoms greatly reducing the nucleophilicity of the
carboxylate so the reaction was repeated using acetic acid instead but this
gave the same result.

Also attempted was a ‘one-pot’ procedure, using cyanuric chloride and sodium
trifluoroacetate in the hope of producing the activated ester 64 in situ without
the need to use N-methylmorpholine, then coupling it directly to the alkyne 46
(Scheme 2.8). Mixing together first the sodium trifluoroacetate and cyanuric
chloride for 10 minutes gave a white precipitate, indicating the production of
NaCl and hence the successful substitution of the trifluoroacetate onto the
triazine. Palladium acetate catalysis, reported to give high yields for the
coupling of activated esters to phenylacetylene,% in this case gave only the
amino substituted product. A similar literature procedure!®’ for the synthesis
of ynones using magnesium chloride also proved unsuccessful for the
production of 50.
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Scheme 2.8 Attempted synthesis of ketone 50 by a one-pot coupling procedure: a =
Pd(OACc)2, 40 °C, b = MgClz, EtsN, RT.

Another idea was to use difluoroacetyl chloride in an AlCls-catalysed reaction
analogous to that used to make 51 (Scheme 2.1). Thus difluoroacetyl chloride
(65) was made by the chlorination of difluoroacetic acid using PCls, with the

product distilled off in good yield (Scheme 2.9).

o) o)
F 30-80°C F
\HKOH PCls, -30 - 80 °C \Hkm
0,
65

Scheme 2.9 Chlorination of difluoroacetic acid

However, the AICIs catalysed reaction was unsuccessful in this case, giving
only the product resulting from attack by the amino group. This is likely to be
due to the increased electrophilicity of difluoroacetyl chloride over acetyl
chloride greatly increasing the rate of this reaction and so what was the minor
product in the case of acetyl chloride becomes the only isolated product.

The coupling of acid chlorides to terminal alkynes under Sonogashira
conditions has been reported'® so this was attempted next. However, the
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product of this reaction (66) was also the result of attack by the amine rather
than the desired coupling (Scheme 2.10).

=
PACI, (0.04 eq.), Cul (0.04 eq.), CN"" o
Cl EtyN (1.5 eq.), THF, 0 °C-RT | )\/F

48% N©ON

66

Scheme 2.10 Attempted Sonogashira reaction using difluoroacetyl chloride which yielded
only the amide

With the lack of success achieved in trying to alter the method used to
synthesise the ketone, it was decided to use the original conditions to make a
small library of compounds with different anilines as Ar-groups to investigate
SAR at this position. Hence, three further compounds were made by the same
addition-cyclisation reaction as 55, in low to moderate yields (Scheme 2.11).

0
F R HCl(4q), EtOH R
(aq) )
cl z | 85 °C, 2-4 h HN
= ~ Choae
| 7-37% |
N~ "NH; NH, _

N N

F
67 R = 3-F, 4-CF3
68 R = 3-F, 4-OCF3
69 R = 3,4-OMe
Scheme 2.11 Addition-cyclisation reaction with varying anilines to create different
1,8-naphthyridines.

There is a clear trend in yields in these reactions, with those using the least
nucleophilic anilines with electron withdrawing substituents to make 67 and
68 much lower than for the more nucleophilic aniline used in the synthesis of
69. In the low yielding reactions, significant amounts of the chloro-substituted
naphthyridine by-product 71 were obtained.

(of

Cl XX

P F
N” N

71

2.1.1 Biological and pharmacokinetic evaluation of
2-difluoromethyl-4-anilino-1,8-naphthyridines

The four novel 1,8-naphthyridines synthesised using this route were tested for
efficacy against both the DHODH enzyme in vitro by collaborators at UT



=49 -

Southwestern and in cellular assays against Plasmodium falciparum (isolate
3D7) by collaborators at Dundee (Table 2.1). Values obtained for 40 and the
competitor compound 26 are included for comparison.

Both 55 and 67 show excellent inhibition of the parasite enzyme and cell
growth, with nanomolar 1Cso values obtained in P. falciparum and P. vivax
enzyme assays and the P. falciparum cellular assay. They also showed
outstanding selectivity for the parasite enzyme over human DHODH, for which
no inhibition was observed even at a concentration of 100 pM.

Comparing 55 and 40, changing the trifluoromethyl group to difluoromethyl
has resulted in a significant improvement in activity against both the
P. falciparum and P. vivax DHODH enzyme and the P. falciparum cells. This
may be due to the less electron withdrawing nature of the difluoromethyl group
resulting in an increase in the ability of the naphthyridine nitrogen atoms to act
as hydrogen bond acceptors.

Not quite as potent were 68 and 69: both these compounds had higher ICso
values in all three assays than 55 and 67, with a small loss in potency against
PfDHODH, and a larger decrease against PvDHODH for 67 in particular. 69
was also much less potent in the P. falciparum cellular assay.

The metabolic stability of these compounds was assessed using a liver
microsome assay carried out by ChemPartner (Table 2.2). The difluoromethyl
compounds tested showed a long half-life in both mouse and human models,
with similar stability to the trifluoromethyl compound 40 and much better than
the methyl analogue 36. This demonstrates that the difluoromethyl group is
metabolically stable and not oxidised by cytochrome P450s as is thought to
be the case with a methyl group at this position. It was decided not to test 68
and 69 in this assay because they were not potent enough to be considered
as lead compounds.

Solubility was measured by Dr Elisabeth Ruethlein in three different solutions:
PBS buffer at pH 7.4, fasted-state simulated intestinal fluid (FaSSIF) at pH 6.5
and fasted-state simulated gastric fluid (FaSSGF) at pH 1.6 (Table 2.3). There
is a general trend towards increased solubility in the FaSSIF solution
compared to PBS, which can be rationalised by the proteins present in this
solution helping to solubilise the relatively hydrophobic molecules. Most
compounds were also more soluble at the lower pH of the FaSSGF medium
compared to the more neutral FaSSIF. This suggests that they are being
protonated under these acidic conditions.
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Structure PfDHODH | PvDHODH | HsDHODH | P. falciparum
ICs0/nM ICs0/nM [Cs0/uM cell ECso/nM
142 25+3 > 100 7+3
XX
/ /
CF,H
m 31+6 24 +5 > 100 5+1
XX
~ ~
CF,H
F3CO
\(j\)j/\ 41 +4 104 + 6 > 100 27+ 14
NN
—
CHF,
o
© NH 48 +6 61+7 > 100 315+ 172
Clha N\
L.
N~ N7 CHF,
FsC
T, =
NH
cl 26 +£3 815 > 100 43
XX
L.
N~ N7 CF,
FsS
L,
NH
13+4 26 +13 9983 11
RF NN
: :N/J\N/

Table 2.1 Data showing inhibition of DHODH enzyme from 3 different species;

P. falciparum, P. vivax and human, in vitro and P. falciparum cells for the 2-difluoromethyl-

substituted compounds compared to the trifluoromethyl compound 40 and the competitor

compound 26.
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Structure Human half-life/mins | Mouse half-life/mins

FsC

.

NH

575.2 381.1
C'T\f\l
| ~ ~
N CF,H
311.0 > 99% left in assay

CF,H

\(j\)j/\ 433.8 > 99% left in assay
| Xr X
N~ N7 “CF,

~
FsC
Q-
NH
Clm 136.5 9.3
XX
P
N N
N/

AP

Fs5S
L,
NH
R F N-
2ol
J\ =
N

Table 2.2 Liver microsome stability data.

519.2 124.6

Comparing 55 to 40, having a more polar difluoromethyl group at the
2-position instead of trifluoromethyl results in solubility that is an order of
magnitude greater across the three sets of conditions tested and also much
better than that of the clinical candidate 26 under physiologically relevant
conditions. It was proposed that adding oxygen atoms to the aniline part of the
molecule could be a way of increasing solubility but this was not the case for
the 69 in PBS and FaSSIF conditions; only under acidic FaSSGF conditions
did this molecule show the desired improvement in solubility. The solubility of
the trifluoromethoxy compound 68 was also disappointing, being lower than
that of the corresponding trifluoromethyl compound 67, and this compound
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was also unstable under the assay conditions, with multiple peaks observed
using HPLC.

PBS FaSSIF FaSSGF
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM

4.8 31 100
AN
/ /

Structure

CF,H

6.4 52 67
T\f\l
s s
CF,yH

F3CO

1.7% 13* 28*
XX
/

CHF,
R Kl
2.8 57 157
X X
/

CHF,
\(j\)j/\ 0.6 6.3 1.0
XN
»
N~ N7 CF,

FsS
L,
NH
R F N-
Y J‘\\

4.8 10 16

Table 2.3 Solubility of difluoromethyl compounds compared to 40 and 26 in 3 different

media. * = some degradation observed — multiple peaks in HPLC.
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In conclusion, the difluoromethyl group proved to be a good way of increasing
solubility and activity over the trifluoromethyl analogues without compromising
too much on metabolic stability. However, the solubility of these compounds
was still not as good as is desired if they are to become orally taken drugs
without the need for costly formulations like those required by 26.

2.2 Investigating substituents other than anilines at the
4-position of the 1,8-naphthyridines

In order to further increase solubility of the 1,8-naphthyridines, it was decided
to synthesise a series of analogues with heterocycles rather than anilines as
the Ar-group. It was hypothesised that larger substituents at this position
would be tolerated as long as 1r-stacking interactions were maintained, since
there is a relatively large space at this site of the enzyme.

However, the synthesis used for the anilines did not work when the final step
was tried with 2-aminobenzothiazole instead of the aniline. Therefore it was
proposed that first cyclising the ketone (50 or 54) with HCI to make the
corresponding 4-chloro- intermediate (70 or 71), previously isolated as a by-
product in the cyclisation with anilines, could enable the desired heterocycle
containing 1,8-naphthyridines to be made by a subsequent SnAr reaction. This
was achieved in low yield by adapting conditions reported for the synthesis of
4-chloroquinolines'®® (Scheme 2.12).

(e
E , cl
_ HCI, dioxane, RT, 18 h cl
cl Z N X
X F 20% |
\ Pz N/ N F
N~ “NH,
54 71 F

Scheme 2.12 Cyclisation of the ketone intermediate 54 with HCI

The poor vyield of this reaction and the inability of the previous step to be
performed on a large scale presented challenges for the synthesis of the small
library of heterocycle containing compounds that was desired. Fortunately,
Professor Philip Kocienski was able to make the trifluoromethyl analogue 70
on a large scale from imidoyl chloride intermediate 48. Therefore, it was
decided to carry out the desired SAR on the trifluoromethyl derivatives, easier
and cheaper to make than the difluoromethyl ones, even though it was
expected that difluoromethyl compounds would be more soluble and show
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greater inhibition of the enzyme. The corresponding difluoromethyl analogues
of any promising molecules could then be synthesised later if necessary.

Attempts to perform the SnAr reaction using microwave radiation were
unsuccessful but using a base instead allowed the desired products to be
made in moderate to good yields (Scheme 2.13); attack occurred only at the
chlorine resulting in the lowest energy intermediate, with the negative charge
delocalised onto a nitrogen atom.

i L

. X~ NH
O e . X K,COs, DMF, 110 °C Cla
| HN—G - |
2 \ 30-74% pay
N” N7 CF, N7 NN,
70 72X=S,R=H

73X =S,R = OCF,
74X =S, R=Br
75X = NMe, R = H

Scheme 2.13 SNAr reaction of heterocycles using basic conditions

This reaction generally went to full conversion (by LCMS) in each case so the
differing yields are likely to be due to the different degree to which each
molecule precipitated out of solution.

The compounds were assessed for inhibition of DHODH enzyme by
collaborators at UT Southwestern and in cellular assays against Plasmodium
falciparum (isolate 3D7) by collaborators at Dundee (Table 2.4). All of the
benzothiazole derivatives (72, 73 and 74) were poor inhibitors of DHODH
enzyme from both species of parasite and potency against P. falciparum cells
was also much lower than for the anilino derivatives, with all three
benzothiazole compounds having ECso values above 1 uM. The
benzimidazole compound 75 showed very good potency against the DHODH
enzyme in both species; however, this compound was also poor at killing
P. falciparum cells. This may be due to it failing to penetrate into the cell. All
tested compounds showed no inhibition of human DHODH (ICso > 100 pM).

These compounds have also been tested in solubility assays by Dr. Elisabeth
Ruethlein (Table 2.5). The results for 72 showed PBS solubility of 157.3 uM
and FaSSIF solubility of 88.7 uM, much better than any other 2-trifluoromethyl
compounds that have been tested. However, some degradation was observed
in these assays, with 4 peaks visible in the HPLC trace, casting some doubt
on the validity of these numbers. Under acidic FaSSGF conditions all of the
compound was degraded, thought to be due to the 2-aminobenzothiazole
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being a good leaving group, especially when protonated, and hence being
displaced by water. This could also explain why attempts to make this
molecule under acidic conditions were unsuccessful. This instability to
aqueous acid means that this molecule is not a suitable drug candidate
regardless of its solubility.

PfDHODH | PvDHODH P. falciparum

Structure
ICs50/nM ICs0/NM cell ECso/nM

.y

N 15500 + 97000 +

yo 72
2850 + 1200
C'\(\/ﬁj 7400 40000
| — —
N~ N~ CF,

F3C_O
QS 73
Pg 9200 + 63000 +

N" NH 1250 + 830
Clm 3000 5000

XX

| ~ —
N~ "N~ “CF,

N

|m

Br
>100000 >100000 7350 + 2650
C

s
74
—
A
AN
— ~
N~ CF,

33+5 212 1820 + 950

Table 2.5 Inhibition data on DHODH enzyme from 3 different species and P. falciparum

cells for benzothiazole and benzimidazole compounds

Compound 73, with a similar structure to 72, showed similar problems of
degradation under the assay conditions, but appeared to be less soluble
anyway. The third benzothiazole-containing compound, 74, was completely
insoluble under all conditions tested; this molecule also has very low solubility
in organic solvents. Pleasingly, replacement of the benzothiazole moiety with
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a benzimidazole, resulted in a compound (75) that was stable under the assay
conditions. However, this molecule was no more soluble than the anilino-
derivatives.

PBS FaSSIF FaSSGF
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM

Cl 157* 89* 0.0*
NN
| — =

Structure

N~ “NH 0.2* 2.2% 0.2*

N™ “NH 0.0 0.0 0.0

- 0.2 1.0 9.9

Table 2.6 Solubility of 1, 8-naphthyridines with Ar = aminobenzothiazole or

aminobenzimidazole groups. * = some degradation observed — multiple peaks in HPLC.

In conclusion, changing the aniline group to a benzothiazole resulted in a loss
in potency against both enzyme and cells, and solubility was also very poor.
The benzimidazole compound 75 retained potency against DHODH enzyme
but was less potent against P. falciparum cells and was also less soluble in
FaSSIF than the corresponding anilino derivatives. Therefore introducing a
heterocycle in place of the aniline group did not achieve the aim of improving
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the solubility of the 1,8-naphthyridine series while maintaining excellent
potency.

2.3 Investigating more polar aniline substituents

Another way to potentially increase solubility would be to introduce an aniline
with more polar groups on it. Including a zwitterionic amino acid moiety in the
structure should ensure greater solubility in aqueous media and thus it was
planned to synthesise 79.

In order to make this by a similar SnAr reaction, the aniline 78 must first be
synthesised. This can be done by utilising a two-step literature procedure,
starting with the nitration!1° of 76 to give 77 which can then be reduced!! to
78 (Scheme 2.14).

0 o)
KNO3, H,SO,4
(;CHLOH 10°C-RT, 2h _ /(:CH\OH
NH 82% (as 6:1 mixture O,N NH
of 7-N02 and 6-N02) 77

76

NoHy4, PA/C | 43% (as 6:1 mixture
MeOH, 80 °C , 2 h| of 7-NH, and 6-NH,)

(0]
OH
NH 67, HCI(aQ) OH
HN NH

'PrOH, 80 °C, 4 h

H,N
Cl 2" 79% (as 6:1 mixture
~ Js | of 7- and 6- 78
N~ N CFj substituted isomers)
79

Scheme 2.14 Synthesis of amino acid containing 1,8-naphthyridine 79 which was obtained
as an inseparable 6:1 mixture of 7- and 6-substituted isomers arising from a lack of selectivity

in the nitration step

The nitration of 76 proceeded in good yield but gave a 6:1 mixture of 7-nitro
and 6-nitro isomers; there is poor selectivity between the two positions para
to the electron donating alkyl groups. The 7-position is thought to be the major
product because it is para to the more electron-donating alkyl chain. This
isomeric mixture was carried forward to the next step, a reduction to the amine
78. Initially this was attempted using the literature procedure of hydrogen and
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palladium on charcoal but this gave a yield of only 30% after 24 h, much worse
than what had been reported (98% after 2 h''1). Therefore the reaction was
also attempted using hydrazine with the palladium catalyst to generate
hydrogen in situ. This was observed using LCMS to go to completion within
2 h but gave only a moderate isolated yield, thought to be due to the product
not being fully soluble in methanol and hence some being lost when the
catalyst was filtered off. The mixture of isomers of 78 could not be separated
so was used without further purification in the next step, the SnAr reaction with
70. Acid-catalysis was used in order to ensure that the secondary amine would
be protonated and hence the aniline nitrogen would act as the nucleophile.
This proceeded in good yield to give 79 as a mixture of 7- and 6- substituted
isomers which also proved inseparable by both chromatography and
crystallisation.

Due to the difficulties with purifying this compound, a further amino acid
containing compound has been synthesised by an analogous SNAr reaction
(Scheme 2.15). By reacting the commercially available
4-amino-L-phenylalanine with 70, the problem of separating isomers was
avoided and 80 could be easily purified and tested to see whether or not the
inclusion of such a polar group in the molecule would retain the potent enzyme
inhibition observed with other 1,8-naphthyridines.

0
cl O HCI, ProH, N NH,
Choo 7 | . OH 80°C.5h
~ x NH, 15% Y |
N N CF3; HyN ~ ~
N N7 OCF,
70 50

Scheme 2.15 Acid-catalysed SnAr reaction used to make 78

As expected, 80 did show a significant increase in solubility in all three media
(Table 2.7). However, 79 and 80 were inactive against both the enzyme and
parasite, with 1Cso values greater than 10 uM.
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PBS FaSSIF FaSSGF
Structure
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM
o)
HO™ ™
NH,
NH
cl 716 955 >2000
| NN
N7 N CF,4
80

Table 2.7 Solubility of 80 in 3 different media

Drastic changes to either heterocycles or amino acid containing groups were
not tolerated so smaller changes to anilines containing ester, alcohol or ether
groups were investigated. It was also known that metabolism by cytochrome
P450 was likely at any benzylic methylene groups and so molecules of general
structure 81 were targeted.

F
F
RK@\
NH
Cl N X
| — 7 F
N N
F
81

One way to make such a molecule could be a copper-mediated reaction
between the bromo- or iodo-anilino derivatives and bromodifluoroacetate.*?
Therefore the necessary 1,8-naphthyridines were prepared by the SNAr
reaction of the aniline with 71, and the copper-mediated coupling reaction was
attempted (Scheme 2.16).

However, this was not successful, with starting material being recovered for
both the 4-bromo- and 3-iodo-anilino compounds. Another option could be to
make the boronic acid and attempt a palladium-catalysed cross-coupling
reaction with ethyl bromodifluoroacetate.!® The 1,8-naphthyridine containing
a boronic acid unit was synthesised as before, but the palladium-catalysed
reaction (Scheme 2.17) was unsuccessful, both on the 1,8-naphthyridine and
the 4-aminobenzene boronic acid. There was some evidence (LCMS and
NMR) for the boronic acid falling off but being replaced by a hydrogen rather
than the desired group.
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X
¢l X 4 M HCl in dioxane, HN/G
NN propan-2-ol, 40 °C, 4-5 h 82 (X = 4-Br)
L 83% (X = 4-Br) | NN 83 (X=3-)
N7 N 21% (X = 3-1) A A F
E NH, N N
71 F
BrCF,CO,Et,
Cu,
DMSO,
70 °C

F
IS
o N /AN
XX
N N
F

Scheme 2.16 Attempted synthesis of 1,8-naphthyridines containing an

anilinodifluoroacetate unit using a copper-mediated reaction

OH
B.
e
B 4 M HCl in dioxane, HN
Cl X . propan-2-ol, 40 °C, 24 h cl N
L 85% |
N N N/ N/ F
F NH, L
84

BrC F2002Et,

1, 4-dioxane| Pd(PPh3),
80 °C Xantphos
Cul

K,CO4
J F
F
(0]
(0]
HN
Cl N X
| — — F
N N
F
85

Scheme 2.17 Attempted synthesis of 1,8-naphthyridines containing an

~

anilinodifluoroacetate unit using a palladium-catalysed coupling reaction
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With the difficulties encountered in the synthesis of this compound, it was
decided to synthesise the analogue without fluorine atoms on the benzylic
carbon as a model compound (Scheme 2.18).

ci -0
Cl _0 4 M HCl in dioxane, e}
| NN .\ \ﬂ/\©\ propan-2-ol, 40 °C, 2.5 h NH
cl
NTONT T © NH, 63% SN

LiAIH,, THF, | _
0°C, 40 min | /1%

y

\/O\/\©\ HO\/\©\
NH NaH, Etl, THF, 0 °C-RT 24 h NH

Cl N X 14% Cl

| | AN
— — F
N N N/ N/ F
8s | 87 F

Scheme 2.18 Synthesis of 1,8-naphthyridines with an ester, alcohol or ether group on the

aniline

The SNAr reaction with the commercially available
methyl-(4-aminophenyl)acetate proceeded in good yield, as did the reduction
of the ester 86 to the alcohol 87 using lithium aluminium hydride. The
Williamson ether synthesis of 88, however, had low yield of the desired
product due to reaction at the N-H occurring as well as at the O-H. Synthesis
of the 'butyldimethylsilyl ether was also attempted but this was unsuccessful.
Nevertheless, sufficient quantity of each compound was obtained for
biological evaluation and the other newly synthesised 1,8-naphthyridines were
also tested. Results of DHODH enzyme assays performed by collaborators at
UT Southwestern and cell assays performed by collaborators at Dundee are
shown in Table 2.8 and solubility assays in Table 2.9.
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PfDHODH | PvDHODH | P. falciparum
Compound structure
ICs0/nM ICs0/nM ECso/uM
Br\©\
NH 82
Cl N X 31+6 52+ 4 38
| ~ ~ F
N~ °N
F
|
@NH .
Cl 165 15+5 46+ 3
XX
| ~ ~ F
N” °N
F
/OY\@
o] N
Chi X 69 + 10 350 + 40 711 + 205
| 7 — F
N” N
F
HO
NH
cl X 8311 290 + 40 909 + 182
| — — F
N~ °N
F
\/o
NH
Cho e 68 £ 7 380 + 20 ND
| 7 7 F
N"ON

Table 2.8 Inhibition values for compounds with different aniline groups against DHODH

enzyme from Plasmodium parasites and P. falciparum 3D7 cells. ND = not determined.
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PBS FaSSIF FaSSGF

Compound structure
bot Her (pH 7.4)/uM | (pH 6.5)/uM | (pH 1.6)/uM

Clo e 1.3 6.0 67
| ~ p7 F
N N
F
|
@NH .
cl 1.1 11 61
NN
| ~ 7 F
N N
F
/OY\@
(0] NH 86
Cl NN 32 63 805

N
QL
NH 87

Clao N\ 20 57 >2000
| — 7 F
N N
F

Table 2.9 Solubility of compounds with different aniline substituents in 3 media.

Small changes in the aniline were tolerated well, with the 3-iodo- variant 83 in
particular showing very good potency against DHODH enzyme from both
P. falciparum and P. vivax. However, the ester, alcohol and ether variants all
showed some loss in potency against PfDHODH and about tenfold decrease
in potency against PvDHODH. All of these compounds retained a lack of
inhibition of human enzyme. 82 and 83 also showed good potency against
P. falciparum cells, albeit slightly lower than 55 but 86 and 87 were
significantly less potent against P. falciparum cells than against the pure
enzyme.

The compounds with a halogenated aniline showed poor solubility in PBS and
FaSSIF and moderate solubility in FaSSGF. Those containing an ester or
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alcohol group were much more soluble, with moderate values obtained in
FaSSIF and high solubility in the acidic FaSSGF medium.

Overall, these 1,8-naphthyridines with more polar aniline groups were more
soluble as expected but showed too great a loss in potency, especially against
P. falciparum cells, to be useful lead compounds.

2.4 Full evaluation of front-runner compound 55

With excellent potency and selectivity, as well as moderate solubility, 55 was
selected as a front-runner compound and was thus subjected to further assays
to investigate whether it was suitable to be taken forward as a lead compound.

NH

Cl N X

— —

N~ >N” “CF,H
55

It was therefore sent to collaborators at UT Southwestern to test for inhibition
of mammalian DHODH and at Monash to evaluate its metabolic stability,
cytochrome P450 inhibition, permeability and in vivo pharmacokinetics.

2.4.1 Mammalian DHODH screening

It had already been discovered that these 1,8-naphthyridines have excellent
selectivity for parasite DHODH over human but it was important to discover if
they would inhibit any mammalian DHODH from a species that may be used
in future toxicity studies. The competitor triazolopyrimidine compound 26,
currently in clinical trials, can inhibit rodent DHODH, which made animal
toxicity testing more complicated.®® Therefore, 55 was tested for inhibition of
DHODH from six mammalian species: rat, mouse, dog, rabbit, monkey and
minipig. Pleasingly, no inhibition was observed: ICso values were greater than
100 uM for all species.

2.4.2 Metabolic stability

In order to test for metabolism by cytochrome P450, the compound was
incubated in mammalian liver microsomes and its concentration was
measured over time. Data were then fitted to an exponential decay function to
determine the degradation rate constant (k) and hence calculate degradation
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half-life (t12), in vitro intrinsic clearance value (CLint) and predicted in vivo CLint,
blood clearance values (CLbiood) and hepatic extraction ratio (Ew), taking into
account the protein content, liver and body mass and hepatic blood flow
values (Q) for each species according to equations 2.1-2.5. Values for these
parameters are given in Table 2.10.

__In2
t% = (2-1)

k

Lint invitro = —————— 2.2
C int, invitro mg proteinmL‘l ( )
liver mass/g mg protein
CLint = CLint invi 2.3
int int, invitro body mass/kg g liver ( )
QXCLin¢
CL = 2.4
blood Q+CLint ( )
CL
Ey = —2eet (2.5)

The compound showed a long half-life and low clearance in all 4 species so
cytochrome P450 mediated metabolism is unlikely to be a problem in vivo.

Incubation in liver S9 fraction, containing aldehyde oxidase as well as
cytochrome P450, was also carried out in the presence or absence of
raloxifene, an aldehyde oxidase inhibitor, and NADPH, a cofactor required by
cytochrome P450, and metabolic stability parameters calculated according to
equations 2.1-2.5 (Table 2.11).

Species Human | Rat | Mouse | Dog
Degradation half-life/min 240 >255 | >255 | >255

In vitro CLint/ig min-* mg protein=! 7 <7 <7 <7
Predicted CLin/mL min-t kg 6 <12 <18 <13
Predicted CLbiood/mL min=t kg 5 <10 <16 <10
Predicted En 0.22 |<0.15| <0.13 | <0.30

Table 2.10 Metabolic stability parameters for 55 in liver microsomes from 4 different

species
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Species Human Rat
» + - NADPH, + - NADPH,
Conditions
NADPH | NADPH + NADPH | NADPH +
raloxifene raloxifene
Degradation
. i 62 105 >510 404 >510 >510
half-life/min
In vitro CLint/
ug min-t 4 3 <1 1 <1 <1
mg proteint
Predicted
CLinYmL 14 8 <2 3 <3 <3
min-t kgt
Predicted
CLblood/mL 8 6 <2 3 <3 <3
min-t kgt
Predicted
£ 0.40 0.28 <0.08 0.05 <0.04 <0.04
H

Table 2.11 Metabolic stability parameters for 55 in liver S9 fraction from human and rat

In human S9 fraction, 55 displayed an intermediate degradation rate in the
presence of NADPH which was only slightly reduced in the absence of
NADPH but a low rate in the absence of NADPH unless raloxifene was also
added. This suggests that aldehyde oxidase mediated metabolism is the
major degradation pathway for this compound and a degradation product with
mass increased by 16 was observed. This product is thought to be 89: it is
known that aldehyde oxidase can oxidise at the 2-position of pyridine-like
heterocycles.'* The degradation rates without raloxifene in the rat S9 fraction
are much lower than for human because rats have much lower aldehyde
oxidase activity. This metabolic susceptibility must be addressed in order for
the compound to have a long enough lifetime to be efficacious in humans.

NH

Cl |\ X
— 7 F
HO N N
89 F
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2.4.3 Cytochrome P450 inhibition

The compound was screened for inhibition of several isoforms of cytochrome
P450 to check the potential to inhibit cytochrome P450-mediated metabolism
of concomitantly administered drugs (Table 2.12).

Isoform |Cs0/uM
CYP1A2 4.6
CYP2C9 20.7

CYP2C19 12.7
CYP2D6 6.0
CYP3A4 >20

Table 2.12 ICso values for the inhibition of cytochrome P450 isoforms by 55
Overall, low to moderate cytochrome P450 inhibition was observed.
2.4.4 Permeability

The permeability across Caco-2 cell monolayers was measured to give an
indication of uptake of the molecule in the body. Permeability was assessed
in the apical to basolateral (A—B) and basolateral to apical (B—A) directions in
order to also assess the potential for efflux. The mass balance was calculated
by measuring the mass of the donor and acceptor solutions initially and after
4 h (equation 2.6). The apparent permeability coefficient (Papp) was
determined based on the rate of compound appearance in acceptor buffer at
steady state using equation 2.7, where dQ/dt is the apparent steady-state
transport rate/umol s, A is the surface area of the Caco-2 monolayer
(0.3 cm?) and the concentration in the donor solution at the start/umol cm=3 is

initial
CDonor .

Mass{,inal +Mass£inalt
Mass balance (%) = OROT______2CCCPROT % 100 (2.6)
M initial
asSponor
dQ 1
avp = ¢ X ORI 2.7)

By calculating Papp for both A—-B and B—A directions, the apparent efflux ratio
(Er) can be obtained by using equation 2.8.

Ep = Papp, B-4 (2.8)

Papp, A-B

The values obtained for these parameters are shown in Table 2.13.
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Mass balance/% Papp x 10°%/cm st
Er
A-B B-A A-B B-A
53+6 73+8 20+ 3 13+2 0.7+0.1

Table 2.13 Mass balance and Papp data for 55 across Caco-2 cell monolayers. Values are

presented as the mean = SD of 3 replicates.

The mass balance was relatively high in the B—A direction but lower for A-B,
which may be due to this lipophilic compound (cLog D7.4 = 4.7) having high
membrane retention and low levels of desorption into the acceptor medium.
The A-B Papp value indicates moderate permeability, although this may be
underestimated due to the relatively low mass balance. The B—A Papp value is
slightly lower than A-B but not too dissimilar, so there is unlikely to be
polarised transport across the membrane for this compound.

2.4.5 In vivo pharmacokinetics

The compound was introduced into mice and rats, either orally or by
intravenous administration, to study the plasma exposure and
pharmacokinetics.

The plasma concentration was monitored over 24 h after oral administration
of 20 mg kg in mice (Fig. 2.1) and the following exposure parameters were
determined: area under the plasma concentration versus time curve from time
zero to the last time point with measurable concentration (AUCo-ast),
maximum plasma concentration (Cmax) and the time to achieve Cmax (Tmax)
(Table 2.14). The apparent half-life could not be calculated due to the very
high plasma concentration still remaining at the end of the 24 h sampling time
but is evidently very long, as predicted from the low CLbiood Value obtained
from the mouse liver microsome experiment.

Metabolites observed (by LCMS) were a mono-oxygenated product and the
result of both oxygenation and cleavage of the aniline group.

The mice were not observed to have any side effects or adverse reaction to
the compound, so toxicity appears to be low based on this study.
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LLQ = 0.0027 uM

Plasma concentration (pM)

0 4 8 12 16 20 24

Time (h)
Figure 2.1 Plasma concentration of 55 in male Swiss outbred mice after oral administration
at 20 mg/kg.
Cmax/uM 11
Tmax/h 7.5
AUCo-1ast/h uM 205

Table 2.14 Exposure parameters for 55 in male Swiss outbred mice following oral

administration at 20 mg/kg.

The compound was given to rats by both intravenous administration and orally
and the plasma concentration was measured over time (Fig. 2.2), as was the
concentration present in urine. This allowed the determination of several
pharmacokinetic parameters: apparent half-life (ti2), plasma clearance (CL),
apparent volume of distribution at steady state (Vss), area under the
concentration versus time curve from time zero to infinity (AUCo-inf), AUCo-last
and oral bioavailability (BA). These were calculated using equations 2.9-2.12.

tr = ‘;‘—2 (2.9)
plasma CL = ?Us_;,”; (2.10)
plasmaV,, = % X plasma CL (2.11)
BA = 2loraiXdosery (2.12)

- AUCpyXdosegral

where AUCw is the AUCo-int after IV administration, A; is the terminal
elimination rate constant after IV administration and AUMCyv is the area under
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the first moment of the plasma concentration versus time curve from time zero

to infinity after IV administration.

Pharmacokinetic parameters for IV administration are given in Table 2.15, and

oral administration in Table 2.16.

(IV - 1.0 mg/kg; Oral - 3.0 mg/kg)

10

0.1

0.01

Plasma concentration (uM)

Plasma LLQ =0.0013 uM

..................................................

----------

Bedtohd

A_3117, IV
B_3117, IV
C_3117, IV
D 3117, PO
E_3117, PO
F 3117, PO

Figure 2.2 Plasma concentrations of 55 in 6 male Sprague—Dawley rats following IV

administration at 1.0 mg/kg or oral administration (PO) at 3.0 mg/kg

Apparent ti2/h 49+29
Plasma CL/mL min-t kg 9.8+1.1
Plasma Vss/L kg 47+1.4
Plasma AUCo-ast/h M 43+0.2
Plasma AUCo-inf/h pM 46+0.6
Dose in urine/% <0.10

Table 2.15 Plasma pharmacokinetic parameters for 55 in male Sprague—Dawley rats

following IV administration at 1.0 mg/kg
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Apparent ti2/h 11 +3.6

Plasma Cmax/puM 1.0+£0.2

Tmax/h 3.8+1.3
Plasma AUCo-last/h uM 17 +£2
Plasma AUCo-inf/h pM 235
Dose in urine/% <0.05

Table 2.16 Plasma pharmacokinetic parameters for 55 in male Sprague—Dawley rats

following oral administration at 3.0 mg/kg

Fig. 2.1 shows that 55 was slowly absorbed after oral administration, with
mean maximum plasma concentrations of around 1 yM occurring after around
2.5-5.0 h, with a long half-life (11 h), much longer than that observed after IV
administration (4.9 h). This could be due to saturation of the clearance
mechanism. BA was calculated (equation 2.12) to be 123 + 14%; this value of
above 100% could also be explained by saturation. With both types of
administration, the amount of unreacted 55 excreted in the urine was below
the detection limit, suggesting that metabolism rather than direct urinary
excretion is the major pathway for in vivo elimination of the compound; the
same two metabolites were detected in the rat as in the mouse study.

The blood to plasma partitioning ratio (B/P) was measured to be 5.2 and this
allowed for the calculation of blood pharmacokinetic parameters according to
equations 2.13-2.15.

blood CL = 2emect (2.13)
B/P
l Vss
blood Vi, = % (2.14)
blood AUC = plasma AUC X B/P (2.15)

Blood pharmacokinetic parameters for IV administration are given in Table
2.17, and oral administration in Table 2.18.

Blood CL/mL min-t kg 1.9+0.2
Blood Vss/L kg™ 0.9+0.3
Blood AUCo-inth uM 24 +£3

Table 2.17 Blood pharmacokinetic parameters for 55 in male Sprague—Dawley rats

following IV administration at 1.0 mg/kg
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Blood CmaxpuM 52+0.8

Blood AUCo-inth pM 119 + 27

Table 2.18 Blood pharmacokinetic parameters for 55 in male Sprague—Dawley rats

following oral administration at 3.0 mg/kg

The B/P ratio of 5.2 is quite high, indicating that 55 is largely distributed into
erythrocytes. Blood clearance is low, as predicted in the liver microsome
experiment.

Overall, the oral bioavailability of this compound in rats is very good. This is
likely to be because of reasonable absorption (moderate cell permeability was
observed in the Caco-2 cell monolayer experiment) and low first pass
elimination (very low predicted hepatic extraction ratio in liver microsomes).
However, it is unknown how well this would translate into humans, where the
higher aldehyde oxidase activity levels could result in faster metabolism.
Therefore, similar compounds to 55 which are not metabolised so quickly by
aldehyde oxidase would be highly desirable.
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Chapter 3 Investigating Aldehyde Oxidase Metabolism

3.1 Aldehyde oxidase

Aldehyde oxidase (AO) is a molybdoflavoprotein consisting of two subunits.*®
It is located in the cytosol of cells in many tissues, especially the liver.1'® AO
can catalyse the oxidation of substrates including: aldehydes to carboxylic
acids, iminium ions to lactams, and, most importantly for medicinal chemists,
aromatic azaheterocycles.'*” Molecules containing pyridine, pyrimidine or
pyrazine motifs are known to be potential substrates for this enzyme.8

The oxidation of heterocycles by AO has been proposed to occur via
nucleophilic attack at the carbon next to a pyridine-like nitrogen, followed by
re-aromatisation via hydride shift and finally attack by water to release the
enzyme again'!® (Scheme 3.1). There is also some evidence that these steps
may be concerted with a tetrahedral transition state rather than stepwise with
a tetrahedral intermediate.**®

R s OH 0, R__s oM j\
I/M?:o - | _Mo=0 07 Gl
Rl S SH Rl S
NHAr
NG I\ NS
X Pz F

HO N

F

Scheme 3.1 Proposed mechanism for the oxidation of 1,8-naphthyridines by AO

The most obvious way to prevent oxidation of the 1,8-naphthyridines by AO
would be to introduce a substituent into the 7-position of the 1,8-naphthyridine
where the oxidation is thought to happen, but there is also a precedent for
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stopping metabolism by AO by altering substituents at other positions.1?0
Changing the sterics of the molecule could block the enzyme from binding and
hence reduce metabolism. Changing the electronics of the aromatic ring could
also affect the rate of oxidation by AO. Making a molecule more electron rich
should reduce AO metabolism because the nucleophilic attack would be
slowed down.'?! For example, in one study, a series of pyrimidines was found
to be a substrate for AO when they contained an electron-withdrawing group
but not an electron-donating group.t?> However, in a series of isoquinolines,
molecules with an electron-donating substituent were more susceptible to AO
metabolism than those containing an electron-withdrawing group.??

Recently, a lot of work has been done to try to predict AO metabolism with
some success, but there is still no in silico method capable of reliably
predicting whether or not a molecule will be a good substrate for AO*? and so
experimental data are very important. A chemical ‘litmus test’ (Baran test) has
been developed, using bis(((difluoromethyl)sulfinyl)oxy)zinc (DFMS) to
introduce a difluoromethyl group. This reaction goes via a difluoromethyl
radical and is thought to mimic the reactivity of AO and hence predict whether
a molecule may be a good substrate for this enzyme.'?* However, this test is
not able to predict if a molecule is the incorrect shape for binding to the active
site. Therefore, it is useful for indicating the potential of a molecule to be
metabolised by AO but can give some false positives.

3.2 Investigating AO susceptibility of a quinoline series using
the ‘litmus test’

In order to understand how altering remote substituents could affect AO
susceptibility, a series of quinolines with different substituents at the 3- and
6-positions was treated with the DFMS reagent (Scheme 3.2).

R! R? R R?
| N DFMS, TFA, TBHP | N

— ° o
N DMSO, 20 °C, 2 h F N/

F

Scheme 3.2 Reaction of 6-substituted quinolines under the Baran ‘litmus test’ to evaluate

susceptibility to metabolism by AO

In each case, the reaction mixture was stirred at 20 °C for two hours then
analysed by LCMS to determine the relative sizes of the starting material and
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product (M+50) peaks and hence the extent of conversion of the reaction. For
each substrate, the reaction was run in duplicate (Table 3.1).

R1 R2 Run 1 Run 2 Mean
conversion/% | conversion/% | conversion/%

H H 100 70 85
H F 21 34 28
H Cl 80 74 77
H (+ 2-Me) Cl 72 79 75
H Br 73 74 74
H CFs 68 81 74
H OMe 76 65 70
H COOMe 74 67 71
F H 29 24 26
Cl H 59 60 60
Br H 73 48 60
CFs H 43 32 38
OMe H 74 67 70
COOEt H 87 83 85

Table 3.1 Results of the Baran ‘litmus test’ for predicting AO metabolism on a series of

quinolines. % conversion was determined by LCMS.

The results were mostly reproducible with little variation in the conversion
observed in each run; the largest difference was for quinoline (R! = R? = H)
where the low mass of this molecule made detection in the LCMS more
difficult. Two series of quinolines were tested with substituents at either the
3-position or the 6-position. The 3-position of the quinoline is adjacent to the
likely site of difluoromethylation (the 2-position) so any electronic effects would
be strongly felt and there may also be some steric hindrance which could
affect the rate of reaction. The 6-position, conjugated to the 3-position, is more
remote, so steric effects would be reduced but electronic effects could still be
observed.



-76 -

Comparing the data for compounds with R = H, 6-fluoroquinoline showed by
far the lowest conversion (28%) with all the other substituents giving similar
conversion levels of 70—-80%. Surprisingly, the compound with a methyl group
blocking the 2-position gave similar conversion to the analogous compound
without the methyl there. It would be expected that blocking this position would
block AO metabolism but it is known that the DFMS reagent can also react at
other positions such as the 4-position, whereas the actual enzyme is usually
selective for only one position.*?4

Molecules with R? = H and different R? substituents showed more variation.
Again, it was the fluoro- group that resulted in the lowest percentage
conversion (26%). Conversion was quite low (38%) for R* = CFs, another
o-withdrawing group. Higher conversion levels were observed for m-donor
substituents such as methoxy, but the highest of all (85%) was the
n-withdrawing ester group. This suggests that o-withdrawing groups may be
able to reduce the rate of oxidation by AO, although there may also be steric
factors.

A pyrimidine series was also tested in this way but all of these molecules
proved to be very good substrates, with a mixture of mono- and di-substituted
products seen in each case, reflecting the 1.5 equivalents of DFMS used in
the reaction.

