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ABSTRACT

Friedreich’s ataxia is a rare and fatal childhood neurodegenerative disease that causes shrinkage
of the spinocerebellar tracts and the progressive loss of neurons in the dorsal root ganglia. This
leads to awkward, unsteady movements and impaired sensory function, leaving sufferers
wheelchair bound. It is caused by the expansion of a trinucleotide repeat region within the first
intron of the FXN gene, leading to reduced production of the essential mitochondrial protein
frataxin. The average life expectancy of sufferers is 37 years old, and there is currently no available
treatment.

Reduced frataxin production is thought to be the result of a host of epigenetic changes at the FXN
locus that cause heterochromatin-induced gene silencing. Recently, the histone lysine
methyltransferase SUV4-20 has been implicated in heterochromatin formation. Pharmacological
inhibition with SUV4-20 chemical probe A-196 leads to an increase in frataxin production,
however its substantial metabolic instability precludes its use in vivo. This thesis describes
attempts to design and synthesise analogues of A-196 with improved metabolic stability, enabling
their testing in animal disease models and continued preclinical development. It also examines
the development of a novel approach to disease treatment through the use of a
heterobifunctional molecule to induce frataxin stabilisation.

Chapter 1 evaluates the challenges facing drug discoverers in the context of rare disease
treatment and provides an overview of Friedreich’s ataxia. It also examines key pharmacokinetic
concepts and strategies for their modulation. Chapter 2 describes the design and synthesis of
analogues of A-196, culminating in the development of a compound with a nine-fold
improvement in stability that will permit its evaluation in vivo. Chapter 3 describes the
conceptualisation and efforts towards the development of a novel, heterobifunctional small

molecule for induced frataxin stabilisation via deubiquitination.
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1 INTRODUCTION

1.1 SELDOM SILENT, NEVER HEARD — THE ORPHAN DRUG ACT OF 1983

Jack Klugman may be better remembered as Dr R. Quincy, the crack medical examiner that
graced television screens in Quincy, M. E. in the late 1970s and early ‘80s.! Perhaps lesser
known is the role he played in passing a piece of legislation that has transformed the
landscape of drug development and disease treatment since its inception.? During the ‘70s,
patient groups had been lobbying members of the US Congress to take notice of the plight of
people suffering from rare diseases that had no available treatments, such as Huntington’s
disease.? These efforts compelled the then Senator for Massachusetts, Edward Kennedy, to
introduce a measure in his Drug Regulation Reform bill of 1978 to establish a National Centre
for Clinical Pharmacology that would, amongst other things, attempt to research and develop

“drugs of limited commercial value” 3

The bill failed twice, once in 1978 and again in 1979, however prompted the Food and Drug
Administration (FDA) to set up an Interagency Task Force that commissioned a report
examining the experience of people suffering from these rare diseases.>* The report, entitled
“Significant Drugs of Limited Commercial Value”,®> described a situation whereby patients
suffering from uncommon but serious diseases did not have access to treatment because
drugs developed for these disorders would be limited in their applicability and thus
represented a poor return on investment for pharmaceutical companies. The report
recommended that the FDA offer economic incentives, such as grants and financial support
for clinical trials, to research institutions and pharmaceutical companies to encourage the

development of drugs for these disorders.”



The recommendations were picked up by Elizabeth Holtzman, member of Congress for New
York’s 16™ congressional district, at the request of researchers and patients at Mount Sinai
Hospital who had been trying to develop a treatment for a rare neurological disorder.>®
Holtzman introduced a bill in 1980 to “assist in the development of drugs for diseases and
conditions of low incidence”,®> which was supported by the then chair of the House
Subcommittee on Health and the Environment, Henry Waxman. Despite this support, the bill

failed to pass the US House of Representatives at its hearing. Enter, Jack Klugman.