3.3 In vitro metabolism of the quinoline series

Some of these quinolines were sent to collaborators at Monash University to
assess their metabolism by cytochrome P450 and AO in order to validate the
results of the ‘litmus test’. Compounds were incubated in liver S9 fraction,
containing AO as well as cytochrome P450, in the presence or absence of
raloxifene, an AO inhibitor, and NADPH, a cofactor required by cytochrome
P450. Half-life and in vitro intrinsic clearance value (CLint, in viro) Wwere
calculated according to equations 2.1 and 2.2 and the area of the M+16 LCMS
peak after 120 min was recorded (Table 3.2). No data could be obtained for
the 6-COOMe analogue due to complete hydrolysis of the ester.
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_ In vitro CLin/ | M+16 peak
. Degradation _—
Compound Conditions ) . Mg min area after
half-life/min I :
mg protein- 120 min
| S F + NADPH 28 10 ND
N" — NADPH 60 5 ND
20 - NADPH, 70 4 ND
+ raloxifene
| SN Cl + NADPH 22 13 ND
N" — NADPH 90 3 10
91 - NADPH, 93 3 7
+ raloxifene
i X Br + NADPH 20 14 ND
N" - NADPH 92 3 14
92 —~ NADPH, 93 3 ND
+ raloxifene
| SN CFs | + NADPH 19 15 49
N" - NADPH 22 13 59
93 — NADPH, 24 12 11
+ raloxifene
| SN O '| + NADPH 15 18 ND
N" — NADPH >255 <2 ND
94 -~ NADPH, >255 <2 ND
+ raloxifene
Cl | N + NADPH ND ND 28
~
N - NADPH ND ND 46
9% — NADPH, ND ND 15
+ raloxifene

Table 3.2 Metabolic stability parameters and oxygenated product formation in human liver

S9 fraction for a series of quinolines. ND = not determined

The 6-haloquinolines 90, 91 and 92 all had a short half-life and
correspondingly high clearance with NADPH present but much longer half-life
without NADPH, indicating metabolism by cytochrome P450. Adding
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raloxifene slightly increased the half-life further, showing that these
compounds are only metabolised to a low degree by AO. However, even with
no NADPH and raloxifene present, the half-life is still less than 100 minutes
for these compounds, which suggests that there is some clearance occurring
that is not caused by either AO or cytochrome P450.

This was observed to an even greater degree with 6-(trifluoromethyl)quinoline
(93), which has a half-life of only 24 minutes when metabolism from both
cytochrome P450 and AO is inhibited and a similar half-life across all three
sets of conditions. However, the area of the LCMS peak for the oxygenated
metabolite is much smaller in the presence of raloxifene which would be
indicative of this compound being a substrate for AO.

6-Methoxyquinoline (94) had a short half-life in the presence of NADPH but
was very stable in the absence of NADPH, whether or not raloxifene was
added. This means that it is metabolised only by cytochrome P450. It is
hypothesised that the strongly electron-donating 6-methoxy group is
suppressing oxygenation of this quinoline by AO.

Limited data were obtained for 3-chloroquinoline due to poor detection of this
compound by LCMS but there appears to be some metabolism by AO
because the M+16 peak was smaller in the presence of raloxifene.

3.4 Quinoline series conclusions

The results of incubating with DFMS in the ‘litmus test’ predicted that electron-
withdrawing substituents such as fluoro- or trifluoromethyl- groups would
reduce the susceptibility of quinolines to metabolism by AO. When these
compounds were incubated in liver S9 fraction, some AO oxidation was
observed at a level which is believed to be similar to the other halogenated
quinolines, although the high level of clearance by other pathways made it
difficult to draw firm conclusions. Surprisingly, it was the 6-methoxyquinoline
(95) that was most resistant to metabolism by AO, despite the relatively high
conversion observed in the ‘litmus test'.

Overall, it is definitely possible for remote substituents to affect metabolism of
a compound by AO. Extrapolating these results to the 1,8-naphthyridine series
shows the potential for reducing the rate of metabolism of these compounds
by changing the molecule at positions other than the site of metabolism, but it
remains unclear which group would be best to achieve this.
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Chapter 4 1,8-Naphthyridines with a Substituent at the
7-Position

One way to overcome the liability of the 1,8-naphthyridines to metabolism by
AO is to introduce a substituent at the 7-position where this oxidation is
understood to take place. Therefore it was decided to synthesise a library of
compounds of general structure 96.

4.1 7-Amino- derivatives

It was hypothesised that having R = NH2 might not only block this site of
metabolism but also improve solubility and potency, since it would make the
naphthyridine nitrogen a stronger hydrogen bond acceptor.

First, in silico docking experiments were performed using Glide to check what
effect the introduction of a 7-amino group might have on binding affinity. The
results suggested that there would be very little change, with a docking score
of -11.267 for 104 compared to -11.318 for the analogous molecule without
the additional 7-amino group. The predicted binding pose (Fig. 4.1) was also
very similar to the X-ray crystal structure previously obtained for a
1,8-naphthyridine bound to PFDHODH (Fig. 1.12).
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Figure 4.1 Predicted binding mode of a 7-amino-1,8-naphthyridine (104, blue) bound to

P. falciparum DHODH (green), along with FMN (orange). Hydrogen bonds to histidine and

arginine residues are shown by yellow dashed lines.
4.1.1 Synthesis

In order to make such analogues a new synthetic route was used, inspired by
the synthesis of 1,8-naphthyridines by Ferrarini et al.'?> 26 based on the
Conrad-Limpach quinoline synthesis (Scheme 4.1). The first step was the
chlorination of 2,6-diaminopyridine using hydrochloric acid and hydrogen
peroxide?” which proceeded in good yield. The polyphosphoric acid (PPA)
catalysed cyclisation of 98 with a B-ketoester!?® resulted in the formation of
pyrido[1,2-a]pyrimidin-4-one 99 which rearranged to 100 upon refluxing in
diphenyl ether!?® for 2 h. This was chlorinated using POClIz, then the desired
final compounds were synthesised by the SnAr reaction of 101 with two
different anilines. This required heating to 80 °C overnight to obtain moderate
yields of each compound, sufficient for biological evaluation. Some
2-(trifluoromethyl)- analogues of this series (104, 105 and 106) were also
synthesised in the same way, by MChem student Kyle Orritt. A similar route
was attempted to make the analogous compounds with fluoro- or methyl
groups at the 7-position but the rearrangement of the
pyrido[1,2-a]pyrimidin-4-one intermediate did not occur in the absence of the
electron-donating amino group.
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cl
| N HCliaq), H205, RT, 3 h | X
— o —
H2N N NH2 74/0 H2N N NH2
97 98
PPA O O
80°C,24h |F
OEt
F
o)
Cl diphenyl ether
| N | 250 °C, 2 h
H,N" ONT N F 54% (2 steps) NH
H | 2
100 99
POCI,,
100 °C,| 68%
24 h

R

Cl F3C\©\ \©\
Cl
| NN NH,
— — F
H,N N N 4 M HCl in dioxane,
F propan-2-ol, 80 °C,24h

101 33% (R =H)
31% (R =F) 102 (R = H)

103( F)

Scheme 4.1 Synthetic route to make 1,8-naphthyridine analogues with an amino- group at

the 7-position
4.1.2 Biological evaluation of 7-amino-1,8,naphthyridines

The five 1,8-naphthyridines synthesised using this route were tested for
efficacy against both the DHODH enzyme in vitro by collaborators at UT
Southwestern and in cellular assays against Plasmodium falciparum (isolate
3D7) by collaborators at Dundee (Table 4.1).

None of these compounds inhibited human DHODH but unfortunately they
were also not very potent against either the parasite enzyme or cells. The best
of these compounds, 103, had an ICso value of 1.2 uM for P. falciparum
DHODH enzyme, 0.98 uM for P. vivax enzyme and 0.52 uM for P. falciparum
cells, a decrease of more than tenfold on the previous compounds without an
amino group at the 7-position. This loss in potency may be due to the
unfavourable introduction of a polar amino group into a region of the enzyme
that is quite hydrophobic.
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PfDHODH | PvDHODH | P. falciparum
Structure
ICs0/NM ICs0/NM cell ECso/nM
Fs;C
T, -
NH
Cl NN 1700 + 200 | 1700 + 400 ND
| ~ ~ F
H,N™ N °N
F
Fs;C
0w
F NH
Cl NN 1200 + 100 | 980 + 120 518 + 65
| 7 — F
H,N~ N7 °N
F
FsC
T, -
NH
cl 2300 + 200 | 4300 +500 | 2570+ 170
X
»
H,N™ "N” "N™ "CF,
F4C
F NH
cl 1400 + 200 | 1900 + 100 542 + 133
XX
»
H,N” "N” "N” °CF,4
FsC_~
N | " 106
cl 5700 + 600 | 4600 + 800 | 2785+ 130
X
»
H,NT "N” °N™ CF,

Table 4.1 Inhibition data for DHODH enzyme from two different Plasmodium species and

P. falciparum cells for 7-amino-1,8-naphthyridines. ND = not determined

As with the other series, 2-difluoromethyl compounds are more potent than
the 2-trifluoromethyl analogues. A trend can also be observed with the aniline
groups: the most potent compounds are those with
3-fluoro-4-(trifluoromethyl)aniline, followed by 4-(trifluoromethyl)aniline with
the more polar aminopyridine-containing molecule 106 the least potent.
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The solubility of these compounds (except 102, where insufficient material
was available) was measured in three different solutions: PBS buffer at pH
7.4, FaSSIF at pH 6.5 FaSSGF at pH 1.6 (Table 4.2).

PBS FaSSIF FaSSGF
Structure
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM
FsC
Ol
F NH
Cl |\ N 6.6 99 112
H,N" N7 N7 F
F
F4C
-
NH
cl 0.0 0.0 16
Xr X
»
HoN" "N” N CF,4
F4C
Tl w
F NH
cl 0.0 0.6 12
X
»
H,N™ "N” "N” “CF,4
FaC_~
| 106
NS SNH
cl 2.2 9.4 58
X
»
H,N” "N” "N” “CF,4

Table 4.2 Solubility of 7-amino-1,8-naphthyridines in three media

The 2-difluoromethyl compound 103 showed decent solubility, up to 99 uM in
FaSSIF. The 2-trifluoromethyl compounds, however, had very low solubility;
only 106 with the more polar aminopyridine group dissolved at all in the neutral
media.

4.2 7-Methylamino- and dimethylamino derivatives

It was decided to synthesise 7-methylamino and dimethylamino derivatives;
these less polar groups may restore some potency.
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4.2.1 Synthesis

Attempts to make these compounds from the 7-amino derivatives by reductive
amination, using either formaldehyde and sodium cyanoborohydride or
formaldehyde and formic acid, were unsuccessful. This is probably due to the
lack of reactivity of this conjugated amine. Instead, the 7-methylamino
compounds were able to be made by starting with a fluoride at the
corresponding position which could later be substituted for methylamine
(Scheme 4.2).

Starting with the unsymmetrical pyridine 107, the chlorination could
conceivably occur either ortho or para to the amino group. The major product
was the desired one, 108, with the chloride para to the amino group, but the
other isomer was also made as a minor product. These were separable by
chromatography, allowing the desired product to be obtained in moderate
yield. In this case, the following cyclisation step was neutralised using
methylamine and an in situ substitution reaction occurred immediately to
generate intermediate 110 in moderate vyield. This was followed by
rearrangement and chlorination to give the final intermediate 112 in good
yield. This could then be used for an SnAr reaction with two different anilines
or an aminopyridine; this more polar substituent was chosen in the hope of
improving solubility.

7-Dimethylamino variants were synthesised using an analogous method,
guenching the cyclisation step with dimethylamine (Scheme 4.3).
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Cl
| A NCS, MeCN, 80 °C, 4 h | X
i~ Pz
F” "N” "NH, 62% F” "N” “NH,
107 108
PPA O O
80°C,16h |F
OEt
F
1 F
N
F e | F
_ /Nl E MeNH, H,0 N
N 629 F O
N %
HN_ O 109
110
Diphenyl ether, o
250°C,2.5h 69%
0
cl cl
A POCI3, 100 °C, 24 h cl
D . - l\ X
SNTONTON 85% - PO W:
H H o L H N” °N
111 112 F
FsC X 4 M HCI in dioxane,
| X propan-2-ol,
80 °C, 24 h
RN NH, | 50-53%
FsC /N|
R™ X-"“NH
cl |\ N
p7 7 F
N
F

113 (X =C-H, R=H)
114 (X =C-H,R=F)
115 (X =N, R=H)
Scheme 4.2 Synthetic route to make 1,8-naphthyridine analogues with a methylamino

group at the 7-position
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0O O F
FN N
Cl OEt 2N F
= F |
| z PPA o N
F” N7 °NH
2 80 °C, 24 h F O
107
108
MeZNH’ 58%
H,O
o F
Cl = /N F
| X | Diphenyl ether, |
g _ F .250°C,3h N N
N© NN 68%
| £ _N_ O
117 116
POClI,,

100 °C | 96%

FaC
cl :@\ FsC
O x> R NH, :©\
NH

| . R
SN N T 4 M HCl in dioxane, Cle
| F propan-2-ol, |
118 80°C,24h ~ NP F
43-44% ’T‘ N N
F
119 (R = H)
120 (R = F)

Scheme 4.3 Synthetic route to make 1,8-naphthyridine analogues with a dimethylamino

group at the 7-position

4.2.2 Biological evaluation

These compounds were tested for efficacy against the DHODH enzyme by
collaborators at UT Southwestern and in cellular assays against Plasmodium
falciparum (isolate 3D7) by collaborators at Dundee (Table 4.3).

As with all previously tested 1,8-naphthyridines, there was no observed
inhibition of human DHODH (ICso > 100 puM).



-87-

PfDHODH | PvDHODH | P. falciparum
Structure
ICs50/nM ICs0/nM cell ECso/nM
FsC
QL
NH
Cl |\ AN 2400 £ 400 | 3800 + 200 1780 + 540
SNTONE NG T
H F
F,C
L
F NH
Cl | NN 2300 + 600 | 1800 += 100 546 + 230
SN NN
H F
FaC_~
| 115
NS SNH
Cl |\ N 3400 + 300 | 3100 + 500 2200 + 450
SNTONT N F
H F
FsC
\©\ 119
NH
Cl | N X >100000 >100000 9660 + 830
> N" N F
| F
FaC
0
F NH
Cl | X >100000 >100000 6090 + 130
> N" N F
| F

Table 4.3 Inhibition data against DHODH enzyme from two different Plasmodium species

and P. falciparum cells for 7-methylamino- and 7-dimethylamino- analogues

Disappointingly, the 7-methylamino-1,8-naphthyridines were no more active
against either the DHODH enzyme or P. falciparum cells than the 7-amino
analogues. The most potent of these compounds was again the one
containing a 3-fluoro-4-(trifluoromethyl)aniline group but even this molecule
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had 1Cso values of only 2.3 uM (P. falciparum) and 1.8 uM (P. vivax), and an
ECso of 0.55 pM against P. falciparum cells. The 7-dimethylamino variants did
not inhibit the DHODH enzyme at all, with 1Cso values above 100 uM for both
species. They were also only very weakly active against P. falciparum cells.
This may be because the dimethylamino group is too large to allow these
molecules to bind to the enzyme.

Solubility of these compounds was measured in three different solutions: PBS
buffer at pH 7.4, FaSSIF at pH 6.5 and FaSSGF at pH 1.6 (Table 4.4). Both
of the 7-dimethylamino compounds (119 and 120) and the 7-methylamino
derivative 113 were not very soluble (<20 uM) in FaSSIF. However,
7-methylamino analogues with either an additional 3-fluoro group on the
aniline (114) or with a nitrogen at this position (115) were moderately soluble
in FaSSIF, up to 53 uM and 44 uM respectively. All these molecules were
much more soluble in the acidic FaSSGF medium, likely reflecting protonation
under these conditions.
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PBS FaSSIF FaSSGF
Structure
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM
FsC
o
NH
Clha A 0.4 17 302
N |N/ N T
H F
FsC
0 -
F NH
Cl A 2.1 53 629
N |N/ N F
H F
FiCe_~
| 115
NS SN
Cl |\ N 5.8 44 617
SNTONTON F
H F
FsC
\Q 119
NH
cl NS 0.9 19 400
> N" N F
| F
FsC
0 -
F NH
cl NN 0.2 8.3 162
SNTONT N F

Table 4.4 Solubility measurements in three different media
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4.3 7-Methyl-1,8-napthyridines

Next, it was decided to try a smaller, non-polar group such as methyl at the
7-position to investigate whether this would be tolerated better than the amino,
methylamino or dimethylamino groups.

4.3.1 Attempted synthesis of 7-methyl-1,8-naphthyridines

A similar synthesis to the ketone intermediate was employed, starting from the
iodide 121 (provided by Dr. Martin McPhillie) which then underwent a
Sonogashira reaction to give 122 followed by desilylation to 123 (Scheme 4.3).

PdCI,(PPhj), (0.02 eq.), |
7

Cul (0.02 eq.), si]
cl | Et3N (4.8 eq.), cl V4 Et;N (3 eq.), =
ﬁ = Si/—THF, RT. 4h | N MeOH, RT, 24 h C';E\/(
7 \ _ o >
N” NH, 61% N” “NH, 54% ¢ ",
121 122 123

Scheme 4.3 Sonogashira and desilylation reactions used to make 7-methyl naphthyridine

derivatives

These steps proceeded in good yield but the subsequent reaction, using
"pbutyllithium to deprotonate the alkyne so that it can attack the ethyl
difluoroacetate, was unsuccessful. This is likely to be due to the strong base
removing a proton from the methyl group rather than from the alkyne. Hence
it would be necessary to employ a different route in order to synthesise the
desired 7-methyl-1,8-naphthyridines.

It is likely that the methyl group would be metabolised by cytochrome P450,
as has been observed for 1,8-naphthyridines with a methyl group at the
2-position, and therefore 7-methyl-1,8-naphthyridines would be predicted to
have high clearance in vivo. Hence, it was decided that it was not worth trying
alternative methods to make such compounds.

4.4 7-Difluoromethyl-1,8-napthyridines

A metabolically stable, small, non-polar substituent was desired for the
7-position of the 1,8-naphthyridines. Therefore, a difluoromethyl group at this
position may be tolerated here.

4.4.1 Synthesis

A difluoromethyl group could be introduced at the 7-position of the
1,8-naphthyridine core using DFMS in a preparative scale version of the Baran



-91 -

‘litmus test’'?* on 55. The same conditions were used, but with two equivalents
of DFMS and a higher temperature to increase the yield (Scheme 4.4).

FsC FsC
( j\NH DFMS, TFA, TBHP, \©\NH

o DMSO, 50 °C -
|\ N 2% cl | N
pZ Pz F
N~ N F NZ N T

55 124

Scheme 4.4 Synthesis of 7-(difluoromethyl)- derivative using DFMS

However, the yield of desired product was poor, although sufficient quantity
was obtained for enzyme assays. The major LCMS peak was two mass units
higher than would be expected, and the major product of this reaction was
confirmed by NMR to be the dihydro molecule 125.

L
NH

Several oxidising agents, TBHP, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
and palladium acetate, were tried in order to convert this to the desired product
124 but all were unsuccessful, demonstrating the unusually high stability of
this dihydronaphthyridine.

Synthesis of this molecule was also attempted by reacting DFMS with
5-chloro-pyridin-2-amine (43) to introduce the difluoromethyl group in the first
step and subsequently take it through the whole synthetic route. However, this
was unsuccessful, with only unreacted starting material obtained.

124 was tested against DHODH enzyme by collaborators at UT Southwestern.
It was less potent than 55, the addition of the extra difluoromethyl group
resulting in an ICso value of 77 = 10 nM against PfDHODH and
84 £ 14 nM against PvDHODH. This small loss in potency may be due to the
additional electron-withdrawing group reducing the ability of the naphthyridine
nitrogen to act as a hydrogen bond acceptor. Unlike any of the other
1,8-naphthyridines previously tested, it also showed some inhibition of human
DHODH, with an ICso of 19 + 5 yuM. Therefore, work on this compound was
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discontinued due to these disappointing assay results as well as the difficulties
with synthesis.

4.5 Summary of 7-substituted 1,8-naphthyridines

Adding a substituent at the 7-position to the proposed site of oxidation by AO
was the most obvious way to try to avoid this metabolic liability. Several
different groups were tried in this position but all resulted in some loss in
potency, ranging from a small loss with the difluoromethyl group to a complete
loss of activity in the case of the dimethylamino group. There were also some
solubility issues, difficulties with synthesis and, in the case of the
difluoromethyl group, some inhibition of human DHODH. Therefore none of
the 7-substituted 1,8-naphthyridines that were made had a good enough
combination of properties to be considered as lead compounds and a different
approach was needed.
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Chapter 5 1,8-Naphthyridines with Different Substituents at
the 6-Position

It appeared from both the ‘litmus test’ experiments and the aldehyde oxidase
assay results (Chapter 3) that altering the substituent at the 6-position could
significantly reduce the amount of oxidation by AO observed at the 7-position.
Therefore, it was decided to synthesise analogues of 55 with either a fluoro-
or trifluoromethyl- substituent instead of chloro-, along with the preferred
difluoromethyl group at the 2-position and three different anilines or
aminopyridines in each case.

The desired compounds were docked into the PFDHODH enzyme using Glide,
and were predicted to bind with similar affinity to 55. Both the 6-fluoro- and
6-(trifluoromethyl)-1,8-naphthridines had a predicted binding mode (Fig. 5.1)
that was consistent with the X-ray crystal structure previously obtained for a
1,8-naphthyridine in PfDHODH (Fig. 1.12).

97

Figure 5.1 Predicted binding mode of a 6-(trifluoromethyl)-1,8-naphthyridine (138, blue)
bound to P. falciparum DHODH (green), along with FMN (orange). Hydrogen bonds are

shown by yellow dashed lines.
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5.1 6-Fluoro- and 6-(trifluoromethyl)-1,8-naphthyridines

5.1.1 Synthesis

The 6-fluoro- compounds could be made by adapting the synthetic route
developed previously to make the 6-chloro- analogues, starting from the
commercially available 5-fluoropyridin-2-amine (126). This synthesis
proceeded in similar yields to those obtained for the 6-chloro- analogues, with
the final nucleophilic addition-cyclisation step once again resulting in varied
yields depending on how nucleophilic the aniline is, with less reactive anilines
and aminopyridines also requiring higher temperatures (Scheme 5.1).

- NIS, TFA - |
B DMF, 60 °C, 4 h B
— 0, ~
N” NH, 40% N” “NH,
THF, |
RT, 2 h

PdC'Z(PPhg)z, CU', Et3N

1
_ EtsN, MeOH, N
Feox” _ RT 40h F\4
- 49% (2 steps) |
N~ NH, N" NH,
129 128
1. "BuLi
2. Ethyl
difluoroacetate, | 419
BF; THF, R
-78°C,3h
FsC /I
0] HCI, H,NAr, propan-2-ol, XX NH
P F 40-80 °C, 2-4 h .
Fo”? | 21-32% Y
| D N/ N/ F
N~ “NH,
F
130

131 (X = CH, R = H)
132 (X = CH, R=F)
133 (X =N, R = H)

Scheme 5.1 Synthesis of 6-fluoro-1,8-naphthyridines

6-Trifluoromethyl- derivatives were synthesised using an analogous method
(Scheme 5.2), starting from 134, which was provided by Professor Philip
Kocienski.

In total, a small library of 6 compounds was synthesised in this way.
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L
I~ g7
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~
~
N” “NH, 71% N~ “NH,
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1."BuLi, THF
2. Ethyl .
difluoroacetate, 40%
BF3-OEt,
R THF, -78 °C, 3.5 h
FsC | o
XX NH HCI, HoNAr, propan-2-ol, / F
40-60°C, 16 h =
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~
N e N” > NH,
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137 (X = C-H, R = H)
138 (X = C-H, R = F)
139 (X =N, R = H)

Scheme 5.2 Synthesis of 6-(trifluoromethyl)-1,8-naphthyridines

5.1.2 Biological evaluation

These compounds were sent to collaborators at UT Southwestern for testing
against DHODH enzyme, both from parasites (P. falciparum and P. vivax) and
human, and to collaborators at Dundee for testing against P. falciparum
(isolate 3D7) cells (Table 5.1). All of these molecules were potent inhibitors of
both P. falciparum and P. vivax enzyme, but only 132 was as good as the best
6-chloro- analogues, with 1Cso values of 17 nM (P. falciparum) and 13 nM
(P. vivax). As with most other 1,8-naphthyridines, all these compounds
showed excellent selectivity for parasite enzyme with no inhibition of human
DHODH observed even at the highest concentration tested (100 puM). There
was more variation between the 6 compounds in the ECso values obtained in
cells than in the enzyme assay. In this assay, both compounds containing the
3-fluoro-4-(trifluoromethyl)aniline showed excellent potency, comparable to
55 (8 nM). 137 was also very potent (35 nM) but both aminopyridine
derivatives were less potent in this assay than against the DHODH enzyme,
as was 131.

Solubility was measured in PBS (pH 7.4), FaSSIF and FaSSGF (Table 5.2).
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PfDHODH | PvDHODH | P. falciparum
Compound structure
ICso/nM ICso/nM cell ECso/nM
FsC
\©\ 131
NH
P X 47+ 8 74 +21 103+ 12
B i
N~ °N
F
FsC
T
F NH
P X 17+2 13+2 13+5
| .
N~ °N
F
FsC =
| 133
NS SNH
P X 47 £ 4 46 £ 3 76 + 28
B i
N~ °N
F
FsC
NH
FaC X 48 + 4 63 + 6 35+8
B i
N~ °N
F
FsC
]Q\ 138
F NH
FaCo X 46 £ 7 40+5 12+1
| .
N™ N
F
FsCo_~
| 139
NS SN
F3C |\ x 68 + 8 69 +9 111 +£21
NT N F
F

substituents against DHODH enzyme Plasmodium falciparum cells

Table 5.1 Inhibition values for compounds with either 6-fluoro- or 6-(trifluoromethyl)-
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PBS FaSSIF FaSSGF
Compound structure
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM
F3C
\©\ 131
NH
P X 12 50 1193
B i
N~ °N
F
FsC
T
F NH
P X 20 79 651
B i
N~ °N
F
FaC_~
| 133
NS S
F |\ N 132 177 466
N7 N F
F
F3C
NH
FaCo X 4.1 17 240
| .
N~ °N
F
FsC
F NH
FsC |\ X 58 40 56
N7 N F
F
FsC_~
| 139
NS SNH
F3C | N X 1.8 2.1 43
N N F
F

Table 5.2 Solubility of compounds with different 6-substituents in three media.




-08 -

As with most 1,8-naphthyridines synthesised so far, solubility in PBS is low for
all of these except 133 and 138. As expected, these hydrophobic molecules
are more soluble in FaSSIF solution, with 6-fluoro- analogues showing
moderate solubility, as good or better than the 6-chloro- analogues. The result
for aminopyridyl variant 133 (177 pM) was especially good. However, the
6-(trifluoromethyl)- derivatives were less soluble, showing low to moderate
solubility in FaSSIF. All of these six basic molecules were much more soluble
in the acidic FaSSGF solution, with the 6-fluoro compounds remaining more
soluble than the 6-(trifluoromethyl) analogues.

Overall, these compounds appeared promising, with 132 in particular showing
a good balance between high potency against both the parasite enzyme and
cells, excellent selectivity and an improvement in solubility over 55.

Metabolic stability of four promising compounds was assessed by
collaborators at Monash University. The compounds were incubated in rat
liver microsomes and half-life, CLint and predicted in vivo CLint, CLblood and Ex
values were calculated using equations 2.1-2.5 (Table 5.3).

Compound 132 | 137 | 138 139

Degradation

. ) >255 | 150 | >255 | >255
half-life/min

In vitro CLint/
ug min-t <7 12 <7 <7
mg protein?

Predicted
CLint/mL <12 20 <12 <12
min-! kg

Predicted
CLblood/mL <10 15 <10 <10
min-! kgt

Predicted
Ex

<0.15 | 0.23 | <0.15 | <0.15

Table 5.3 Metabolic stability parameters for frontrunner 6-F and 6-CFs 1,8-naphthyridines in

rat liver microsomes

These compounds were also incubated in human liver microsomes and the
same values were calculated (Table 5.4).
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Compound 132 137 138 139

Degradation

>255 >255 >255 >255
half-life/min

In vitro CLint/
g mint <7 <7 <7 <7
mg protein-t

Predicted
CLin/mL <6 <6 <6 <6
min-t kgt

Predicted
CLblood/mL <5 <5 <5 <5
min-t kgt

Predicted
Ex

<0.22 | <0.22 | <0.22 | <0.22

Table 5.4 Metabolic stability parameters for frontrunner 6-F and 6-CFs 1,8-naphthyridines in

human liver microsomes

All of these compounds showed very good metabolic stability in microsomes
with all having a half-life too long to be measured in this study and hence very
low clearance in human microsomes. In rat microsomes, 137 had a long
half-life (150 minutes) with low clearance and predicted Ex (0.23) and the
other three compounds had a half-life too long to be determined under the
time-frame of this experiment and therefore very low clearance and hepatic
extraction ratio. This means that none of these compounds is expected to be
metabolised quickly by cytochrome P450 in vivo.

The molecules were also incubated in human liver S9 fraction to test for
metabolism by aldehyde oxidase (Table 5.5). All of the 6-(trifluoromethyl)-
analogues had a very long half-life and hence very low clearance and Ex
values under all conditions, although a small amount of oxidised metabolite
was detected in each case. This shows that these three compounds are not
expected to be significantly metabolised by either cytochrome P450 or
aldehyde oxidase. 132, however, had a measurable but still quite long half-life
of 98 minutes with NADPH present and 151 minutes without, and
corresponding reasonably low clearance and hepatic extraction ratio values.
The similarity in the values obtained both with and without NADPH, and the
large decrease in clearance when the aldehyde oxidase inhibitor raloxifene is
added, indicates that this enzyme is responsible for the majority of metabolism
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for this compound. This is further supported by the mono-oxygenated
metabolite which was detected. Although 132 is still subject to metabolism by
aldehyde oxidase, this is significantly reduced compared to 55.

In vitro _ Predicted
Predicted .
» Ti2/ | CLint/ ug Clbiood/ | Predicted
Compound | Condition ) 1 CLin/mL o
min min~— mg _ mL min EH
, min-t kg
protein~t kgt
+ NADPH 98 3 9 6 0.30
- NADPH 151 2 6 4 0.22
132 | _NADPH
+ >510 <1 <2 <2 <0.08
raloxifene
+ NADPH | >510 <1 <2 <2 <0.08
- NADPH | >510 <1 <2 <2 <0.08
137 | _NADPH
+ >510 <1 <2 <2 <0.08
raloxifene
+ NADPH | >510 <1 <2 <2 <0.08
- NADPH | >510 <1 <2 <2 <0.08
138 | _ NADPH
+ >510 <1 <2 <2 <0.08
raloxifene
+ NADPH | >510 <1 <2 <2 <0.08
- NADPH | >510 <1 <2 <2 <0.08
139 | _ NADPH
+ >510 <1 <2 <2 <0.08
raloxifene

Table 5.5 Metabolic stability parameters for frontrunner 6-F and 6-CFs 1,8-naphthyridines in

human liver S9 fraction

In conclusion, the 6-trifluoromethyl- analogues were very stable to metabolism

by both cytochrome P450 and aldehyde oxidase but were less potent and less
soluble than the 6-chloro-compounds. 6-Fluoro- analogues had moderate
solubility and retained more potency, especially 132, but this compound was
still liable to some oxidation by aldehyde oxidase, albeit at lower levels than
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55. This lower level of metabolism by AO would be acceptable so 132 is a
potential lead compound. However, an ideal lead compound would have AO
metabolism that was reduced even more and would also have a further
increase in solubility while retaining the excellent potency and selectivity that
132 possesses.

5.2 6-(Difluoromethyl)-1,8-naphthyridines

Changing the substituent at the 6-position from a trifluoromethyl to a smaller,
more polar and less electron-withdrawing difluoromethyl group was proposed.
This was intended to result in compounds with similar metabolic stability to the
6-trifluoromethyl-1,8-naphthyridines but with increased potency and solubility.

5.2.1 Synthesis of 6-(difluoromethyl)-1,8-naphthyridines

One way to make a small library of 6-(difluoromethyl)-1,8-naphthyridines
would be to use a similar synthetic route to that used for the 1,8-naphthyridines
with other substituents at the 6-position. That would require starting from
5-(difluoromethyl)pyridin-2-amine  (140), which unfortunately is not
commercially available so would have to be synthesised.

140

Another option might be to introduce the difluoromethyl group at a later stage,
from either one of the existing final products or an advanced intermediate.
This was the more attractive option because, with a lot of these intermediates
and final compounds already in hand, it would allow the desired
6-(difluoromethyl)-1,8-naphthyridine final compounds to be synthesised very
quickly in only a couple of steps.

One method reported to convert either a chloro- or bromo- group to
difluoromethyl is a nickel-catalysed reaction with chlorodifluoromethane.'?®
This was attempted on 55 (Scheme 5.3) but only unreacted starting material
was obtained.



- 102 -

FaC FsC
CICHF,, NiCly, Zn, MgCly, \©\
NH 4,4'-diamino-2,2'-bipyridine, NH
DMAP, DMA, 60 °C
Cl
A ©F
P |
N

A

~
N

55 157 F

Scheme 5.3 Attempted synthesis of 6-(difluoromethyl)-1,8-naphthyridines from 55 using a

nickel-catalysed reaction with chlorodifluoromethane

This reaction was also tried on 5-bromo-pyridin-2-amine but again no product
was obtained and the same outcome was observed with
5-bromo-2-nitropyridine. Repeating the reaction with the BOC-protected
amine resulted in the observation of a trace amount of the desired product 144
by NMR but the major product was the dehalogenated compound 143
(Scheme 5.4).

B Boc,0, DMAP, By o
| DCM, RT, 24 h PN J<
NN

N7 NH, 74%

141 142

CICHF5, NiCl,, Zn, MgCl,,
4,4'-diamino-2,2'-bipyridine,
DMAP, DMA, 60 °C, 24 h

F
X 0] AN
N” NJ\O NT NJ\O
H H
143 144
25:1
(by NMR)

Scheme 5.4 BOC protection of 141 followed by attempted difluoromethylation using a

nickel-catalysed reaction with chlorodifluoromethane

Changing the halogen from a bromine to a less reactive chlorine could reduce
the rate of dehalogenation observed in this reaction. Therefore, the same
route was attempted with this change to the starting molecule (Scheme 5.5).



- 103 -

Cla Boc,0, DMAP, O, o
| DCM, RT, 24 h P J<
z N" N0
H
145

N NH, 47%

CICHF,, NiCly, Zn, MgCl,,
4,4'-diamino-2,2'-bipyridine,
DMAP, DMA, 60 °C, 24 h

18:1
(by NMR)
Scheme 5.5 BOC protection of 43 followed by attempted difluoromethylation using a

nickel-catalysed reaction with chlorodifluoromethane

Although this reduced the amount of dehalogenated product, there was also
less of the desired product because some starting material remained
unreacted. This means that the product ratio did not improve significantly.

The relatively acidic proton present in 142 and 145 could be accelerating the
dehalogenation reaction. Therefore, a different protecting group with no such
protons was used and both the chloro- and bromo- variants were synthesised
(Scheme 5.6). Initially this was attempted by simply refluxing in trimethyl
orthoacetate but this was unsuccessful so acetic anhydride was added?®
which gave a moderate yield of the desired products 146 and 147.

XA N
| | o~ Ac,0, 110 °C X
_ .\ . |
~ N

0.0

oo, \‘/ ~ 44% (X=Cl) N N o
(X=CI) 43% (X=Br) 146 (X=Cl)

141 (X=Br) 147 (X=Br)

Scheme 5.6 Protection of 43 and 141 as an imidate

However, these compounds did not undergo the nickel-catalysed
difluorination reaction, with most of the imidate recovered unchanged.

Another method to introduce a difluoromethyl group uses a
difluoromethylated silver heterocyclic carbene complex, (SIPr)Ag(CF:H), in
a palladium-catalysed reaction.**® However, this was unsuccessful when
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attempted on a 1,8-naphthyridine, with only unreacted starting material
obtained. It would not be feasible to use this reaction in an early step of the
synthetic route due to the high cost of the silver reagent which is needed
in stoichiometric quantities.

A palladium-catalysed difluoromethylation reaction starting from a boronic
acid and ethyl bromodifluoroacetate has also been reported.’3! This was
attempted using 6-aminopyridine-3-boronic acid (Scheme 5.7) but no reaction
was observed.

PdCl,(PPhs),, Xantphos,
hydroquinone, Fe(acac)s,

o F
.B 0
HO A F styrene, K,CO
U L PR et 1
N” “NH,
Br

1,4-dioxane, 7~
148 80 °C, 18 h

Scheme 5.7 Attempted synthesis of 140 from 148 using a palladium-catalysed

difluoromethylation reaction

Finally, a difluoromethylation of aldehyde 149 using diethylaminosulphur
trifluoride (DAST)*3? was performed which proceeded to give 150 in moderate
yield (Scheme 5.8) and was scalable. The reaction was also attempted with
the similar reagents Deoxofluort3® and XtalFluor-E*34 but no product was
obtained with these.

o F
N DAST, DCM
| -78 °C-RT, 24h F X
N/ Cl 57% | ~
149 1,\é0 ¢

Scheme 5.8 Difluoromethylation of 149 using DAST

Next, it was necessary to convert the 2-chloropyridine 150 to the
2-aminopyridine 140. At first, this was attempted using a simple SnAr reaction,
heating with microwave radiation at 120 °C in agueous ammonia. However,
this was unsuccessful, with the starting material remaining unchanged.
Repeating this reaction with copper(l) chloride added to the reaction mixture
gave the same result.

Therefore a one-pot Staudinger reaction3® was used (Scheme 5.9). Initially
yields were poor due to the hydrolysis of the difluoromethyl group back to the
aldehyde but, by decreasing the temperature of the acid hydrolysis step from
120 °C to 100 °C, production of this undesired product was reduced and the
yield of 140 increased to 55%.
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¥ F F

NaNs, TPP, DMSO, TN *jCkaq), DMSO,

F |\ 120 °C, 5 h P N 100 °C, 2h F I\

— o _
N-Cl N7 N 55% N” NH,

11

PPh

150 - 151

Scheme 5.9 Amination of 150 in a one-pot Staudinger reaction

Another way to achieve this transformation would be to use a
Buchwald-Hartwig amination with tbutyl carbamate'®® followed by removal of
the BOC group with acid (Scheme 5.10).

F Pd(OAc), F |Hel, 1.4- F
Cs,CO3, XPhos, dioxane/methanol,

F | N 'butyl carbamate, |F | X 80 °C, 2h _F | N

Z 1,4-dioxane ~ 68% %
N™ CI - ’ N~ NH
90 °C, 24 h N™ NH 2

Boc
150 L 452 i 140

Scheme 5.10 Buchwald-Hartwig amination followed by removal of the BOC group to give
140

This reaction proceeded in higher overall yield than the one-pot Staudinger
reaction (Scheme 5.9) and uses safer conditions, so was chosen to be used
for scale-up and good yields were obtained on multi-gram scale.

With the required 2-aminopyridine 140 in hand, synthesis of the desired
1,8-naphthyridines could be performed using an analogous route to the one
developed for other 6-substituents. The steps proceeded in moderate to
good yield and cyclisation with three different anilines or aminopyridines
gave the 1,8-naphthyridines 157, 158 and 159 (Scheme 5.11).
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F F
NIS, TFA |

NS DMF, 60°C,3h _F™ ™

o [s) - o

N NH, 1% N “NH,

140 153

/
THF, 3 h |

PdClz(PPh3)2, CUl, Et3N

=

F
/ Et;N, MeOH, F Si
F)\(\\/(/ . RT,3h i ~Z h
_ 62% (2 steps) |
N"NH, N” “NH,
155 154
1. "BuLi
2. Ethyl
difluoroacetate, 44%
BF; - OEt,, THF, R
78°C,3h | FsCo |
o HCI, HyNAr, propan-2-ol, E X NH
F P F 50-80 °C, 6-24 h _
F N7 F 19-46% F | NN
| _ N/ N/ F
N~ “NH,
F
156

157 (X = CH, R = H)
158 (X = CH, R = F)
159 (X = N, R = H)

Scheme 5.11 Synthesis of 6-(difluoromethyl)-1,8-naphthyridines from 140
5.1.2 Biological evaluation

These compounds were sent to collaborators at UT Southwestern for testing
against DHODH enzyme, both from parasites (P. falciparum and P. vivax) and
human, and to collaborators at Dundee for testing against P. falciparum
(isolate 3D7) cells (Table 5.6).

All three compounds showed quite high levels of inhibition of DHODH enzyme
from both P. falciparum and P. vivax, with slightly higher potency than the
corresponding 6-(trifluoromethyl)-1,8-naphthyridines (Table 5.1). Two of these
compounds, 157 and 158, showed excellent potency against the P. falciparum
cells, with ECso values of 12 nM and 7 nM respectively. The more polar
aminopyridine-containing compound 159 was not quite as potent with an ECso
of 30 nM. Excellent selectivity for the parasite enzyme over human was also



-107 -

observed, with none of these molecules showing any inhibition of human
DHODH at concentrations of up to 100 uM.

PfDHODH | PvDHODH | P. falciparum
Compound structure
ICs0/NM ICs0/NM cell ECso/nM
FsC
\©\ 157
F NH
E |\ N 31+5 43+ 4 12+ 4
z F
N~ "N
F
F
FsC
158
F NH
42 +3 36+3 7+3
F | XN
N7 N F
F
F3C N
| 159
F N N
. |\ N A7 £5 35+2 30+ 16
= F
N~ "N
F

Table 5.6 Inhibition values for 6-(difluoromethyl)-1,8-naphthyridines against DHODH

enzyme from P. falciparum and P. vivax, and P. falciparum 3D7 cells

Solubility was measured in PBS, FaSSIF and FaSSGF (Table 5.7). In all three
media, 157 was the least soluble, with the addition of a fluorine at the
3-position of the aniline (158) causing a significant increase in solubility and
the aminopyridine derivative 159 in between. Solubility in PBS was generally
quite low, as with the other 1,8-naphthyridines. In FaSSIF, moderate solubility
was observed, with the best compound 158 being soluble at concentrations
of up to 50 uM. Solubility in the acidic FaSSGF was quite good, with values of
over 100 upM obtained for 158 and 159. Compared to the
6-(trifluoromethyl)-1,8-naphthyridine series (Table 5.2), changing to a
difluoromethyl group generally resulted in a small increase in solubility in all
conditions tested.
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PBS FaSSIF FaSSGF
Compound structure
(pH 7.4)/[uM | (pH 6.5)/uM | (pH 1.6)/uM
F3C
T
F NH
E | X 7.6 14 69
Z F
N~ °N
F
F
“2
158
F NH
29 50 195
F | XN
NN F
F
F3C N
| 159
N N
. |\ N 13 22 114
~ F
N~ °N
F

Table 5.7 Solubility of 6-(difluoromethyl)-1,8-naphthyridines in 3 media.

Metabolic stability of 157 and 158 was assessed by TCG Lifesciences. The
compounds were incubated for 1 h in human liver microsomes at a
concentration of 1 uM, and half-life and CLint values were determined (Table
5.8). 157 had a very long half-life and low clearance while 158 was even more
stable, remaining essentially unchanged during the incubation period. This
demonstrates that these molecules are not metabolised to a significant extent
by cytochrome P450.

The two compounds were also incubated in human liver cytosol for 2 h at a
concentration of 1 uM, and half-life and CLint values were determined (Table
5.9). Disappointingly, a relatively short half-life was observed in this assay,
with moderately high clearance of these molecules. This suggests that the
6-difluoromethyl-1,8-naphthyridines are susceptible to metabolism by
aldehyde oxidase.
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Degradation | CLint, app/UL
Compound structure .
P half-life/min | min- mg
F5C
T
F NH
PN 2259 0.6
7 F
N~ N
F
F
el
158
F NH
64043 0.0
F | XN
N” N F
F

Table 5.8 Metabolic stability data for 6-(difluoromethyl)-1,8-naphthyridines in human liver
microsomes.