A write-up of the hearing published in The Los Angeles Times caught the attention of Maurice
Klugman, brother of Jack and a producer on Quincy, M.E., who himself was suffering from a
rare form of cancer.” Together, he and Jack wrote an episode of the show called “Seldom
Silent, Never Heard”, that told the story of a young patient suffering from Tourette’s
syndrome who couldn’t obtain treatment for his disorder in the US.8 The episode brought
national attention to the issue, and is widely credited as inspiring a new, concerted effort to
address the problem. The bill was reintroduced in 1981 and Jack Klugman was invited to
testify in support of it before Congress, where he spoke on the need for “orphan drugs”.’ The
bill recommended measures that would not only lower the regulatory hurdles for the
approval of existing drugs for rare conditions but also offer considerable incentives for
companies that brought novel drugs to market, for example tax credits and exclusive
marketing rights.? It passed through the house but met opposition in the Senate, where it was
stripped of the tax credits at the behest of Orrin Hatch, the senator for Utah. In response the
Klugman brothers wrote a second Quincy episode, “Give Me Your Weak”, that saw Quincy
confront a cold-hearted senator who was preventing the passage of an Orphan Drug Act.! The

pressure that mounted as a result caused Hatch to relent. The tax credits were reintroduced,



and the Orphan Drug Act (ODA, Figure 1.1) was signed into law by President Ronald Reagan

in January 1983.3

PUBLIC LAW 97-414—JAN. 4, 1983 96 STAT. 2049

Public Law 97-414

97th Congress
An Act
To amend the Federal Food, Drug, and Cosmetic Act to facilitate the development of Jan. 4, 1983
drugs for rare diseases and conditions, and for other purposes. " [HR. 5238]
Be it enacted by the Senate and House of Repmentatwes of the
United States of America in Congress assembled, (A};phan Drug

SHORT TITLE; FINDINGS

Secrion 1. (a) This Act may be cited as the “Orphan Drug Act”. 21 USC 301 note.
(b) The Congress finds that— 21 USC 360aa

(1) there are many diseases and conditions, such as Hunting- ot
ton's disease, myoclonus, ALS (Lou Gehrig’s disease), Tourette
syndrome, and muscular g‘stro phy which affect such small
numbers of individuals residing in the United States that the
glseam and conditions are considered rare in the United

tates

(2) adequate drufs for many of such diseases and conditions
have not been deve

(3) drugs for these dmeases and conditions are commonly
referred to as “orphan

(4) because so few mdnnduals are affected by any one rare
disease or eondmnn, a pharmaceutical eontagang which develops
an orphan d ruf may reasonably expect rug to generate
relatively small sales in comparison to the cost of developing
the drug and consequently to incur a financial loss;

(5) there is reason to beheve that _some promising orphan

will not be developed unless are made in the

app icable Federal laws to reduce the costs of developing such
dnégs and to provide financial incentives to develop such drugs;
an

(6) it is in the public interest to provide such changes and
incentives for the development of orpgan drugs.

Figure 1.1. The Orphan Drug Act of 1983

The ODA provides support for the development of so-called “orphan drugs”, defined as a drug
developed for a disease or condition that affects fewer than 200,000 people, or a drug whose
sales will not offset the costs of its development or marketing in the United States.’®In its
current form, it offers New Drug Application (NDA) fee waivers, tax credits for clinical trials of
orphan drugs, grant funding for rare disease research, and market exclusivity for seven years
post-approval.l! The act inspired similar pieces of legislation across the globe, such as in
Europe and Japan, after policy makers observed the effect it had on the growth of the US
biotechnology industry.? To date, more than 500 drugs have been approved for use in the

treatment of rare diseases by the FDA, compared to just ten in the decade preceding 1983.23



Perhaps most importantly, the legacy of the ODA is that of the empowerment of rare disease

patients, and the promise of hope in the face of disabling and potentially fatal conditions.3*2