Degradation | CLint, app/pL min?
half-life/min mg protein-t

F
F)\(\/ﬁj\( 44.0 15.8
F
F

157
NH
AN
[ i
N N
F
F
158
NH
X
[ i
N N
F

Compound structure

Y

F

“0).

F

)\(j\)j\( 36.8 18.8
AN

Table 5.9 Metabolic stability data for 6-(difluoromethyl)-1,8-naphthyridines in human liver
cytosol.

Overall, the 6-(difluoromethyl)-1,8-naphthyridines showed very good potency
and selectivity, and moderate solubility, clearly better than the
6-(trifluoromethyl) derivatives in these areas. The most potent compounds,
157 and 158, show cellular inhibition values that are among the very best
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observed for any 1,8-naphthyridine. These molecules were not significantly
metabolised by cytochrome P450 but, unlike the 6-(trifluoromethyl) series,
were metabolised to a moderate extent by aldehyde oxidase. This means that,
considering all of the desired properties for a lead compound, none of the
6-(difluoromethyl)-1,8-naphthyridines look as promising as the 6-fluoro
analogue 132.

Nevertheless, the 6-(difluoromethyl)- compounds 157 and 158, as well as 132,
are currently undergoing further studies to investigate their suitability as drug
candidates for the treatment of malaria.



-111 -

Chapter 6 1,8-Naphthyridines as Inhibitors of Toxoplasma
gondii DHODH

Toxoplasma gondii, the causative agent of toxoplasmosis, is another parasite
which is similar to Plasmodium. Therefore it may be possible to use what has
been learned from targeting Plasmodium DHODH to create inhibitors for
T. gondii DHODH and ultimately new treatments for toxoplasmosis.

6.1 Investigating whether anti-malarial 1,8-naphthyridines
also have efficacy against T. gondii

Three frontrunner compounds (40, 55 and 132) were sent to collaborators at
the University of Chicago to be tested against T. gondii cells in a Yellow
Fluorescent Protein (YFP) assay.'3’ The necessary control experiments were
performed to ensure that the change in fluorescence observed was due to the
compounds and the compounds were found to be active at concentrations
greater than 1 uM (Fig. 6.1).

YFP assay
60000
50000
_
% T
40000 = T T Nz
- L
__ J_ e
2 30000 = Ny 1
(-4
20000 Q \
10000
. | | 40 55 132
X 5
SO L SRS LIS Qe
& SEOFOIY SIROMOIS SEOFOIRY
& A ARSI NN

Concentration of compound/nM

Figure 6.1 Results of YFP assay against T. gondii showing relative fluorescence, and

hence cell survival, at different concentrations of three compounds: 40, 55 and 132.

The compounds are not cytotoxic (Fig. 6.2) so the cell death is likely to be
caused by inhibition of DHODH rather than off-target effects.

Docking studies were performed to help understand why these compounds
are less potent against T. gondii than P. falciparum. First, a homology model
of the T. gondii enzyme was created, because there is no X-ray crystal
structure available of DHODH from this species. This was done by using
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Swiss-model'38-140 tg create a predicted protein structure for T. gondii based
on that of the P. falciparum enzyme.

Graph showing fibroblast survival at different
concentrations of compounds 40, 55 and 132

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
) 6&'63" 40 QQ$ Q@Q 55 Q&Q QQ$ 132 Q&Q QQQ@
¢ S A, Sy

Figure 6.2 Fibroblast survival at different concentrations 40, 55 and 132 to show that these

compounds are not cytotoxic

Molecules were docked into their known binding site in the P. falciparum
enzyme using Glide without constraints and the predicted poses consistently
replicated the binding observed in the crystal structure of a 1,8-naphthyridine
bound to DHODH. The frontrunner compounds also all showed very good
docking scores: 132 for example had a score of -11.488. However, when this
was repeated in the T. gondii homology model, the docking score was much
worse (—7.755), reflecting the results of the cellular assays.

Comparing the predicted binding pose of 132 between the species (Fig. 6.3),
a marked difference can be observed. Although the key arginine and histidine
residues that the 1,8-naphthyridines form hydrogen bonds to are conserved
between the species, the Phe-188 in P. falciparum is mutated to Thr-211in T.
gondii. This is predicted to clash with where the aniline group of 132 sits in P.
falciparum, forcing the molecule to move away in the T. gondii enzyme and
hence resulting in the loss of a hydrogen bond to arginine. This suggests that
the 1,8-naphthyridine core could still bind strongly in T. gondii, with the
hydrogen bonds to the arginine and histidine residues maintained, if the
aniline was replaced with a different group that did not clash with Thr-211.

To test this hypothesis, the 1,8-naphthyridine with a simple amino group at the
4-position (160) was docked into the T. gondii homology model. This had a
docking score of —-6.947, similar to that of 132 despite being a much smaller
molecule and hence demonstrating that the aniline group does not aid binding
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to the T. gondii enzyme. It reverted to binding in a similar way to that in P.
falciparum, with strong hydrogen bonds to the arginine and histidine residues
(Fig. 6.4).

Phe-188 Thr-211

Leu-240

' Phe-227

His-185 Phe-250

His-208

Figure 6.3 Predicted binding of 132 into DHODH using Glide. The P. falciparum enzyme is
shown in green and overlaid with the T. gondii enzyme in blue. The predicted binding pose

of 132 in P. falciparum is shown in orange, and in T. gondii in yellow.

-

Figure 6.4 Predicted binding pose of a 1,8-naphthyridine with an amino group at the
4-position (160) in T. gondii DHODH generated by Glide. Hydrogen bonds to Arg-288 and

His-208 are shown by yellow dashes along with distances (A).
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6.2 In silico design of 1,8-naphthyridines with improved
binding to T. gondii DHODH

A library of 1,8-naphthyridines with different amines at the 4-position was
docked into the T. gondii binding site to investigate which groups could be
tolerated in this species (Table 6.1). Increasing the size of the amine from
methyl up to cyclobutyl increased the predicted binding as these were still able
to bind with strong hydrogen bonds to Arg-288 and His-208 (Fig. 6.5) and
increasingly filled the hydrophobic cavity but larger groups such as cyclohexyl
were pushed further away from Arg-288 with worse scores.

Introducing an ethylene or amide linker between the amine and phenyl group
appears to restore some potency by moving the aromatic group away from

the clashing threonine residue.

Figure 6.5 Predicted binding pose of 164 (blue) in T. gondii DHODH (green) generated by

Glide. The binding pocket is shown as a mesh.
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Structure Docking score Structure Docking score
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Table 6.1 Docking scores (generated using Glide) of a library of 1,8-naphthyridines with

different amines at the 4-position into a T. gondii DHODH homology model.
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A de novo molecular design program, SPROUT!4, was used to aid with the
design of inhibitors of T. gondii DHODH. However, it was unable to grow the
1,8-naphthyridine core into any putative inhibitors of this enzyme, possibly due
to the very tight confines of this binding pocket.

Therefore, it was decided to make a small library of compounds with different
length linkers in order to test the hypothesis that increasing the linker length
between the phenyl group and the 1,8-naphthyridine core would restore
potency.

6.3 Synthesis of putative inhibitors of T. gondii DHODH

Due to the high availability of precursors to the 6-chloro-1,8-naphthyridines, it
was decided to use this scaffold to investigate the inhibition of T. gondii
DHODH. Since the aim was to investigate inhibition only, it did not matter if
these inhibitors had any metabolic liability; more stable variants, such as the
6-fluoro- analogues of any very potent compounds, could later be synthesised
if necessary.

Compounds were synthesised from the acetylenic ketone intermediate 54
(Scheme 6.1). Unlike with the 4-anilino-1,8-naphthyridines made previously,
base was used to catalyse this reaction rather than acid so that the primary
amine would not get protonated. Yields were poor but sufficient material was
obtained for testing against the parasite.

0 NH,
F
// HN
NS F S
\ + K2CO3, DMF |
N/ NH, 80 °C, 20 h NN F
18%
F
54 173

Scheme 6.1 Synthesis of 173 from 54 by an addition-cyclisation reaction

Other compounds such as 174 were made in an analogous way, as were 175,
176, 177, 178 and 179 (Fig. 6.6) which were synthesised by MChem student
Omar Allam.
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Figure 6.6 Chemical structures of newly synthesised T. gondii DHODH inhibitors

6.4 Assessment of potency against T. gondii

These newly synthesised compounds were sent to collaborators at the
University of Chicago to be tested against T. gondii cells in the YFP assay*®’
(Fig. 6.7-6.9).
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Figure 6.7 Results of cellular assay (run 1) against T. gondii showing relative fluorescence,

and hence cell survival, at different concentrations of three compounds, 173, 174 and 175.
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Graph Showing Relative Fluorescence Units against Compound
Concentration (Run 2)
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Figure 6.8 Results of cellular assay (run 2) against T. gondii showing relative fluorescence,

and hence cell survival, at different concentrations of three compounds, 173, 174 and 175.

Graph Showing Relative Fluoresence Units Vs.

Concentrations
60000
50000
*
\\
40000 \
% \ N
R\ . N N\
30000 \& \ A L \
2 N " \ Mw : —_ ]\
e R\ l:\‘ \\ \ I \1\ \a\
me I\ \ O\ A\ 2 A\
20000 “/"‘ \\vy: \“ \\ \'\\\ \“‘i .\\\Ef" e \\\:
Il \ 'Y * - .
/] ) ~— -
W X .
10000 [ 13
0
OISR S S5 SS5SS SSS=2
.§§"O,§f S § I3 § § IS § § I § § IS
553 S§~S S§~S S§~s =s-~=s
2 ~ ~ ~ ~
- 176 177 178 179
Compound Concentration
~#—YFP Runl —#—YFP Run 2

Figure 6.9 Results of cellular assay against T. gondii showing relative fluorescence, and

hence cell survival, at different concentrations of four compounds, 176—179.

All these compounds were also tested for cytotoxicity and did not show any
siginificant effects on cell viability, indicating that the decrease in fluorescence,
and hence death of the T. gondii cells, is likely to be caused by inhibition of
DHODNH rather than any off-target effects.

From the graphs of relative fluorescence against compound concentration, an
estimate of the ECso values for these compounds against T. gondii can be
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obtained (Figure 6.10). The most potent compound, 178, has an ECso value
of around 0.5 uM.

Graph Showing Approximate EC., Values for 7
compounds tested on T. gondii
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Figure 6.10 Approximate ECso values for the seven newly synthesised compounds tested

against T. gondii

Comparing the matched pairs 175 and 176, and 177 and 178, the
2-trifluoromethyl analogues have slightly higher potency than the
2-difluoromethyl analogues, opposite to the trend observed for the
1,8-naphthyridines in the Plasmodium assays.

Varying the linker length between the core and the phenyl group from one
carbon to three seems to make little difference to the potency of the
compounds. However, it is not possible to draw firm conclusions on this due
to the odd shape of the graphs (Fig. 6.7 and Fig. 6.8) obtained with 173. The
relative fluorescence would be expected to decrease as compound
concentration increases because fewer cells survive but, with this compound
in particular, the fluorescence increases initially before decreasing at the
highest concentrations. This may be due to the yellow colour of this molecule
interfering with the assay readout.

Switching the phenyl group in 177 for a thiophene (174) resulted in a small
improvement in docking score and around a tenfold increase in potency on
T.gondii. It may be that this slightly smaller group can fit better into the tight
binding pocket.
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One compound (179) lacking an aromatic group was tested and this was less
potent than the other 2-(trifluoromethyl)-1,8-naphthyridines (176 and 178),
showing that this aromatic group does contribute to the potency of the
molecule.

6.5 1,8-Naphthyridines as inhibitors of T. gondii DHODH -
conclusions

The anti-malarial 1,8-naphthyridines were also active against T. gondii but to
a much lesser degree. Computational modelling showed this to be due to a
mutation of a phenylalanine residue to a threonine which clashes with the
aniline group. Therefore, molecules were synthesised with alkyl linkers
moving the phenyl group away from this residue and some improvement in
potency was achieved, up to around 500 nM on T. gondii cells.

In the future, other linkers such as amide or urea, could be tried to investigate
whether further improvement in potency is possible.

Overall, it has been challenging to adapt the 1,8-naphthyridine series into
potent compounds against T. gondii, with the changes in the binding site in
this species causing clashes with these compounds that cannot be easily
overcome without disrupting the important hydrogen bonds made by the
1,8-naphthyridine core.
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Chapter 7 Conclusion

7.1 1,8-Naphthyridines as DHODH inhibitors for the treatment
of malaria

A library of 1,8-naphthyridines has been synthesised using the two synthetic
routes which were developed to allow access to 1,8-naphthyridines with
various different substituents.

Initial efforts were focussed on 6-chloro-1,8,naphthyridines with the first
frontrunner compound 55 showing excellent potency (ICso 14 nM against
PfDHODH, ECso 7 nM against P. falciparum cells) and selectivity over the
human enzyme. Oral bioavailability in rats was also good, as was the stability
of the compound to metabolism by cytochrome P450. However, metabolism
by aldehyde oxidase was observed and the solubility in FaSSIF (31 uM) was
also not as high as desired. Attempts to increase solubility with more polar
groups at the 4-position were unsuccessful because this caused the potency
of these compounds to decrease too much. Overall, this first series was useful
for showing that a difluoromethyl group at the 2-position gave greater potency
and higher solubility than a trifluoromethyl group but improvements in solubility
and metabolic stability were needed.

Adding a substituent at the 7-position, the proposed site of oxidation by AO,
was the first modification tried to avoid this metabolic liability. Unfortunately,
an amino, methylamino or dimethylamino group here resulted in a significant
decrease in potency. A smaller loss in potency was observed with a
difluoromethyl group but this analogue showed some inhibition of human
DHODH and was also very difficult to synthesise. Therefore, none of the
7-substituted 1,8-naphthyridines had a good enough combination of
properties to be considered as lead compounds.

Next, compounds were investigated which contained different substituents at
the 6-position, because experiments using the Baran ‘litmus test’ had
indicated that changing the group at this position could affect susceptibility to
AO metabolism. A small library of nine molecules with either a fluoro,
trifluoromethyl or difluoromethyl group at this position was synthesised.

The 6-trifluoromethyl- analogues were very stable to metabolism by both
cytochrome P450 and aldehyde oxidase but were less potent and less soluble
than the 6-chloro-1,8-naphthyridines. 6-Fluoro- analogues had moderate
solubility and retained more potency, especially 132, but this compound was
still liable to some oxidation by aldehyde oxidase, albeit at lower levels than
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55. Compared to the competitor compound 26 which is currently in clinical
trials, 132 shows similar potency against P. falciparum enzyme and cells, and
greater inhibition of PvDHODH (Table 7.1). Importantly, it is also much more
soluble which could remove the need for difficult and expensive formulations
which are a major problem with 26.

F
F4C FeS
\©\ 132 \©\ 26
NH NH

Assa
y Fe - | N F F /N\N)j\
\N N/ F : :N/J\N/
F

PfDHODH ICso/nM 17 13
PVDHODH ICso/nM 13 26

P. falciparum 3D7
13 11

cells ECso/nM

FaSSIF solubility/uM 79 10

Table 7.1 A comparison of potency and solubility between 132 and the competitor compound
26

The lower level of metabolism by AO on 132 would be acceptable so this is a
potential lead compound. However, an ideal lead compound would have AO
metabolism that was reduced even more while retaining the excellent potency
and selectivity that 132 possesses.

The 6-difluoromethyl compounds also looked promising, with very good
potency and selectivity and moderate solubility. They are clearly superior to
the 6-(trifluoromethyl)-1,8-naphthyridines in both potency and solubility and
the most potent compounds, 157 and 158, had excellent cellular inhibition
ECso values of around 10 nM. However, although resistant to metabolism by
cytochrome P450, these molecules are metabolised moderately quickly by
aldehyde oxidase.

Therefore, 132 remains the lead compound and, in the future, could be
progressed further and subjected to further assays to test for efficacy,
pharmacokinetics and toxicity with the goal of entering clinical trials as a
potential new drug for the treatment or prevention of malaria.
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7.2 1,8-Naphthyridines as DHODH inhibitors for the treatment
of toxoplasmosis

The anti-malarial 1,8-naphthyridines were also active against T. gondii but to
a much lesser degree, thought to be due to a mutation of a phenylalanine
residue to a threonine which clashes with the aniline group. This clash cannot
be easily overcome without disrupting the hydrogen bonds made by the
1,8-naphthyridine core to histidine and arginine residues so it has been
challenging to adapt the 1,8-naphthyridine series into potent compounds
against T. gondii. A library of molecules was synthesised with different alkyl
linkers moving the phenyl group away from the Thr-211 residue and some
improvement in potency was achieved, up to around 500 nM on T. gondii cells
for the best compound 178, but it was not possible to achieve potency at
similar levels to that observed against P. falciparum.

In the future, other linkers could be investigated and it would also be desirable
to test these compounds in a TgDHODH enzyme assay to check how strongly
they inhibit the enzyme and how this correlates to potency against T. gondii
cells. However, with such a tight binding site in T. gondii DHODH, it may not
be possible to make 1,8-naphthyridines which strongly inhibit this enzyme.
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Chapter 8 Experimental

8.1 Biological assays

8.1.1 DHODH enzyme assays

DHODH enzyme assays were performed by collaborators from the Phillips
group at UT Southwestern.

8.1.1.1 Protein expression
PfDHODH

PCR was used to amplify a truncated segment of the pyrD gene from
P. falciparum strain C2B genomic DNA encoding the DHODH enzyme.
Primers 1 (CCTGAATTTTTTTCCATGGATATATTTTTAAAATTC) and 2
(CACTTATGTGTCGACCGTGTTTAATTAACTTTTGC), which introduce Ncol
and Sall restriction sites respectively, were used to create a 1244 bp DNA
fragment. This was ligated into a pProEX HTa prokaryotic expression vector
(Invitrogen) which produces protein fused to an N-terminus Hiss sequence.
The cloned gene was sequenced to check that no unintentional mutations had
been introduced.

The 42 amino acid insert unique to P. falciparum was verified by PCR
amplification of a pyrD gene fragment encoding this region using the cDNA
library from strain Dd2 (MR4/ATCC, Manassas). Primers 3
(GGAAGATACGCTGATTATATAGC) and 2 were used to amplify a fragment
of ~750 bp that was ligated into ZeroBlunt TOPO vector (Invitrogen). The
cloned pyrD fragment was sequenced with the M13/reverse primer following
amplification and purification of plasmid DNA.142

Chemically competent E. coli DH5a cells were cotransformed with the
Hise-DHODH expression vector and the RIG plasmid which encodes the
tRNAs for Arg, lle, and Gly residues.’*® The overexpressed enzyme of
~45 kDa molecular mass lacks 168 amino acids from the N-terminus,
removing the hydrophobic membrane-associated domain. Cells were grown
in LB medium to an Asoonm Of 0.5, supplemented with 0.1 mM FMN and
induced with 0.6 mM isopropyl B-d-thiogalactopyranoside (Fisher). They were
harvested using centrifugation 3 h after induction, then frozen in liquid
nitrogen. Typically, 5 g of cell paste was obtained per litre of culture.

The frozen cell paste was resuspended in lysis buffer (50 mM Tris, pH 8.5, 5
mM 2-mercaptoethanol, 2% Triton X-100, 0.5 mM FMN, and 10% glycerol) at



- 125 -

5 mL per gram of cells. A protease inhibitor mixture of phenylmethylsulfonyl
fluoride (200 pM), leupeptin (1 pg/mL), antipain (2 pg/mL), benzamidine
(10 pg/mL), pepstatin (1 ug/mL), and chymostatin (1 ug/mL) was added.
Lysozyme was added to a final concentration of 0.1% (w/v) and the solution
was incubated for 2 h on ice. The mixture was frozen in liquid nitrogen,
thawed, then sonicated for 2 minutes. The lysate was centrifuged for
30 minutes at 85000 g.

The supernatant was loaded onto nickel agarose resin (Qiagen, 10 mL)
equilibrated with buffer A (50 mM Tris, pH 8.5, 300 mM NaCl, 5 mM
2-mercaptoethanol, 20 mM imidazole, 0.1 mM FMN, and 10% glycerol). The
column was washed with ten volumes of buffer A, followed by elution of bound
protein with buffer B (50 mM Tris, pH 85, 300 mM NaCl, 5 mM
2-mercaptoethanol, 300 mM imidazole, 0.1 mM FMN, and 10% glycerol). The
eluted material was concentrated to ~1 mL using a Centri-Prep 10
ultrafiltration device (Amicon Millipore Corp.) and applied to a Hi-Load 16/60
gel filtration column packed with Superdex 200 resin (Amersham
Biosciences), equilibrated with 100 mM HEPES, pH 8.0, 150 mM NacCl and
10% glycerol. The flow rate was maintained at 0.5 mL/min and 3 mL fractions
were collected.'#?

Fractions were analysed for purity using SDS-PAGE,'** and the appropriate
fractions were combined and concentrated. Protein concentration was
determined using the Bradford assay with bovine serum albumin as a
standard.'*® The yield of purified protein was generally 1.5-2 mg per gram of
cell paste for the 45 kDa DHODH. All measurements were performed on
enzyme preparations containing the Hiss tag, except where noted. In such
cases, the tagged enzyme was incubated overnight at 4 °C with TEV-protease
immobilised on glutathione-agarose.*® DHODH was eluted from the reduced
glutathione beads, and the enzyme with the Hises tag remaining was removed
using chromatography on Ni?*-agarose resin.14?

PvDHODH

A 1266 bp DNA fragment of PvDHODH was amplified by PCR from genomic
P. vivax strain Belem DNA provided by John Barnwell (CDC) using primers
5-GTAGTAGCTCTATACATGTATTTCGAGTCCTACGACCCCG-3' and
5-CTCGAGGGCGGCCCGCCGGTGGGCCCGCCCGACGGLCGT-3 and
ligated into Zero Blunt TOPO vector (Invitrogen). QuickChange site-directed
mutagenesis kit (Stratagene) was used to remove an internal Ndel site from
PvDHODH using primers 5'-TGTCTACTCACATGATTTCTCAAATG-3' and
5-CATTTGAGAAATCATGTGAGTAGACA-3'. The resultant clone was used
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to amplify the PvDHODH region by PCR, introducing Xhol and Ndel restriction
sites, with primers 5-TGGAATTCGCCCTCGAGGGCGGCCCGCCGG-3'and
5-GTAGTAGCTCTACATATGTATTTCGAGTCCTACGAC-3"  respectively.
This PCR product was ligated into Zero Blunt TOPO vector (Invitrogen) and
digested with Xhol and Ndel to excise the DHODH coding sequence, which
was then ligated to pET22b expression vector (Novagen) to create the
C-terminal Hise-tagged truncated PvDHODH sequence used for recombinant
protein expression. The protein was expressed as a soluble truncated protein
without the N-terminal domain which includes the membrane-spanning region
of the protein.®® The enzyme was purified using Ni?*-agarose chromatography
and gel filtration as above.

Human DHODH

The gene for an N-terminal truncated human DHODH (Met-30—Arg-396) was
amplified from a cDNA library derived from human pituitary gland (Clontech)
using PCR. Primers hD1 (GCCTCCTACCATATGGCCACGGGAG) and hD2
(ACGCTGGAATTCCTCCGATGATCTGCTCC) were used, which introduce
Ndel and EcoRl restriction sites respectively. The 1125 bp PCR product was
ligated into pCR-Blunt 1I-TOPO vector (Invitrogen). Recombinant plasmids
were digested with Ndel and EcoRI restriction enzymes and separated using
electrophoresis. The PCR product was extracted using gel purification
(Qiagen) and ligated into a similarly restricted and purified pET22b (Novagen)
protein overexpression vector to generate a protein with a Hise C-terminal tag.
Transformed BL21(DE3) cells were grown at 37 °C in rich LB medium
[tryptone (35 g/L), yeast extract (20 g/L), NaCl (5 g/L), and glycerol (10%)] to
an Aesoonm Of 0.6. FMN (100 puM) and 2-isopropyl-1-thio-B-d-galactopyranoside
(200 uM) were added and the cells were incubated for 4 h at 30 °C then
harvested. The rest of the purification was identical to the procedure for
isolation of PfDHODH. Approximately 2 mg of purified HsDHODH was
obtained per litre of medium.14?

8.1.1.2 Enzymatic assay

Steady-state kinetic analysis was performed using a dye-based
spectrophotometric method in assay buffer (100 mM HEPES, pH 8.0, 150 mM
NacCl, 10% glycerol, 0.05% Triton X-100). All buffers were degassed prior to
use. Enzyme and substrate concentrations were: DHODH - 5 nM,
L-dihydroorotate — 0.2 mM, decylubiquinone — 0.02 mM, DCIP - 0.12 mM.
Inhibitor stock solutions (100 mM) were made in DMSO and protected from
light in dark amber vials. Serial dilutions were performed to generate a
threefold dilution series of 100x stocks in DMSO which were used in the final
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assay (final inhibitor concentration range 0.01-100 pM). Enzyme stocks were
diluted into assay buffer containing 0.1 mM BSA to make a 100x working stock
solution, which was kept on ice. Assays were initiated by adding 5 pL of this
stock solution to 500 uL of assay buffer containing substrates and inhibitors.
The temperature was maintained at 25 °C using a circulating water bath and
the reduction of DCIP was followed at 600 nm (¢ = 18.8 mM~" cm™").147 Data
were collected in triplicate for each concentration. Data were fitted to the log[l]
against response (three parameters) equation to determine the concentration
which resulted in 50% enzyme inhibition (ICso) except for compounds where
the 1Cso > 10uM, which were instead fitted to the standard ICso equationY =
!~ (8.1) in Graphpad Prism.%

1+_IC50

8.1.2 P. falciparum asexual blood stage assay

Assay on P. falciparum 3D7 asexual blood stage cells was performed by
collaborators at the University of Dundee.

P. falciparum cells were cultured according to the following protocol:
Preparation of red blood cells
1. 1 unit of A-positive blood was obtained from Ninewells Hospital.

2. 1 litre of incomplete media was made up — RPMI 1640 (25 mM HEPES,
L-glutamine) [Gibco] (15.9 g), NaHCOs [Sigma] (1 g), glucose [Sigma] (2 g),
gentamicin (50 mg/mL) [Gibco] (400 uL), hypoxanthine solution (13.6 g/L in
0.1 M NaOH, pH to 7.3 using NaOH) [Sigma] (2 mL).

3. Blood (35 mL per tube) was dispensed into 50 mL falcon tubes then stored
in the fridge.

4. Blood was washed with incomplete media just before assay set up.

5. Volume was made up to 50 mL with incomplete media then centrifuged at
1800 g for 5 minutes, and the supernatant removed.

6. Cells were washed 4 times with incomplete media.

7. Cells were resuspended in complete media (incomplete media with
additional Albumax Il [Gibco, 5 g]), then sedimented by centrifuging at 1800 g
for 3 minutes. Sedimented cells were treated as 100% haematocrit.

Resuscitation of parasites from stabilate
1. Stabilate was removed from liquid nitrogen and defrosted at 37 °C.

2. Stabilate was transferred to a 10 mL tube and the volume noted.
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3. Thawing solution 1 (12% NaCl [VWR], 0.2 x volume) was added slowly to
the parasites, with gentle mixing.

4. The solution was left to stand at RT for 2 minutes.

5. Thawing solution 2 (1.6% NaCl, 5 x volume) was added slowly to the
parasites, with gentle mixing.

6. The solution was centrifuged at 1500 g for 5 minutes and the supernatant
removed.

7. Thawing solution 3 (0.9% NaCl [VWR], 0.2% glucose [Sigma], 10 x volume)
was added slowly to the parasites, with gentle mixing.

8. The solution was centrifuged at 1500 g for 5 minutes and the supernatant
removed.

9. The pellet was resuspended in 3 mL of complete media and transferred to
a T25 vented flask containing compete media (5 mL) with 5% haematocrit.
The flask was flushed with 1% O2, 3% CO2, balance N2, and incubated at
37 °C.

10. Media were changed daily, smearing on day 2, and, if the parasitaemia
was >2.5%, flask volume was increased to 10 mL with the addition of 2 mL of
5% haematocrit blood/complete media mixture.

11. Culture was maintained at 2—6% parasitaemia.
Preparation of stabilate

1. Blood cells were sedimented by centrifuging at 1800 g for 5 minutes and
the supernatant removed.

2. Cells were resuspended in 1 x volume of freezing solution — (28% v/v
glycerol [Sigma], 3% wi/v sorbitol [Sigma], 0.65% w/v NaCl [VWR]) then
aliquoted into 2 mL cryotubes (500 pL per tube).

3. The solution was immediately placed into liquid nitrogen.
Assay

Day 1: 250 nL of 10 mM mefloquine was added to columns 12 and 24 of sterile
384-well black, clear bottom, cell culture assay plates. Compound curves were
added to assay plates using Echo, programmed to stamp 250 nL (for 50 uM
top concentration). P. falciparum 3D7 culture was counted and 20 mL of
culture was prepared for each plate at 5% haematocrit, 0.3% parasitaemia.
Culture (50 pL) was added to all wells of all plates using WellMate with small
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bore tubing on full (S-1) speed. Plates were incubated for 72 h at 37 °C under
an atmosphere of special gas mix (1% O2, 3% COz2, balance N2).

Day 4: SybrGreen aliquots (10000x in DMSO, Invitrogen) were diluted to 3x
with lysis buffer — Tris HCI (Sigma, 20 mM, 3.15 g/L), EDTA (BDH, 5 mM,
1.86 g/L), saponin (Fluka, 0.16% w/v, 1.6 g/L), TX100 (Fisher, 1.6% vlv,
16 mL/L), pH to 7.9. SybrGreen/lysis buffer (10 uL) was added to each well of
each assay plate. Plates were incubated in the dark at room temperature
overnight then read on a Victor plate reader using ‘384sybrgreen’ protocol
(excitation 485 nm, emission 528 nm). Inhibition for each test compound was
calculated using equation 8.2:

100 X (Test compound —blank)
No inhibtion —blank

Inhibition (%) =

(8.2)

ECso values were calculated using non-linear regression curve-fitting within
ActivityBase data. The assay was run in duplicate for each compound.

8.1.3 T. gondii assays

Assays to assess the potency of compounds against T. gondii were performed
by collaborators in the MacLeod group at the University of Chicago.*®’

Compounds were initially prepared as 10 mM stock solutions in DMSO
[Sigma-Aldrich], and working dilutions were made with IMDM-C (1x,
glutamine, 25 mM HEPES, 10% FBS) [Gibco]).

8.1.3.1 Tachyzoite assays

Human foreskin fibroblasts (HFF) were cultured on a flat, clear-bottomed,
black 96-well plate to 90-100% confluence. IMDM (1%, glutamine, 25 mM
HEPES, Phenol red, 10% FBS [Gibco]) was removed from each well and
replaced with IMDM-C (1x, glutamine, 25 mM HEPES, 10% FBS) [Gibco]).
Type | RH parasites expressing Yellow Fluorescent Protein (RH-YFP) were
lysed from host cells by double passage through a 27-gauge needle then
counted and diluted to 32000/mL in IMDM-C. Fibroblast cultures were infected
with 3200 tachyzoites of the Type | RH-YFP strain and returned to the
incubator at 37 °C for 1-2 h to allow for infection. Diluted solutions of the
compounds were made using IMDM-C, and 20 pyL was added to each
designated well. Controls included: pyrimethamine/sulfadiazine, DMSO only,
fibroblast only and an untreated YFP gradient with twofold dilutions of the
parasite. Cells were incubated at 37 °C for 72 h. The plates were read using
a fluorometer (Synergy H4 Hybrid Reader, BioTek) to determine the amount
of yellow fluorescent protein, in relative fluorescence units (RFU), as a
measure of parasite burden after treatment. Data were collected using Gen5
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software and analysed with Excel. The assay was run in duplicate for each
compound tested.

8.1.3.2 Cytotoxicity assay

Lack of toxicity for mammalian host cells was demonstrated first by visual
inspection of monolayers following giemsa staining, in separate methods by
incorporation of WST, a mitochondrial cell death reagent. Toxicity assays
were conducted using WST-1 cell proliferation reagent (Roche). HFF were
grown on a flat, clear-bottomed, black 96-well plate. Confluent HFF were
treated with inhibitory compounds at concentrations equal to those being
tested in tachyzoite assays. Compounds diluted in IMDM-C (20 pL) were
added to each designated well, in triplicate for each condition. A gradient of
twofold decreasing concentrations of DMSO in IMDM-C was used as a
control. The plate was incubated for 72 h at 37 °C. WST-1 reagent
(10 puL) (Roche) was added to each well and the cells were incubated for
30—-60 minutes. Absorbance was read using a fluorometer at 420 nm. A higher
degree of colour change (and absorbance) indicated mitochondrial activity
and hence cell viability.

8.1.4 Metabolic stability
Assays were performed by the Charman group at Monash University.
Microsome

Compound (0.5 pM) was incubated with human, rat, mouse and dog liver
microsomes (Xenotech) at 37 °C and 0.4 mg/mL protein concentration. The
reaction was initiated by the addition of an NADPH-regenerating system and
guenched at various time points over a 60 minute incubation period by the
addition of acetonitrile containing diazepam. Control samples (containing no
NADPH) were included and quenched at 2, 30 and 60 minutes to check for
potential degradation in the absence of cofactor.

Liver S9 fraction

Each test compound (1 pM) was incubated with human liver S9 fraction
(Xenotech) at 37 °C and 2.5 mg/mL protein concentration. The reaction was
initiated by the addition of compound to matrix either with NADPH, without
NADPH, or without NADPH but with raloxifene (10 uM) which had been
pre-incubated for 30 minutes. Reactions were quenched at various time points
over a 120 minute incubation period by the addition of acetonitrile containing
diazepam. Following protein precipitation with acetonitrile, samples were
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centrifuged for 4 minutes at 4,500 rpm. The supernatant was removed and
analysed using LCMS (see below).

Carbazeran, O%-benzylguanine and zoniporide were used as positive control
compounds for aldehyde oxidase activity and raloxifene inhibition, and the
corresponding mono-oxygenated metabolites were monitored and detected
based on accurate mass. Dextromethorphan, diclofenac, omeprazole,
phenacetin and verapamil were all included as positive control compounds for
cytochrome P450 mediated metabolism. The results for the compounds
included in the stability assay for CYP450-mediated degradation were
consistent with historical data.

Analytical Conditions

Instrument — Waters Xevo G2 QTOF coupled to a Waters Acquity UPLC
Detection — Positive electrospray ionisation multiple-reaction monitoring mode
Cone Voltage — 30 V

Column — Ascentis Express C8 column (50 x 2.1 mm, 2.7 [Jm)

LC conditions — Gradient cycle time: 4 minutes; Injection volume: 5 pL; Flow
rate: 0.4 mL/min

Mobile phase — Acetonitrile-water gradient with 0.05% formic acid in each
solvent

8.1.5 Cytochrome P450 inhibition
Performed by the Charman group at Monash University.

Multiple concentrations of each test compound (0.25-20 uM) and positive
control inhibitors were incubated at 37 °C, along with each substrate, in human
liver microsomes (XenoTech LLC., USA) with total organic solvent
concentration of 0.47% (v/v). The reactions were initiated by the addition of
an NADPH-regenerating system and the samples were quenched by ice-cold
acetonitrile containing diazepam (0.15 pg/mL) as an analytical internal
standard. The concentration of metabolites in quenched samples was
determined using UPLC-MS (Waters/Micromass Xevo TQD triple-quadrupole)
relative to calibration standards prepared in quenched microsomal matrix.
Control samples confirmed that the UPLC-MS assay of the specific
metabolites was not affected by the presence of each test compound. The
inhibitory effect of each test compound and positive control inhibitor was
based on the reduction in the formation of the metabolite relative to metabolite
formation in the absence of inhibitor. When the inhibition of metabolite
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formation exceeded 50%, the inhibitor concentration resulting in 50%
inhibition  (ICs0) was obtained by non-linear curve fit of
log(inhibitor concentration) against percentage inhibition using a 4-parameter
sigmoidal function with minimum and maximum inhibition values constrained
to 0% and 100%, respectively. Where less than 50% inhibition was observed
at the highest concentration tested (20 uM), the ICso value was reported as
>20 M.

8.1.6 Permeability
Performed by the Charman group at Monash University.

Caco-2 cells (passage 37) were seeded onto 0.3 cm? polycarbonate filter
transwells at a density of 60000 cells per well. The transport experiment was
conducted using cell monolayers on day 24 post-seeding. Permeability
experiments were performed using transport buffer (pH 7.4 Hanks balanced
salt solution containing 20 mM HEPES) in both the apical and basolateral
chambers. Donor solutions were prepared by adding an aqueous (for
propranolol and Lucifer Yellow) or a DMSO (for test compounds and
rhodamine 123) stock solution into transport buffer at 20 yM (for test
compounds), 50 pM (for propranolol) or 100 uM (for Lucifer Yellow and
rhodamine 123). The final DMSO concentration in the donor solution was
0.1% v/v for all compounds and all donor solutions were equilibrated at 37 °C
for 4 h before centrifuging at 4000 rpm for 5 minutes to remove any compound
which had precipitated. The supernatant buffer solution was used in the
permeability experiment and compound concentration in aliquots of this bulk
solution was measured. Compound flux was assessed over 120 minutes, with
samples taken from the acceptor chamber at multiple time points (for test
compounds, propranolol and rhodamine 123) or at the end (for Lucifer Yellow)
of the transport experiment. At each sample time, the volume of acceptor
solution removed was replaced with blank transport buffer and acceptor
concentrations were corrected for the dilution that occurred with buffer
replacement in the data analysis. Samples from the donor chamber were
taken at the start (approximately 2 minutes) and end of the experiment. Donor
and acceptor samples for all test compounds and propranolol were stored
frozen at -80 °C until analysis by LCMS (Waters Micromass Quattro Premier
coupled to a Waters Acquity UPLC, detection by positive electrospray
ionisation multiple-reaction monitoring mode, Supelco Ascentis Express RP
Amide column (50%2.1 mm, 2.7 ym), gradient cycle time 4 minutes, injection
volume 3 L, flow rate 0.4 mL/min, mobile phase acetonitrile-water gradient
with 0.05% formic acid). Donor and acceptor samples for Lucifer Yellow and
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rhodamine 123 were analysed using a fluorescence assay (FLUOstar
OPTIMA plate reader; BMG Lab Technologies) with excitation/emission
wavelengths set to 430/535 nm for Lucifer Yellow and 500/525 nm for
rhodamine 123.

8.1.7 In vivo pharmacokinetics

All animal studies were performed by collaborators at Monash University using
established procedures in accordance with the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes, and the study protocols
were reviewed and approved by the Monash Institute of Pharmaceutical
Sciences Animal Ethics Committee.

8.1.7.1 Mouse

Systemic exposure was studied in non-fasted male Swiss outbred mice
weighing 19-30 g. Mice had access to food and water throughout. The
compound was formulated by dispersing in a CMC-SV vehicle. The sample
was vortexed and sonicated, producing a uniform fine yellow suspension and
mixed by inverting the tubes prior to each dosing. All animals were dosed
within 1.6 h of formulation preparation.

Compounds were dosed to mice by gavage (10 mL/kg) for oral administration.
After oral administration, blood samples were collected up to 24 h (n = 3 mice
per time point) with a maximum of two samples from each mouse. Samples
were collected either via submandibular bleed (120 pL of conscious sampling)
or terminal cardiac puncture (0.4 mL under anaesthesia using inhaled
isoflurane). Blood was collected into Eppendorf tubes containing heparin as
an anticoagulant and stabilisation cocktail (containing Complete®, a protease
inhibitor cocktail, and potassium fluoride) to minimise ex vivo compound
degradation in blood/plasma samples. Blood samples were centrifuged
immediately, supernatant plasma was removed, and the sample was stored
at -80°C until analysis by LCMS:

Instrument — Waters Micromass Quattro Premier coupled to a Waters Acquity
UPLC

Detection — Positive electrospray ionisation multiple-reaction monitoring mode
Column — Supelco Ascentis Express RP Amide column (50 x 2.1 mm, 2.7 ym)

LC conditions — Gradient cycle time: 4 min; Injection vol: 3 pL; Flow rate:
0.4 mL/min.

Mobile phase — Acetonitrile-water gradient with 0.05% formic acid
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Extraction (plasma) — Protein precipitation for plasma using acetonitrile (2-fold
volume ratio).

8.1.7.2 Rat

Pharmacokinetics were studied in overnight-fasted male Sprague-Dawley rats
weighing 250-285 g. Rats had access to water throughout, and access to food
from 4 h post-dose. The compound was administered intravenously,
formulation by dissolving in DMSO (5% v/v) with 5% Solutol HS-15 in saline,
at a 10 minute constant rate infusion via an indwelling jugular vein cannula
(3 mL per rat, n = 3 rats) and orally, formulation by wet-milling with
HPMC-SV, by gavage (3 mL/kg per rat, n = 3 rats). Samples of arterial blood
and total urine were collected until 24 h post-dose. Arterial blood was collected
directly into vials at 4 °C containing heparin, Complete® (a protease inhibitor
cocktail) and potassium fluoride to minimise ex vivo degradation in
blood/plasma samples. Blood samples were centrifuged, supernatant plasma
was removed and samples were stored frozen (-20 °C) until analysis by
LCMS:

Instrument — Waters Micromass Quattro Premier coupled to a Waters Acquity
UPLC

Detection — Positive electrospray ionisation multiple-reaction monitoring mode
Column — Supelco Ascentis Express RP Amide column (50 x 2.1 mm, 2.7 ym)

LC conditions — Gradient cycle time: 4 min; Injection vol: 3 pL; Flow rate:
0.4 mL/min.

Mobile phase — Acetonitrile-water gradient with 0.05% formic acid

Extraction (plasma/blood) — Protein precipitation using acetonitrile (twofold
volume ratio)

Extraction (urine) — Urine treated with acetonitrile and further diluted with 50%
acetonitrile-water (total dilution 20 & 200-fold).

Determination of Whole Blood-to-Plasma Ratio

Fresh heparinised whole blood was collected from male Sprague-Dawley rats.
After 30 minutes, the test compound (1000 ng/mL) was added. Aliquots were
transferred into microcentrifuge tubes and kept at 37 °C under an atmosphere
of 5% CO:2to maintain the pH at 7.4. At 240 minutes, 4 aliquots of blood were
collected. The remaining blood was centrifuged (Eppendorf, Mini Spin plus;
9500 g) for 2 minutes and 4 aliquots of the plasma fraction were collected for
assessment of the whole blood-to-plasma partitioning ratio. The whole blood
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and plasma fraction samples were matrix matched by addition of an equal
volume of blank blood or plasma to result in 1:1 blood:plasma then snap frozen
in dry ice. All samples were stored frozen at -80 °C until analysis by LCMS.
Whole blood-to-plasma partitioning ratios (B/P) were obtained by dividing the
measured concentration in the blood control sample by the concentration
measured in plasma following centrifugation of whole blood.

8.2 Solubility assay

FaSSIF and FaSSIF-v2 powder were bought from biorelevant.com. Fresh
FaSSIF or FaSSGF buffer was made for each experiment as follows:
FaSSIF — sodium hydroxide (0.1392 g, 3.48 mmol), maleic acid (0.222 g,
1.91 mmol) and sodium chloride (0.401 g, 6.86 mmol) were dissolved in water
(90 mL). The pH was adjusted to 6.5 with 2 M sodium hydroxideq) or 2 M
hydrochloric acidq) then water was added until the volume reached 100 mL.
To this buffer solution was added FaSSIF-v2 powder (0.179 g) and the mixture
stirred until all the solid had dissolved, then allowed to stand for 1 h.

FaSSGF — Sodium chloride (0.1999 g, 3.42 mmol) was dissolved in water
(90 mL). The pH was adjusted to 1.6 using 2 M hydrochloric acidq) then water
was added until the volume reached 100 mL. To this buffer solution was added
FaSSIF powder (6 mg) and the mixture stirred until all the solid had dissolved.

Calibration

A dilution series of each compound in 50% aq. MeOH was prepared for HPLC
calibration (0.05-20 uM) and peak area against concentration was plotted. A
straight line of best fit was added and the gradient determined.

Measurement procedure:

A 1 mg/mL suspension of each test compound was prepared in each buffer:
PBS (pH 7.4), FaSSIF (pH 6.5) and FASSGF (pH 1.6). The suspension was
mixed for 20 h at room temperature with magnetic stirring (PBS) or at 37 °C
in an incubator (FaSSIF, FaSSGF). Samples were centrifuged (10000 rpm,
3 minutes) then 300 pL of the supernatant was transferred to a fresh tube and
centrifuged again (10000 rpm, 3 minutes). 100 uL of the supernatant was
diluted tenfold with 50% aq. MeOH to make a sample which was analysed by
HPLC.Two HPLC samples were measured for each compound in each buffer
and compared with the calibration plot to determine the concentration.
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8.3 Computational

8.3.1 Generation of TgDHODH homology model

A homology model for TgDHODH was created using Swiss-model,38-140 ysing
as a template the structure of P. falciparum DHODH (sequence identity 41%)
and as the target the primary amino acid sequence for T. gondii DHODH:
MAALTVHFQGRFALLRLPISSGKPLCREARVRRSGTRPVSADNLSHARCV
LPKCHSFCPAGGMQESPEARVTLSRGTSRNFGTFLTALGNDVHWKSAFP
GALLRTQIRKLSVSLHPRPGSAESSGPSAGLPPKDVDPEEIERIVRERTTRE
RKANRRLVFLVLLLGTGVYCYSALQDVSSMIYSFYEPVTSVLFRYFSSGPL
DPETAHGYTMELAKRGWLPVDYDREESALNVDINGLKFLSPIGLAAGFDKH
AEAPAALLRMGFSFLEVGSITPKPQPGNPKPRLFRLYEDRSVINRFGFNSN
GADYAQTQLEAFSEARLRDPFTAQGVLGVSLGKNKTSEDAVADLREGVKK
LGRFADFLVVNLSSPNTPGLRSLQSASHLAAIIDGVQEELDALDRQAQAAS
QKQRNERRRHGGNPEETKAFYANQTGRRPLFFVKIAPDLSMEEKESIAKV
ALEKNLDGFVVSNTTIQRPETLKSPAKSETGGLSGRALKHLSTACVSDMYK
LTQGKLAIIATGGVESGRDALDKIEAGASLVELYSSMVYIGPQVARRVKNEL
YQALNEKGYKDVAAAVGRKHKHVPEKKLQAPKFD

Model Building

Models were built using ProMod3. Coordinates which are conserved between
the target and the template were copied from the template to the model.
Insertions and deletions were remodelled using a fragment library. Side chains
were then rebuilt. Finally, the geometry of the resulting model was regularised
by using a force field. If loop modelling with ProMod3 failed, an alternative
model was built with PROMOD-1148,

Model Quality Estimation

The global and per-residue model quality was assessed using the QMEAN
scoring functiont3°,

Ligand Modelling

Ligands present in the template structure (orotate and FMN) were not
transferred to the homology model because the binding site was not
conserved.

Oligomeric State Conservation

Homo-oligomeric structure of the target protein was predicted based on the
analysis of pairwise interfaces of the identified template structures. For each
relevant interface between polypeptide chains (interfaces with more than 10
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residue-residue interactions), the Qscoreoigomer'*® was predicted from
features such as similarity to target and frequency of observing this interface
in the identified templates. The prediction was performed with a random forest
regressor using these features as input parameters to predict the probability
of conservation for each interface. The Qscoreoiigomer Of the whole complex
was then calculated as the weight-averaged Qscoreoiigomer Of the interfaces.
The oligomeric state of the target is predicted to be the same as in the
template when Qscoreoiigomer iS predicted to be higher or equal to 0.5.

8.3.2 Glide docking

Docking using Glide required preparation of the receptor using the Maestro
protein preparation tool.1>° This process involves assigning protonation states
at pH 7.4 then minimising the energy of the protein using the OPLS3
forcefield.15* A docking grid was generated by alignment of the homology
model with the previously obtained co-crystal structure of a 1,8-naphthyridine
bound to PfDHODH (Fig. 1.12). Docking was generally performed using
standard precision (SP) settings without constraints.

8.4 General information

Dry solvents were dried and purified using a Pure Solv MD solvent Purification
System (Innovative Technology Inc.) or obtained from commercial suppliers.
All other solvents used were HPLC or analytical grade. Solvents and reagents
were obtained from commercial suppliers and used without further purification.

Thin layer chromatography was performed using aluminium backed silica gel
60 plates from Merck with visualisation using an ultraviolet lamp. Flash
chromatography was performed using silica gel 60 (40—63 um particles).

Proton, carbon and fluorine NMR data were collected on Bruker Avance 300,
AV3 400, AV 500 or Jeol 600. All shifts were referenced against the solvent
peak. Solvents (CDCls, DMSO-ds, D20 and methanol-d4) used for NMR were
obtained from Sigma-Aldrich. NMR data were reported in the following format:
ppm (splitting pattern, coupling constant (Hz), number of protons, proton ID).
Signal assignments were made by the aid of COSY, DEPT 135 and HMQC.

LCMS data were recorded on a Donex Ultimate 3000 LC system with an
acetonitrile/water + 0.1% formic acid gradient.

High resolution mass spectra (HRMS) were recorded using a Bruker MaXis
Impact spectrometer using electron spray (ES) ionisation.

Infrared spectra were recorded on a Perkin-Elmer one FTIR spectrometer.
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HPLC was performed on an Agilent 1290 Infinity series equipped with a UV
detector and a Hyperprep Cis reverse-phase column.

Optical rotation was performed using a Schmidt + Haensch Polartronic H532.
All measurements were taken at 20 °C with a wavelength of 589 nm and a

path length of 0.5 dm.

8.5 Synthetic procedures

General procedure for ‘litmus test'1?4

Test compound (0.031 mmol), bis (((difluoromethyl)sulfinyl)oxy)zinc (12 mg,
0.041 mmol), trifluoroacetic acid (2 pL, 0.026 mmol) and 'butyl hydroperoxide
(70% ag. solution, 10 pL, 0.072 mmol) were dissolved in DMSO (150 uL). The
mixture was stirred at room temperature for 2 h then diluted with methanol
(1 mL) and analysed by LCMS.

6-Chloro-2-(trifluoromethyl)-N-(4-(trifluoromethyl)phenyl)-1,8-naphthyridin-4-
amine (40)

o CF4
CF3 /©/
=~ CF3 HN
NN HCl(aq), EtOH, o
\ + 85°C,2h XX
N NH, |N/
50 NH;

32%

To a solution of 50 (76.8 mg, 0.309 mmol) in ethanol (3 mL) was added
4-(trifluoromethylaniline (32 pL, 0.406 mmol) followed by 2 M hydrochloric
acid (0.20 mL, 0.40 mmol). The reaction was stirred at 85 °C under reflux for
2 h then allowed to cool to room temperature. The solvent was removed in
vacuo to leave an orange/brown solid which was partitioned between ethyl
acetate (20 mL) and saturated aqueous sodium hydrogen carbonate (20 mL).
The organic layer was dried over magnesium sulphate and the solvent
removed in vacuo. The resulting brown solid was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:4). The solvent
was removed in vacuo to leave the title compound as yellow needles
(38.5 mg, 0.0983 mmol, 32%); m. p. 200-220 °C (from DMSO); Rf 0.17 (1:4
ethyl acetate-pet. ether 40-60); *H NMR (300 MHz, DMSO-ds) & 9.99 (s, 1H,
N-H), 9.15 (d, J = 2.5 Hz, 1H, naphthyridine 7-H), 9.12 (d, J = 2.5 Hz, 1H,
naphthyridine 5-H), 7.83 (d, J = 8.5 Hz, 2H, aniline 3-H), 7.63 (d, J = 8.5 Hz,
2H, aniline 2-H), 7.39 (s, 1H, naphthyridine 3-H); *¥C NMR (75 MHz,
DMSO-ds) & 154.0 (sp? C), 153.7 (naphthyridine 7-CH), 150.3 (sp? C), 149.9
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(g, J = 33.5 Hz, naphthyridine 2-C), 143.0 (sp?C), 131.1 (naphthyridine 5-CH),
128.3 (sp?C), 126.9 (q, J = 3.5 Hz, aniline 3-CH), 124.7 (g, J = 32.4 Hz, aniline
4-C), 124.2 (q, J = 272 Hz, CF3), 122.1 (aniline 2-CH), 121.3 (q, J = 276 Hz,
CF3).115.6 (sp? C), 98.6 (sp? C); °F NMR (282 MHz, DMSO-ds) & —60.6 (s,
CF3), —67.2 (s, CF3); vmax/cm™ (solid); 3224, 3187, 3063, 2927, 2252, 2127,
1591, 1563, 1534, 1518, 1447, 1417, 1386, 1360, 1322, 1284, 1253 and 1231;
m/z (ES) found MH* 392.030317, C16Hs3*CIFeNs requires MH* 392.038369;
HPLC 3.58 min., 70%, 3.61 min., 30%.

5-Chloro-3-iodopyridin-2-amine (44)
Cl

| X NIS, TFA, DMF, 50 °C, 15 h | X
— =

N NH, 58% N NH,
43 44

N-lodosuccinimide (24.805 g, 110.26 mmol) was added to DMF (100 mL)
portionwise at room temperature with stirring. To the resultant solution was
added 5-chloro-pyridin-2-amine (12.796 g, 99.535 mmol) and the mixture
stirred under nitrogen for 30 minutes. To the resultant suspension was added
trifluoroacetic acid (9.2 mL, 120 mmol). After 10 minutes at room temperature
the mixture was stirred at 50 °C under nitrogen for 15 h. The reaction mixture
was poured into water (350 mL) and diethyl ether (250 mL) was added with
rapid stirring. Excess N-iodosuccinimide was destroyed by adding solid
sodium bisulphite (10 g) followed by solid sodium bicarbonate until
effervescence ceased. The aqueous layer was extracted with diethyl ether
(2 x 100 mL) and the combined organic extracts were washed successively
with water (100 mL) and brine (50 mL) then dried over magnesium sulphate
and evaporated in vacuo. The residue was triturated with pet. ether 40-60 to
give an orange solid which was purified using column chromatography. Elution
with diethyl ether-pet. ether 40-60 (1:4) gave a yellow solid which was
recrystallised from MTBE-pet. ether 40-60 (1:1) to give the title compound
(14.801 g, 58.166 mmol, 58%) as pale yellow needles, m. p. 97-99 °C (from
MTBE-pet. ether 40-60) (lit. 93—97 °C%?); Rf 0.40 (1:4 ethyl acetate-pet. ether
40-60); *H NMR (300 MHz, CDCls) 8 7.98 (d, J = 1.9 Hz, 1H, 6-H), 7.84 (d, J
= 1.9 Hz, 1H, 4-H), 4.94 (br s, 2H, NH2) (consistent with 1it.9); 13C NMR
(75 MHz, CDCls) 6 156.1 (pyridine C), 146.2 (6-CH), 145.9 (4-CH), 120.3
(pyridine C), 77.2 (pyridine C); vmax/cm™ (solid); 3445, 3289, 3130 (br), 1632,
1569, 1454, 1384 and 1236; m/z (ES) found MH* 254.917701, CsH43°CIIN2
requires MH* 254.918050; HPLC 1.64 min., 100%.
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5-Chloro-3-((trimethylsilyl)ethynyl)pyridin-2-amine (45)

|
si’
/ ~
Cl ! PdCI,[PPhsl,,Cul, EsN G ~ 7
| o THF, RT, 3 h |
— + ——Si— =
N~ “NH, \ 76% N~ “NH,
44 45

44 (12.757 g, 50.134 mmol), copper(l) iodide (0.201 g, 1.057 mmol) and
bis(triphenylphosphine)palladium(ll) dichloride (0.675 g, 0.962 mmol) were
dissolved in THF (110 mL) at room temperature and flushed with nitrogen for
30 minutes. To the resultant grey solution was added with stirring triethylamine
(34 mL, 242 mmol) followed immediately by ethynyltrimethylsilane (22 mL,
159 mmol). An orange solution formed which gradually turned yellow upon
stirring in a water bath at room temperature. After stirring for 3 h, the black
suspension was partitioned between pet. ether 40—-60 (200 mL) and water
(100 mL). The layers were separated and the organic layer washed with water
(2 x 100 ml) and brine (50 mL). The organic layer was dried over magnesium
sulphate and evaporated to give a dark brown solid. Pet. ether 40-60 (50 mL)
was added and the suspension stirred at 0 °C for 30 minutes. The solid was
collected using vacuum filtration and washed with cold pet. ether 40-60 to
give the product 45 (8.514 g, 37.880 mmol, 76%) as a grey solid. A sample of
product (0.136 g, 0.603 mmol) was dissolved in pet. ether 40—-60 (10 mL).
APDTC (12.4 mg, 0.075 mmol) was added followed by water (2 mL). The
mixture was stirred at room temperature for 2 h then filtered to remove the
solid. The layers were then separated and the organic layer dried over
magnesium sulphate. The solvent was removed in vacuo to leave the pure
product as colourless needles (0.102 g, 0.453 mmol, 75%), m. p.
109-110 °C (from pet. ether 40-60) (lit. 108 °C*3); Rf 0.76 (1:3 ethyl acetate-
pet. ether 40-60); *H NMR (300 MHz, CDCl3) 8 7.96 (d, J = 2.5 Hz, 1H, 6-H),
7.50 (d, J = 2.5 Hz, 1H, 4-H), 5.00 (s, 2H, NH2), 0.26 (s, 9H, CHz); 13C NMR
(75 MHz, CDCI3) & 157.6 (pyridine C), 146.7 (6-CH), 139.4 (4-CH), 120.0
(pyridine C), 104.2 (pyridine C), 102.7 (C=C), 99.0 (C=C), 0.0 (CHs3)
(consistent with it.°"); vmax/cm™ (solid); 3456, 3288, 3160, 2959, 2923, 2149,
1622, 1554, 1456, 1405, 1288 and 1249; m/z (ES) found MH* 225.054746,
C10H13*°CIN2Si requires MH* 225.060931. HPLC 1.25 min., 86%.
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5-Chloro-3-ethynylpyridin-2-amine (46)

|
> S( EtN
| = 3 _
C i X MeOH, RT, 4 h Cl\(\j\//
~
N7 “NH, 63% 7 N,
45 46

To a solution of 45 (4.197 g, 18.673 mmol) in methanol (60 mL) was added
triethylamine (8.0 mL, 57 mmol). The solution was stirred at room temperature
for 4 h then the solvent was removed in vacuo. The solid residue was
dissolved in diethyl ether and filtered through a plug of silica gel to remove
polar black impurities. The resultant yellow solution was concentrated in vacuo
and the solid residue dissolved in acetone (15 mL). Pet. ether 40-60 (30 mL)
was added and the solution was left at —20 °C for 16 h. The yellow solid was
collected by suction filtration and washed with cold pet. ether 40-60 to give
the title compound as yellow needles (1.801 g, 11.806 mmol, 63%), m. p.
101-106 °C decomposed (from acetone-pet. ether 40—60); Rf 0.24 (1:4 ethyl
acetate-pet. ether 40-60); *H NMR (300 MHz, CDCI3) & 8.00 (d, J = 2.5 Hz,
1H, 6-H), 7.53 (d, J = 2.5 Hz, 1H, 4-H), 5.06 (s, 2H, NH2), 3.45 (s, 1H,
C=C-H) (consistent with lit.*5%); 23C NMR (126 MHz, CDCls) d 157.8 (pyridine
C), 147.1 (pyridine 6-CH), 139.8 (pyridine 4-CH), 119.9 (pyridine C), 102.8
(pyridine C), 84.5 (C=C-H), 78.1 (C=C); vmax/cm™ (solid); 3474, 3289, 3136,
2918, 2105, 1818, 1633, 1552, 1474, 1402, and 1246; m/z (ES) found MH*
153.021074, C7Hs%°CIN2 requires MH* 153.021402. HPLC 1.24 min., 100%.

4-(2-Amino-5-chloropyridin-3-yl)-1,1,1-trifluorobut-3-yn-2-one (50)

i. "BuLi, THF, -78 °C, 30 min. o
o)

=i BF; - OEt CF
cl — i 3 2 7z 3

| X /\O)J\CF3 THF, -78°C, 2h  Clo "

—
N™ “NH, 54% N~ NH,
46 50

One crystal of triphenylmethane and 46 (0.148 g, 0.970 mmol) were dissolved
in dry THF (10 mL) under an atmosphere of nitrogen. A 1.6 M solution of
"pbutyllithium in hexanes (1.5 ml, 2.4 mmol) was added and a dark red colour
formed. The solution was stirred at —78 °C for 30 minutes then a solution of
ethyl trifluoroacetate (0.13 mL, 1.1 mmol) in dry THF (10 mL) was added
followed by boron trifluoride diethyl etherate (0.15 mL, 1.2 mmol). The mixture
was stirred at —78 °C for 2 h then quenched with saturated aqueous
ammonium chloride solution (2 mL), causing the red colour to disappear. The
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slurry was allowed to warm to room temperature then the THF was removed
in vacuo. The residue was diluted with diethyl ether (40 mL), washed with
brine (2 x 10 mL) and dried over magnesium sulphate. The solvent was
removed in vacuo to leave a black residue which was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:1). The solvent
was removed in vacuo to leave the title compound as a brown solid
(0.129 g, 0.519 mmol, 54%), m. p. 240 °C decomposed (from ethyl acetate-
pet. ether 40-60); Rf 0.19 (1:1 ethyl acetate-pet. ether 40-60); 'H NMR
(300 MHz, CDCI3) & 8.19 (s, 1H, pyridine 6-H), 7.70 (s, 1H, pyridine 4-H), 5.32
(s, 2H, NH2); 3C NMR (75 MHz, CDCIz) & 185.2 (C=0), 159.0 (pyridine C),
152.0 (pyridine 6-CH), 141.7 (pyridine 4-CH), 132.6 (CF3), 120.5 (pyridine C),
112.3 (pyridine C), 97.5 (C=C), 90.1 (C=C); °F NMR (282 MHz, CDCIz) &
~77.4 (s, CF3); vmax/cm™ (solid); 3437, 3301, 3152, 2925, 2182, 1694, 1638,
1545, 1470, 1413, 1288 and 1219; m/z (ES) found MH* 249.003323,
CoH43*CIF3N20 requires MH* 249.003702; HPLC 1.82 min., 100%.

4-(2-Amino-5-chloropyridin-3-yl)but-3-yn-2-one (51)

=
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cl Z PN =Z N
—
= -20°C-RT, 1.5h — N NH
N NH; N~ “NH, %\
45 o)
51 52
24% 6%

45 (0.502 g, 2.233 mmol) was dissolved in dry DCM (2 mL) at —20 °C under
an atmosphere of nitrogen. Acetyl chloride (0.19 mL, 2.67 mmol) was added
to give a brown solution then aluminium chloride (0.992 g, 7.437 mmol) was
added with vigorous stirring. After stirring for 30 minutes at -20 °C, the
reaction mixture was allowed to warm to room temperature and stirred for a
further 1 h. The reaction mixture was diluted with DCM (30 mL) and washed
sequentially with 1 M aqueous sodium hydroxide (20 mL), water (20 mL) and
brine (20 mL). The organic layer was separated, dried over magnesium
sulphate and the solvent removed in vacuo. The black solid was purified using
column chromatography; elution with ethyl acetate-pet. ether 40-60 (3:1).
Fractions containing product were combined and the solvent was removed in
vacuo to give the title compound 51 as yellow needles (0.102 g, 0.524 mmol,
24%), m. p. 140-143 °C decomposed (from DCM); Rf 0.17 (1:3 ethyl acetate-
pet. ether 40-60); *H NMR (400 MHz, CDCl3) & 8.09 (d, J = 2.5 Hz, 1H, 6-H),
7.61 (d, J = 2.5 Hz, 1H, 4-H), 5.20 (s, 2H, NH2), 2.46 (s, 3H, CHz); 13C NMR
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(101 MHz, CDCls) 6 183.5 (C=0), 158.3 (pyridine C), 149.7 (pyridine 6-CH),
140.9 (pyridine 4-CH), 120.2 (pyridine C), 99.9 (pyridine C), 94.9 (C=C), 84.1
(C=C) 32.6 (CH3); vmax’lcm™ (solid); 3413, 3300, 3162, 2922, 2853, 2175,
1662, 1632, 1578, 1548, 1472, 1407, 1356, 1335, 1283 and 1228; m/z (ES)
found MH* 195.031027, CoH73*CIN20 requires MH* 195.031967; HPLC 1.91
min., 100%.

Also isolated as an orange solid was a minor N-substituted product,
N-(5-chloro-3-((trimethylsilyl)ethynyl)pyridin-2-yl)acetamide 52 (37.5 mg,
0.141 mmol, 6%), m. p. 51-54 °C decomposed (from DCM); Rf 0.37 (1:3 ethyl
acetate-pet. ether 40-60); *H NMR (300 MHz, CDCI3) & 8.25 (d, J = 2.6 Hz,
1H, 6-H), 8.06 (s, 1H, N-H), 7.69 (d, J = 2.6 Hz, 1H, 4-H), 2.46 (s, 3H, amide
CHzs), 0.29 (s, 9H, Si-CHzs); 3C NMR (75 MHz, CDCIs) & 150.6 (pyridine C),
146.6 (pyridine 6-CH), 140.2 (pyridine 4-CH), 126.0 (pyridine C), 109.6
(pyridine C), 106.3 (C=C), 97.4 (C=C), 25.3 (CHz3), 0.0 (Si-CHs); vmax/cm™
(solid); 3176, 2958, 2163, 1671, 1563, 1511, 1426, 1392, 1371, 1290 and
1250; m/z (ES) found MNa* 289.051712, Ci12H15*°*CIN20Si requires MNa*
289.053440; HPLC 3.07 min., 93%.

4-(2-Amino-5-chloropyridin-3-yl)-1,1-difluorobut-3-yn-2-one (54)

i. "BuLi, THF, -78 °C, 30 min. o
> Q  BF,.OEt F
Cl ZZ2! FPr3” 2 .
\Ej\/ -0 THF, -78°C, 25h C! B |
= F - 7
N NH2 44%, N NH2
46 54

One crystal of triphenylmethane and 46 (0.338 g, 2.22 mmol) were dissolved
in dry THF (20 mL) under an atmosphere of nitrogen. A 1.6 M solution of
"pbutyllithium in hexanes (3.3 mL, 5.3 mmol) was added and a dark red colour
formed. The solution was stirred at —78 °C for 30 minutes then a solution of
ethyl difluoroacetate (0.26 mL, 2.47 mmol) and boron trifluoride diethyl
etherate (0.33 mL, 2.67 mmol) in dry THF (20 mL) was added. The mixture
was stirred at —78 °C for 2.5 h then quenched with saturated aqueous
ammonium chloride solution (4 mL), causing the red colour to disappear. The
slurry was allowed to warm to room temperature then the THF was removed
in vacuo. The residue was diluted with diethyl ether (30 mL), washed with
brine (2 x 30 mL) and dried over magnesium sulphate. The solvent was
removed in vacuo to leave a brown residue which was purified using column
chromatography; elution with ethyl acetate-pet. ether 40—-60 (1:3). The solvent
was removed in vacuo to leave the title compound as an orange solid
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(0.226 g, 0.979 mmol, 44%), m. p. 130-140 °C decomposed (from ethyl
acetate-pet. ether 40-60); Rf 0.38 (1:2 ethyl acetate-pet. ether 40-60); H
NMR (300 MHz, DMSO-ds) & 8.19 (d, J = 2.6 Hz, 1H, 6-H), 7.93 (d, J = 2.6
Hz, 1H, 4-H), 6.99 (s, 2H, NH2), 6.57 (t, J = 53.5 Hz, 1H, CHF2); *C NMR
(101 MHz, DMSO-ds) & 174.9 (C=0), 160.1 (pyridine C), 151.5 (pyridine
6-CH), 141.8 (pyridine 4-CH), 117.7 (pyridine C), 109.4 (t, J = 249 Hz, CHF2),
102.8 (pyridine C), 97.2 (C=C), 91.2 (C=C); 1°F NMR (376 MHz, DMSO-ds) &
-127.0 (d, J = 52.6 Hz, CHF2); vmax/cm™ (solid); 3437, 3301, 3152, 2925,
2182, 1694, 1638, 1545, 1470, 1413, 1288 and 1219; m/z (ES) found MH*
231.012707, CoHs*°CIF2N20 requires MH* 231.013123; HPLC 2.01 min.,
96%.

6-Chloro-2-(difluoromethyl)-N-(4-(trifluoromethyl)phenyl)-1,8-naphthyridin-4-
amine (55)

yZ " T HN
C"? ¢ HCl(aq), EtOH,
o Cl
\ + 85°C,2h | X
_ .
N~ "NH,
54 NH,

29%

To a brown solution of 54 (80.4 mg, 0.349 mmol) in ethanol (3 mL) was added
4-(trifluoromethyl)aniline (32 uL, 0.41 mmol) followed by 2 M hydrochloric acid
(0.20 mL, 0.40 mmol). The reaction was heated to reflux at 85 °C for 2 h then
allowed to cool to room temperature. The solvent was removed in vacuo to
leave a brown solid which was partitioned between ethyl acetate (20 mL) and
saturated aqueous sodium hydrogen carbonate (20 mL). The organic layer
was dried over magnesium sulphate and the solvent removed in vacuo. The
resulting brown solid was purified using column chromatography; elution with
ethyl acetate-pet. ether 40-60 (1.6-1:2). The solvent was removed in vacuo
to leave the title compound as an orange solid (37.9 mg, 0.101 mmol, 29%),
m. p. > 270 °C (from ethyl acetate-pet. ether 40-60); Rf 0.08 (1:4 ethyl
acetate-pet. ether 40-60); *H NMR (400 MHz, CDCI3) & 8.98 (d, J = 2.3 Hz,
1H, naphthyridine 7-H), 8.56 (d, J = 2.3 Hz, 1H, naphthyridine 5-H), 7.71 (d, J
= 8.4 Hz, 2H, aniline 3-H), 7.61 (s, 1H, N-H), 7.45 (s, 1H, naphthyridine 3-H),
7.43 (d, J = 8.4 Hz, 2H, aniline 2-H), 6.62 (t, J = 55.2 Hz, 1H, CHF2); 3C NMR
(101 MHz, CDCI3) d 156.7 (t, J = 26.5 Hz, naphthyridine 2-C), 154.4 (sp? C),
153.5 (naphthyridine 7-CH), 149.1 (sp?C), 142.2 (sp®C), 129.4 (sp®C), 129.2
(naphthyridine 5-CH), 127.3 (q, J = 3.6 Hz, aniline 3-CH), 127.2 (q, J =
33.1 Hz, aniline 4-C), 123.9 (q, J = 272 Hz, CF3), 121.8 (aniline 2-CH), 115.6
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(sp? C), 114.1 (t, J = 242 Hz, CHF2), 100.1 (naphthyridine 3-CH); **F NMR
(376 MHz, CDCl3) & —62.3 (s, CF3), —115.4 (d, J = 56.5 Hz, CHF2); vmax/cm™*
(solid); 3258, 1591, 1557, 1519,1411, 1384, 1361 and 1321; m/z (ES) found
MH* 374.047912, C16H9*>CIFsN3 requires MH* 374.047793; HPLC 1.41 min.,
100%.

2,2-Difluoro-N-methoxy-N-methylacetamide (60)

o 1. CDMT, NMM, THF, RT, 2 h 0
¢ 2.MeNHOMe - HCLRT, 17h /O\N)K(F
HO 28% |
F ° F
60

To a solution of difluoroacetic acid (0.230 mL, 3.65 mmol) in THF (11 mL)
were added 2-chloro-4,6-dimethoxy-1,3,5-triazine (0.755 g, 4.303 mmol) and
N-methylmorpholine (1.2 mL, 11 mmol). The mixture was stirred at room
temperature for 2 h then N,O-dimethylhydroxylamine hydrochloride
(0.362 g, 3.712 mmol) was added. The mixture was stirred for a further 17 h
then quenched with water (15 mL) and extracted with diethyl ether (2 x 7 mL).
The combined organic extracts were washed with saturated aqueous sodium
carbonate solution (15 mL), 1 M aqueous HCI (15 mL) and brine (15 mL). The
organic layer was dried over sodium sulphate and the solvent evaporated to
give the product as a colourless oil (0.141 g, 1.016 mmol, 28%); 'H NMR
(300 MHz, CDCls) 6 6.29 (t, J =53.7 Hz, 1H, CHF>2), 3.78 (s, 3H, O-CH3), 3.27
(s, 3H, N-CHs3); ¥3C NMR (75 MHz, CDCl3) 5 162.3 (t, J = 27.1 Hz, C=0), 106.3
(t, J =245 Hz, CHF2), 62.2 (O-CHz3), 55.3 (N-CH?3); °F NMR (282 MHz, CDCIls)
0 -126.9 (d, J = 53.7, CHF2) (consistent with lit.1%%); vmax/cm™ (liquid); 2949,
1695, 1563, 1467, 1398, 1362 and 1200.

4,6-Dimethoxy-1,3,5-triazin-2-yl 2,2,2-trifluoroacetate (61)
Cl -
o)
N)QN j\ NMM PY
\)l\/)\/+F3C OH THF, RT j\jﬂ\/j‘\
F,.c” Y07 °NT o7
61

To a THF (5 mL) solution of 2-chloro-4,6-dimethoxy-1,3,5-triazine (0.912 g,
5.19 mmol) and N-methylmorpholine (0.532 g, 5.26 mmol) was added
dropwise trifluoroacetic acid (0.40 mL, 5.2 mmol) in THF (5 mL). The reaction
mixture was stirred at room temperature for 18 h. No product was obtained.
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2,2-Difluoroacetyl chloride (65)

o) o)
F 30-80°C F
\HKOH PCls, -30 - 80 °C \Hj\m
o,
£ 79% F
65

To difluoroacetic acid (0.40 mL, 6.36 mmol) was added phosphorous
pentachloride (1.504 g, 7.222 mmol) in several portions at —30 °C. The
temperature was raised to 80 °C and the product distilled off and collected at
—~78 °C as a colourless liquid (0.5737 g, 5.011 mmol, 79%), *H NMR (300 MHz,
CDCls) 8 5.97 (t, J = 53.5 Hz, 1H) (consistent with lit.1>6); 13C NMR (75 MHz,
CDCls)  165.6 (t, J = 36.2 Hz, C=0), 107.4 (t, J = 257 Hz, CHF2); 1°F NMR
(282 MHz, CDClsz) 6 -122.3 (d, J = 53.5 Hz, CHF2) (consistent with lit.157);
vmax/cm~ (CDClz); 1815, 1791 and 1296.

6-Chloro-2-(difluoromethyl)-N-(3-fluoro-4-(trifluoromethyl)phenyl)-1,8-
naphthyridin-4-amine (67)

F
o) CF3
P F CF3
Ch~? ¢ F HClgg), EtOH, HN
\ + 85°C,2h Cl
= NH > NN
N 2 19% » F
54 NH> N~ °N
67 F

To a brown solution of 54 (0.165 g, 0.714 mmol) in ethanol (10 mL) was added
4-amino-2-trifluorobenzotrifluoride (0.140 g, 0.781 mmol) followed by 2 M
hydrochloric acid (0.39 mL, 0.78 mmol). The reaction was heated to reflux at
85 °C for 2 h then allowed to cool to room temperature. The solvent was
removed in vacuo to leave a brown solid which was partitioned between ethyl
acetate (20 mL) and saturated aqueous sodium hydrogen carbonate (20 mL).
The organic layer was dried over magnesium sulphate and the solvent
removed in vacuo. The resulting brown solid was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:6-1:2). The
solvent was removed in vacuo to leave the title compound as an orange solid
(52.0 mg, 0.133 mmol, 19%), m. p. 75-78 °C (from DCM); Rf 0.24 (1:3 ethyl
acetate-pet. ether 40-60); 'H NMR (300 MHz, CDCls) & 8.92 (s, 1H,
naphthyridine 7-H), 8.64 (s, 1H, naphthyridine 5-H), 8.20 (s, 1H, NH), 7.64 (t,
J = 8.0 Hz, 1H, aniline 5-H), 7.52 (s, 1H, naphthyridine 3-H), 7.17 (m, 2H,
aniline 2-H, 6-H), 6.61 (t, J = 55.1 Hz, 1H, CHF2); *3C NMR (75 MHz, CDCls)
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0 158.9 (d, J = 258 Hz, C-F), 154.2 (sp? C), 153.5 (naphthyridine 7-CH), 148.7
(sp? C), 144.8 (sp? C), 135.6 (sp? C), 129.9 (naphthyridine 5-CH), 129.6 (sp?
C), 128.7 (d, J = 31.2 Hz, aniline 2-CH), 123.0 (g, J = 251 Hz, CF3), 116.1 (Sp?
C), 115.9 (d, J = 3.4 Hz, aniline 6-CH), 114.1 (sp? C), 113.8 (t, J = 242 Hz,
CHF2), 109.2 (d, J = 23.7 Hz, aniline 5-CH), 101.3 (naphthyridine 3-CH); °F
NMR (376 MHz, CDCls) 8 —60.8 (d, J = 12.3 Hz, CF3), -110.8 (q, J = 12.3 Hz,
C-F), =115.1 (d, J = 55.1 Hz, CHF2); vmax/cm™2 (solid); 3198, 2962, 2928, 1629,
1592, 1561, 1451, 1414, 1363, 1318 and 1234; m/z (ES) found MH*
392.038891, C16Hs**CIFsNs requires MH*, 392.038371; HPLC 3.47 min.,
100%.

6-Chloro-2-(difluoromethyl)-N-(3-fluoro-4-(trifluoromethoxy)phenyl)-1,8-
naphthyridin-4-amine (68)
F
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To a brown solution of 54 (61.2 mg, 0.265 mmol) in ethanol (10 mL) was added
3-fluoro-4(trifluoromethoxy)aniline (74.5 mg, 0.382 mmol) followed by 2 M
hydrochloric acid (0.16 mL, 0.32 mmol). The reaction was stirred at 80 °C
under reflux for 4 h then allowed to cool to room temperature. The solvent was
removed in vacuo to leave a brown liquid which was partitioned between ethyl
acetate (30 mL) and saturated aqueous sodium hydrogen carbonate (30 mL).
The organic layer was dried over magnesium sulphate and the solvent
removed in vacuo. The resulting brown solid was purified using column
chromatography; elution with DCM-methanol (50:1). The solvent was
removed in vacuo to leave the title compound as an orange solid (7.8 mg,
0.019 mmol, 7%), m. p. 134-137 °C (from DCM); Rf 0.42 (30:1 DCM-
methanol); *H NMR (400 MHz, CDCIls) & 8.99 (s, 1H, naphthyridine 7-H), 8.52
(d, J = 1.6 Hz, 1H, naphthyridine 5-H), 7.50 (s, 1H, N-H), 7.40 (d, J = 8.5 Hz,
1H, aniline 6-H), 7.37 (s, 1H, naphthyridine 3-H), 7.20 (dd, J = 10.6, 2.4 Hz,
1H, aniline 2-H), 7.15 (d, J = 8.5 Hz, 1H, aniline 5-H), 6.63 (t, J =55.1 Hz, 1H,
CHF2); 13C NMR (101 MHz, CDCIz) d 156.7 (t, J = 4.5 Hz, naphthyridine 2-C),
155.2 (d, J = 255 Hz, aniline C-F), 154.3 (naphthyridine C), 153.5
(naphthyridine 7-CH), 149.2 (naphthyridine C), 138.8 (d, J = 8.6 Hz, aniline
C), 133.7 (d, J = 12.6 Hz, aniline C), 129.4 (naphthyridine C), 129.0
(naphthyridine 5-CH), 125.2 (aniline 6-CH), 120.5 (q, J = 262 Hz, CF3), 118.4
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(d, J = 3.6 Hz, aniline 5-CH), 115.3 (naphthyridine C), 114.0 (t, J = 243 Hz,
CHF2), 111.6 (d, J = 21.2 Hz, aniline 2-CH), 99.8 (naphthyridine C); 1°F NMR
(376 MHz, CDCl3) & -58.9 (d, J = 4.6 Hz, CFs), -115.3 (d, J = 55.2 Hz, CHF>),
-124.6 (s, C-F) ; vmax/cm™ (solid); 3256, 2916, 1590, 1560, 1509, 1387 and
1250; m/z (ES) found MH+ 408.032911, CieHs**CIFeN3O requires MH*
408.033284; HPLC 3.34 min., 95%.

6-Chloro-2-(difluoromethyl)-N-(3,4-dimethoxyphenyl)-1,8-naphthyridin-4-
amine (69)
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To a brown solution of 54 (44.0 mg, 0.191 mmol) in ethanol (10 mL) was added
3,4-dimethoxyaniline (70.7 mg, 0.462 mmol) followed by 2 M hydrochloric acid
(0.25 mL, 0.50 mmol). The reaction was stirred at 85 °C under reflux for 2 h
then allowed to cool to room temperature. The solvent was removed in vacuo
to leave a brown solid which was partitioned between ethyl acetate (30 mL)
and saturated aqueous sodium hydrogen carbonate (30 mL). The organic
layer was dried over magnesium sulphate and the solvent removed in vacuo.
The resulting brown solid was purified using column chromatography; elution
with ethyl acetate-pet. ether 40-60 (1:3-1:1). The solvent was removed in
vacuo to leave the title compound as an orange solid (25.7 mg, 0.0703 mmol,
29%), m. p. 139-141 °C (from DCM); Rf 0.11 (1:2 ethyl acetate-pet. ether
40-60); *H NMR (300 MHz, CDCI3) & 8.95 (d, J = 2.4 Hz, 1H, naphthyridine
7-H), 8.56 (d, J = 2.4 Hz, 1H, naphthyridine 5-H), 7.54 (br s, 1H, N-H), 7.09 (s,
1H, naphthyridine 3-H), 6.92 (s, 1H, aniline 2-H), 6.90 (d, J = 2.1 Hz, 1H,
aniline 6-H), 6.84 (d, J = 2.1 Hz, 1H, aniline 5-H), 6.57 (t, J = 55.3 Hz, 1H),
3.92 (s, 3H, methoxy), 3.84 (s, 3H, methoxy); 13C NMR (75 MHz, CDCl3) d
156.5 (t, J = 26.2 Hz, naphthyridine 2-C), 154.3 (sp? C), 153.0 (naphthyridine
7-CH), 151.4 (sp? C), 150.0 (sp? C), 147.8 (sp? C), 131.1 (sp? C), 129.0
(naphthyridine 5-CH), 128.5 (sp? C), 117.0 (sp? CH), 114.5 (sp? C), 114.3 (t,
J=241Hz, CHF2), 112.0 (sp? CH), 108.7 (sp? CH), 98.0 (sp? CH), 56.1 (CH3),
56.0 (CH3); F NMR (282 MHz, CDCI3) & —-115.4 (d, J = 55.3 Hz, CHF);
vmax/cm~ (solid); 1751, 1685, 1604, 1457,1419, 1365, 1304 and 1218; m/z
(ES) found MH* 366.074896, C17H14**CIF2N302 requires MH* 366.081537;
HPLC 2.02 min., 100%.
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4,6-Dichloro-2-(difluoromethyl)-1,8-naphthyridine (71)
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To a brown solution of 54 (0.241 g, 0.978 mmol) in 1,4-dioxane (10 mL) was
added 4 M HCl in 1,4-dioxane (0.60 mL, 2.4 mmol). The solution was stirred
under an atmosphere of nitrogen at room temperature for 18 h. The solvent
was removed in vacuo to leave a brown solid which was neutralised with
saturated aqueous sodium hydrogen carbonate solution (20 mL) and
extracted with ethyl acetate (20 mL). The organic layer was dried over
magnesium sulphate and the solvent removed in vacuo to leave a dark brown
solid which was purified using column chromatography; elution with ethyl
acetate-pet. ether 40-60 (1:5-1:2). The title compound was obtained as
yellow needles (48.0 mg, 0.193 mmol, 20%), m. p. 86-90 °C (from
chloroform); Rf 0.78 (1:4 ethyl acetate-pet. ether 40—60); *H NMR (300 MHz,
CDCls) 6 9.14 (d, J = 2.5 Hz, 1H, 7-H), 8.63 (d, J = 2.6 Hz, 1H, 5-H), 7.95 (s,
1H, 3-H), 6.81 (t, J = 54.8 Hz, 1H, CHF2); **C NMR (75 MHz, CDCI3) 5 155.8
(t, J = 28.0 Hz, naphthyridine 2-C), 154.8 (naphthyridine 7-CH), 153.5
(naphthyridine C), 144.1 (naphthyridine C), 132.1 (naphthyridine C), 131.8
(naphthyridine 5-CH), 122.7 (naphthyridine C), 119.1 (naphthyridine 3-CH),
113.6 (t, J = 242 Hz, CHF2); *°F NMR (282 MHz, CDCl3) 6 -114.8 (d, J = 54.8
Hz, CHF2); vmax/cm™ (solid); 3074, 2925, 2851, 1599, 1544, 1453, 1368, 1297
and 1250; m/z (ES) found MH* 248.978425, CoH3*Cl2F2N2 requires MH*
248.979236; HPLC 3.01 min., 100%.

N-(6-Chloro-2-(trifluoromethyl)-1,8-naphthyridin-4-yl)benzo[d]thiazol-2-amine

(72)
N
cl A
. s S” O NH
N X K,COs, DMF, 110 °C,4h
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N~ >N “CF, N ° NP Ner
70 79 3

70 (102.9 mg, 0.385 mmol), 2-amino-benzothiazole (56.1 mg, 0.374 mmol)
and potassium carbonate (0.195 g, 1.412 mmol) were dissolved in anhydrous
DMF (3 mL) under an atmosphere of nitrogen. The reaction mixture was
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heated at 110 °C for 4 h then allowed to cool to room temperature. Water
(20 mL) was added and an orange precipitate formed which was isolated
using vacuum filtration. The precipitate was purified using column
chromatography; elution with DCM-methanol (50:1-1:1). The solvent was
removed in vacuo to leave the title compound as an orange solid (42.3 mg,
0.111 mmol, 30%), m. p. > 270 °C (from DCM-methanol); Rf 0.55 (1:1 ethyl
acetate-pet. ether 40-60); *H NMR (400 MHz, DMSO-ds) d 11.43 (br s, 1H,
N-H), 9.32 (br s, 2H, naphthyridine 3-H, 5-H,), 9.20 (s, 1H, naphthyridine
7-H), 7.99 (d, J = 7.8 Hz, 1H, benzothiazole 4-H), 7.81 (d, J = 7.8 Hz, 1H,
benzothiazole 7-H), 7.46 (t, J = 7.6 Hz, 1H, benzothiazole 5-H), 7.33 (t, J =
7.6 Hz, 1H, benzothiazole 6-H); *C NMR (101 MHz, DMSO-ds) & 153.9
(naphthyridine 7-CH), 131.4 (naphthyridine 5-CH), 126.8 (benzothiazole
5-CH), 124.2 (benzothiazole 6-CH), 122.0 (benzothiazole 4-CH), 120.8
(benzothiazole 7-CH), 104.2 (naphthyridine 3-CH), other peaks not resolved;
19F NMR (376 MHz, DMSO-ds) & —67.0 (s, CF3); vmax/cm™ (solid); 2967, 2924,
1681, 1573, 1519, 1488, 1444, 1412, 1383, 1344 and 1263; m/z (ES) found
MNa* 402.999918, CisHs**CIFsN4S requires MNa*® 403.000250; HPLC
2.44 min., 100%.