1.2 RARE DISEASES: CHALLENGES AND PROGRESS IN DRUG DEVELOPMENT

The ODA has undoubtedly played a significant role in encouraging diverse research efforts
into the underlying causes of rare diseases and the discovery of treatments for them.3-%°
However, despite the large increase in drug approvals precipitated by the ODA, the majority
of the approximately 7000 rare diseases still have no specific therapy.'®'’ Even though the
diseases themselves are of low prevalence, around 350 million people are affected by a rare
disease globally, the vast majority of whom have no recourse to treatment.'®The “translation
gap” also continues to grow: whilst advances in pharmacogenomics and next-generation
sequencing have accelerated the discovery of the underlying genetic causes of rare

diseases,®1° this knowledge is not being translated into new therapies at the same rate.®

Why is the “translation gap” increasing? Rare diseases are of course not insulated from the
traditional challenges of drug discovery: high attrition rates as drugs move through the
development pipeline mean that only 10% of drugs that reach phase | for any indication
eventually go on to be approved for use.?° Even before phase |, a 2015 study analysing the
failure rates of drugs from four large pharmaceutical companies found that just over 50% of
candidates advanced to the clinic following preclinical development.?! This translation from
basic to clinical research is known as “the valley of death” (Figure 1.2) due to these high failure

rates and the challenges faced by drug discoverers.?%%3
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Figure 1.2. Drug development pipeline and the “valley of death”.

The main cause of candidate failure prior to entering the clinic is overwhelmingly non-clinical
toxicology, and once a drug reaches phase | this is mirrored in high failure rates due to clinical
safety concerns.?! Pharmaceutical companies have attempted to address these issues in a
variety of ways, including linking physiochemical properties such as logP and topological polar
surface area (tPSA) to toxicology in order to guide preliminary medicinal chemistry efforts.?*~
26 For example, analysis of a set of clinical compounds by researchers at Pfizer found that
those with a logP > 3 and a tPSA < 75 A2 were more than twice as likely to exhibit toxicity,2*
findings that were supported following a similar study by scientists at Eli Lilly.?> Whilst an
attractive prospect, such an absolute approach to limiting toxicity is perhaps misguided:?’
toxicity concerns must be viewed within the context of the therapy itself, for example
considering the risk-benefit ratio in the disease setting, the therapeutic index of the drug, and
the severity of the effect.?! Similarly, the profile of a “safe” drug may change should the
necessary efficacious dose prove to be toxic during human dose escalation, or if a toxicity
concern thought to be manageable proves not to be when in the clinic.?® Finally, it is

sometimes impossible to predict certain toxicity outcomes: for example, the cannabinoid



receptor antagonist rimonabant was withdrawn from the clinic for the treatment of obesity
after it was associated with an increased risk of depression and suicidal ideation.?® Despite
tremendous advances, the ability to fully predict the safety profile of a drug candidate
remains a challenge.® The continued development of predictors of required doses that can
then be investigated in the clinic, as well as predictive safety markers, are of key importance,

however this area remains a significant challenge for drug discoverers.

Whilst safety issues remain, the primary reason compounds do not advance beyond phase Il
is a lack of clinical efficacy.?1?%3! These instances of failure led Pfizer to establish their “three

III

pillars of survival”, essential data needed to establish whether a compound has the necessary
qualities to elicit the desired pharmacological effect and thus validate their target hypothesis
in vivo.?? These were evidence that the compound achieved sufficient target exposure,
occupancy, and functional modulation, key pharmacokinetic (PK) and pharmacodynamic (PD)
parameters that would indicate the likelihood of a compound progressing to phase Ill. Hand
in hand with these pillars is the knowledge of suitable biomarkers to demonstrate proper
target engagement.3334 Without these, it would be difficult to discern whether a lack of
efficacy was due to poor target selection or just inadequate pharmacological activity.3? That
being said, poor target selection is often a cause of failure:3> analysis by AstraZeneca found
that their confidence in the disease role of a drug target did not increase as the drug advanced
through the clinic,?® suggesting the root cause of failures at this stage is simply insufficiently
robust target validation strategies.3! As well as this, whilst animal disease models remain a
major source of information at the early stage of drug development, they often do not