N-(6-Chloro-2-(trifluoromethyl)-1,8-naphthyridin-4-yl)-6-
(trifluoromethoxy)benzo[d]thiazol-2-amine (73)
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70 (0.132 g, 0.493 mmol), 2-amino-6-trifluoromethoxy-benzothiazole
(0.112 g, 0.477 mmol) and potassium carbonate (0.200 g, 1.451 mmol) were
dissolved in anhydrous DMF (3 mL) under an atmosphere of nitrogen. The
reaction mixture was heated at 110 °C for 5 h then allowed to cool to room
temperature. Water (10 mL) was added and an orange precipitate formed
which was isolated using vacuum filtration. The precipitate was recrystallised
from methanol and the filtrate purified using column chromatography; elution
with DCM-methanol (50:1-1:1). The solvent was removed in vacuo to leave
the title compound as an orange solid (0.164 g, 0.352 mmol, 74%), m. p. >
270 °C (from methanol); Rf 0.33 (1:1 ethyl acetate-pet. ether 40-60); 'H NMR
(400 MHz, methanol-d2——DCM) & 9.19 (s, 1H, benzothiazole 7-H), 9.02 (d, J =
2.5 Hz, 1H, naphthyridine 5-H), 8.98 (d, J = 2.5 Hz, 1H, naphthyridine 7-H),
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7.72 (m, 2H, benzothiazole 4-H, naphthyridine 3-H), 7.25 (dd, J = 8.8, 1.6 Hz,
1H, benzothiazole 5-H), 4.47 (s, 1H, N-H); 13C NMR (126 MHz, DMSO-ds)
162.8 (sp? C), 154.3 (sp? C), 153.6 (naphthyridine 7-CH), 150.9 (sp? C), 150.6
(sp? C), 150.3 (sp? C), 144.3 (sp? C), 132.6 (q, J = 1.5 Hz, sp? C), 131.6
(naphthyridine 5-CH), 122.1 (d, J = 278 Hz, CF3), 121.7 (sp?> C), 120.1
(benzothiazole 5-CH), 119.7 (sp? C), 117.7 (g, J = 279 Hz, CF3), 117.7 (sp?
C), 115.1 (benzothiazole 7-CH), 104.3 (naphthyridine 3-CH); °F NMR
(376 MHz, methanol-d4) & -59.8 (s, CF3s), -69.7 (s, CF3); vmax/cm™ (solid);
1660, 1575, 1528, 1436, 1251 and 1216; m/z (ES) found MH* 465.000255,
C17H7°°CIFeN40S requires MH* 465.000605; HPLC 2.41 min., 95%.

6-Bromo-N-(6-chloro-2-(trifluoromethyl)-1,8-naphthyridin-4-
yl)benzo[d]thiazol-2-amine (74)

Br N

Cl :\< Mo
K,CO3, DMF, S” "NH

cl XN S Br °
| . HzN—<\j©/ 1M0°C.4h Ch Ny
NP N 40% |
N N CF3 A 2
N~ N7 “CF,

70
74

70 (0.138 g, 0.515 mmol), 2-amino-6-bromobenzothiazole (0.117 g,
0.509 mmol) and potassium carbonate (0.154 g, 1.112 mmol) were dissolved
in anhydrous DMF (3 mL) under an atmosphere of nitrogen. The reaction
mixture was stirred at 110 °C for 4 h then allowed to cool to room temperature.
Water (10 mL) was added and an orange precipitate formed which was
isolated using vacuum filtration. The precipitate was purified using column
chromatography; elution with DCM-methanol (50:1-1:1). The solvent was
removed in vacuo to leave the title compound as a yellow solid (93.0 mg,
0.202 mmol, 40%). An analytical sample was recrystallised from methanol
with 59% recovery, m. p. > 270 °C (from methanol); Rf 0.64 (1:1 ethyl acetate-
pet. ether 40—60); *H NMR (300 MHz, DMSO-ds) 6 11.47 (br s, 1H, N-H), 9.30
(br s, 2H, naphthyridine 5-H, 7-H), 9.21 (d, J = 2.0 Hz, 1H, benzothiazole
7-H), 8.25 (s, 1H, naphthyridine 3-H), 7.75 (d, J = 8.3 Hz, 1H, benzothiazole
4-H), 7.59 (dd, J = 8.3, 2.0 Hz, 1H, benzothiazole 5-H); 13C NMR (101 MHz,
CDCI3/TFA) 6 167.8 (sp? C), 152.6 (sp?C), 152.2 (naphthyridine 7-CH), 150.8
(g, J = 38.8 Hz), 146.1 (sp? C), 139.7 (naphthyridine 5-CH), 135.8 (sp? C),
133.4 (sp? C), 133.3 (benzothiazole 4-CH), 125.2 (benzothiazole 7-CH),
125.2 (sp? C), 120.9 (sp? C), 120.6 (sp? C), 116.8 (benzothiazole 5-CH), 114.7
(9, J = 284 Hz, CFz), 107.8 (g, J = 2.1 Hz, naphthyridine 3-CH); **F NMR
(282 MHz, DMSO-ds) & —67.0 (s, CF3); vmax/cm™ (solid); 1592, 1568, 1555,
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1519, 1446, 1410, 1366, 1268, 1250 and 1232; m/z (ES) found MH*
458.927843, C16H7"°Br3>CIF3N4S requires MH* 458.928818; HPLC 2.37 min.,
100%.

6-Chloro-N-(1-methyl-1H-benzo[d]imidazol-2-yl)-2-(trifluoromethyl)-1,8-
naphthyridin-4-amine (75)

. 0y

cl \ N NH
N K,COs, DMF, 110 °C,5h ¢J
e + HN—Q D 2 3310/ c | BN
N~ N~ CF, N ° AN CE
70 7 3

70 (0.176 g, 0.659 mmol), 2-amino-1-methylbenzimidazole (94.9 mg,
0.645 mmol) and potassium carbonate (0.243 g, 1.762 mmol) were dissolved
in anhydrous DMF (3 mL) under an atmosphere of nitrogen. The reaction
mixture was stirred at 110 °C for 5 h then allowed to cool to room temperature.
Water (10 mL) was added and an orange precipitate formed which was
isolated by vacuum filtration. The precipitate was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:3-1:1). The
solvent was removed in vacuo to leave the title compound as a yellow solid
(75.9 mg, 0.201 mmol, 31%). An analytical sample was recrystallised from
ethyl acetate-pet. ether 40—-60 with 33% recovery, m. p. > 270 °C (from
methanol); Rf 0.48 (1:1 ethyl acetate-pet. ether 40-60); 'H NMR (400 MHz,
DMSO-ds) & 12.14 (br s, 1H, N-H), 9.06 (s, 1H, naphthyridine 7-H), 8.94 (s,
1H, naphthyridine 5-H), 7.53 (s, 1H, naphthyridine 3-H), 7.43 (d, J = 6.7 Hz,
1H, benzimidazole 4-H), 7.29 — 7.15 (m, 3H, benzimidazole 5-H, 6-H, 7-H),
3.69 (s, 3H, CHz); 3C NMR (126 MHz, DMSO-ds) d 157.5 (sp? C), 155.1 (sp?
C), 153.5 (naphthyridine 7-CH), 150.7 (sp? C), 150.5 (sp? C), 150.2 (sp? C),
132.6 (naphthyridine 5-CH), 129.9 (sp? C), 128.2 (sp? C), 122.8
(benzimidazole CH), 122.7 (benzimidazole CH), 122.3 (g, J = 276 Hz, CF3),
121.5 (sp? C), 110.9 (benzimidazole CH), 109.4 (benzimidazole 4-CH), 104.3
(naphthyridine 3-CH), 29.0 (CHs); °F NMR (376 MHz, DMSO-ds) d —66.7 (s,
CF3); vmax’lcm™ (solid); 2920, 2851, 1628, 1607, 1562, 1530, 1493, 1482,
1448, 1430, 1388, 1356, 1325, 1304, 1279, 1265 and 1222; m/z (ES) found
MH* 378.072658, C17H11*°CIF3Ns requires MH* 378.072784; HPLC 2.64 min.,
100%.
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(S)-7-Nitro-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (77)
)

(0]
KNO;, H,SO,
OH -10°C-RT, 2h OH
NH 82% (as 6:1 mixt NH
o (as mixture O,N

7 of 7-NO, and 6-NO,) -

(S)-1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (1.252 g, 7.065 mmol)
was dissolved in sulfuric acid (98%, 30 mL) at —10 °C. A solution of potassium
nitrate (0.754 g, 7.462 mmol) in sulphuric acid (98%, 25 mL) was added
dropwise while maintaining the temperature at —10 °C. The mixture was stirred
at—10 °C for 10 minutes then allowed to warm to room temperature and stirred
for a further 2 h. The mixture was poured onto ice and neutralised with
concentrated agueous ammonia solution, causing a white precipitate to form.
The mixture was diluted with water (40 mL) and filtered to obtain the product
as a colourless solid (1.290 g, 5.805 mmol, 82% as a mixture of 7-nitro and
6-nitro isomers), m. p. 250-255 °C decomposed (from H20) (lit.
decomposition from 245 °C*19) ; 'TH NMR (400 MHz, D20) & 8.13 (m, 2H, 6-H,
8-H), 7.49 (m, 1H, 5-H), 4.57 (m, 1H, sp3 H), 4.52 (m, 1H, sp3 H), 4.34 — 4.30
(m, 1H, sp® H), 3.53 (m, 1H, sp® H), 3.29 (m, 1H, sp? H) (consistent with lit.111);
vmax/cm~! (solid); 2600-3000 (br), 1682, 1539, 1490, 1457, 1398, 1352, 1316
and 1276; m/z (ES) found MH* 223.070657, CioHi0N204 requires MH*
223.071333; HPLC 0.92 min., 7%, 0.96 min., 93%.

(S)-7-Amino-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (78)

0]
Q NyHg, Pd/C
/©©)\OH MeOH, 80 °C, 2 h OH
ON NH 43% (as 6:1 mixture H,N NH
77 of 7-NH, and 6-NH,) 78

To a solution of 77 (0.234 g, 1.054 mmol) in methanol (30 mL) was added
10% palladium on charcoal (0.112 g) and hydrazine hydrate (0.6 mL). The
solution was heated under reflux at 80 °C for 2 h then allowed to cool to room
temperature. The mixture was filtered to remove the catalyst then the solvent
was removed in vacuo to leave the product as an off-white solid (86.7 mg,
0.452 mmol, 43 % as a mixture of 7-amino and 6-amino isomers), m. p. 230—
240 °C decomposed (from methanol) (lit. 220-221 °C*%); 'H NMR (400 MHz,
D20) 6 7.07 (d, J = 8.3 Hz, 1H, 5-H), 6.76 (dd, J = 8.3, 2.3 Hz, 1H, 6-H), 6.63
(d, J = 2.3 Hz, 1H, 8-H), 4.27 (m, 2H, 1-H), 3.91 (dd, J = 11.2, 5.3 Hz, 1H,
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3-H), 3.22 (dd, J = 16.9, 5.3 Hz, 1H, 4-Ha), 2.97 (dd, J = 16.9, 11.2 Hz, 1H,
4-Hb) (consistent with lit.119); $3C NMR (101 MHz, D20) & 174.0 (C=0), 144.5
(aniline C), 129.8 (aniline 5-CH), 128.5 (aniline C), 122.4 (aniline C), 116.8
(aniline 6-CH), 113.7 (aniline 8-CH), 56.5 (3-CH), 44.1 (1-CH>), 28.2 (4-CH>);
vmax/cm~! (solid); 3316, 3246, 2500-3000 (br), 1628, 1537, 1509, 1453, 1399,
1318, 1299 and 1254; m/z (ES) found MH* 193.096876, C10H10N204 requires
MH* 193.097154; HPLC 1.81 min., 23%, 1.85 min., 70%.

(S)-7-((6-Chloro-2-(trifluoromethyl)-1,8-naphthyridin-4-yl)amino)-1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid (79)

OH
0] 67, HCI NH
i e HN
OH PrOH, 80 °C, 4 h . Cl P
NH 79% (as 6:1 mixture |
H5N

of 7- and 6- NN
78 substituted isomers)

78 (0.178 g, 0.925 mmol) and 71 (0.261 g, 0.977 mmol) were dissolved in
propan-2-ol (10 mL). 2 M aqueous HCI (1.0 mL, 2.0 mmol) was added and the
mixture stirred under reflux at 80 °C for 4 h. The solvent was removed in vacuo
to leave an orange solid which was washed with pet. ether 40-60 (50 mL) to
remove unreacted 71, giving the product as an orange/brown solid (0.310 g,
0.733 mmol, 79% as an inseparable 6:1 mixture of 7- and 6- substituted
isomers), m. p. 250-255 °C decomposed (from methanol); Rf 0.08 (2:1 DCM-
methanol); 'H NMR (300 MHz, methanol-ds4) & 8.95 (d, J = 2.5 Hz, 1H,
naphthyridine 7-H), 8.86 (d, J = 2.5 Hz, 1H, naphthyridine 5-H), 7.39-7.20 (m,
3H, phenyl H), 7.01 (s, 1H, naphthyridine 3-H), 4.35 (s, 2H, 1-H), 3.87 (dd, J
=10.7, 4.6 Hz, 1H, 4-Ha), 3.38 (dd, J =17.3, 4.6 Hz, 1H, 4-Hb), 3.17-3.06 (m,
1H, 3-H); 13C NMR (75 MHz, methanol-ds4) 3 170.6 (C=0), 158.0 (sp? C), 156.2
(naphthyridine 7-CH), 149.9 (g, J = 34.4 Hz), 148.9 (sp? C), 140.6 (sp? C),
136.8 (sp? C), 135.2 (naphthyridine 5-CH), 132.5 (sp? C), 132.2 (phenyl CH),
131.4 (sp? C), 125.9 (phenyl CH), 1245 (phenyl CH), 121.1 (q, J =
269 Hz), 115.8 (sp? C), 100.2 (naphthyridine 3-CH), 55.1 (3-CH), 45.3
(1-CH2), 29.3 (4-CH2), other peaks not resolved; °F NMR (282 MHz,
methanol-ds) & —68.8 (s, CF3); vmax/cm™ (solid); 3378, 2400-3000 (br), 1740,
1649, 1593, 1564, 1506, 1407, 1387, 1272 and 1207; m/z (ES) found MH*
423.082791, C19H14*°CIF3N4O2 requires MH* 423.083014; HPLC 1.81 min.,
13%, 1.84 min., 80%.
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(S)-2-Amino-3-(4-((6-chloro-2-(trifluoromethyl)-1,8-naphthyridin-4-
yl)amino)phenyl)propanoic acid (80)

0
OH
Cl O Hel ProH, N NH,
Ch OH 80°C,5h
| + ——»ClI N
~ ~ NH, 15% |
N~ N7 CF5 HoN o e
N~ NTCF,
70

4-Amino-L-phenylalanine (0.102 g, 0.568 mmol) and 70 (0.148 g,
0.552 mmol) were dissolved in propan-2-ol (4 mL). 2 M aqueous HCI
(0.60 mL, 1.2 mmol) was added and the mixture stirred under reflux at 80 °C
for 5 h. The solvent was removed in vacuo to leave an orange solid which was
washed with pet. ether 40—60 (50 mL) then DCM (30 mL) and recrystallised
from acetonitrile-water to give the product as a yellow solid (34.0 mag,
0.083 mmol, 15%, m. p. 240-250 °C decomposed (from acetonitrile-water);
'H NMR (400 MHz, methanol-d4) & 8.94 (d, J = 2.6 Hz, 1H, naphthyridine
7-H), 8.87 (d, J = 2.6 Hz, 1H, naphthyridine 5-H), 7.36 (d, J = 8.2 Hz, 2H,
phenyl 2-H), 7.31 (d, J = 8.2 Hz, 2H, phenyl 3-H), 7.13 (s, 1H, naphthyridine
3-H), 3.91 (dd, J = 7.5, 4.9 Hz, 1H, 2-H), 3.26 (dd, J = 14.7, 4.9 Hz, 1H, 3-Ha),
3.05 (dd, J = 14.7, 7.5 Hz, 1H, 3-Hb); 3C NMR (101 MHz, methanol-d4) &
171.6 (C=0), 154.1 (sp? C), 153.3 (naphthyridine 7-CH), 147.8 (sp? C), 138.0
(sp?C), 132.1 (sp? C), 130.7 (phenyl 2-CH), 130.6 (naphthyridine 5-CH), 128.9
(sp? C), 124.0 (phenyl 3-CH), 101.1 (sp? C), 97.4 (naphthyridine 3-CH), 56.9
(2-CH), 36.0 (3-CH:), other peaks not resolved; °F NMR (376 MHz,
methanol-ds) & —70.0 (s, CF3); vmax/cm™ (solid); 2700-3300 (br), 1591, 1562,
1512, 1445, 1411, 1385, 1360, 1318, 1284 and 1232; m/z (ES) found MH*
411.083603, C18H143°CIF3N4O2 requires MH* 411.083014; HPLC 1.81 min.,
100%.

N-(4-Bromophenyl)-6-chloro-2-(difluoromethyl)-1,8-naphthyridin-4-amine

(82)
Br
Cl Br \©\
Cl N X 4 M HCl in dioxane, NH
| + propan-2-ol, 40 °C, 5 h Cl AN
A~ F |
N N 83% A~ F
F NH, N N
71 F

82
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4-Bromoaniline (0.237 g, 1.377 mmol) and 71 (0.359 g, 1.440 mmol) were
dissolved in propan-2-ol (5 mL). 4 M HCl in 1,4-dioxane (0.40 mL, 1.6 mmol)
was added and the mixture was stirred at 40 °C for 5 h. A yellow precipitate
formed which was isolated using vacuum filtration to give the title compound
as a yellow solid (0.441 g, 1.148 mmol, 83%), m. p. 180-185 °C decomposed
(from propan-2-ol); Rf 0.39 (1:2 ethyl acetate-pet. ether 40-60); *H NMR
(300 MHz, DMSO-ds) & 10.25 (br s, 1H, N-H), 9.26 (d, J = 2.4 Hz, 1H,
naphthyridine 5-H), 9.12 (d, J = 2.4 Hz, 1H, naphthyridine 7-H), 7.70 (d, J =
8.3 Hz, 2H, aniline 3-H), 7.40 (d, J = 8.3 Hz, 2H, aniline 2-H), 7.11 (s, 1H,
naphthyridine 3-H), 7.00 (t, J = 54.5 Hz, 1H, CHF2); 1°C NMR (101 MHz,
DMSO-ds) 6 154.1 (naphthyridine 7-CH), 153.6 (t, J = 24.8 Hz, naphthyridine
2-C), 152.8 (sp? C), 152.5 (sp? C), 138.2 (sp? C), 133.2 (aniline 3-CH), 132.5
(naphthyridine 5-CH), 128.4 (sp? C), 126.3 (aniline 2-CH), 118.6 (sp?> C), 115.1
(sp? C), 113.1 (t, J = 239 Hz, CHF2), 98.6 (t, J = 4.2 Hz, naphthyridine 3-CH);
19F NMR (282 MHz, DMSO-de) & -116.58 (d, J = 54.3 Hz, CHF2); vmax/cm™’
(solid); 2572, 1629, 1610, 1578, 1555, 1481, 1449, 1414, 1404, 1352, 1260
and 1225; m/z (ES) found MH* 385.967824, C15sHe®'Br3>CIF2N3 requires MH*
385.968873; HPLC 2.88 min., 100%.

6-Chloro-2-(difluoromethyl)-N-(3-iodophenyl)-1,8-naphthyridin-4-amine (83)
|

: Q!
NH

| .
Cl 4 M HCI in dioxane
\ \ o i)
| . \© propan—2—0|, 40 C, 4 h _ Cl AN AN
7 = F |
N N 21% _ _ E
N N

NH,
71 F

83

3-lodoaniline (0.10 mL, 0.83 mmol) and 71 (0.198 g, 0.793 mmol) were
dissolved in propan-2-ol (5 mL). 4 M HCl in 1,4-dioxane (0.22 mL, 0.88 mmol)
was added and the mixture was stirred at 40 °C for 4 h. A yellow precipitate
formed which was isolated using vacuum filtration then purified using column
chromatography; elution with ethyl acetate-pet. ether 40—-60 (1:5-1:1). The
title compound was obtained as an orange solid (70.2 mg, 0.163 mmol, 21%),
m. p. 207-209 °C (from ethyl acetate-pet. ether 40-60); Rf 0.52 (1:1 ethyl
acetate-pet. ether 40-60); *H NMR (400 MHz, methanol-d4) d 8.96 (s, 1H,
naphthyridine 7-H), 8.86 (d, J = 2.5 Hz, 1H, naphthyridine 5-H), 7.76 (t, J =
2.0 Hz, 1H, aniline 2-H), 7.62 (d, J = 7.7 Hz, 1H, aniline 6-H), 7.43 (ddd, J =
8.0, 2.0, 1.0 Hz, 1H, aniline 4-H), 7.24 (t, J = 8.0 Hz, 1H, aniline 5-H), 7.18 (s,
1H, naphthyridine 3-H), 6.67 (t, J = 55.2 Hz, 1H, CHF2); 3C NMR (101 MHz,
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methanol-ds4) 6 156.3 (t, J = 25.6 Hz, naphthyridine 2-C), 154.1 (sp? C), 152.8
(naphthyridine 7-CH), 151.2 (sp? C), 140.5 (sp? C), 134.5 (aniline 6-CH), 132.1
(aniline 2-CH), 131.0 (aniline 5-CH), 130.6 (naphthyridine 5-CH), 128.5 (sp?
C), 122.4 (aniline 4-CH), 115.1 (sp? C), 113.7 (t, J = 241 Hz, CHF2), 97.7
(naphthyridine 3-CH), 93.9 (sp? C); *®F NMR (376 MHz, methanol-d4) 5 -118.2
(d, J =55.3 Hz, CHF2); vmax/cm™" (solid); 3062, 1599, 1575, 1555, 1472, 1446,
1418, 1388, 1360, 1313, 1242 and 1215; m/z (ES) found MH* 431.956507,
C15H9®°CIF2IN3 requires MH* 431.957056; HPLC 3.06 min., 100%.

(4-((6-Chloro-2-(difluoromethyl)-1,8-naphthyridin-4-yl)amino)phenyl)boronic
acid (84)

OH
B
HO
cl HO. __OH
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4
4-Aminobenzene boronic acid hydrochloride (89.4 mg, 0.516 mmol) and 71
(0.132 g, 0.529 mmol) were dissolved in propan-2-ol (3 mL). 4 M HCI in
1,4-dioxane (0.14 mL, 0.56 mmol) was added and the mixture was stirred at
40 °C for 24 h. A yellow precipitate formed which was isolated using vacuum
filtration and the title compound was obtained as a yellow solid (0.153 g,
0.437 mmol, 85%), m. p. 180-183 °C decomposed (from propan-2-ol); Rf 0.49
(1:1 ethyl acetate-pet. ether 40—60); *H NMR (300 MHz, methanol-da) & 9.12
(d, J = 2.2 Hz, 1H, naphthyridine 5-H), 9.07 (d, J = 2.2 Hz, 1H, naphthyridine
7-H), 7.54 (d, J = 7.5 Hz, 2H, aniline 2-H), 7.44 (d, J = 7.5 Hz, 2H, aniline
3-H), 7.00 (s, 1H), 6.95 (t, J = 53.3 Hz, 1H); 13C NMR (101 MHz, DMSO-ds) &
154.6 (naphthyridine 7-CH), 154.3 (sp? C), 151.9 (t, J = 25.3 Hz, naphthyridine
2-C) 151.1 (sp? C), 138.2 (sp? C), 133.1 (naphthyridine 5-CH), 130.4 (aniline
2-CH), 128.7 (sp? C), 127.3 (sp? C), 124.8 (aniline 3-CH), 114.7 (sp? C), 112.4
(t, J = 241 Hz, CHF2), 98.3 (t, J = 4.0 Hz, naphthyridine 3-CH); °F NMR
(282 MHz, methanol-ds) & —121.3 (d, J = 53.2 Hz); vmax/cm™" (solid); 3046,
2493 (br), 1609, 1591, 1560, 1489, 1466, 1441, 1406, 1342, 1318, 1256 and
1226; m/z (ES) found MH* 350.067524, C1sH11B3*CIF2N3O2 requires MH*
350.067368; HPLC 1.27 min., 100%.
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Methyl 2-(4-((6-chloro-2-(difluoromethyl)-1,8-naphthyridin-4-
yl)amino)phenyl)acetate (86)
\

0] /O
¢l O 4 M HCl in dioxane, 0
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Methyl-(4-aminophenyl)acetate (0.110 g, 0.666 mmol) and 71 (0.189 g,
0.760 mmol) were dissolved in propan-2-ol (5 mL). 4 M HCI in 1,4-dioxane
(0.20 mL, 0.80 mmol) was added and the mixture heated at 40 °C for 2.5 h. A
yellow precipitate formed which was isolated using vacuum filtration and the
titte compound was obtained as a yellow solid (0.158 g, 0.417 mmol, 63%),
m. p. 158-160 °C (from propan-2-ol); Rf 0.60 (1:1 ethyl acetate-pet. ether 40—
60); *H NMR (300 MHz, methanol-d4) & 9.10 (d, J = 2.3 Hz, 1H, naphthyridine
5-H), 9.06 (d, J = 2.3 Hz, 1H, naphthyridine 7-H), 7.46 (d, J = 8.5 Hz, 2H,
aniline 2-H), 7.39 (d, J = 8.5 Hz, 2H, aniline 3-H), 7.04 (s, 1H, naphthyridine
3-H), 6.94 (t, J = 53.2 Hz, 1H, CHF2), 3.71 (s, 2H, CH2), 3.64 (s, 3H, CHz3); 13C
NMR (75 MHz, methanol-ds) & 173.4 (C=0), 159.9 (sp? C), 158.6 (sp? C),
157.1 (7-CH), 148.4 (sp? C), 136.7 (sp? C), 136.3 (sp? C), 133.3 (naphthyridine
5-CH), 132.5 (aniline 2-CH), 131.9 (sp? C), 126.3 (aniline 3-CH), 114.8 (sp?
C), 111.5 (t, J =243 Hz, CHF2), 100.1 (t, J = 5.5 Hz, naphthyridine 3-CH), 52.5
(CHs), 41.0 (CH2); °F NMR (282 MHz, methanol-d4) 8 -=121.1 (d, J = 53.2 Hz,
CHF2); vmax/cm™ (solid); 2674, 1752, 1734, 1601, 1587, 1552, 1529, 1510,
1452, 1420, 1400, 1360, 1348, 1324, 1257 and 1222; m/z (ES) found MH*
378.081253, C18H14*°CIF2N30:2 requires MH* 378.081537; HPLC 2.28 min.,
87%.

2-(4{[6-chloro-2-(difluoromethyl)-1,8 -naphthyridin -4 -yllJamino}phenyl)ethan-
1-0l (87)

_0O HO
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To 86 (0.141 g, 0.373 mmol) in dry THF (2 mL) was added dropwise a
suspension of LiAlH4 in dry THF (1 M, 0.5 mL, 0.5 mmol) at 0 °C under an
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atmosphere of nitrogen. The mixture was stirred at 0 °C for 40 minutes then
slowly quenched with water (1 mL) and diluted with DCM (30 mL). The solution
was filtered through celite, washed with saturated aqueous sodium carbonate
solution (20 mL), layers were separated and the aqueous layer was extracted
with DCM (20 mL). The combined organic layers were washed with water
(20 mL), dried over sodium sulphate and evaporated in vacuo to leave the title
compound as an orange solid (92.8 mg, 0.265 mmol, 71%); m. p.
143-146 °C (from DCM); Rf 0.32 (1:1 ethyl acetate-pet. ether 40—60); *H NMR
(400 MHz, methanol-d4)  8.88 (d, J = 2.5 Hz, 1H, naphthyridine 7-H), 8.83 (d,
J = 2.5 Hz, 1H, naphthyridine 5-H), 7.29 (d, J = 8.3 Hz, 2H, aniline 2-H), 7.22
(d, J = 8.3 Hz, 3H, aniline 2-H), 6.99 (s, 1H, naphthyridine 3-H), 6.53 (t, J =
55.2 Hz, 1H, CHF2), 3.72 (t, J = 6.9 Hz, 2H, H2C-0), 2.79 (t, J = 6.9 Hz, 2H,
CHz2); 3C NMR (101 MHz, methanol-d4) 3 157.0 (t, J = 23.8 Hz, naphthyridine
2-C), 152.6 (naphthyridine 7-CH), 152.2 (sp? C), 150.0 (sp? C), 137.4 (sp® C),
136.7 (sp? C), 130.6 (naphthyridine 5-CH), 130.1 (aniline 2-CH), 128.1 (sp?
C), 126.4 (sp? C), 123.9 (aniline 3-H), 113.9 (t, J = 241 Hz, CHF2), 97.0 (t, J =
3.2 Hz, naphthyridine 3-CH), 62.6 (CH2-0), 38.3 (CH2); 1°®F NMR (376 MHz,
methanol-ds) & —118.1 (d, J = 55.2 Hz, CHF2); vmax/cm™" (solid); 3255 (br),
2922, 2852, 1637, 1585, 1559, 1523, 1511, 1465, 1443, 1417, 1383, 1366,
1315, 1246 and 1212; m/z (ES) found MH* 350.086279, C17H14°CIF2N3O
requires MH* 350.086623; HPLC 1.74 min., 100%.

6-chloro-2 {(difluoromethyl) -N-[4 (2 -ethoxyethyl)phenyl]-1,8 -naphthyridin-4-
amine (88)

¢! MR
NH NH

Ch A NaH, Etl, THF, 0 “C-RT 24 h cl
L 14% |

87 (40.9 mg, 0.117 mmol) and sodium hydride (60% in mineral oil, 23.4 mg,
0.585 mmol) were dissolved in dry THF (2 mL) under an atmosphere of
nitrogen. lodoethane (10 pL, 0.12 mmol) was added dropwise at O °C then the
mixture was allowed to warm to room temperature and stirred for 24 h.
Saturated aqueous ammonium chloride (5 mL) was added and the solution
was extracted with ethyl acetate (2 x 20 mL). The combined organic layers
were washed with water (20 mL), dried over sodium sulphate and evaporated
in vacuo. The product was purified using column chromatography; elution with
ethyl acetate-pet. ether 40-60 (33-100% ethyl acetate) and the solvent
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removed in vacuo to leave the title compound as an orange solid (6.2 mg,
0.016 mmol, 14%); Rf 0.23 (1:1 ethyl acetate-pet. ether 40-60); *H NMR
(300 MHz, methanol-d4) & 8.90 (d, J = 2.5 Hz, 1H, naphthyridine 7-H), 8.85 (d,
J = 2.5 Hz, 1H, naphthyridine 5-H), 7.31 (d, J = 8.4 Hz, 2H, aniline 3-H), 7.23
(d, J = 8.4 Hz, 2H, aniline 2-H), 7.00 (s, 1H, naphthyridine 3-H), 6.55 (t, J =
55.2 Hz, 1H, CHF2), 3.63 (t, J = 6.8 Hz, 2H, H2C-0), 3.45 (g, J = 7.0 Hz, 2H,
H2C-CHs), 2.84 (t, J = 6.8 Hz, 2H, H2C-phenyl), 1.10 (t, J = 7.0 Hz, 3H, CH3);
13C NMR (101 MHz, methanol-ds4) & 152.6 (sp? C), 152.6 (naphthyridine
7-CH), 152.2 (sp? C), 137.4 (sp? C), 136.9 (sp? C), 130.6 (naphthyridine
5-CH), 130.0 (aniline 3-CH), 128.2 (sp? C), 123.8 (aniline 2-CH), 114.8 (sp?
C), 113.9 (t, J =241 Hz, CHF2), 100.0 (sp? C), 97.0 (t, J = 3.3 Hz, naphthyridine
3-CH), 71.0 (CH2-0), 65.9 (CH2-CHs3), 35.3 (CH2-phenyl), 14.0 (CHs); °F
NMR (282 MHz, methanol-d4) & =118.3 (d, J = 55.2 Hz, CHF>).

3-Chloropyridine-2,6-diamine (98)

Cl
| = HCl(aq), Ho0,, RT, 3 h | A
i~ —
H,N” ON” T NH, 74% HN” ONT NH,
97 98

To a stirred mixture of 2,6-diaminopyridine (5.482 g, 50.234 mmol) in
concentrated aqueous hydrochloric acid (40 mL) was added dropwise 30%
aqueous hydrogen peroxide solution (5 mL, 49.8 mmol). The reaction was
stirred for 3 h at room temperature then cooled to 0 °C and neutralised with
50% aqueous sodium hydroxide. The resultant precipitate was isolated using
vacuum filtration to give the title compound as a black solid (5.319 g,
37.033 mmol, 74%); m. p. >270 °C (from water); Rf 0.27 (1:1 ethyl acetate-
pet. ether 40-60); *H NMR (400 MHz, DMSO-ds) 8 7.11 (d, J = 8.3 Hz, 1H, 4-
H), 5.69 (d, J = 8.3 Hz, 1H, 5-H), 5.58 (br s, 4H, NH2); 13C NMR (101 MHz,
DMSO-ds) & 158.0 (sp? C), 154.3 (sp? C), 138.1 (4-CH), 99.4 (sp? C), 97.7
(5-CH); vmax/lcm™ (solid); 3410, 3300, 3169, 1621, 1586, 1567, 1455, 1437,
1352 and 1292; m/z (ES) found MH* 144.031719, CsHe**CIN3 requires MH*
144.032301; HPLC 0.89 min., 91%.

7-Amino-6-chloro-2-(difluoromethyl)-1,8-naphthyridin-4(1H)-one (100)

O O
F PPA
i OEt 0
: 80 °C, 24 h
Ch F Cla
| ii. diphenyl ether, 250 °C, 2 h | _ | F
HN™ N7 ONH HN- NN
2 2 54% H
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A mixture of 98 (2.023 g, 14.087 mmol), ethyl difluoroacetate (1.84 mL,
14.1 mmol) and polyphosphoric acid (20 mL) was stirred for 24 h at 80 °C then
allowed to cool and ammonium hydroxide was added until the pH increased
to 9. The resultant precipitate was isolated by vacuum filtration to give
6-amino-7-chloro-2-(difluoromethyl)-4H-pyrido[1,2-a]pyrimidin-4-one (99) as
a brown solid. The crude product was dissolved in diphenyl ether (25 mL) and
heated at 250 °C under reflux for 2 h then allowed to cool to room temperature.
The resultant precipitate was isolated by vacuum filtration and washed with
pet. ether 40-60 to give the title compound as a brown solid (1.883 g,
7.666 mmol, 54%) m. p. 250-5 °C (from diphenyl ether); Rf 0.33 (1:1 ethyl
acetate-pet. ether 40-60); 'H NMR (300 MHz, methanol-d4) & 8.13 (s, 1H,
5-H), 6.67 (t, J = 54.0 Hz, 1H, CHF2), 6.27 (s, 1H, 3-H); 3C NMR (75 MHz,
methanol-ds) & 134.3 (5-CH), 111.4 (3-CH), other peaks not resolved; °F
NMR (282 MHz, methanol-ds) & =120.7 (d, J = 53.8 Hz, CHF2); vmax/cm™’
(solid); 3526, 3415, 3384, 3152, 2662, 1614, 1523, 1453, 1423, 1369, 1350,
1276 and 1225; m/z (ES) found MH* 246.023423, CoH73°CIF2N30 requires
MH* 246.024022; HPLC 1.29 min., 100%.

3,5-Dichloro-7-(difluoromethyl)-1,8-naphthyridin-2-amine (101)

0 Cl
“ | = | POCI;, 100 °C, 24 h “ i NN
H,N N7 ” F 68% H,N NN
00 101 F

A mixture of 100 (0.863 g, 3.515 mmol) and phosphoryl chloride (8 mL) was
stirred for 24 h at 100 °C then allowed to cool to room temperature. The
solution was poured onto ice and neutralised with saturated aqueous sodium
hydrogen carbonate. The resultant precipitate was isolated using vacuum
filtration to give the title compound as a brown solid and the filtrate extracted
with DCM (3 x 100 mL). The combined organic layers were washed with brine
(100 mL) and water (100 mL), dried over magnesium sulphate and evaporated
to yield further product as a yellow solid (0.630 g, 2.386 mmol, 68%) m. p.
220-2 °C (from ethyl acetate-pet. ether 40—60); Rf 0.53 (1:1 ethyl acetate-pet.
ether 40-60); *H NMR (400 MHz, methanol-d4) & 8.35 (s, 1H, 5-H), 7.52 (s,
1H, 3-H), 6.65 (t, J = 55.0 Hz, 1H, CHF2); 3C NMR (101 MHz, methanol-d4) &
157.9 (sp? C), 155.0 (t, J = 13.9 Hz, 2-C), 154.8 (sp® C), 143.1 (sp? C), 132.0
(7-CH), 121.0 (sp? C), 116.9 (sp®C), 114.0 (t, J =3.2 Hz, 3-CH), 113.4 (t, J =
241 Hz, CHF2); 1°F NMR (376 MHz, methanol-d4) & -117.9 (d, J = 54.8 Hz,
CHF2); vmax/cm™ (solid); 3483, 3108, 2568, 2316, 1638, 1608, 1584, 1545,
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1509, 1469, 1422, 1352, 1315, 1298 and 1279; m/z (ES) found MH*
263.989795, CoHs*°Cl2F2N3 requires MH* 263.990135; HPLC 2.27 min., 93%.
3-Chloro-7-(difluoromethyl)-N>-(4-(trifluoromethyl)phenyl)-1,8-naphthyridine-
2,5-diamine (102)

FsC
Cl \©\
FsC NH
Cl 4 M HCl in dioxane,
XN Cl
| . propan-2-ol, 80 °C, 20 h | NN
~ ~
~ ~
HN NN 33% HN" NT N
F NH, F
101 102

101 (53.3 mg, 0.202 mmol) and 4-(trifluoromethyl)aniline (23 pL, 0.18 mmol)
were dissolved in propan-2-ol (2 mL). 4 M HCI in 1,4-dioxane (50 pL,
0.20 mmol) was added and the mixture was stirred for 20 h at 80 °C under
reflux then allowed to cool to room temperature. The solvent was evaporated
in vacuo and the resultant brown residue neutralised with saturated aqueous
sodium hydrogen carbonate (40 mL) and extracted with ethyl acetate (2 x
40 mL). The combined organic layers were washed with water (40 mL) and
dried over magnesium sulphate. The solvent was removed in vacuo to leave
a brown solid which was purified using column chromatography; elution with
ethyl acetate-pet. ether 40—60 (33%—100% ethyl acetate). The solvent was
removed in vacuo to give the title compound as a yellow solid (23.5 mg,
0.0605 mmol, 33%) m. p. >270 °C (from ethyl acetate); Rf 0.53 (1:1 ethyl
acetate-pet. ether 40-60); *H NMR (400 MHz, methanol-d4) & 8.47 (s, 1H,
naphthyridine 4-H), 7.61 (d, J = 8.4 Hz, 2H, aniline 3-H), 7.39 (d, J = 8.4 Hz,
2H, aniline 2-H), 7.05 (s, 1H, naphthyridine 6-H), 6.50 (t, J = 55.4 Hz, 1H,
CHF2); 13C NMR (75 MHz, methanol-ds) & 158.4 (sp? C), 156.7 (sp? C), 156.4
(t, J = 24.5 Hz, naphthyridine 7-C), 150.8 (sp? C), 145.1 (sp? C), 132.2
(naphthyridine 4-CH), 127.8 (q, J = 3.9 Hz, aniline 3-CH), 126.7 (q, J =
32.8 Hz), 125.6 (q, J = 271 Hz, CF3), 122.5 (aniline 2-CH), 118.4 (sp?C), 115.2
(t, J = 241 Hz, CHF2), 110.3 (sp? C), 98.2 (t, J = 3.5 Hz, naphthyridine 6-CH);
vmax/cm™" (solid); °F NMR (376 MHz, methanol-d4) & -63.6 (s, CF3), —118.0
(d, J = 55.6 Hz, CHF2); 3488, 3292, 3179, 2923, 2854, 1603, 1558, 1520,
1492, 1463, 1432, 1400, 1376, 1322 and 1279; m/z (ES) found MH*
389.059638, Ci16H10°°CIFsN4 requires MH* 389.058692; HPLC 2.39 min.,
100%.
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3-Chloro-7-(difluoromethyl)-N>-(3-fluoro-4-(trifluoromethyl)phenyl)-1,8-
naphthyridine-2,5-diamine (103)

Cl
o FsC F -
N 4 M HCl in dioxane, Cl
i - propan-2-ol, 80 °C, 24 h | e
N ]
HN™ NN 31% N
, o H,N 'N” N
F NH,
101

103

101 (0.109 g, 0.413 mmol) and 4-amino-2-fluorobenzotrifluoride (71.4 mg,
0.413 mmol) were dissolved in propan-2-ol (2 mL). 4 M HCI in 1,4-dioxane
(0.11 mL, 0.44 mmol) was added and the mixture was stirred for 24 h at 80 °C
under reflux then allowed to cool to room temperature. The solvent was
evaporated in vacuo and the resultant brown residue neutralised with
saturated aqueous sodium hydrogen carbonate (30 mL) and extracted with
ethyl acetate (2 x 30 mL). The combined organic layers were washed with
brine (20 mL) and water (30 mL) and dried over magnesium sulphate. The
solvent was removed in vacuo to leave a brown solid which was purified using
column chromatography; elution with DCM-methanol (50:1-1:1). The solvent
was removed in vacuo to give the title compound as an orange solid (49.5 mg,
0.122 mmol, 31%) m. p. >270 °C (from methanol); Rf 0.43 (1:1 ethyl acetate-
pet. ether 40-60); 'H NMR (400 MHz, methanol-ds) & 8.43 (s, 1H,
naphthyridine 4-H), 7.58 (t, J = 8.3 Hz, 1H, aniline 5-H), 7.17 (s, 1H,
naphthyridine 6-H), 7.18 (dd, J = 8.3, 2.1 Hz, 1H, aniline 6-H), 7.13 (dd, J =
12.4, 2.1 Hz, 1H, aniline 2-H), 6.54 (t, J = 55.4 Hz, 1H, CHF2); 3C NMR
(101 MHz, methanol-ds) & 157.1 (sp? C), 156.7 (sp? C), 155.1 (t, J = 33.2 Hz,
naphthyridine 2-C), 148.5 (sp? C), 147.8 (d, J = 264 Hz, C-F), 146.6 (sp? C),
130.9 (naphthyridine 4-CH), 128.0 (g, J = 4.3 Hz, aniline 5-CH), 124.0 (g, J =
269 Hz, CFs), 121.0 (g, J = 37.1 Hz, aniline 4-C), 117.6 (sp? C), 115.3 (d, J =
3.4 Hz, aniline 6-CH), 113.8 (t, J = 240 Hz, CHF2), 109.6 (sp? C), 107.8 (d, J
= 23.9 Hz, aniline 2-CH), 98.3 (t, J = 3.2 Hz, naphthyridine 6-CH); 1°F NMR
(376 MHz, methanol-d4) & -62.0 (d, J = 13.4 Hz, CF3), -114.9 (dq, J =
23.9 Hz, 12.2 Hz, C-F), -118.0 (d, J = 55.6 Hz, CHF2); vmax/cm™" (solid); 3489,
3299, 1622, 1590, 1556, 1515, 1489, 1468, 1424, 1393, 1373, 1344, 1319,
1292 and 1249; m/z (ES) found MH* 407.049298, C16H9**CIFsNa4 requires MH*
407.049270; HPLC 2.56 min., 92%.
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3-Chloro-7-(trifluoromethyl)-N>-[4-(trifluoromethyl)phenyl]-1,8-naphthyridine-
2,5-diamine (104) (Synthesised by MChem student Kyle Orritt)

Fs;C
Cl \©\
F1sC NH
Cl 4 M HCl in dioxane,
NN Cl
| + propan-2-ol, 80 °C,20 h | NN
~ —
HoN N N CF; N/ N/
NH,

14% H,N CF,

104

To a solution of 3,5-dichloro-7-(trifluoromethyl)-1,8-naphthyridin-2-amine
(0.105 g, 0.372 mmol) and 4-(trifluoromethyl)aniline (46 pL, 0.36 mmol) in
propan-2-ol (2 mL) was added dropwise 4 M HCI in 1,4-dioxane (90 pL,
0.36 mmol). The solution was stirred at 80 °C under reflux for 20 h. The
resulting mixture was partitioned between ethyl acetate (30 mL) and saturated
aqueous sodium hydrogen carbonate (20 mL). The organic phase was
washed with brine (20 mL), dried over magnesium sulphate, and the solvent
evaporated in vacuo. The resultant yellow solid was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 'C (1:1). The
solvent was removed in vacuo and the title compound was collected as
off-white needles (21.0 mg, 0.052 mmol, 14%); m. p. 260-265 °C decomposed
(from ethyl acetate-pet. ether 40—60); Rf 0.22 (1:1 ethyl acetate-pet. ether 40—
60); *H NMR (400 MHz, methanol-d4) & 8.50 (s, 1H, naphthyridine 4-H), 7.63
(d, J = 8.0 Hz, 2H, aniline 3-H), 7.41 (d, J = 8.0 Hz, 2H, aniline 2-H), 7.07 (s,
1H, naphthyridine 6-H); *C NMR (101 MHz, methanol-d4) & 157.4 (sp? C),
155.5 (sp? C), 149.9 (sp? C), 143.4 (sp? C), 130.8 (naphthyridine 4-CH), 126.5
(9, J = 3.7 Hz, aniline 3-CH), 121.6 (aniline 2-CH), 109.0 (sp? C), 100.0 (sp?
C), 96.8 (g, J = 4.1 Hz, naphthyridine 6-CH), other peaks not resolved; 1°F
NMR (376 MHz, methanol-ds) & —-63.6 (s, CF3), =70.0 (s, CF3); vmax/cm™’
(solid); 3498, 3304, 1624, 1600, 1587, 1559, 1521, 1485, 1467, 1427, 1409,
1399, 1377, 1322, 1285 and 1268; m/z (ES) found MH* 407.040963,
C16H9%°CIFeN4 requires MH* 407.041992; HPLC 3.14 min.; 100%.
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3-Chloro-N>-[3-fluoro-4-(trifluoromethyl)phenyl]-7-(trifluoromethyl)-1,8-
naphthyridine-2,5-diamine (105) (Synthesised by MChem student Kyle Orritt)

F
FsC
cl
F:C F NH
Cl 4 M HCl in dioxane,
AN cl
| + propan-2-ol, 80 °C, 20 h | YN
~ ~
0, ~ o
H,N" N7 N7 CF, 20% HN” NT N7 NCF,
NH; 105

To a solution of 3,5-dichloro-7-(trifluoromethyl)-1,8-naphthyridin-2-amine
(0.102 g, 0.362 mmol) and 4-amino-2-fluorobenzotrifluoride (70 mg,
0.391 mmol) in propan-2-ol (2 mL) was added dropwise 4M HCl in 1,4-dioxane
(90 pL, 0.36 mmol). The solution was stirred at 80 °C under reflux for 20 h.
The resulting mixture was partitioned between ethyl acetate (30 mL) and
saturated aqueous sodium hydrogen carbonate (20 mL). The organic phase
was washed with brine (20 mL), dried over magnesium sulphate, and the
solvent evaporated in vacuo. The resultant yellow solid was purified using
column chromatography; elution with DCM-methanol (50:1). The solvent was
removed in vacuo and the title compound was collected as pale yellow
needles (31.0 mg, 0.073 mmol, 20%); m. p. 245-249 "C decomposed (from
DCM-methanol). Rf 0.16 (1:1 ethyl acetate-pet. ether 40—60); 'H NMR (400
MHz, methanol-ds4) & 8.51 (s, 1H, naphthyridine 4-H), 7.61 (dd, J = 14.2, 5.8
Hz, 1H, aniline 5-H), 7.20 (s, 1H, naphthyridine 6-H), 7.17 (m, 2H, aniline 2-
H, 6-H); ¥3C NMR (101 MHz, methanol-d4) & 157.5 (sp? C), 153.6 (sp? C),
148.9 (sp? C), 147.4 (d, J = 265 Hz, C-F), 130.8 (naphthyridine 4-CH), 128.2
(g, J = 3.1 Hz, aniline 5-CH), 122.8 (sp? C), 118.3 (sp? C), 115.6 (d, J =
3.0 Hz, aniline 6-CH), 109.7 (sp? C), 108.2 (d, J = 24.2 Hz, aniline 2-CH), 98.2
(naphthyridine 6-CH), other peaks not resolved; °F NMR (376 MHz,
methanol-ds); 8 -62.1 (s, C-F), -62.1 (s, CF3), -69.9 (s, CF3); vmax/cm™" (solid);
3490, 3294, 1625, 1589, 1559, 1517, 1494, 1469, 1429, 1409, 1378, 1320,
1269 and 1251; m/z (ES) found MH* 425.031563, C16Hs3*CIF7Na4 requires MH*
425.032569; HPLC 3.28 min; 100%.
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3-Chloro-7-(trifluoromethyl)-N>-[6-(trifluoromethyl) pyridin-3-yl]-1,8-
naphthyridine-2,5-diamine (106) (Synthesised by MChem student Kyle Orritt)
FsC.__N

~

2

Cl
cl = 4 MHCl in di 4
N AN In dloxane, Cl
m + ’\{ propan-2-ol, 80 °C, 20 h | NN
HN" N7 ON” cF, — A
NH,

4% H,N™ NT N7 CF,
106

To a solution of 3,5-dichloro-7-(trifluoromethyl)-1,8-naphthyridin-2-amine
(0.100 g, 0.354 mmol) and 5-amino-2-(trifluoromethyl)pyridine (60 mg,
0.370 mmol) in propan-2-ol (2 mL) was added dropwise 4 M HCI in
1,4-dioxane (90 pL, 0.36 mmol). The solution was stirred at 80 °C under reflux
for 20 h. The resulting mixture was partitioned between ethyl acetate (30 mL)
and saturated aqueous sodium hydrogen carbonate (20 mL). The organic
phase was washed with brine (20 mL), dried over MgSO4, and the solvent
evaporated in vacuo. The resultant yellow solid was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:1). The solvent
was removed in vacuo and the title compound was collected as white needles
(5.0 mg, 0.012 mmol; 4%); m. p. >270 °C (from ethyl acetate-pet. ether 40—
60); Rf 0.21 (1:1 ethyl acetate-petrol. ether 40-60); ‘H NMR (400 MHz,
methanol-d4) & 859 (d, J = 2.5 Hz, 1H, pyridine 2-H), 850 (s, 1H,
naphthyridine 4-H), 7.88 (dd, J = 8.5, 2.5 Hz, 1H, pyridine 4-H), 7.75 (d, J =
8.5 Hz, 1H, pyridine 5-H), 7.14 (s, 1H, naphthyridine 6-H); 13C NMR (101 MHz,
methanol-d4) & 142.7 (pyridine 2-CH), 130.7 (naphthyridine 4-CH), 128.2
(pyridine 4-CH), 121.3 (pyridine 5-CH), 97.4 (naphthyridine 6-CH), other
peaks not resolved. °F NMR (376 MHz, methanol-d4) & -68.3 (s, CF3), -69.9
(s, CF3); vmax/cm™ (solid); 3501, 3312, 3183, 1624, 1599, 1586, 1560, 1496,
1469, 1430, 1405, 1337, 1271 and 1231; m/z (ES) found MH* 408.037183,
C15Hg*>CIFeNs requires MH* 408.037241; HPLC 2.77 min.; 100%.

5-Chloro-6-fluoropyridin-2-amine (108)

Cl
| N NCS, MeCN, 80 °C, 4 h | X
~ o —

F7 O N NH, 62% E7ONT NH,
107 108

To a stirred mixture of 2-amino-6-fluoropyridine (0.123 g, 1.095 mmol) in
acetonitrile (3 mL) was added N-chlorosuccinimide (0.155 g, 1.159 mmol).
The reaction mixture was stirred for 4 h at 80 °C then the solvent was
evaporated in vacuo. The resultant residue was purified using column
chromatography; elution with ethyl acetate-pet. ether 40—-60 (1:3). The solvent
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was removed in vacuo to give the title compound as off-white needles
(86.2 mg, 0.588 mmol, 54%); m. p. 94-5 °C (from ethyl acetate); Rf 0.45 (1:1
ethyl acetate-pet. ether 40-60); *H NMR (400 MHz, CDCl3) & 7.41 (dd, J =
9.2,8.3 Hz, 1H, 4-H), 6.23 (dd, J = 8.3, 1.1 Hz, 1H, 3-H), 4.47 (br s, 2H, NH>);
13C NMR (151 MHz, CDCIs) 6 157.8 (d, J = 237 Hz, C-F), 155.7 (d, J =
15.5 Hz, 2-C), 142.0 (d, J = 1.8 Hz, 4-CH), 105.9 (d, J = 4.4 Hz, 3-CH), 103.4
(d, J = 33.1 Hz, 5-C); *®F NMR (376 MHz, CDCl3) 6 -73.4 (d, J = 9.4 Hz,
C-F); vmaxlcm™ (solid); 3470, 3440, 3318, 3293, 3210, 3182, 1630, 1595,
1521, 1472, 1434, 1318, 1287, 1249 and 1223; m/z (ES) found MH*
147.011589, CsH43°CIFNs requires MH* 147.011980; HPLC 1.90 min., 100%.

7-Chloro-2-(difluoromethyl)-6-(methylamino)-4H-pyrido[1,2-a]pyrimidin-4-one
(110)

F

P Ao o i
t o
i 80 °C, 16 h AN | F
N
Yy

Cl B ii. MeNH,, H,0
—

F7 N NH, 62% HN. ©
108 110

A mixture of 108 (0.956 g, 6.518 mmol), ethyl 4,4-difluoroacetoacetate
(0.870 mL, 6.65 mmol) and polyphosphoric acid (20 mL) was stirred for 16 h
at 80 °C. The solution was allowed to cool then poured onto ice and 40%
methylamine in water was added until the pH increased to 9. A yellow
precipitate formed which was isolated using vacuum filtration (1.056 g,
4.066 mmol, 62%); m. p. 138-143 °C decomposed (from ethyl acetate); Rf
0.45 (1:1 ethyl acetate-pet. ether 40-60); *H NMR (400 MHz, methanol-ds) d
7.60 (d, J = 9.3 Hz, 1H, 8-H), 6.78 (d, J = 9.3 Hz, 1H, 9-H), 6.37 (t, J =
54.9 Hz, 1H, CHF2), 6.19 (s, 1H, 3H), 3.10 (s, 3H, CHz); ¥3C NMR (101 MHz,
methanol-ds) & 164.6 (C=0), 156.6 (t, J = 25.6 Hz, 2-C), 152.3 (sp? C), 150.3
(sp? C), 141.5 (8-CH), 112.3 (9-CH) , 112.3 (t, J = 241 Hz, CHF2), 105.3 (sp?
C), 98.9 (t, J = 3.9 Hz, 3-CH), 33.1 (CHs3); 1°F NMR (376 MHz, methanol-d4) &
-122.8 (d, J = 54.9 Hz, CHF2); vmax/cm™" (solid); 3068, 2943, 1673, 1619,
1580, 1564, 1532, 1493, 1454, 1413, 1385, 1335, 1285, 1258 and 1203; m/z
(ES) found MH* 260.039622, C10Hs**CIF2N3O requires MH* 260.039672;
HPLC 2.50 min., 75%.
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6-Chloro-2-(difluoromethyl)-7-(methylamino)-1,8-naphthyridin-4(1H)-one
(111)

N i o
= N2 | F Diphenyl ether, Cl N
SN 250°C,2.5h | |
Cl > ~ 7 F
69% N N N
HN._ O H Ho L
110 111

A solution of 110 (0.206 g, 0.792 mmol), in diphenyl ether (4 mL) was stirred
under reflux at 250 °C for 2.5 h. The solution was allowed to cool to room
temperature and the precipitate collected using vacuum filtration and washed
with pet. ether 40-60 to leave the product as a brown solid (0.141 g,
0.543 mmol, 69%); m. p. 214-8 °C (from diphenyl ether); 'H NMR (400 MHz,
methanol-d4) 6 8.04 (s, 1H, 5-H), 6.66 (t, J = 54.0 Hz, 1H, CHF>), 6.28 (s, 1H,
3-H), 2.97 (s, 3H, CHs); ¥3C NMR (101 MHz, methanol-ds) & 177.7 (C=0),
156.6 (sp? C), 150.1 (sp? C), 143.3 (t, J = 24.5 Hz, 2-C), 131.7 (5-CH), 115.3
(sp? C), 111.7 (sp? C), 111.0 (t, J = 241 Hz), 106.8 (t, J = 5.3 Hz, 3-CH), 27.5
(CH3); **F NMR (376 MHz, methanol-d4) & -120.4 (d, J = 54.1 Hz, CHF2);
vmax/lcm™ (solid); 3438, 2714 (br), 1616, 1542, 1492, 1425, 1405, 1373, 1346,
1257 and 1223; m/z (ES) found MH* 260.039674, C10Hg®**CIF2N30 requires
MH* 260.039672; HPLC 1.47 min., 100%.

3,5-Dichloro-7-(difluoromethyl)-N-methyl-1,8-naphthyridin-2-amine (112)

0
ol cl
N POCl3, 100 °C, 24 h cl
L] . - | XX
SNTONTON 85% - Ao A F
H H | N NN
111 112 F

A mixture of 111 (0.441 g, 1.700 mmol) and phosphoryl chloride (4 mL) was
stirred under reflux at 100 °C for 24 h. The solution was allowed to cool to
room temperature then poured onto ice and saturated aqueous sodium
hydrogen carbonate was added until pH increased to 9. The mixture was
filtered under reduced pressure to isolate a brown precipitate which was
purified using column chromatography; elution with ethyl acetate-pet. ether
40-60 (1:2-1:1). The solvent was removed in vacuo to yield the title
compound as a brown solid (0.404 g, 1.451 mmol, 85%); m. p. >270 °C (from
ethyl acetate); Rf 0.20 (1:2 ethyl acetate-pet. ether 40-60); 'H NMR (400 MHz,
CDCls) 8 8.22 (s, 1H, 5-H), 7.50 (s, 1H, 3-H), 6.66 (t, J =55.1 Hz, 1H, CHF2),
5.83 (br s, 1H, N-H), 3.19 (d, J =5.0 Hz, 3H, CH3); 13C NMR (101 MHz, CDCls)
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8 155.8 (sp2 C), 155.0 (sp2 C), 154.9 (t, J = 27.2 Hz, 2-C), 143.1 (sp2 C), 131.2
(5-CH), 121.5 (sp2 C), 117.0 (sp2 C), 114.4 (t, J = 2.6 Hz, 3-CH), 113.8 (t, J =
242 Hz, CHF2), 29.0 (CHs); °F NMR (376 MHz, CDCls) & -115.0 (d, J =
54.5 Hz, CHF2); vmax/cm™" (solid); 3291, 1607, 1551, 1534, 1480, 1448, 1400,
1372, 1295, 1257, 1234 and 1217; m/z (ES) found MH* 278.005518,
C10H73°Cl2F2N3 requires MH* 278.005785; HPLC 2.84 min., 100%.

3-Chloro-7-(difluoromethyl)-N2-methyl-N5-(4-(trifluoromethyl)phenyl)-1,8-
naphthyridine-2,5-diamine (113)

F3C\©\
Cl X 4 M HCl in dioxane, cl
| + propan-2-ol, 80 °C, 18 h NN
~ 7 ~ F |
N” N7 N 53% SNONT N F
H
F NH, H E
112 113

To a stirred mixture of 112 (28.0 mg, 0.101 mmol) in propan-2-ol (1 mL) was
added 4-(trifluoromethyl)aniline (14 pL, 0.11 mmol). The reaction mixture was
stirred under reflux at 80 °C for 18 h. A pale yellow precipitate formed and was
isolated using vacuum filtration then neutralised with saturated aqueous
sodium hydrogen carbonate solution (30 mL) and extracted with DCM (2 x
30 mL). The combined organic layers were dried over sodium sulphate then
the solvent was removed in vacuo to give the title compound as a colourless
solid (21.6 mg, 0.0537 mmol, 53%); m. p. 261-4 °C (from DCM); *H NMR
(501 MHz, DMSO-ds) 6 9.45 (br s, 1H, N-H), 8.65 (s, 1H, naphthyridine 4-H),
7.77 (d, J =8.9 Hz, 2H, aniline 3-H), 7.50 (d, J = 8.9 Hz, 2H, aniline 2-H), 7.44
(q, J = 4.5 Hz, 1H, NHMe), 7.12 (s, 1H, naphthyridine 6-H), 6.83 (t, J =
55.2 Hz, 1H, CHF2), 3.00 (d, J = 4.5 Hz, 3H, CHz3); **C NMR (126 MHz,
DMSO-ds) d 156.2 (sp? C), 155.5 (sp? C), 154.8 (t, J = 24.3 Hz, naphthyridine
7-C), 148.7 (sp? C), 144.8 (sp? C), 130.8 (naphthyridine 4-CH), 127.2 (g, J =
3.6 Hz, aniline 3-CH), 124.9 (q, J =271 Hz, CF3), 123.6 (q, J = 32.1 Hz, aniline
4-C), 121.1 (aniline 2-CH), 117.7 (sp? C), 114.6 (t, J = 240 Hz, CHF2), 108.9
(sp? C), 97.6 (t, J = 3.1 Hz, naphthyridine 6-CH), 28.8 (CHzs); °F NMR
(376 MHz, methanol-d4) & —-63.5 (s, CF3), -117.8 (d, J = 55.6 Hz, CHF>);
vmax/lcm™! (solid); 3457, 3294, 1602, 1558, 1525, 1453, 1396, 1365, 1320 and
1277; m/z (ES) found MH* 403.073966, Ci7H12°°CIFsN4 requires MH*
403.074342; HPLC 2.62 min., 100%.
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3-Chloro-7 -(difluoromethyl)-N>-[3 fluoro -4 (trifluoromethyl)phenyl]-N2-methyl -
1,8-naphthyridine -2,5-diamine (114)

Cl
F3C F
Cl 4 M HCl in dioxane,
XX Cl
| + propan-2-ol, 80 °C, 24 h NN
~ b7 7 F |
N~ °N” °N 50% NN N F
H
F NH, H
112

114

112 (0.132 g, 0.476 mmol) and 4-amino-2-fluorobenzotrifluoride (90.6 mg,
0.506 mmol) were dissolved in propan-2-ol (3 mL). 4 M HCI in 1,4-dioxane
(0.123 mL, 0.52 mmol) was added and the mixture was stirred at 80 °C under
reflux for 24 h. The reaction mixture was allowed to cool to room temperature
then filtered to obtain a brown precipitate which was neutralised with saturated
aqueous sodium hydrogen carbonate (50 mL) and extracted with DCM (3 x
50 mL). The combined organic layers were dried over sodium sulphate and
the solvent removed in vacuo. The product was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:3-1:1). The
solvent was removed in vacuo to give the title compound as a pale yellow solid
(0.100 g, 0.238 mmol, 50%); m. p. >270 °C (from ethyl acetate); Rf 0.26 (1:1
ethyl acetate-pet. ether 40-60); *H NMR (501 MHz, DMSO-ds) 8 9.60 (s, 1H,
naphthyridine 4-NH), 8.58 (s, 1H, naphthyridine 4-H), 7.76 (t, J = 8.6 Hz, 1H,
aniline 5-H), 7.51 (q, J = 4.6 Hz, 1H, naphthyridine 2-NH), 7.33 (d, J = 13.0
Hz, 1H, aniline 2-H), 7.28 (d, J = 8.6 Hz, 1H, aniline 6-H), 7.24 (s, 1H,
naphthyridine 6-H), 6.88 (t, J = 55.2 Hz, 1H, CHF2), 3.00 (d, J = 4.6 Hz, 3H,
CHs); 13C NMR (126 MHz, DMSO-ds) 8 160.2 (d, J = 253 Hz, C-F), 156.2 (Sp?
C), 155.6 (sp? C) , 154.8 (t, J = 24.4 Hz, naphthyridine 7-C), 147.7 (sp? C) ,
147.5 (d, J = 11.3 Hz, aniline 1-C), 130.8 (naphthyridine 4-CH) , 128.9 (q, J =
6.9 Hz, aniline 5-CH) , 123.4 (q, J = 271 Hz, CF3), 118.1 (sp? C) , 115.6 (d, J
= 2.5 Hz, aniline 6-CH), 114.4 (t, J = 240 Hz, CHF2), 110.3 (d, J = 12.0 Hz,
aniline 4-C), 109.5 (sp? C), 107.6 (d, J = 23.6 Hz, aniline 2-CH), 99.3
(naphthyridine 6-CH), 28.9 (CHs); *°F NMR (376 MHz, methanol-d4) & —62.0
(d, J = 12.2 Hz, CF3), -114.9 (qd, J = 12.6, 8.5 Hz, C-F), -117.8 (d, J =
55.4 Hz, CHF2); vmax/cm™ (solid); 3456, 3282, 2957, 1742, 1633, 1606, 1547,
1494, 1457, 1434, 1396, 1365, 1318, 1266 and 1214; m/z (ES) found MH*
421.064788, Ci17H11%°CIFsN4 requires MH* 421.064920; HPLC 2.65 min.,
100%.
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3-Chloro-7-(difluoromethyl) -N2 -methyl-N5-[6 (trifluoromethyl)pyridin-3 -yl] -
1,8-naphthyridine -2,5-diamine (115)

F3C N
X NH
4 M HCl in dioxane, cl
propan-2-ol, 80 °C, 24 h | NN
~ ~
50% \H N N
F
115

112 (0.205 g, 0.735 mmol) and 5-amino-2-(trifluoromethyl)pyridine
(0.131 g, 0.808 mmol) were dissolved in propan-2-ol (4 mL). 4 M HCI in
1,4-dioxane (0.20 mL, 0.80 mmol) was added and the mixture was stirred at
80 °C for 24 h under reflux. The reaction mixture was allowed to cool to room
temperature then filtered to obtain a brown precipitate which was neutralised
with saturated aqueous sodium hydrogen carbonate (50 mL) and extracted
with DCM (3 x 50 mL). The combined organic layers were dried over sodium
sulphate and the solvent removed in vacuo. The product was purified using
column chromatography; elution with ethyl acetate-pet. ether 40—60 (1:2-1:1).
The solvent was removed in vacuo to give the title compound as an orange
solid (0.148 g, 0.368 mmol, 50%); m. p. >270 °C; Rf 0.10 (1:1 ethyl acetate-
pet. ether 40-60); *H NMR (400 MHz, methanol-ds4) d 8.57 (d, J = 2.6 Hz, 1H,
pyridine 2-H), 8.38 (s, 1H, naphthyridine 4-H), 7.84 (dd, J = 8.6, 2.6 Hz, 1H,
pyridine 4-H), 7.73 (d, J = 8.6 Hz, 1H, pyridine 5-H), 7.10 (s, 1H, naphthyridine
6-H), 6.54 (t, J = 55.3 Hz, 1H, CHF2), 3.03 (s, 3H, CHzs); 13C NMR (126 MHz,
DMSO-ds) d 156.1 (sp? C), 155.6 (sp? C), 154.8 (t, J = 24.9 Hz, naphthyridine
7-C), 148.1 (sp? C), 142.8 (pyridine 2-CH), 141.0 (sp? C), 140.4 (g, J =
33.7 Hz, pyridine 6-C), 130.8 (naphthyridine 4-CH), 127.8 (pyridine 4-CH),
122.4 (g, J = 273 Hz, CF3), 122.1 (g, J = 3.2 Hz, pyridine 5-CH), 118.0
(sp? C), 114.4 (t, J = 240 Hz, CHF2), 109.2 (sp? C), 98.2 (naphthyridine 6-CH),
28.9 (CH3); 1°F NMR (376 MHz, methanol-ds) & —68.6 (s, CF3), -117.8 (d, J =
55.3 Hz, CHF2); vmax/cm™ (solid); 3465, 3278, 2972, 1613, 1590, 1552, 1451,
1426, 1397, 1365, 1335, 1299, 1278 and 1232; m/z (ES) found MH*
404.069984, Ci6H11%°CIFsNs requires MH* 404.069591; HPLC 2.18 min.,
100%.
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7-Chloro-2-(difluoromethyl) -6 -(dimethylamino)-4H -pyrido[1,2 -a]pyrimidin 4-
one (116)

o 0
FNO PPA i
Et gg o
L] 80 °C, 20 h = /N| E
cl B ii. MeoNH H,0 o AN
—
F7 N NH, 58% N0

108 116

A stired mixture of 108 (0.619 g, 4.22 mmol), ethyl
4,4-difluoroacetoacetate (0.56 mL, 4.28 mmol) and polyphosphoric acid
(15 mL) was heated at 80 °C for 20 h. The solution was allowed to cool to
room temperature then poured onto ice and dimethylamine in water was
added until the pH increased to 9. A yellow precipitate formed which was
isolated using vacuum filtration. The title compound was obtained as a yellow
solid (0.670 g, 2.448 mmol, 58%); m. p. 107-110 °C (from water); 'H NMR
(400 MHz, methanol-ds4) & 7.82 (d, J = 9.3 Hz, 1H, 8-H), 7.24 (d, J = 9.3 Hz,
1H, 9-H), 6.56 (t, J = 54.9 Hz, 1H, CHF?2), 6.40 (s, 1H, 3-H), 2.98 (s, 6H. CH3);
13C NMR (101 MHz, methanol-d4) & 161.7 (C=0), 156.4 (t, J = 25.0 Hz, 2-C),
153.7 (sp? C), 145.5 (sp? C), 139.6 (8-CH), 119.3 (9-CH), 112.4 (t, J = 241 Hz,
CHF2), 104.1 (sp? C), 99.3 (t, J = 4.3 Hz, 3-CH), 40.5 (CHzs); °F NMR
(376 MHz, methanol-ds) & -122.3 (d, J = 54.7 Hz, CHF2); vmax/cm™ (solid);
2993, 2801, 1762, 1708, 1651, 1611, 1576, 1536, 1499, 1456, 1410, 1374,
1322, 1302, 1283 and 1217; m/z (ES) found MH* 274.055613,
C11H10*°CIF2N30 requires MH* 274.055323; HPLC 2.67 min., 100%.

6-Chloro-2-(difluoromethyl)-7 -(dimethylamino)-1,4 -dihydro-1,8 -naphthyridin-
4-one (117)

N i o
e | F Diphenyl ether, Cl N
SN 250°C,3h | |
Cl - ~ ~ F
68% N N N
N O | H £
116 117

A solution of 116 (0.323 g, 1.181 mmol) in diphenyl ether (7 mL) was heated
under reflux at 250 °C for 3 h. After cooling to room temperature, the solid was
collected using vacuum filtration and washed with pet. ether 40—60 to give the
title compound as a brown solid (0.219 g, 0.799 mmol, 68%); m. p. >270 °C
(from diphenyl ether); Rf 0.49 (1:1 ethyl acetate-pet. ether 40-60); *H NMR
(400 MHz, DMSO-ds) & 8.13 (s, 1H, 5-CH), 6.93 (t, J = 53.8 Hz, 1H, CHF>),
6.29 (s, 1H, 3-CH), 3.17 (s, 6H, NMe2); 3C NMR (126 MHz, DMSO-ds) 0 158.8
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(sp? C), 157.1 (sp? C) , 136.6 (sp? C), 130.5 (5-CH), 123.9 (sp? C), 119.1
(3-CH), 115.8 (sp? C), 114.5 (t, J = 246 Hz, CHF2), 112.0 (sp? C), 41.5 (CH?3);
19F NMR (376 MHz, DMSO-ds) 8 -118.2 (s, CHF2); vmax/cm™ (solid); 2789 (br),
1611, 1549, 1486, 1398 and 1231; m/z (ES) found MH* 274.0550009,
C11H10%°CIF2N30 requires MH* 274.055323; HPLC 2.67 min., 91%.

3,5-Dichloro-7-(difluoromethyl)-N,N-dimethyl-1,8 -naphthyridin-2 -amine (118)

- o
x POCI,, 100 °C, 20 h cl
s - NS
SNTONTON 56% - A A F
| HoL NTINTN
17 118 F

A mixture of phosphoryl chloride (3 mL) and 117 (0.202 g, 0.739 mmol), was
stirred at 100 °C for 20 h. After cooling, the solution was poured onto ice and
ammonium hydroxide was added until the pH increased to 9. The solution was
filtered to obtain a brown solid and the filtrate extracted with chloroform (2 x
50 mL) and evaporated to obtain further product. The title compound was
obtained as a brown solid (0.121 g, 0.415 mmol, 56%); Rf 0.49 (1:2 ethyl
acetate-pet. ether 40-60); m. p. >270 °C (from chloroform); 'H NMR
(400 MHz, methanol-d4) & 8.45 (s, 1H, 4-H), 7.68 (s, 1H, 6-H), 6.79 (t, J =
54.9 Hz, 1H, CHF2), 3.33 (s, 6H, CHs3); 3C NMR (126 MHz, DMSO-ds) & 159.0
(sp? C), 153.6 (sp? C), 142.4 (sp? C), 135.1 (4-CH), 123.0 (sp? C), 119.1 (sp?
C), 117.8 (sp? C), 115.4 (t, J = 3.2 Hz, 6-CH), 113.7 (t, J = 241 Hz, CHF>2),
41.6 (CH3); *°*F NMR (376 MHz, methanol-ds) 3 -117.7 (d, J = 54.9 Hz, CHF2);
vmax/cm™ (solid); 3380, 1698, 1589, 1550, 1518, 1455, 1415, 1403, 1378,
1350, 1331, 1284, 1232 and 1208; m/z (ES) found MH* 292.020767,
C11H9*>Cl2F2N3 requires MH* 292.021436; HPLC 3.58 min., 95%.

3-chloro-7 {(difluoromethyl) -N2,N2-dimethyl-N>{4 <(trifluoromethyl)phenyl] -1,8 -
naphthyridine-2,5-diamine (119)

R
¢l F\C NH
Cl N X 4 M HCl in dioxane, cl
| + propan-2-ol, 80 °C, 18 h NN
SNTONN T 439% ~ LA A r
| 0 ITI N~ N
F NH, F

118 (63.3 mg, 0.217 mmol) and 4-(trifluoromethyl)aniline (30 pL, 0.24 mmol)
were dissolved in propan-2-ol (2 mL). 4 M HCI in 1,4-dioxane (60 pL,
0.24 mmol) was added and the mixture was stirred at 80 °C for 18 h. The
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solution was evaporated in vacuo then saturated aqueous sodium hydrogen
carbonate (50 mL) was added and the product was extracted with DCM (2 x
50 mL) then dried over sodium sulphate. The solvent was removed in vacuo
and the resultant brown residue purified using column chromatography;
elution with ethyl acetate-pet. ether 40-60 (1:3-1:2). The solvent was
removed in vacuo to give the title compound as an orange solid (39.3 mg,
0.0943 mmol, 43%); Rf 0.36 (1:2 ethyl acetate-pet. ether 40-60); m. p.
250-2 °C (from ethyl acetate); *H NMR (501 MHz, DMSO-de) 8 9.60 (br s, 1H,
N-H), 8.77 (s, 1H, naphthyridine 4-H), 7.79 (d, J = 8.4 Hz, 2H, aniline 3-H),
7.53 (d, J = 8.4 Hz, 2H, aniline 2-H), 7.17 (s, 1H, naphthyridine 6-H), 6.88 (t,
J =55.1 Hz, 1H, CHF2), 3.17 (s, 6H, CH3); 3C NMR (126 MHz, DMSO-ds) &
158.8 (sp? C), 155.4 (t, J = 23.4 Hz, naphthyridine 7-C), 154.6 (sp? C), 148.9
(sp? C), 144.4 (sp? C), 134.7 (naphthyridine 4-CH) , 127.3 (q, J = 3.6 Hz,
aniline 3-CH), 124.9 (q, J = 271 Hz, CF3), 124.0 (q, J = 32.3 Hz, aniline 4-C),
121.5 (aniline 2-CH), 119.5 (sp? C), 114.5 (t, J = 240 Hz, CHF2), 110.7 (sp? C)
, 97.8 (t, J = 2.9 Hz, naphthyridine 6-CH), 41.5 (CHz); 1°F NMR (376 MHz,
methanol-ds4) & -63.5 (CF3), —=117.9 (d, J = 55.3 Hz, CHF2); vmax/cm™ (solid);
2933, 2874, 1595, 1508, 1447, 1410, 1394, 1353, 1321 and 1281; m/z (ES)
found MH* 417.090325, CisH14*CIFsN4 requires MH* 417.089992; HPLC
2.73 min., 97%.

3-Chloro-7 (difluoromethyl)-N>{3-fluoro 4 trifluoromethyl)phenyl]-N2,N2-
dimethyl-1,8-naphthyridine-2,5-diamine (120)

Cl
Cl F3C F .
X 4 M HCI in dioxane, cl
| + propan-2-ol, 80 °C, 18 h NN
SNTONTONT i 44% ~ |/ Z F
| ° N~ °N” °N
F NH,
118

120

118 (51.8 mg, 0.177 mmol) and 4-amino-2-fluorobenzotrifluoride (36.8 mg,
0.205 mmol) were dissolved in propan-2-ol (2 mL). 4 M HCI in 1,4-dioxane
(50 pL, 0.20 mmol) was added and the mixture was stirred at 80 °C for 18 h.
The mixture was concentrated in vacuo, neutralised with saturated aqueous
sodium hydrogen carbonate (50 mL), extracted with DCM (2 x 50 mL), dried
over sodium sulphate and purified using column chromatography; elution with
ethyl acetate-pet. ether 40-60 (1:3-1:2). The solvent was removed in vacuo
to give the title compound as yellow needles (33.6 mg, 0.0773 mmol, 44%);
m. p. 241-3 °C (from ethyl acetate); Rf 0.33 (1:2 ethyl acetate-pet. ether 40—
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60); 'H NMR (501 MHz, DMSO-ds) & 9.91 (br s, 1H, N-H), 8.73 (s, 1H,
naphthyridine 4-H), 7.82 (t, J = 8.5 Hz, 1H, aniline 5-H), 7.41 (d, J = 13.1 Hz,
1H, aniline 2-H), 7.34 (d, J = 8.8 Hz, 1H, aniline 6-H), 7.29 (s, 1H,
naphthyridine 6-H), 6.95 (t, J = 54.6 Hz, CHF2), 3.20 (s, 6H, CHz); 13C NMR
(126 MHz, CDCl3) 5 159.7 (d, J = 253 Hz, C-F), 158.3 (sp2 C), 153.3 (sp2 C),
148.2 (sp? C), 146.2 (sp? C), 134.3 (naphthyridine 4-CH), 128.5 (aniline
5-CH), 122.8 (g, J = 271 Hz, CF3), 119.3 (aniline 6-CH), 116.1 (aniline 2-CH),
113.4 (t, J = 240 Hz, CHF2), 110.3 (sp? C), 108.2 (d, J = 23.5 Hz, aniline 4-C),
99.1 (naphthyridine 6-CH) , 83.0 (sp? C), 80.5 (sp? C), 41.0 (CHz3); °F NMR
(376 MHz, methanol-d4) & -62.1 (d, J = 1.5 Hz, CF3), -114.7 — -114.8 (m,
C-F), =117.9 (d, J = 55.2 Hz, CHF2); vmax/cm™? (solid); 2932, 1636, 1594, 1554,
1514, 1415, 1410, 1391, 1319 and 1250; m/z (ES) found MH* 457.062093,
C18H13*°CIFeNa4 requires MNa* 457.062514; HPLC 2.82 min., 100%.

5-Chloro-6-methyl-3-((trimethylsilyl)ethynyl)pyridin-2-amine (122)

PACI,(PPhs),, sl,(
Cul, Et;N =
Cl [ =18 Cl Z
Y — o/ __THR.RT 4h S
o~ + \ 0 Z
N™ "NH 61% N” “NH,

5-Chloro-6-methyl-3-iodopyridin-2-amine (0.751 g, 2.797 mmol), copper(l)
iodide (14.5 mg, 0.0761 mmol) and bis(triphenylphosphine)palladium(ll)
dichloride (37.7 mg, 0.0537 mmol) were dissolved in THF (20 mL) at room
temperature and flushed with nitrogen for 30 minutes. To the resultant dark
brown solution was added with stirring triethylamine (2.0 mL, 14 mmol)
followed immediately by ethynyltrimethylsilane (1.1 mL, 7.9 mmol). A black
solution formed and, after stirring in a water bath at room temperature for 4 h,
was partitioned between pet. ether 40-60 (30 mL) and water (10 mL). The
layers were separated and the organic layer was washed with water (2 x
10 mL) and brine (10 mL). The organic layer was evaporated to give a black
solid which was dissolved in DCM (50 mL). APDTC (59.8 mg, 0.363 mmol)
was added followed by water (10 mL). The mixture was stirred at room
temperature for 2 h then filtered through celite to remove the solid. The layers
were then separated and the organic layer dried over magnesium sulphate.
The solvent was removed in vacuo to leave a brown solid. Pet. ether 40-60
(5 mL) was added and the suspension stirred at 0 °C for 30 minutes then
fillered under reduced pressure and the product obtained as a grey solid
(0.405 g, 1.696 mmol, 61%), m. p. 126—129 °C decomposed (from pet. ether
40-60); Rf 0.79 (1:4 ethyl acetate-pet. ether 40-60); *H NMR (400 MHz,
CDCIs) 6 7.46 (s, 1H, 4-H), 4.93 (br s, 2H, NH2), 2.44 (s, 3H, CHs), 0.25 (s,
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9H, Si-CHz3); 13C NMR (101 MHz, CDCls) & 157.0 (pyridine C), 154.6 (pyridine
C), 139.9 (pyridine 4-CH), 119.1 (pyridine C), 101.9 (pyridine C), 101.6 (C=C),
99.2 (C=C), 22.5 (CHs3), 0.0 (Si-CHz3); vmax/cm! (solid); 3457, 3293, 3152,
2958, 2150, 1627, 1551, 1445, 1405, 1247 and 1206; m/z (ES) found MH*
239.078224, C11H15%°CIN2Si requires MH* 239.076581; HPLC 3.08 min.,
100%.

5-Chloro-3-ethynyl-6-methylpyridin-2-amine (123)

|

Si
= Et3N, MeOH —
Cl / 3 b b
B RT, 24 h Cl S =
e 54% —
N” "NH, ’ N” “NH,
122 123

To a solution of 122 (0.402 g, 1.683 mmol) in methanol (20 mL) was added
triethylamine (0.71 mL, 5.1 mmol). The solution was stirred at room
temperature for 24 h then the solvent was removed in vacuo. The solid residue
was dissolved in diethyl ether and filtered through a plug of silica gel to remove
polar black impurities. The resultant orange solution was concentrated in
vacuo and the solid residue dissolved in acetone (3 mL). Pet. ether 40-60
(6 mL) was added and the solution was left at —20 °C for 20 h. The orange
solid was collected using vacuum filtration and washed with cold pet. ether
40-60 to give the title compound as pale orange needles (0.152 g,
0.915 mmol, 54%), m. p. 107-109 °C (from DCM); Rf 0.25 (1:4 ethyl acetate-
pet. ether 40-60); *H NMR (300 MHz, CDCI3) 8 7.48 (s, 1H, 4-H), 4.98 (s, 2H,
NHz), 3.39 (s, 1H, C=C-H), 2.45 (s, 3H, CHz3); *C NMR (75 MHz, CDClz) &
157.2 (pyridine C), 155.0 (pyridine C), 140.3 (pyridine 4-CH), 119.0 (pyridine
C), 100.5 (pyridine C), 83.7 (C=C), 78.3 (C=C-H), 22.5 (CHa); vmax/cm™ (solid);
3431, 3287, 3244, 3149, 2850, 2100, 1625, 1582, 1555, 1442, 1265, and
1203; m/z (ES) found MH* 167.037304, CsH7%°CIN2 requires MH*
167.037052; HPLC 1.40 min., 100%.
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6-Chloro-2,7-di(difluoromethyl)-N-(4-(trifluoromethyl)phenyl)-1,8-

naphthyridin-4-amine (124)

F3C\©\ F30\©\ FsC\©\

NH NH NH

Cla N DFMS, TFA, Chio + ChoA

| TBHP, DMSO,_ | pp £ E | _ .
N N7 F50°C,3h N” °N NTON
F F F F F

55 124 125

2% 10%

Trifluoroacetic acid (36 pL, 0.47 mmol) was added to a solution of 55
(0.167 g, 0.446 mmol) and bis(((difluoromethyl)sulfinyl)oxy) zinc
(0.270 g, 0.914 mmol) in DMSO (3 mL). The reaction was cooled in ice as
tbutyl hydroperoxide (70% aq. solution, 0.186 mL, 1.34 mmol) was added
slowly to the stirred solution. The mixture was stirred to 50 °C for 3 h. The
reaction mixture was allowed to cool to room temperature, diluted with
EDTA/sodium bicarbonate solution (1.03 g EDTA in 30 mL sat. NaHCO3(aq))
and extracted with ethyl acetate (2 x 40 mL). The combined organic extracts
were washed with brine (40 mL) and water (40 mL), dried over magnesium
sulphate and concentrated in vacuo. The yellow residue was purified using
column chromatography; elution with ethyl acetate-pet. ether 40-60 (25—
100% ethyl acetate) and the solvent removed in vacuo to give the title
compound as a yellow solid (4.0 mg, 0.0094 mmol, 2%); Rf 0.27 (1:3 ethyl
acetate-pet. ether 40-60); 'H NMR (400 MHz, methanol-d4) & 9.13 (s, 1H,
naphthyridine 5-H), 7.81 (d, J = 8.4 Hz, 2H, aniline 3-H), 7.63 (d, J = 8.4 Hz,
2H, aniline 2-H), 7.43 (s, 1H, naphthyridine 3-H), 7.16 (t, J = 53.4 Hz, 1H,
CHF2), 6.76 (t, J = 55.0 Hz, 1H, CHF2); *C NMR (101 MHz, methanol-da4)
134.4 (naphthyridine 5-CH), 126.7 (aniline 3-CH), 122.4 (aniline 2-CH), 99.2
(naphthyridine 3-CH), other peaks not resolved; °F NMR (376 MHz,
methanol-ds4) & -63.7 (s, CF3), =118.5 (d, J = 55.2 Hz, CHF2), -120.7 (d, J =
53.1 Hz, CHF2); LCMS 0.7 min., MH* 424.34. 125 was also obtained as an
orange solid (19.1 mg, 0.0449 mmol, 10%); m. p. 68-70 °C (from ethyl
acetate-pet. ether 40-60); Rf 0.46 (1:3 ethyl acetate-pet. ether 40-60); H
NMR (300 MHz, methanol-d4) 6 7.56 (d, J = 8.4 Hz, 2H, aniline 3-H), 7.24 (d,
J = 8.4 Hz, 2H, aniline 2-H), 6.84 (s, 1H, naphthyridine 3-H), 6.64 (s, 1H,
naphthyridine 5-H), 6.34 (t, J = 55.4 Hz, 1H, 2-CHF2), 5.83 (td, J = 55.9,
2.8 Hz, 1H, 7-CHFz2), 4.55 (td, J = 12.9, 2.7 Hz, 1H, H-C-CHF2); 13C NMR
(101 MHz, methanol-d4) & 127.4 (naphthyridine 5-CH), 126.3 (q, J = 3.6 Hz,
aniline 3-CH), 121.1 (aniline 2-CH), 115.3 (t, J = 247 Hz, 7-CHF2), 113.3 (t, J
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= 240 Hz, 2-CHF2), 100.7 (t, J = 4.3 Hz, naphthyridine 3-CH), 43.6 (t, J =
22.1 Hz, H-C-CHF2), other peaks not resolved; °F NMR (282 MHz,
methanol-d4) & —63.6 (s, CF3), —118.9 (dd, J = 55.4, 8.6 Hz, 2-CHF2), -125.4
(ddd, J = 55.9, 17.1, 12.8 Hz, 7-CHF2); vmax/cm™" (solid); 3250, 3069, 2961,
1752, 1639, 1598, 1524, 1494, 1445, 1372, 1322, 1270 and 1213; m/z (ES)
found MH* 426.059588, Ci17H11*CIF7Ns requires MH* 426.060249; HPLC
3.71 min., 18%, 3.73 min., 71%.