adequately replicate the disease in humans and are limited by poor translatability in a clinical

setting.3637



Rare disease drug discovery also brings its own unique challenges. Before the drug
development process can begin, identification of a suitable drug target poses a significant
challenge due to the so called “n > 1 plateau”:3® the rarity of these diseases, as well as
misdiagnosis due to the overlap of symptoms with others, leads to difficulty when attempting
to identify pathogenic variations in the same gene across individuals. As a result, there often
exists a lack of knowledge about the natural progression of the disease, meaning validated
clinical end-points are scarce.® This has implications for clinical trial design, compounded by
difficulties in identifying and recruiting suitably large patient cohorts along with practitioners
who possess adequate knowledge and expertise.3*#° That being said, advances in next-
generation sequencing technology have enabled increased identification of important rare
disease genes,'®3 and the help of patient advocacy groups has been essential in recruiting
participants for multicentre trials.?° In addition, improvements in therapeutic modalities
beyond small molecules, such as enzyme replacement, anti-sense oligonucleotide, and
biological therapies,'®4! have expanded the arsenal at our disposal for the treatment of these
rare diseases. Despite this, the vast majority of rare disease sufferers have no recourse to
treatment, and even an increase of 500-600 new orphan drugs over the next decade would

still leave almost 90% of sufferers without an approved therapy.3®

1.3 THE PROMISE OF CHEMICAL PROBES IN DRUG DEVELOPMENT
This section is adapted from the following paper:

R. B. A. Quinlan, P. E. Brennan, Chemogenomics for Drug Discovery: Clinical Molecules from

Open Access Chemical Probes, RSC Chem. Biol., 2021, 2, 759-795

As described above, a main cause of failure for compounds entering the clinic is a lack of

efficacy deriving from poor target validation strategies.?®3! This is despite rapid progress in
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next-generation sequencing and genome wide association studies (GWAS) that have enabled
the identification of key genes influencing disease progression.3> Advances in countering this
disconnect could be achieved through the development and subsequent use of readily
available pharmacological modulators for proteins of interest, which would enable functional
studies and evaluation of a protein’s potential as a therapeutic target.*? In recent years,
chemical probes have emerged as valuable tools in this respect, enabling specific and non-

destructive means of investigating the role of a protein in cellular and disease processes.*?

Chemical probes are small molecules defined by four main criteria:4-4¢

1. A minimal in vitro potency of 100 nM.
2. Greater than 30-fold selectivity over sequence related proteins.
3. Profiled against an industry standard of pharmacologically relevant proteins.

4. On-target cellular effects at less than 1 uM.

With respect to drug discovery, chemical probes have proven very useful in preclinical
research, impacting studies of target viability, safety, and translation.*”*¢ The most common
application of probes is their use determining the tractability of a particular target, that is its
ability to modulate a phenotype, enabling a “Go/No-Go” decision. One example is the use of
probes in differentiating between cannabinoid receptor type 1 (CB1) and type 2 (CB2)
agonism in order to investigate the potential of CB2 as a target for the treatment of chronic

49-51 1t was hypothesised that selective CB2 agonism could induce the desired analgesia

pain.
whilst avoiding the neurological effects associated with CB1 agonism. Distinct chemical
probes based on imidazopyridine and decahydroquinoline scaffolds (compounds 1, 2, 3, and

4, Figure 1.3) were developed that were highly selective for CB2 over CB1 (2 and 4), along

with structurally similar compounds that maintained residual CB1 activity (1 and 3).°9°1
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Figure 1.3. Imidazopyridine and decahydroquinoline probe series’ that enabled target validation

studies of CB2 agonism for chronic pain.

Through the use of these probes, it was found that analgesic effects were only observed for
compounds that maintained residual CB1 agonist activity, indicating CB2 agonism alone was
insufficient.4”>%>! This directly informed the eventual decision to discontinue investigations

into the targeting of CB2 for chronic pain.