5-Fluoro-3-iodopyridin-2-amine (127)
NIS, TFA

F | N DMF, 60 °C, 4 h F | !
~ 0, —
N NH, 40% N “NH,
126 127

To a stirred suspension of 5-fluoropyridin-2-amine (2.319 g, 20.683 mmol) in
dry DMF (20 mL) cooled to 0 °C was added dropwise trifluoroacetic acid
(2.9 mL, 25 mmol) at a rate sufficient to maintain the temperature below
10 °C. To the resultant suspension was added N-iodosuccinimide (5.059 g,
22.486 mmol). After 1 h at room temperature the mixture was stirred at
60 °C under an atmosphere of nitrogen for 4 h. The dark brown reaction
mixture was allowed to cool to room temperature then poured into water
(350 mL). Ethyl acetate (30 mL) was added and the mixture stirred rapidly
while excess N-iodosuccinimide was destroyed by adding solid sodium
bisulphite (0.6 g). After 2 minutes, solid sodium bicarbonate was added until
effervescence ceased. Layers were separated and the aqueous layer was
extracted with ethyl acetate (3 x 20 mL). Combined organic extracts were
washed with water (20 mL) and brine (20 mL), dried over sodium sulphate and
evaporated in vacuo to leave a dark viscous oil which solidified on standing.
The residue was dissolved in DCM (20 mL) and filtered through a column of
silica, washing with DCM until no further product eluted. Concentration of the
filtrate gave a dark orange solid which was heated in hexane (25 mL). Most of
the solid dissolved giving an orange solution and a tarry residue which was
washed with hexane (5 mL). The combined hexane solutions were cooled to
give the title compound (1.994 g, 8.379 mmol, 40%) as pale orange plates,
m. p. 76=77 °C (from hexane) (lit. 76 °C*%8); Rf 0.38 (1:2 ethyl acetate-pet.
ether 40-60); *H NMR (300 MHz, CDCls) 8 7.93 (d, J = 2.7 Hz, 1H, 6-H), 7.67
(dd, J = 7.2, 2.7 Hz, 1H, 4-H), 4.85 (s, 2H, NH2); 13C NMR (75 MHz, CDCls) &
154.5 (2-C), 152.2 (d, J = 249 Hz, C-F), 134.7 (d, J = 24.1 Hz, 6-CH), 134.3
(d, J = 21.7 Hz, 4-CH), 75.6 (d, J = 3.4 Hz, C-I) (consistent with lit.15%); °F
NMR (282 MHz, CDCI3)  -139.7 (d, J = 7.2 Hz, C-F); vmax/cm™" (solid); 3455,
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3280, 3144, 1623, 1592, 1566, 1549, 1466, 1397, 1319, 1276 and 1237; m/z
(ES) found MH* 238.946964, CsH4FIN2 requires MH* 238.947601; HPLC 1.15
min., 94%.

3-Ethynyl-5-fluoropyridin-2-amine (129)

~__, PdCIy(PPhy),, Cul, Et;N
i.==—SI— THF, RT, 2h

Feon ! | PN =
| ii. EtsN, MeOH, RT, 40 h |
7 ~

N NH, 49% N NH,
127 129

127 (1.881 g, 7.903 mmol) was flushed with nitrogen then
ethynyltrimethylsilane (3.2 mL, 23 mmol), triethylamine (5.3 mL, 38 mmol) and
dry THF (30 mL) were added. The reaction mixture was cooled using a water
bath at room temperature as copper(l) iodide (41.3 mg, 0.217 mmol) and
bis(triphenylphosphine)palladium(ll) dichloride (0.110 g, 0.156 mmol) were
added. The mixture was stirred at room temperature under an atmosphere of
nitrogen for 2 h and became red-orange, with a grey precipitate forming. The
mixture was poured into diethyl ether (80 mL) and washed with water (3 x
50 mL). The organic layer was dried over sodium sulphate and evaporated in
vacuo to leave the crude intermediate as a brown solid, which was dissolved
in methanol (20 mL). Triethylamine (0.3 mL, 2.1 mmol) was added and the
mixture stirred at room temperature for 40 h. The solvent was removed in
vacuo at 20 °C and the resultant black residue purified using column
chromatography; elution with DCM then diethyl ether-DCM (1:9) to give the
titte compound (0.531 g, 3.908 mmol, 49%) as a pale yellow solid, m. p.
70-72 °C (from DCM); Rf 0.21 (1:3 ethyl acetate-pet. ether 40-60); *H NMR
(400 MHz, CDCI3) 6 7.93 (d, J = 3.0 Hz, 1H, 6-H), 7.33 (dd, J = 8.2, 3.0 Hz,
1H, 4-H), 4.93 (s, 2H, NH2), 3.44 (s, 1H, C=C-H) (consistent with lit.15%); 13C
NMR (101 MHz, CDCls) 6 156.2 (2-C), 152.6 (d, J = 243 Hz, C-F), 135.9 (d, J
= 24.9 Hz, 6-CH), 127.5 (d, J = 21.3 Hz, 4-CH), 102.1 (d, J = 5.3 Hz, 3-C),
84.2 (C=C-H), 78.3 (d, J = 2.0 Hz, C=C); '°F NMR (376 MHz, CDCl3) 5 -142.3
(d, J = 8.5 Hz, C-F); vmax/cm™" (solid); 3469, 3440, 3276, 3229, 3167, 2097,
1622, 1592, 1580, 1454, 1419, 1319, 1260, 1237 and 1205; m/z (ES) found
MH* 137.050470, C7HsFN2 requires MH* 137.050953. HPLC 0.85 min.,
100%.
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4-(2-Amino-5-fluoropyridin-3-yl)-1,1-difluorobut-3-yn-2-one (130)

i. "BuLi, THF, -78 °C, 30 min. o
= ? BF, - OEt F
= ZZ g Prs VEDL, ez
\Ej\/ /\O)K( THF, -78°C,3h & | ~~
= F - —
N~ NH, 1% N~ NH,
129 130

129 (0.430 g, 1.948 mmol) was dissolved in dry THF (25 mL) under an
atmosphere of nitrogen. A 1.6 M solution of "butyllithium in hexanes (4.8 ml,
7.7 mmol) was added and the solution was stirred at —=78 °C for 30 minutes. A
solution of ethyl difluoroacetate (0.37 mL, 3.5 mmol) and boron trifluoride
diethyl etherate (0.47 mL, 3.8 mmol) in dry THF (30 mL) was added and the
mixture was stirred at =78 °C for 3 h then quenched with saturated aqueous
ammonium chloride solution (10 mL). The slurry was allowed to warm to room
temperature then the THF was removed in vacuo. The residue was diluted
with diethyl ether (70 mL), washed with brine (2 x 30 mL) and dried over
magnesium sulphate. The solvent was removed in vacuo to leave a dark
brown residue which was purified using column chromatography; elution with
ethyl acetate-pet. ether 40-60 (1:1). The solvent was removed in vacuo to
leave the title compound as an orange solid (0.275 g, 1.286 mmol, 41%);
m. p. 129-132 °C (from ethyl acetate); Rf 0.28 (1:1 ethyl acetate-pet. ether
40-60); 'H NMR (300 MHz, DMSO-ds) 8 8.21 (d, J = 3.0 Hz, 1H, 6-H), 7.83
(dd, J = 8.5, 3.0 Hz, 1H, 4-H), 6.73 (br s, 2H, NH2), 6.58 (t, J = 53.5 Hz, 1H,
CHF2); 3C NMR (75 MHz, DMSO-ds) & 174.6 (C=0), 158.4 (2-C), 151.0 (d, J
= 240 Hz, C-F), 140.7 (d, J = 24.9 Hz, 6-CH), 128.7 (d, J = 21.2 Hz, 4-CH),
108.9 (t, J = 249 Hz, CHF2), 95.3 (d, J = 5.7 Hz, 3-C), 94.1 (alkyne C), 90.4
(alkyne C); 1F NMR (282 MHz, DMSO-ds) & -127.0 (d, J = 53.6 Hz, CHF>2),
-143.6 (d, J = 8.4 Hz, C-F); vmax/cm™" (solid); 3434, 3168, 2183, 1682, 1637,
1561, 1480, 1433, 1332, 1302, 1263 and 1212; (M - H)~ 213.027547
CoHsF3N20 requires (M — H)~ 213.028121; HPLC 0.98 min., 77%.

2-(Difluoromethyl)-6-fluoro-N-(4-(trifluoromethyl)phenyl)-1,8-naphthyridin-4-
amine (131)

0 FiC
F CF,4 \©\
7 o NH
F SN F 4 M HCl in dioxane, .
\ P + propan-2-ol, 40 °C, 2 h XX
N” NH, |
130 NH,

24% N7 N F



- 181 -

To a solution of 130 (87.2 mg, 0.407 mmol) in propan-2-ol (2 mL) was added
4-(trifluoromethylaniline (50 pL, 0.34 mmol) followed by 4 M HCI in
1,4-dioxane (0.11 mL, 0.44 mmol). The reaction was stirred at room
temperature under an atmosphere of nitrogen for 1 h then heated to 40 °C for
2 h. The reaction mixture was allowed to cool to room temperature then filtered
to obtain an off-white precipitate. The precipitate was neutralised with 7 M
ammonia in methanol and the solvent removed in vacuo. The product was
purified by recrystallisation from propan-2-ol to give the title compound as a
yellow solid (34.2 mg, 0.0958 mmol, 24%); m. p. 173-175 °C (from
propan-2-ol); Rf 0.28 (1:2 ethyl acetate-pet. ether 40-60); *H NMR (300 MHz,
methanol-ds4) & 9.07 (d, J = 2.8 Hz, 1H, naphthyridine 7-H), 8.83 (dd, J =
8.8 Hz, 2.8 Hz, 1H, naphthyridine 5-H), 7.81 (d, J = 8.4 Hz, 2H, aniline 3-H),
7.64 (d, J = 8.4 Hz, 2H, aniline 2-H), 7.18 (s, 1H, naphthyridine 3-H), 6.93 (t,
J = 53.5 Hz, 1H, CHF2); 3C NMR (126 MHz, DMSO-ds) & 156.3 (d, J =
255 Hz, C-F), 152.3 (sp? C), 151.7 (d, J = 3.4 Hz, sp?C), 1459 (d, J =
27.3 Hz, naphthyridine 7-CH), 143.6 (sp? C), 127.3 (d, J = 3.9 Hz, sp?C), 126.9
(q, J = 3.5 Hz, aniline 3-CH), 126.5 (q, J = 270 Hz, CF3), 125.1 (q, J =
32.3 Hz, aniline 4-C), 122.8 (aniline 2-CH), 117.7 (d, J = 20.6 Hz,
naphthyridine 5-CH), 115.8 (d, J = 5.9 Hz, sp? C), 113.6 (t, J = 240 Hz, CHF>),
99.3 (naphthyridine 3-CH); 1°F NMR (282 MHz, methanol-ds4) 3 —64.1 (s, CF3),
-120.5 (d, J = 53.6 Hz, CHF2), -125.3 (d, J = 9.0 Hz, C-F); vmax/lcm™" (solid);
2844, 2588, 1594, 1562, 1509, 1460, 1406, 1320 and 1218; m/z (ES) found
MH* 358.077161, CisHoFeN3 requires MH* 358.077343; HPLC
2.96 min.,100%.

2-(Difluoromethyl)-6-fluoro-N-(3-fluoro-4-(trifluoromethyl)phenyl)-1,8-
naphthyridin-4-amine (132)

F
o} F5C
F CF,
NH

7
Fo~ ¢ F 4 M HCl in dioxane, -
\ P + propan-2-ol, 50 °C, 4 h | XN
N™ NH 329% NN F
130 NH,

132 F

To a soluton of 130 (0.269 g, 1.258 mmol) and
4-amino-2-fluorobenzotrifluoride (0.220 g, 1.226 mmol) in propan-2-ol (8 mL)
was added 4 M HCI in 1,4-dioxane (0.33 mL, 1.3 mmol). The reaction was
stirred at 50 °C under an atmosphere of nitrogen for 4 h. The reaction mixture
was allowed to cool to room temperature then concentrated in vacuo. The
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resultant brown residue was neutralised with saturated aqueous sodium
hydrogen carbonate (50 mL) and extracted with DCM (2 x 50 mL). The
combined organic layers were evaporated in vacuo then purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:3-1:1). The
solvent was removed in vacuo to give the title compound as a yellow solid
(0.147 g, 0.392 mmol, 32%); m. p. 169-172 °C (from ethyl acetate); Rf 0.27
(1:1 ethyl acetate-pet. ether 40-60); *H NMR (300 MHz, methanol-d4) & 8.95
(d, J = 2.9 Hz, 1H, naphthyridine 7-H), 8.46 (dd, J = 9.0, 2.9 Hz, 1H,
naphthyridine 5-H), 7.63 (t, J = 8.3 Hz, 1H, aniline 5-H), 7.44 (s, 1H,
naphthyridine 3-H), 7.24 (m, 2H, aniline 2-H, 6-H), 6.66 (t, J = 55.1 Hz, 1H,
CHF2); 13C NMR (75 MHz, methanol-ds) d 163.6 (d, J = 1.7 Hz, sp? C), 160.2
(t, J = 25.3 Hz, naphthyridine 2-C), 157.9 (d, J = 257 Hz, C-F), 155.7 (d, J =
204 Hz, C-F), 151.2 (d, J = 4.6 Hz, sp? C), 147.3 (d, J = 11.0 Hz, sp? C), 146.1
(d, J =28.1 Hz, naphthyridine 7-CH), 129.5 (dq, J = 7.8, 3.8 Hz, aniline 5-CH),
124.1 (dqg, J = 270, 2.2 Hz, CF3), 121.3 (dq, J = 43.6, 4.5 Hz, aniline 4-C),
117.4 (d, J =5.5 Hz, sp? C), 117.3 (d, J = 3.3 Hz, aniline 6-CH), 116.8 (d, J =
20.6 Hz, naphthyridine 5-CH), 115.1 (t, J = 243 Hz, CHF2), 109.9 (d, J =
24.1 Hz, aniline 2-CH), 101.5 (t, J = 2.8 Hz, naphthyridine 3-CH); °F NMR
(282 MHz, methanol-d4) & -62.2 (d, J = 12.2 Hz, CF3), -114.5 — =114.7 (m,
aniline C-F), -118.0 (d, J = 55.1 Hz, CHF2), -128.0 (d, J = 9.0 Hz,
naphthyridine C-F); vmax/cm™" (solid); 2844, 2588, 1594, 1562, 1509, 1460,
1406, 1320 and 1218; m/z (ES) found MH* 376.067709, CisHsF7Ns requires
MH* 376.067921; HPLC 3.23 min., 100%.

2-(Difluoromethyl)-6-fluoro-N-(6-(trifluoromethyl)pyridin-3-yl)-1,8-
naphthyridin-4-amine (133)

O FsC /N |
F CF,
=7 . NONH
F X F N_ Xy 4 MHCIindioxane, E
\ _ + P propan-2-ol, 80 °C, 3 h X
" NA; 21% L F
NH N N
130 2 E
133

To a solution of 130 (84.7 mg, 0396 mmol) and
5-amino-2-(trifluoromethyl)pyridine (57.9 mg, 0.357 mmol) in propan-2-ol
(2 mL) was added 4 M HCl in 1,4-dioxane (0.10 mL, 0.40 mmol). The reaction
mixture was stirred at room temperature under an atmosphere of nitrogen for
66 h. The reaction mixture was concentrated in vacuo, neutralised with
saturated aqueous sodium hydrogen carbonate (20 mL) and extracted with
chloroform (2 x 30 mL). The combined organic layers were evaporated in
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vacuo then purified by column chromatography; elution with ethyl acetate-pet.
ether 40-60 (1:3-1:1). The solvent was removed in vacuo to give the title
compound as an orange solid (10.1 mg, 0.0282 mmol, 8%) and the
intermediate 2-(difluoromethyl)-4-chloro-6-fluoro-1,8-naphthyridine (50.9 mg,
0.219 mmol, 61%). This intermediate was dissolved in propan-2-ol (1.5 mL),
and 5-amino-2-(trifluoromethyl)pyridine (44.6 mg, 0.275 mmol) and 4 M HCI
in 1,4-dioxane (60 ul, 0.24 mmol) were added. The mixture was stirred under
reflux at 80 °C for 3 h then allowed to cool to room temperature. The resultant
suspension was filtered to obtain an off-white precipitate which was
neutralised with saturated aqueous sodium hydrogen carbonate solution
(20 mL) and extracted with ethyl acetate (2 x 20 mL). The combined organic
layers were washed with brine (20 mL) then water (20 mL) and dried over
magnesium sulphate. The solvent was removed in vacuo to leave the title
compound as an orange solid. Total yield 26.7 mg, 0.0746 mmol, 21%; m. p.
180-190 °C decomposed (from ethyl acetate); Rf 0.22 (1:1 ethyl acetate-pet.
ether 40-60); 'H NMR (400 MHz, methanol-ds4) & 8.97 (d, J = 2.9 Hz, 1H,
naphthyridine 7-H), 8.65 (d, J = 2.6 Hz, 1H, pyridine 2-H ), 8.50 (dd, J = 9.0,
2.9 Hz, 1H, naphthyridine 5-H), 7.95 (dd, J = 8.5, 2.6 Hz, 1H, pyridine 6-H),
7.79 (d, J =8.5 Hz, 1H, pyridine 5-H), 7.37 (s, 1H, naphthyridine 3-H), 6.66 (t,
J = 55.1 Hz, 1H, CHF2); 13C NMR (101 MHz, methanol-d4) & 156.7 (d, J =
257 Hz, C-F), 155.8 (t, J = 26.6 Hz, naphthyridine 2-C), 153.0 (sp? C), 150.2
(d, J = 4.4 Hz, sp? C), 144.9 (d, J = 28.1 Hz, naphthyridine 7-CH), 143.0
(pyridine 2-CH), 142.3 (q, J = 35.1 Hz, pyridine 4-C), 139.9 (sp? C), 128.7
(pyridine 6-CH), 121.7 (q, J = 273 Hz, CF3), 121.4 (q, J = 2.7 Hz, pyridine
5-CH), 116.1 (d, J = 6.1 Hz, sp? C), 115.5 (d, J = 20.7 Hz, naphthyridine
5-CH), 113.7 (t, J = 241 Hz, CHF2), 99.5 (naphthyridine 3-CH); 1°F NMR
(376 MHz, methanol-d4) & -68.7 (CF3), -117.9 (d, J = 55.2 Hz, CHF2), -127.8
(d, J=9.1 Hz, C-F); vmax’lcm™ (solid); 2925, 1561, 1540, 1336, 1315 and 1238;
m/z (ES) found MH* 359.073046, CisHsFsN4 requires MH* 359.072592; HPLC
2.76 min., 100%.

3-Ethynyl-5-(trifluoromethyl)pyridin-2-amine (135)

=

Si

~ 7z

FsC FsCo

X
| EtsN, MeOH, RT, 3 h | P
—
N” NH, 71% N™ “NH,
134 135

To a stirred suspension of 134 (1.071 g, 4.145 mmol) in methanol (10 mL)
was added triethylamine (0.59 mL, 4.2 mmol). The reaction mixture was



-184 -

stirred at room temperature for 3 h then concentrated in vacuo while
maintaining the temperature below 30 °C. The resultant residue was dissolved
in diethyl ether (2 mL) and cooled to 0 °C. Hexane (16 mL) was added in 2 mL
aliquots with stirring and the resultant solid collected using vacuum filtration.
The title compound was obtained as colourless needles (0.546 g,
2.931 mmol, 71%); m. p. 103-105 °C (from diethyl ether-hexane); Rf 0.25 (1:5
ethyl acetate-pet. ether 40-60); 'H NMR (300 MHz, CDCls) & 8.29 (s, 1H,
6-H), 7.77 (d, J = 2.3 Hz, 1H, 4-H), 5.43 (s, 2H, NH2), 3.46 (s, 1H, C=C-H);
13C NMR (75 MHz, CDClz) 6 161.0 (2-C), 146.0 (q, J = 4.2 Hz, 6-CH), 137.7
(g, J =3.3 Hz, 4-CH), 123.8 (q, J = 271 Hz, CF3), 116.5 (q, J = 33.3 Hz, 5-C),
101.4 (3-C), 84.6 (C=C-H), 77.8 (C=C); *°*F NMR (282 MHz, CDCI3) 5 -61.4
(s, CF3); vmax/cm™ (solid); 3478, 3307, 3151, 3120, 1637, 1598, 1565, 1496,
1425, 1355, 1331, 1299 and 1266; m/z (ES) found MH* 187.047443,
CsHsF3N2 requires MH* 187.047759; HPLC 1.99 min., 100%.

4-(2-Amino-5-(trifluoromethyl)pyridin-3-yl)-1,1-difluorobut-3-yn-2-one (136)

i. "BuLi, THF, -78 °C, 30 min. o
_ D BF,-OEt F
F.C — i F or3’ 25 7z
3 B -0 THF, -78°C, 35 h SO~
135 136

135 (0.298 g, 1.604 mmol) was dissolved in dry THF (20 mL) under an
atmosphere of nitrogen and cooled to -78 °C. To the stirred solution was
added "butyllithium (2.6 mL, 4.2 mmol) and stirred for 30 minutes, then a
solution of boron trifluoride etherate (0.24 mL, 2.0 mmol) and ethyl
difluoroacetate (0.19 mL, 1.8 mmol) in dry THF (20 mL) was added dropwise.
The reaction mixture was stirred under nitrogen at —=78 °C for 3.5 h then
saturated agueous ammonium chloride (8 mL) was added. The slurry was
allowed to warm to room temperature then the solvent removed in vacuo.
Diethyl ether (50 mL) was added and the solution washed with brine (2 x
20 mL) and dried over anhydrous magnesium sulphate. The solvent was
removed in vacuo to leave a brown solid which was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:3-1:1)
afforded the title compound as a brown solid (0.167 g, 0.634 mmol, 40%);
m. p. 117-121 °C decomposed (from ethyl acetate); Rf 0.35 (1:1 ethyl acetate-
pet. ether 40-60); *H NMR (300 MHz, CDCl3) & 8.44 (d, J = 1.8 Hz, 1H, 6-H),
7.94 (d, J = 1.8 Hz, 1H, 4-H), 5.89 (t, J = 54.2 Hz, 1H, CHF2), 5.66 (s, 2H,
NH2); *C NMR (75 MHz, CDClz)  174.6 (C=0), 161.8 (2-C), 149.8 (q, J =
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3.9 Hz, 6-CH), 140.2 (g, J = 3.7 Hz, 4-CH), 123.3 (q, J = 271 Hz, CF3), 117.3
(q, J=34.3 Hz, 5-C), 108.8 (t, J = 253 Hz, CHF2), 97.0 (3-C), 93.1 (C=C), 77.2
(C=C); **F NMR (282 MHz, CDClIz) 5 -61.6 (s, CF3), —124.9 (d, J = 54.2 Hz,
CHF2); vmax/cm™ (solid); 3411, 3308, 3163, 2172, 1689, 1646, 1603, 1557,
1505, 1433, 1340, 1293 and 1248; m/z (ES) found MH* 265.039178,
C10HsFsN20 requires MH* 265.039480; HPLC 2.02 min., 97%.

2-(Difluoromethyl)-6-(trifluoromethyl)-N-(4-(trifluoromethyl)phenyl)-1,8-

naphthyridin-4-amine (137)
F3C\©\
NH

0
F CFs
Z
FaC X F 4 M HCl in dioxane, F.C
\ P + propan-2-ol, 40 °C, 16 h ' 3 XX
N™ NH 50% Z F
0 N~ °N
136 NH
137 F

136 (0.144 g, 0.546 mmol) and 4-(trifluoromethyl)aniline (60 uL, 0.48 mmol)
were dissolved in propan-2-ol (5 mL). To the stirred solution was added 4 M
HCl in 1,4-dioxane (0.14 mL, 0.56 mmol) and the mixture was stirred at 40 °C
for 16 h under an atmosphere of nitrogen. The reaction mixture was
concentrated in vacuo then neutralised with saturated aqueous sodium
hydrogen carbonate solution (20 mL) and extracted with ethyl acetate (2 x
20 mL). The combined organic layers were washed with water (20 mL) and
dried over anhydrous magnesium sulphate. The solvent was removed in
vacuo to leave a brown solid which was dissolved in ethyl acetate (4 mL) and
cooled to 0 °C. Pet. ether 40-60 was added until a precipitate formed which
was isolated using vacuum filtration which afforded the title compound as an
orange solid (96.6 mg, 0.237 mmol, 50%); m. p. 198-203 °C decomposed
(from ethyl acetate-pet. ether 40—-60); Rf 0.56 (1:2 ethyl acetate-pet. ether 40—
60); 'H NMR (300 MHz, methanol-d4) & 9.23 (s, 1H, naphthyridine 5-H), 9.21
(s, 1H, naphthyridine 7-H), 7.70 (d, J = 8.2 Hz, 2H, aniline 3-H), 7.52 (d, J =
8.2 Hz, 2H, aniline 2-H), 7.31 (s, 1H, naphthyridine 3-H), 6.64 (t, J = 55.0 Hz,
1H, CHF2); 3C NMR (75 MHz, methanol-ds) & 161.2 (sp? C), 158.4 (sp? C),
153.5 (sp? C), 150.9 (q, J = 4.1 Hz, naphthyridine 7-CH), 144.0 (t, J = 1.4 Hz,
naphthyridine 2-C), 132.5 (q, J = 4.4 Hz, naphthyridine 5-CH), 128.6 (q, J =
32.6 Hz, C-CF3), 127.9 (q, J = 4.4 Hz, aniline 3-CH), 125.5 (q, J = 271 Hz,
CF3),124.9 (q, J =272 Hz, CF3), 124.8 (q, J = 28.2 Hz, C-CFs3), 123.9 (aniline
2-CH), 115.0 (sp? C), 114.9 (t, J = 242 Hz, CHF2), 100.3 (naphthyridine 3-CH);
19F NMR (282 MHz, methanol-d4) 5 -63.2 (s, CF3), —63.8 (s, CFs), —118.9 (d,
J = 55.1 Hz, CHF2); vmax/cm™" (solid); 2962, 1740, 1623, 1595, 1562, 1520,
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1412, 1369, 1316, 1295, 1257 and 1221; m/z (ES) found MH* 408.073493,
Ca17HoFsNs3 requires MH* 408.074150; HPLC 3.54 min., 100%.

2-(Difluoromethyl)-N-(3-fluoro-4-(trifluoromethyl)phenyl)-6-(trifluoromethyl)-
1,8-naphthyridin-4-amine (138)

F
o) FsC
P F CF,
NH
FaC AN 7 F F 4 M HCl in dioxane, E.C
\ P + propan-2-ol, 40 °C, 21 h ' 3 i X
N NH 30% z F
0 N N
136 NH
138 F

136 (87.0 mg, 0.330 mmol) and 4-amino-2-fluorobenzotrifluoride (56.1 mg,
0.313 mmol) were dissolved in propan-2-ol (2 mL). To the stirred solution was
added 4 M HCl in 1,4-dioxane (90 uL, 0.36 mmol) and the mixture was stirred
at 40 °C for 21 h under an atmosphere of nitrogen. The reaction mixture was
allowed to cool to room temperature then filtered to obtain a yellow precipitate
which was neutralised with saturated aqueous sodium hydrogen carbonate
solution (20 mL) and extracted with ethyl acetate (2 x 20 mL). The combined
organic layers were washed with water (20 mL) and dried over anhydrous
magnesium sulphate. The solvent was removed in vacuo to leave the title
compound as a yellow solid (40.2 mg, 0.0946 mmol, 30%); m. p. 170-180 °C
decomposed (from ethyl acetate-pet. ether 40—60); Rf 0.33 (1:2 ethyl acetate-
pet. ether 40-60); 'H NMR (400 MHz, methanol-ds) 8 9.22 (d, J = 2.4 Hz, 1H,
naphthyridine 5-H), 9.20 (s, 1H, naphthyridine 7-H), 7.67 (t, J = 8.3 Hz, 1H,
aniline 5-H), 7.44 (s, 1H, naphthyridine, 3-H), 7.33 — 7.27 (m, 2H, aniline 2-H,
6-H), 6.68 (t, J = 55.0 Hz, 1H); 13C NMR (126 MHz, DMSO-ds) 8 160.2 (d, J =
253 Hz, C-F), 158.2 (t, J = 24.5 Hz, naphthyridine 2-C), 157.7 (sp? C), 150.8
(sp? C), 150.4 (g, J = 3.0 Hz, naphthyridine 7-CH), 146.3 (d, J = 11.0 Hz,
aniline 1-C), 132.3 (q, J = 3.3 Hz, naphthyridine 5-CH), 129.5 — 128.3 (m,
aniline 4-C, 5-CH), 124.1 (q, J = 273 Hz, CF3), 123.3 (q, J = 271 Hz, CF3),
122.6 (q, J = 32 Hz, naphthyridine 6-C), 117.5 (d, J = 2.9 Hz, aniline 6-H),
114.3 (sp? C), 113.9 (t, J = 241 Hz, CHF2), 109.6 (d, J = 23.5 Hz, aniline
2-CH), 101.6 (t, J = 3.0 Hz, naphthyridine 3-CH); ®F NMR (376 MHz,
methanol-ds4) 6 -62.2 (d, J = 12.5 Hz, aniline CF3), -63.1 (s, naphthyridine
CF3), -114.4 (m, C-F), -118.8 (d, J = 55.0 Hz, CHF2); vmax/cm™" (solid); 3221,
2933, 1628, 1598, 1562, 1515, 1452, 1412, 1369 and 1309; m/z (ES) found
MNa* 448.046610, Ci17HsFoN3 requires MNa* 448.046672; HPLC 3.77 min.,
93%.
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2-(Difluoromethyl)-6-(trifluoromethyl)-N-(6-(trifluoromethyl)pyridin-3-yl)-1,8-
naphthyridin-4-amine (139)

(@) Fs;C /N |

F CF,

7 o NONH

FaC X F N_ Xy 4 MHClin dioxane, E.C
\ P + P propan-2-ol, 60 °C, 21 h ' 3 X
N~ "NHy 61% | ~ F
° N N

NH,

136 139 F

136 (89.4 mg, 0.339 mmol) and 5-amino-2-trifluoropyridine (52.3 mg,
0.323 mmol) were dissolved in propan-2-ol (2 mL). To the stirred solution was
added 4 M HCI in 1,4-dioxane (90 uL, 0.36 mmol) and the mixture was stirred
at 60 °C for 21 h under an atmosphere of nitrogen. The reaction mixture was
allowed to cool to room temperature then filtered to obtain a white precipitate
which was neutralised with saturated aqueous sodium hydrogen carbonate
solution (20 mL) and extracted with ethyl acetate (2 x 20 mL). The combined
organic layers were washed with water (20 mL) and dried over anhydrous
magnesium sulphate. The solvent was removed in vacuo to leave the title
compound as a pale orange solid (80.9 mg, 0.198 mmol, 61%); m. p.
204—-206 °C (from ethyl acetate); Rf 0.34 (1:2 ethyl acetate-pet. ether 40—60);
'H NMR (300 MHz, methanol-d4) & 9.24 (s, 2H, naphthyridine 7-H, 5-H), 8.70
(d, J = 2.5 Hz, 1H, pyridine 2-H), 8.01 (dd, J = 8.5, 2.5 Hz, 1H, pyridine 6-H),
7.82 (d, J =8.5 Hz, 1H, pyridine 5-H), 7.39 (s, 1H, naphthyridine 3-H), 6.68 (t,
J = 55.0 Hz, 1H, CHF2); 3C NMR (101 MHz, methanol-d4) & 158.4 (t, J =
26.0 Hz, naphthyridine 2-C), 157.1 (sp? C), 151.5 (sp? C), 149.8 (q, J =
3.4 Hz, naphthyridine 7-CH), 143.7 (pyridine 2-CH), 143.1 (g, J = 35.1 Hz,
pyridine 4-C), 139.4 (sp? C), 131.2 (q, J = 4.2 Hz, naphthyridine 5-CH), 129.7
(pyridine 6-CH), 123.7 (g, J = 33.5 Hz, naphthyridine 6-C)), 123.5 (q, J =
272 Hz, CF3), 121.6 (g, J = 273 Hz, CF3), 121.4 (q, J = 2.5 Hz, pyridine 5-CH),
114.1 (sp? C), 113.5 (t, J = 242 Hz, CHF2), 99.6 (naphthyridine 3-CH); °F
NMR (282 MHz, methanol-d4) & -63.2 (CF3), -68.9 (CF3), -118.9 (d, J =55.1
Hz, CHF2); vmax'cm™ (solid); 3251, 1629, 1586, 1560, 1498, 1405, 1368, 1336,
1311, 1251 and 1201; m/z (ES) found MH* 409.069141, CisHsFsNa4 requires
MH* 409.069398; HPLC 3.20 min., 100%.
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5-(Difluoromethyl)pyridin-2-amine (140)

Method 1:
F F
i. NaN;, TPP, DMSO, 120 °C, 5 h
FJ\@ ii. 1 N HCl,q, DMSO, 100 °C,2h  F | N
— —
N Cl 55% N NH,
150 140

150 (0.902 g, 5.512 mmol), sodium azide (0.721 g, 11.10 mmol) and
triphenylphosphine (2.892 g, 11.024 mmol) were dissolved in DMSO
(30 mL). The reaction mixture was stirred at 120 °C for 5 h. To this solution
was added hydrochloric acid (1 M, 10 mL) and the mixture was stirred at
100 °C for 2 h. The reaction mixture was allowed to cool to room temperature
and diluted with hydrochloric acid (1 M, 10 mL) then poured into water (50 mL)
and washed with ethyl acetate (2 x 30 mL) to remove triphenylphosphine
oxide. The aqueous layer was slowly neutralised with saturated aqueous
sodium hydrogen carbonate solution and extracted with ethyl acetate (2 x
30 mL). The combined organic layer was washed with water (30 mL) and brine
(30 mL), dried over sodium sulphate, filtered and concentrated in vacuo. The
residue was purified using column chromatography; elution with ethyl acetate-
pet. ether 40-60 (1:1). The solvent was removed in vacuo to leave the title
compound as a colourless solid (0.324 g, 2.247 mmol, 55%);

Method 2:
F i. Pd(OAc),, Cs,CO3, XPhos, F
t : o

e N "butyl cgrbamate, dioxane, 90 °C, 22 h e N

| ii.HCI, dioxane/methanol, 80 °C, 2h |

— o —
N~ ~Cl 68% N™ “NH,
150 140

Anhydrous 1,4-dioxane (20 mL) was added to XPhos (1.086 g, 2.277 mmol)
and palladium acetate (0.264 g, 1.175 mmol) and the mixture was stirred at
room temperature for 45 minutes. The solution was added to a mixture of 150
(3.482 g, 21.282 mmol), tbutyl carbamate (3.935 g, 33.592 mmol) and caesium
carbonate (13.760 g, 42.231 mmol) in 1,4-dioxane (20 mL) and the reaction
mixture was stirred at 90 °C for 22 h under an atmosphere of nitrogen. The
mixture was allowed to cool to room temperature then diluted with ethyl
acetate (100 mL) and washed with saturated aqueous ammonium chloride (2
x 100 mL) and water (100 mL). The organic layer was dried over sodium
sulphate, filtered and the solvent was evaporated under reduced pressure.
The resultant orange residue was dissolved in methanol (40 mL) and 4 M HCI
in 1,4-dioxane (40 mL) was added. The mixture was stirred at 80 °C for 2 h
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then allowed to cool to room temperature. Water (100 mL) was added and the
aqueous layer was washed with ethyl acetate (2 x 100 mL). The aqueous
layer was basified to pH 9 with solid sodium hydroxide then extracted with
ethyl acetate (3 x 100 mL). The combined organic layer was dried over sodium
sulphate, filtered and evaporated under reduced pressure to give the title
compound as a colourless solid (2.074 g, 14.402 mmol, 68%); m. p.
100-110 °C decomposed (from ethyl acetate); Rf 0.11 (1:1 ethyl acetate-pet.
ether 40-60); *H NMR (400 MHz, CDCls) 6 8.16 (d, J = 2.4 Hz, 1H, 6-H), 7.58
(dd, J =8.6, 2.4 Hz, 1H, 4-H), 6.56 (t, J =56.3 Hz, 1H, CHF2), 6.53 (d, J = 8.6
Hz, 1H, 3-H), 4.81 (br s, 2H, NH2); *3C NMR (101 MHz, CDCIz) d 160.1 (2-C),
146.5 (t, J = 7.3 Hz, 6-CH), 135.1 (t, J = 4.5 Hz, 4-CH), 120.3 (t, J = 23.6 Hz,
5-C), 114.2 (t, J = 237 Hz, CHF2), 108.3 (3-C); *®F NMR (376 MHz, CDCl3) &
-108.7 (d, J = 56.1 Hz, CHF2).; vmax/cm™ (solid); 3483, 3310, 3149, 1634,
1608, 1565, 1515, 1455, 1369, 1336, 1286 and 1234; m/z (ES) found MH*
145.056650, CsHs**CIF2N requires MH* 145.057181; HPLC 0.57 min., 93%.

‘Butyl (5-bromopyridin-2-yl)carbamate (142)

Br Boc,0, DMAP, By, o

| X DCM, RT, 24 h | PP J<
~

N” NH, 74% NN©O
141 142

To a solution of 5-bromopyridin-2-amine (0.920 g, 5.320 mmol) in DCM
(10 mL) was added DMAP (1.067 g, 8.395 mmol) and di-tert-butyl dicarbonate
(1.5 mL, 6.5 mmol). The reaction mixture was stirred at room temperature for
24 h. The solvent was removed in vacuo and the resultant residue purified
using column chromatography; elution with ethyl acetate-pet. ether 40-60
(1:3-1:2). The solvent was removed in vacuo to give the title compound as a
colourless solid (1.045 g, 3.828 mmol, 74%); m. p. 156-159 °C (from ethyl
acetate-pet. ether 40-60) (lit. 173-175 °C9): Rf 0.58 (1:3 ethyl acetate-pet.
ether 40-60); *H NMR (400 MHz, CDCls) 6 9.06 (br s, 1H, N-H), 8.39 (dd, J =
2.5, 0.7 Hz, 1H, 6-H), 7.95 (d, J = 9.0 Hz, 1H, 3-H), 7.76 (ddd, J = 9.0, 2.5,
0.6 Hz, 1H, 4-H), 1.56 (s, 9H, CHs3) consistent with lit.;16 13C NMR (101 MHz,
CDCI3) 6 152.5 (C=0), 151.3 (2-C), 148.5 (6-CH), 140.7 (4-CH), 113.8 (3-CH),
112.9 (5-C), 81.4 (C-0), 28.4 (CHz3); vmax/cm™ (solid); 2981, 1752, 1716, 1580,
1525, 1464, 1365, 1302, 1248 and 1223; m/z (ES) found MNa* 295.004833,
C10H13"°BrN20:2 requires MNa* 295.005260; HPLC 1.18 min., 91%.
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‘Butyl (5-chloropyridin-2-yl)carbamate (145)
Cl

Cl N Boc,0O, DMAP, X e}
| DCM, RT, 24 h P J<
N” > NH, 47% NNN©
43 145

To a solution of 5-chloropyridin-2-amine (0.403 g, 3.134 mmol) in DCM
(6 mL) was added DMAP (0.614 g, 5.025 mmol) and di-tert-butyl dicarbonate
(0.870 mL, 3.79 mmol). The reaction mixture was stirred at room temperature
for 24 h. The solvent was removed in vacuo and the resultant residue purified
using column chromatography; elution with ethyl acetate-pet. ether 40-60
(1:5-1:2). The solvent was removed in vacuo to give the title compound as a
colourless solid (0.339 g, 1.481 mmol, 47%); m. p. 154-6 °C (from ethyl
acetate-pet. ether 40-60); Rf 0.59 (1:4 ethyl acetate-pet. ether 40-60); ‘H
NMR (400 MHz, CDCls) & 8.45 (br s, 1H, N-H), 8.26 (d, J = 2.6 Hz, 1H, 6-H),
7.97 (d, J = 9.0 Hz, 1H, 3-H), 7.63 (dd, J = 9.0, 2.6 Hz, 1H, 4-H), 1.55 (s, 9H,
CHa) consistent with lit.;152 13C NMR (101 MHz, CDCI3) & 152.4 (C=0), 150.7
(2-C), 146.3 (6-CH), 137.9 (4-CH), 125.3 (5-C), 113.1 (3-CH), 81.4 (C-0O), 28.3
(CH3); vmax/cm™ (solid); 2975, 2933, 1718, 1584, 1519, 1466, 1380, 1366,
1305, 1286, 1250 and 1225; m/z (ES) found MH* 251.055247, C10H13%*CIN202
requires MH* 251.055776; HPLC 3.31 min., 92%.

(E)-(Methyl N-(5-chloropyridin-2-yl)ethanimidate) (146)

cl Cl
B . cl>o/o Ac,0, 110 °C, 24 h \(j L
~ ~ ~
NH, \k > 44% N N0
146

N
43

5-Chloro-pyridin-2-amine (0.172 g, 0.932 mmol) was heated to 110 °C under
reflux for 24 h in a mixture of trimethyl orthoacetate (2.5 mL) and acetic
anhydride (1 mL). The solution was concentrated in vacuo to leave a brown
residue which was dissolved in diethyl ether (20 mL) and washed with 2 M
aqueous sodium carbonate (2 x 10 mL), water (10 mL) and brine (2 x 10 mL)
then dried over sodium sulphate. The solvent was removed in vacuo and the
resultant residue purified using column chromatography; elution with ethyl
acetate-pet. ether 40-60 (1:5-1:3). The solvent was removed in vacuo to give
the title compound as a colourless oil (75.9 mg, 0.411 mmol, 44%); Rf 0.49
(1:2 ethyl acetate-pet. ether 40-60); *H NMR (400 MHz, CDCIs) & 8.33 (dd, J
= 2.6, 0.7 Hz, 1H, 6-H), 7.59 (dd, J = 8.5, 2.6 Hz, 1H, 4-H), 6.75 (dd, J = 8.5,
0.7 Hz, 1H, 2-H), 3.82 (s, 3H, O-CHg), 1.92 (s, 3H, CHs3); 33C NMR (101 MHz,
CDCI3) 8 164.5 (sp? C), 159.5 (sp? C), 147.2 (6-CH), 137.6 (4-CH), 126.4 (sp?
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C), 117.6 (3-CH), 53.7 (O-CHs), 16.8 (CHa); vmax/icm-! (solid); 2947, 1664,
1579, 1552, 1456, 1438, 1369, 1291, 1256, 1221; m/z (ES) found MH*
129.020974, CsHs®CIN2 requires MH* 129.021402; HPLC 0.52 min., 79%.

(E)<(Methyl N-(5-bromopyridin-2-yl)ethanimidate) (147)

Br Br
ﬁ . (|)o/o Ac,0, 110 °C, 24 h \Ej L
~ o ~ ~
NH, \‘/ > 43% NN o7
147

N
141

5-Bromo-pyridin-2-amine (0.178 g, 1.030 mmol) was heated to 110 °C under
reflux for 24 h in a mixture of trimethyl orthoacetate (2.5 mL) and acetic
anhydride (1 mL). The solution was concentrated in vacuo to leave a brown
residue which was dissolved in diethyl ether (20 mL) and washed with 2 M
aqueous sodium carbonate (2 x 20 mL), water (20 mL) and brine (20 mL) then
dried over sodium sulphate. The solvent was removed in vacuo and the
resultant residue was purified using column chromatography; elution with ethyl
acetate-pet. ether 40-60 (1:5-1:3). The solvent was removed in vacuo to give
the title compound as a colourless oil (0.102 g, 0.444 mmol, 43%); Rf 0.33
(1:3 ethyl acetate-pet. ether 40-60); *H NMR (501 MHz, CDCI3) & 8.42 (dd, J
= 2.5,0.7 Hz, 1H, 6-H), 7.72 (dd, J = 8.5, 2.5 Hz, 1H, 4-H), 6.71 (dd, J = 8.5,
0.7 Hz, 1H, 3-H), 3.82 (s, 3H, O-CH3), 1.92 (s, 3H, CHs3); 13C NMR (126 MHz,
CDCls) & 164.4 (sp? C), 159.9 (sp? C), 149.6 (6-CH), 140.3 (4-CH), 118.2
(3-CH), 114.5 (sp? C), 53.7 (O-CHz), 16.8 (CHS3); vmax/cm™ (solid); 2945, 1661,
1571, 1547, 1527, 1456, 1436, 1365, 1290, 1254 and 1220; m/z (ES) found
MH* 172.970664, CsHs"°BrN2 requires MH* 172.970887; HPLC 0.68 min.,
90%.

2-Chloro-5-(difluoromethyl)pyridine (150)

Q F
' N DAST. DCM
| 78 °C-RT, 24 h E N
N/ Cl 57% | —
N

To a solution of 2-chloropyridine-5-carboxaldehyde (5.264 g, 37.184 mmol) in
dry DCM (50 mL) at =78 °C under an atmosphere of nitrogen was added
dropwise (diethylamino)sulphurtrifluoride (10 mL, 76 mmol). The reaction
mixture was allowed to warm to room temperature and stirred for 24 h. The
reaction mixture was diluted with DCM (20 mL), cooled in ice, then aqueous
sodium carbonate solution (2 M, 40 mL) was added dropwise. The resultant
mixture was stirred for 10 minutes then the layers were separated. The
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organic layer was washed with water (40 mL) and brine (40 mL), dried over
magnesium sulphate, filtered and concentrated in vacuo. The residue was
purified using column chromatography; elution with diethyl ether-hexane (0—
10% ether). The solvent was removed in vacuo to leave the title compound as
a colourless liquid (3.489 g, 21.325 mmol, 57%); Rf 0.59 (1:3 ethyl acetate-
pet. ether 40-60); *H NMR (400 MHz, CDCI3) & 8.54 (s, 1H, 6-H), 7.82 (dd, J
=7.9, 2.1 Hz, 1H, 4-H), 7.45 (d, J = 8.3 Hz, 1H, 3-H), 6.71 (t, J = 55.6 Hz, 1H,
CHF2) consistent with lit.;163 13C NMR (101 MHz, CDCI3z) d 154.0 (2-C), 147.1
(t, J =6.9 Hz, 6-CH), 136.0 (t, J = 5.1 Hz, 4-CH), 129.0 (t, J = 23.5 Hz, 5-C),
124.6 (3-CH), 112.7 (t, J = 240 Hz, CHF2); **F NMR (376 MHz, CDClz) &
-112.4 (d, J = 55.9 Hz, CHF2); vmax/cm™ (solid); 2981, 1597, 1573, 1464,
1406, 1348, 1290, 1243 and 1223; m/z (ES) found MH* 164.006715,
CeHs3°CIF2N requires MH* 164.007310; HPLC 2.10 min., 93%.

5-Difluoromethyl)-3-iodopyridin-2-amine (153)

F NIS, TFA F |
PN DMF, 60°C.3h _F~ ™
~ 0, —
N~ “NH, 1% N “NH,
140 153

N-lodosuccinimide (0.596 g, 2.650 mmol) was added to DMF (3 mL)
portionwise at room temperature with stirring. To the resultant solution was
added 140 (0.318 g, 2.207 mmol) and the mixture was stirred under an
atmosphere of nitrogen for 30 minutes. To the resultant suspension was
added trifluoroacetic acid (0.21 mL, 2.7 mmol). After 10 minutes at room
temperature the mixture was stirred at 60 °C under nitrogen for 3 h. The
reaction mixture was poured into water (30 mL) overlaid with diethyl ether
(20 mL) with rapid stirring. Excess N-iodosuccinimide was destroyed by
adding solid sodium bisulphite (0.255 g) followed by solid sodium bicarbonate
until effervescence ceased. Layers were separated and the aqueous layer
was extracted with diethyl ether (2 x 20 mL). Combined organic extracts were
washed with water (20 mL) and brine (20 mL), dried over sodium sulphate and
evaporated in vacuo. The residue was purified using column chromatography;
elution with diethyl ether-pet. ether 40—-60 (1:2-1:1) to give the title compound
as a colourless solid (0.424 g, 1.571 mmol, 71%), m. p. 102-104 °C (from
diethyl ether); Rf 0.24 (1:2 ethyl acetate-pet. ether 40-60); *H NMR (400 MHz,
CDCI3) 6 8.13 (d, J = 1.9 Hz, 1H, 6-H), 8.01 (s, 1H, 4-H), 6.53 (t, J = 56.1 Hz,
1H, CHF2), 5.32 (s, 2H, NH2); 13C NMR (126 MHz, DMSO-ds) & 160.8 (2-C),
146.5 (t, J = 6.8 Hz, 6-CH), 144.5 (t, J = 4.9 Hz, 4-CH), 120.2 (t, J = 23.4 Hz,
5-C), 114.2 (t, J = 234 Hz, CHF2), 77.1 (3-C); °®F NMR (376 MHz, CDC) 5
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-109.1 (d, J = 56.2 Hz, CHF2); vmax/cm™* (solid); 3445, 3289, 3130 (br), 1632,
1569, 1454, 1384 and 1236; m/z (ES) found MH* 270.953982, CsHsF2IN2
requires MH* 270.953829; HPLC 2.10 min., 100%.

5-(Difluoromethyl)-3-ethynylpyridin-2-amine (155)
, PdClIy(PPhj),, Cul, Et3N

i.=—SI— THF, 3 h
- ! I “ =
| ii. Et;N, MeOH, RT, 24 h F |
~ ~
N” “NH, 62% N~ “NH,
153 155

153 (0.484 g, 1.793 mmol) was flushed with nitrogen then
ethynyltrimethylsilane (0.75 mL, 5.4 mmol), triethylamine (1.2 mL,
8.5 mmol) and dry THF (10 mL) were added. The reaction mixture was cooled
using a water bath at room temperature as copper(l) iodide (20.0 mg,
0.105 mmol) and bis(triphenylphosphine)palladium(ll) dichloride (37.3 mg,
0.0531 mmol) were added. The mixture was stirred at room temperature under
an atmosphere of nitrogen for 3 h then poured into diethyl ether (20 mL) and
washed with water (3 x 20 mL). The organic layer was dried over sodium
sulphate and evaporated in vacuo to leave the crude intermediate as a brown
solid, which was dissolved in methanol (10 mL). Triethylamine (0.20 mL,
1.4 mmol) was added and the mixture stirred at room temperature for 24 h.
The solvent was removed in vacuo at room temperature and the black residue
purified using column chromatography; elution with ethyl acetate-pet. ether
40-60 (1:2-1:1) to give the title compound (0.187 g, 1.111 mmol, 62%) as
brown needles, m. p. 69-71 °C (from ethyl acetate), Rf 0.25 (1:2 ethyl acetate-
pet. ether 40-60); *H NMR (400 MHz, CDCl3) & 8.15 (g, J = 1.9 Hz, 1H, 6-H),
7.72 (d, J = 2.2 Hz, 1H, 4-H), 6.55 (t, J = 56.2 Hz, 1H, CHF2), 5.31 (s, 2H,
NH:), 3.45 (s, 1H, C=C-H); *C NMR (101 MHz, CDClIs) d 160.6 (2-C), 146.5
(t, J =6.9 Hz, 6-CH), 138.0 (t, J = 4.8 Hz, 4-CH), 120.1 (t, J = 23.8 Hz, 5-C),
113.4 (t, J = 237.7 Hz, CHF2), 101.7 (3-C), 84.3 (C=C-H), 78.3 (C=C); *°F
NMR (376 MHz, CDCI3) 6 -109.4 (d, J = 57.1 Hz, CHF2); vmax/cm™ (solid);
3465, 3298, 3154, 1628, 1572, 1487, 1437, 1366, 1301, and 1226; m/z (ES)
found MH+ 169.057041, CsHeF2N2 requires MH* 169.057181. HPLC 1.07
min., 86%, 1.13 min., 14%.
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42 -amino-5-(difluoromethyl)pyridin-3-yl]-1,1 -difluorobut-3-yn-2-one (156)

i. "BuLi, THF, -78 °C, 30 min, o
i = 0 BF - OEt F F
Y ~ "U/A\O/M\T/F TH;-78i3,3h = N Z F
= F | ~
N~ NH, 4% g N~ NH,
155 156

155 (0.289 g, 1.718 mmol) was dissolved in dry THF (20 mL) under an
atmosphere of nitrogen. A 1.6 M solution of "butyllithium in hexanes (2.8 ml,
4.5 mmol) was added and the solution was stirred at -78 °C for 30 minutes. A
solution of ethyl difluoroacetate (0.21 mL, 2.0 mmol) and boron trifluoride
diethyl etherate (0.26 mL, 2.1 mmol) in dry THF (10 mL) was added and the
mixture was stirred at -78 °C for 3 h then quenched with saturated aqueous
ammonium chloride solution (10 mL). The slurry was allowed to warm to room
temperature then the THF was removed in vacuo. The residue was diluted
with diethyl ether (60 mL), washed with brine (2 x 50 mL) and dried over
magnesium sulphate. The solvent was removed in vacuo to leave a brown
residue which was purified using column chromatography; elution with ethyl
acetate-pet. ether 40-60 (1:2-1:1). The solvent was removed in vacuo to
leave the title compound as a brown solid (0.185 g, 0.752 mmol, 44%); m. p.
107-109 °C (from ethyl acetate); Rf 0.23 (1:1 ethyl acetate-pet. ether 40-60);
'H NMR (400 MHz, DMSO-ds) 8 8.36 (d, J = 2.2 Hz, 1H, 6-H), 7.99 (d, J =
2.2 Hz, 1H, 4-H), 7.29 (br s, 2H, NH2), 6.93 (t, J = 55.6 Hz, 1H, CHF>), 6.59 (t,
J = 53.5 Hz, 1H, CHF2); °F NMR (376 MHz, DMSO-ds) & -108.3 (d, J =
55.5 Hz, CHF2), -127.0 (d, J = 54.0 Hz, CHF2); *C NMR (101 MHz,
DMSO-ds) & 174.9 (C=0), 162.4 (2-C), 151.1 (t, J = 5.7 Hz, 6-CH), 141.3
(4-CH), 119.0 (t, J = 23.7 Hz, 5-C), 114.3 (t, J = 234 Hz, CHF2), 109.4 (t, J =
249 Hz, CHF2), 95.7 (3-C), 94.9 (C=C), 90.9 (C=C); vmax/lcm™ (solid); 3421,
3161, 2173, 2153, 1684, 1643, 1603, 1558, 1499, 1371, 1349, 1311, 1248
and 1205; m/z (ES) found MH* 247.048173, CioHsF4sN20 requires MH*
247.048902; HPLC 1.04 min., 94%.
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2,6-Bis(difluoromethyl)-N {4 -(trifluoromethyl)phenyl]-1,8 -naphthyridin4-
amine (157)

F
F CF3
Z o F NH
E AN F 4 M HCI in dioxane,
\ P + propan-2-ol, 80 °C,6h [ | X
N NH, 46% N/ N F
156 NH
157 F

To a brown solution of 156 (0.101 g, 0.411 mmol) in propan-2-ol (10 mL) was
added 4-(trifluoromethyl)aniline (51 uL, 0.41 mmol) followed by 4 M HCI in
1,4-dioxane (115 pL, 0.460 mmol). The reaction was stirred at 80 °C for
6 h then allowed to cool to room temperature. The solvent was removed in
vacuo to leave a brown solid which was neutralised with saturated aqueous
sodium hydrogen carbonate (30 mL) then extracted with chloroform (2 x
50 mL). The organic layer was dried over magnesium sulphate and the solvent
removed in vacuo. The resulting brown solid was purified using column
chromatography; elution with ethyl acetate-pet. ether 40-60 (1:2-1:1). The
solvent was removed in vacuo to leave the title compound as a yellow solid
(72.8 mg, 0.187 mmol, 46%), m. p. 200-202 °C (from ethyl acetate-pet. ether
40-60); Rf 0.49 (1:1 ethyl acetate-pet. ether 40-60); *H NMR (400 MHz,
methanol-ds4) & 9.10 (d, J = 2.2 Hz, 1H, naphthyridine 7-H), 9.01 (d, J =
2.2 Hz, 1H, naphthyridine 5-H), 7.68 (d, J = 8.3 Hz, 2H, aniline 3-H), 7.51 (d,
J = 8.3 Hz, 2H, aniline 2-H), 7.30 (s, 1H, naphthyridine 3-H), 7.05 (t, J =
55.5 Hz, 1H, CHF2), 6.63 (t, J = 55.1 Hz, 1H, CHF2); **C NMR (126 MHz,
methanol-ds) & 157.5 (t, J = 25.3 Hz, naphthyridine 2-C), 156.7 (sp? C), 151.7
(sp? C), 150.9 (t, J = 5.4 Hz, naphthyridine 7-CH), 143.0 (sp? C), 130.5 (t, J =
6.4 Hz, naphthyridine 5-CH), 128.1 (t, J = 23.3 Hz, naphthyridine 6-C), 126.6
(9, J = 3.9 Hz, aniline 3-CH), 126.2 (g, J = 32.8 Hz, aniline 4-C), 124.2 (q, J =
271 Hz, CF3), 122.3 (aniline 3-CH), 114.2 (sp? C), 113.7 (t, J = 241 Hz, CHF>),
113.5 (t, J = 238 Hz, CHF>2), 98.8 (t, J = 3.1 Hz, naphthyridine 3-CH); 1°F NMR
(376 MHz, methanol-d4) & -63.7 (s, CF3), -113.5 (d, J = 55.3 Hz, CHF2),
-118.4 (d, J = 55.5 Hz, CHF2); vmax/cm™ (solid); 2973, 1621, 1595, 1563,
1413, 1355, 1319 and 1256; m/z (ES) found MH* 390.084474, C16He**CIFsN3
requires MH* 390.083571; HPLC 3.34 min., 100%.
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2,6 -Bis(difluoromethyl)-N-[3fluoro -4 (trifluoromethyl)phenyl]-1,8-
naphthyridin-4-amine (158)

F
F CF
F 3
G . o F NH
E AN F 4 M HCI in dioxane,
| + propan-2-ol, 80 °C, 20 h F |\ A
N™ NH; 39% z F
156 NH, NN
158 F

To a brown solution of 156 (0.105 g, 0.426 mmol) and
4-amino-2-fluorobenzotrifluoride (68.6 mg, 0.383 mmol) in propan-2-ol (5 mL)
was added 4 M HCI in 1,4-dioxane (0.13 mL, 0.52 mmol). The reaction was
stirred at 80 °C for 20 h under an atmosphere of nitrogen then allowed to cool
to room temperature. The solvent was removed in vacuo to leave a brown
solid which was neutralised with saturated aqueous sodium hydrogen
carbonate (30 mL) then extracted with chloroform (2 x 30 mL). The organic
layer was dried over magnesium sulphate and the solvent removed in vacuo.
The resulting brown solid was purified using column chromatography; elution
with ethyl acetate-pet. ether 40-60 (1:2-1:1). The solvent was removed in
vacuo to leave the title compound as a yellow solid (61.3 mg, 0.151 mmol,
39%), m. p. 104-105 °C (from chloroform-pet. ether 40-60); Rf 0.23 (1:1 ethyl
acetate-pet. ether 40-60); 'H NMR (400 MHz, methanol-d4) & 9.12 (s, 1H,
naphthyridine 7-H), 8.97 (d, J = 2.0 Hz, 1H, naphthyridine 5-H), 7.66 (t, J =
8.3 Hz, 1H, naphthyridine 3-H), 7.45 (s, 1H, aniline 2-H), 7.31-7.25 (m, 2H,
aniline 5-H, 6-H), 7.05 (t, J = 55.4 Hz, 1H, CHF2), 6.68 (t, J = 55.0 Hz, 1H,
CHF2); 3C NMR (126 MHz, methanol-d4) & 160.6 (d, J = 254 Hz, C-F), 157.6
(t, J = 25.4 Hz, naphthyridine 2-C), 156.6 (sp? C), 151.1 (t, J = 5.4 Hz,
naphthyridine 7-CH), 150.8 (sp? C), 145.7 (d, J = 10.3 Hz, aniline 1-C), 130.5
(t, J = 6.4 Hz, naphthyridine 6-C), 128.6 — 128.1 (m, aniline 4-C, 5-CH), 128.4
(sp? C), 122.8 (q, J = 270 Hz, CF3), 116.5 (d, J = 3.3 Hz, aniline 6-CH), 114.7
(sp? C), 113.7 (t, J = 241 Hz, CHF2), 113.5 (t, J = 238 Hz, CHF>2), 109.1 (d, J
= 23.9 Hz, aniline 2-CH), 100.2 (t, J = 2.5 Hz, naphthyridine 3-CH); 1°F NMR
(376 MHz, methanol-d4) 6 -62.2 (d, J = 12.4 Hz, CF3), -113.7 (d, J = 55.4 Hz,
CHF2), -114.4 (m, C-F), -118.4 (d, J = 55.1 Hz, CHF2); vmax/cm~* (solid); 2966,
2928, 1628, 1595, 1564, 1515, 1416, 1365, 1317, 1271 and 1246; m/z (ES)
found MH* 408.075117, Ci7HoFsNs requires MH* 408.074150; HPLC 3.02
min., 98%.
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2,6 -Bis(difluoromethyl)-N-[6 ((trifluoromethyl)pyridin-3-yl]-1,8 -naphthyridin 4 -
amine (159)

@] Fs;C /N |
F
F CF3
Z y FONONH
F X F N“ X, 4 MHClin dioxane,
\ _ + P propan-2-ol, 50 °C, 24 h  F | X
N NH, 19% _ .
156 NH; N" N
159 F

To a brown solution of 156 (0.115 g, 0.468 mmol) and
5-amino-2-(trifluoromethyl)pyridine (72.9 mg, 0.450 mmol) in propan-2-ol
(5 mL) was added 4 M hydrochloric acid in 1,4-dioxane (0.13 mL, 0.52 mmol).
The reaction was stirred at 50 °C for 24 h under an atmosphere of nitrogen
then allowed to cool to room temperature. The solvent was removed in vacuo
to leave a brown solid which was neutralised with saturated aqueous sodium
hydrogen carbonate (20 mL) then extracted with chloroform (2 x 20 mL). The
organic layer was dried over magnesium sulphate and the solvent removed in
vacuo. The resulting brown solid was purified using column chromatography;
elution with ethyl acetate-pet. ether 40-60 (1:2-1:1). The solvent was
removed in vacuo to leave the title compound as a solid (33.5 mg,
0.0858 mmol, 19%), m. p. 237-240 °C (from ethyl acetate-pet. ether 40—60);
Rf 0.19 (1:1 ethyl acetate-pet. ether 40-60); *H NMR (400 MHz, methanol-ds)
6 9.23 (d, J = 1.9 Hz, 1H, naphthyridine 7-H), 9.12 (d, J = 1.9 Hz, 1H,
naphthyridine 5-H), 8.80 (d, J = 2.6 Hz, 1H, pyridine 2-H), 8.11 (dd, J = 8.5,
2.6 Hz, 1H, pyridine 4-H), 7.92 (d, J = 8.5 Hz, 1H, pyridine 5-H), 7.48 (s, 1H,
naphthyridine 3-H), 7.18 (t, J = 55.4 Hz, 1H, CHF2), 6.78 (t, J = 55.0 Hz, 1H,
CHF2); ¥C NMR (101 MHz, methanol-ds) & 1576 (t, J = 23.8 Hz,
naphthyridine 2-C), 156.6 (sp? C), 151.2 (sp? C), 151.1 (t, J = 6.0 Hz,
naphthyridine 7-CH), 143.4 (pyridine 2-CH), 142.8 (q, J = 35.3 Hz, pyridine
6-C), 139.6 (sp? C), 130.5 (t, J = 6.4 Hz, naphthyridine 5-CH), 129.3 (pyridine
4-CH), 128.4 (t, J = 23.5 Hz, naphthyridine 6-C), 121.7 (q, J = 274 Hz, CF3),
121.4 (q, J = 3.2 Hz, pyridine 5-CH), 114.6 (sp? C), 113.6 (t, J = 241 Hz, CHF>2),
113.5 (t, J = 238 Hz, CHF2), 99.4 (t, J = 3.3 Hz, naphthyridine 3-CH); vmax/cm™
(solid); 2960, 1562, 1497, 1405, 1335 and 1235; m/z (ES) found MH*
391.079084, CisHoF7N4 requires MH* 391.078820; HPLC 2.75 min., 100%.
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6-Chloro-2-(difluoromethyl)-N«(3-phenylpropyl)-1,8 -naphthyridin-4-amine
(173)

0 NH,
F
// HN
NS F S
\ + K2CO3, DMF |
N/ NH, 80 °C, 20 h NN F
18%
F
54 173

To a solution of 54 (69.8 mg, 0.303 mmol) and potassium carbonate (99.2 mg,
0.718 mmol) in anhydrous DMF (2 mL) was added 3-phenylpropylamine
(50 pL, 0.35 mmol). The reaction mixture was stirred at 80 °C for 20 h under
an atmosphere of nitrogen then allowed to cool to room temperature. Water
(20 mL) was added and the product was extracted with ethyl acetate (3 x
20 mL). The combined organic layer was washed with water (20 mL) and
aqueous lithium chloride solution (2 x 20 mL) then dried over magnesium
sulphate and the solvent removed in vacuo. The product was purified using
column chromatography; elution with ethyl acetate-pet. ether 40—60 (1:3-1:1)
to give the title compound as an orange solid (18.6 mg, 0.0535 mmol, 18%);
m. p. 159-161 °C (from ethyl acetate); Rf 0.54 (1:2 ethyl acetate-pet. ether
40-60); 'H NMR (400 MHz, methanol-d4) & 8.88 (d, J = 2.5 Hz, 1H,
naphthyridine 7-H), 8.69 (d, J = 2.5 Hz, 1H, naphthyridine 5-H), 7.29-7.20 (m,
2H, phenyl 3-H), 7.24 (d, J = 3.0 Hz, 2H, phenyl 2-H), 7.16 (tt, J = 6.8, 1.6 Hz,
1H, phenyl 4-H), 6.70 (s, 1H, naphthyridine 3-H), 6.65 (t, J = 55.3 Hz, 1H,
CHF2), 3.41 (t, J = 7.2 Hz, 2H, propyl 1-CH2), 2.79 (t, J = 7.4 Hz, 2H, propyl
3-CH2), 2.10 (p, J = 7.4 Hz, 2H, propyl 2-CHz); 3C NMR (101 MHz,
methanol-ds) & 156.3 (t, J = 25.0 Hz, naphthyridine 2-C), 153.8 (sp? C), 153.1
(sp? C), 152.0 (naphthyridine 7-CH), 141.3 (sp? C), 130.3 (naphthyridine
5-CH), 128.1 (phenyl 3-CH), 128.0 (phenyl 2-CH), 127.5 (sp? C), 125.6
(phenyl 4-CH), 114.1 (sp? C), 114.0 (t, J = 241 Hz, CHF2), 94.5 (naphthyridine
3-CH), 42.5 (propyl 1-CH2), 32.9 (propyl 3-CH>), 29.3 (propyl 2-CH>); °F NMR
(376 MHz, methanol-d4) & =117.9 (d, J = 55.5 Hz, CHF2); vmax/cm™ (solid);
3327, 2927, 1671, 1589, 1553, 1443, 1391, 1316 and 1203; m/z (ES) found
MH* 348.106922, C18H16*°CIF2N3 requires MH* 348.107358; HPLC 2.38 min.,
100%.
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6-Chloro-2-(difluoromethyl)-N-[2-(thiophen-2-yl)ethyl]-1,8-naphthyridin-4-
amine (174)

i\
O ~
£ HN
7 HN
cl .
o cl

» + s K,CO3, DMF | XX

N~ NH, P 80 °C. 20 h A
54 9%
174 F

To a solution of 54 (82.6 mg, 0.358 mmol) and potassium carbonate
(0.221 g, 0.872 mmol) in anhydrous DMF (3 mL) was added
2-thiopheneethylamine (50 pL, 0.43 mmol). The reaction mixture was stirred
at 80 °C for 20 h under an atmosphere of nitrogen then allowed to cool to room
temperature. Water (20 mL) was added and the product extracted with ethyl
acetate (3 x 20 mL). The combined organic layer was washed with water
(20 mL) and aqueous lithium chloride solution (2 x 20 mL) then dried over
magnesium sulphate and the solvent removed in vacuo. The product was
purified using column chromatography; elution with ethyl acetate-pet .ether
40-60 (1:3-1:1) to give the title compound as an orange solid (10.8 mg,
0.0318 mmol, 9%); m. p. 181-4 °C (from ethyl acetate); Rf 0.52 (1:2 ethyl
acetate-pet. ether 40-60); *H NMR (400 MHz, methanol-d4) & 8.80 (d, J =
2.5 Hz, 1H, naphthyridine 7-H), 8.63 (d, J = 2.5 Hz, 1H, naphthyridine 5-H),
7.11 (dd, J = 4.8, 1.5 Hz, 1H, thiophene 4-H), 6.85-6.79 (m, 2H, thiophene
3-H, 5-H), 6.70 (s, 1H, naphthyridine 3-H), 6.55 (t, J = 55.3 Hz, 1H, CHF>),
3.60 (t, J = 6.9 Hz, 2H, ethyl 1-CHz), 3.16 (t, J = 6.9 Hz, 2H, ethyl 2-CH>); 13C
NMR (101 MHz, methanol-ds4) & 156.4 (1, J = 24.9 Hz, naphthyridine 2-C),
153.9 (sp? C), 153.0 (sp? C), 152.1 (naphthyridine 7-CH), 140.7 (sp? C), 130.3
(naphthyridine 5-CH), 127.7 (sp? C), 126.6 (thiophene 5-CH), 125.3
(thiophene 3-CH), 123.7 (thiophene 4-CH), 114.1 (sp? C), 114.0 (t, J =
241 Hz, CHF2), 94.7 (t, J = 2.8 Hz, naphthyridine 3-CH), 44.5 (ethyl 1-CH>),
28.1 (ethyl 2-CH2); **F NMR (376 MHz, methanol-d4) 5 -118.0 (d, J = 55.3 Hz,
CHF2); vmax/cm™ (solid); 3271, 3062, 2904, 1591, 1567, 1509, 1475, 1441,
1397, 1353, 1314, 1279, 1236 and 1218; m/z (ES) found MH* 362.030081,
C15H12%°CIF2N3sS requires MH* 362.030073; HPLC 2.07 min., 96%.
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6-Chloro-2-difluromethyl-N-(1-phenylmethyl)-1,8-naphthyridine-4-amine
(175) (Synthesised by MChem student Omar Allam)

o
F
NH
cl 7 2 HN
N F ol
P ' Bac0n SN
N7 NH, , |N/ AF
14%
54 175  F

54 (48.3 mg, 0.209 mmol), benzylamine (23 pL, 0.21 mmol) and potassium
carbonate (57.7 mg, 0.418 mmol) were dissolved in anhydrous DMF (2 mL)
under an atmosphere of nitrogen. The mixture was stirred at 80 °C for 20 h
then allowed to cool to room temperature. Water (10 mL) was added and the
product was extracted with ethyl acetate (3 x 10 mL). The organic layer was
washed with water (5 mL) and brine (3 x 15 mL) then dried over magnesium
sulphate and the solvent was removed in vacuo. The product was purified
using column chromatography; elution with ethyl acetate-pet. ether 40-60
(1:3) and the solvent removed in vacuo to give the title compound as an off-
white solid (9.1 mg, 0.028 mmol, 14%); m. p. 212-215 °C (from ethyl acetate-
pet. ether 40-60); Rf 0.38 (1:2 ethyl acetate-pet. ether 40-60); 'H NMR
(400 MHz, methanol-d4) & 8.82 (d, J = 2.5 Hz, 1H, naphthyridine 7-H), 8.74 (d,
J = 2.5 Hz, 1H, naphthyridine 5-H), 7.30 (d, J = 6.9 Hz, 2H, phenyl 2-H), 7.25
(t, J = 6.9 Hz, 2H, phenyl 3-H) 7.17 (t, J = 7.2 Hz, 1H, phenyl 4-H), 6.64 (s,
1H, naphthyridine 3-H), 6.49 (t, J = 55.3 Hz, 1H, CHF?2), 4.56 (s, 2H, aniline
CHz2); 13C NMR (101 MHz, methanol-d4) 3 156.3 (sp? C), 153.8 (sp? C), 153.1
(t, J = 23.7 Hz, naphthyridine 2-C), 152.2 (naphthyridine 7-CH), 137.1 (sp? C),
130.4 (naphthyridine 5-CH), 128.4 (phenyl 3-CH), 127.8 (sp? C), 127.2 (phenyl
4-CH), 126.8 (phenyl 2-CH), 114.2 (sp? C), 113.9 (t, J = 241 Hz, CHFz2), 100.0
(sp? C), 95.5 (naphthyridine 3-CH); 47.7 (CH2); °F NMR (376 MHz,
methanol-ds) & -118.2 (d, J = 52.6 Hz, CHF2); vmax/cm™ (solid) 3270, 3053,
1590, 1561, 1446, 1391, 1359, 1319 and 1206; m/z (ES) found MH*
320.076152, Ci6H13%°CINsF2 requires MH* 320.076058; HPLC 2.06 min.,
100%.
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6-Chloro-N-(1-phenylmethyl)-2-trifluromethyl-1,8-naphthyridine-4-amine
(176) (Synthesised by MChem student Omar Allam)

K>CO3;, DMF, HN
: | b * ©/\NH2 110—>°C’ 19h Cl
— — 239, | XX
N N CF; _ _
N N CF;4
70 176

4,6-Dichloro-2-(trifluoromethyl)-1,8-naphthyridine (0.308 g, 1.154 mmol),
benzylamine (0.125 mL, 1.15 mmol) and potassium carbonate (0.108 g,
0.782 mmol) were dissolved in anhydrous DMF (6 mL) under an atmosphere
of nitrogen. The reaction mixture was stirred at 110 °C for 19 h then allowed
to cool to room temperature. Water (30 mL) was added and the product was
extracted with ethyl acetate (3 x 30 mL). The combined organic extracts were
washed with water (20 mL) and brine (2 x 30 mL) then dried over magnesium
sulphate. The solvent was removed in vacuo and the crude product was
purified using column chromatography; elution with ethyl acetate-pet. ether
40-60 (1:3). The solvent was removed in vacuo to give the title compound as
a yellow solid (86.3 mg, 0.256 mmol, 23%); m. p. >270 °C (from ethyl acetate-
pet. ether 40-60); Rf. 0.22 (1:3 ethyl acetate-pet. ether 40-60); ‘H NMR
(400 MHz, DMSO-ds) 6 9.09 (d, J = 2.6 Hz, 1H, naphthyridine 5-H), 9.04 (d, J
= 2.6 Hz, 1H, naphthyridine 7-H), 8.77 (t, J = 5.8 Hz, 1H, N-H), 7.43 (d, J =
7.0 Hz, 2H, phenyl 2-H), 7.36 (t, J = 7.1 Hz, 2H, phenyl 3-H), 7.30 (t, J =
6.6 Hz, 1H, phenyl 4-H), 6.83 (s, 1H, naphthyridine 3-H), 4.67 (d, J = 5.8 Hz,
2H, CH2); *C NMR (101 MHz, DMSO-ds), & 153.8 (sp? C), 153.1 (sp? C),
152.9 (naphthyridine 7-CH), 149.9 (q, J = 33 Hz, naphthyridine 2-C), 140.9
(sp?C), 137.4 (sp? C), 130.8 (naphthyridine 5-CH), 128.6 (phenyl 2-CH), 128.2
(phenyl 4-CH), 127.3 (phenyl 3-CH), 118.7 (g, J = 275 Hz, CFz3), 114.2 (sp?
C), 95.4 (naphthyridine 3-CH), 46.0 (CH2); *°®F NMR (376 MHz, DMSO-ds), 5
-67.2 (s, CF3); vmax/cm™ (solid); 3284, 3055, 2922, 2853, 1590, 1496, 1447,
1289, 1246 and 1228; m/z (ES) found MNa* 360.048659, C16H11%°CIF3Ns
requires MNa* 360.048580; HPLC 3.11 min., 97%.
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6-Chloro-2-(difluoromethyl)-N-(2-phenylethyl)-1,8-naphthyridine-4-amine
(177) (Synthesised by MChem student Omar Allam)

Cl
. NH, K2COs, DMF, HN
| N X . ©/\/ 110°C,19h
— — F 57% |\ X
N N — — F
F N~ N
71
177 F

4,6-Dichloro-2-difluoromethyl-1,8-naphthyridine (58.2 mg, 0.234 mmol),
phenethylamine (30 uL, 0.24 mmol) and potassium carbonate (67.5 mg,
0.488 mmol) were dissolved in anhydrous DMF (2 mL) under an atmosphere
of nitrogen. The reaction mixture was stirred at 110 °C for 19 h then allowed
to cool to room temperature. Water (15 mL) was added and the product was
extracted with ethyl acetate (3 x 15 mL). The combined organic extracts were
washed with water (10 mL) and brine (2 x 15 mL) then dried over magnesium
sulphate. The solvent was removed in vacuo leaving the crude product which
was purified using column chromatography; elution with ethyl acetate-pet.
ether 40-60 (1:3). The solvent was removed in vacuo to give the title
compound as an off-white solid (44.3 mg, 0.133 mmol, 57%); m. p. 222.5—
223.0 °C (from ethyl acetate-pet. ether 40—60); Rf. 0.20 (1:2 ethyl acetate-pet.
ether 40-60); 'H NMR (400 MHz, DMSO-ds) & 8.98 (s, 2H, naphthyridine
5-H, 7-H), 7.98 (t, J = 5.3 Hz, 1H, N-H), 7.33-7.30 (m, 4H, phenyl 2-H, 3-H),
7.22 (m, 1H, phenyl 4-H), 6.88 (t, J = 55.0 Hz, 1H, CHF2), 6.80 (s, 1H,
naphthyridine 3-H), 3.59 (q, J = 7.4 Hz, 2H, phenethyl 2-CH2), 2.99 (t, J =
7.4 Hz, 2H, phenethyl 1-CH); 13C NMR (101 MHz, DMSO-ds), & 155.8 (sp?
C), 154.1 (sp? C), 152.5 (sp? C), 152.2 (naphthyridine 7-CH), 139.1 (sp? C),
130.6 (naphthyridine 5-CH), 128.8 (phenyl 2/3-CH), 128.4 (phenyl 2/3-CH),
126.6 (sp? C), 126.3 (phenyl 4-CH), 114.2 (t, J = 240 Hz, CHF2), 113.9 (sp?
C), 95.0 (naphthyridine 3-CH), 44.4 (phenethyl 2-CH2), 33.8 (phenethyl
1-CH2); **F NMR (376 MHz, DMSO-ds), & -115.8 (d, J = 52.6 Hz, CHF>);
vmax/cm™ (solid); 3289, 3055, 2929, 2854, 1591, 1496, 1234, and 1206; m/z
(ES) found MH* 334.091654, Ci17H14%CIF2Ns requires MH* 334.091708;
HPLC 2.16 min., 98%.
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6-Chloro-N-(2-phenylethyl)-2-trifluromethyl-1,8-naphthyridine-4-amine (178)
(Synthesised by MChem student Omar Allam)

cl
. NH, K2COs, DMF, HN
| N X . ©/\/ 110°C,20h
— — 43% | XN
N~ N7 CF, A
N~ N7 O CF,
70 178

4,6-Dichloro-(2-trifluoromethyl)-1,8-naphthyridine (0.101 g, 0.377 mmol),
phenethylamine (50 uL, 0.40 mmol) and potassium carbonate (0.105 g,
0.756 mmol) were dissolved in anhydrous DMF (3 mL) under an atmosphere
of nitrogen. The reaction mixture was stirred at 110 °C for 20 h then allowed
to cool to room temperature. Water (20 mL) was added and the product was
extracted with ethyl acetate (3 x 20 mL). The combined organic extracts were
washed with water (10 mL) and brine (2 x 30 mL) then dried over magnesium
sulphate. The solvent was removed in vacuo and the crude product was
purified using column chromatography; elution with ethyl acetate-pet. ether
40-60 (1:3). The solvent was removed in vacuo to give the title compound as
a yellow solid (56.7 mg, 0.161 mmol, 43%); m. p. >270 °C (from ethyl acetate-
pet. ether 40-60); Rf. 0.16 (1:3 ethyl acetate-pet. ether 40-60); *H NMR
(400 MHz, DMSO-ds) 6 9.02 (d, J = 2.7 Hz, 1H, naphthyridine 7-H), 9.01 (d, J
= 2.7 Hz, 1H, naphthyridine 5-H), 8.16 (t, J = 5.4 Hz, 1H, N-H), 7.31 (d, J =
2.1 Hz, 2H, phenyl 2-H), 7.29 (dd, J = 8.0, 1.0 Hz, 2H, phenyl 3-H), 7.22 (t, J
= 6.3 Hz, 1H, phenyl 4-H), 6.86 (s, 1H, naphthyridine 3-H), 3.68-3.61 (m, 2H,
phenethyl 2-CH2), 3.00 (t, J = 7.5 Hz, 2H, phenethyl 1-CH2); 3C NMR
(101 MHz, DMSO-ds), d 153.8 (sp? C), 153.0 (sp? C), 152.8 (naphthyridine
7-CH), 150.1 (q, J = 33 Hz, naphthyridine 2-C), 139.0 (sp? C), 130.6
(naphthyridine 5-CH), 128.8 (phenyl 2-CH), 128.4 (phenyl 3-CH), 127.1 (sp?
C), 126.3 (phenyl 4-CH), 121.6 (q, J = 274 Hz, CFzs), 113.9 (sp? C), 95.0
(naphthyridine 3-CH), 44.3 (phenethyl 2-CHz), 33.9 (phenethyl 1-CH2); °F
NMR (376 MHz, DMSO-ds), & -67.1 (s, CFz3); vmax'cm™ (solid); 3289, 3058,
2925, 2853, 1590, 1497, 1441, 1327, 1290 and 1226; m/z (ES) found MH*
352.082758, C17H13%°CIF3Nz requires MH* 352.082286; HPLC 3.17 min.,
95%.
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4-Amino-6-chloro-2-(trifluoromethyl)-1,8-naphthyridine (179) (Synthesised by
MChem student Omar Allam)

Cl NH,
Cl N X ° Cl
| NH4OH, 120 °C, 1 h, hv | X
= = 73% Z =
N” "N” “CFs ’ N~ N7 CF,
70 179

To 4,6-dichloro-2-(trifluoromethyl)-1,8-naphthyridine (0.101 g, 0.376 mmol),
was added ammonia (30% in water, 1.5 mL). The suspension was heated to
120 °C for 1 h with microwave irradiation then allowed to cool to room
temperature. The title compound was isolated using vacuum filtration as a red
solid (0.680 g, 0.275 mmol, 73%); m. p. 252-256 °C (from water); Rf. 0.43
(1:3 ethyl acetate-pet. ether 40—60); *H NMR (400 MHz, DMSO-de) 3 9.01 (d,
J = 2.6 Hz, 1H, naphthyridine 7-CH), 8.92 (d, J = 2.6 Hz, 1H, naphthyridine
5-CH), 7.80 (s, 2H, NH2), 6.99 (s, 1H, naphthyridine 3-CH); *C NMR
(101 MHz, DMSO-ds), & 155.1 (sp? C), 153.2 (naphthyridine 7-CH), 149.6 (q,
J = 32 Hz, naphthyridine 2-C), 132.1 (sp? C), 131.1 (naphthyridine 5-CH),
126.8 (sp?C), 121.6 (g, J = 274 Hz, CFz3), 113.5 (sp? C), 98.7 (naphthyridine
3-CH); °F NMR (376 MHz, DMSO-ds), d -67.3 (S, CF3); vmax'cm™ (solid);
3333, 3208, 3062, 1596, 1443, 1331, 1283, 1254 and 1219; m/z (ES) found
MH* 248.019957, CoHs3*CIF3Ns requires 248.019686; HPLC 1.55 min., 95%.
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