Another area in which probes have found use is the investigation of on-target safety,*’ the
leading cause of compound failure in the clinic.?! Of particular use are probes selective for
individual members of a family of proteins, as was observed in the development of dipeptidyl
peptidase IV (DPP-4) inhibitors for the treatment of diabetes.”? DPP-4 inhibition had been
demonstrated to be a viable strategy to improve the levels of circulating glucagon-like peptide
1 (GLP1), which is essential for insulin secretion.>®> However, compounds thought to be DPP-4
specific induced severe toxicities in animal safety studies.”? The discovery of the related DPP-
8 and -9 proteins, and the observed activity of the compounds against them, led to the
development of selective chemical probes for these family members in order to assess
whether the toxicity was a result of off-target effects. The same toxicities were induced with

a selective, dual DPP-8/9 inhibitor however not with a selective DPP-4 probe (compounds 5



and 6, respectively, Figure 1.4), providing a route forward for DPP-4 selective compounds.

This paved the way for the discovery of sitagliptin for the treatment of type 2 diabetes.>?

HoN N N/\r/N‘N N/\r/N‘N

CF,4 CF,
5 6 Sitagliptin
DPP-4 I1C5,= >30,000 nM DPP-4 1C5p=27 nM DPP-4 IC;5=18 nM
DPP-8 IC;5=38 nM DPP-8 IC;,= 69,000 nM DPP-8 IC;, = 48,000 nM
DPP-9 IC;5 =55 nM DPP-9 ICg, = >100,000 nM DPP-9 IC5, = >100,000 nM

Figure 1.4. DPP-8/9 and DPP-4 selective probes, alongside the eventually approved drug sitagliptin.>*

Establishing a relationship between the PK and PD of a compound enables the validation of
target engagement biomarkers and is essential for translating preclinical findings into
humans.*’ Probes can be developed alongside lead optimisation efforts, often with structures
distinct from the final clinical candidate but with selectivity and toxicity profiles that enable
their evaluation in higher order species as translatable models. Scientists at Merck made use
of chemical probes in this way in the development of suvorexant as a treatment for
insomnia.>® When the dysfunction in the orexin system was found to be associated with sleep

>6-58 grexin receptors 1 and 2 (OXiR and OXiR, respectively) were identified as

disorders,
potential targets for small molecules in the treatment of insomnia. The development of a dual
orexin receptor antagonist (DORA-1, Figure 1.5) that had good physiochemical, PK, and brain
penetrant properties allowed for its evaluation in first a rat and then a monkey model of

insomnia.>>>? As a result, scientists were able to validate the target and also establish a

relationship between PK, PD, and measured sleep parameters as biomarkers. Whilst DORA-1
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is structurally distinct from the eventually approved suvorexant, it was an essential part of its

development.
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Figure 1.5. Dual orexin antagonist probe DORA-1 and the approved insomnia drug suvorexant.

Finally, whilst probes are not designed with drug-like qualities (for example absorption,
distribution, metabolism, and excretion (ADME) properties) in mind, they can act as small-
molecule starting points for drugs, inspiring lead optimisation efforts around a scaffold.*>4®
Indeed, this is an often cited advantage of probes, and one that is evident in the number of
clinical molecules that derive obvious structural features from probes for the same target.
This application of chemical probes was reviewed extensively in a 2021 publication,*® and
some examples are highlighted in the following paragraphs. Given the scope of this thesis,
the chosen examples focus on probes that target lysine methyltransferases (KMTs), a class of

epigenetic writer protein that will be described in greater detail in a later section (1.4.2).

EPZ004777 and SGC0946°°°! (Figure 1.6) are structurally related probes targeting the KMT
disruptor of telomeric silencing 1-like (DOT1L), which is responsible for the methylation of

lysine 79 on histone 3 (H3K79).6%53 Di- (me2) and tri- (me3) methylation of H3K79 is thought
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to prevent the formation of certain transcriptionally repressive lysine methylation marks,%
and is thus associated with euchromatin formation and transcriptional activation.®?® In a
subset of leukaemias that involve a chromosomal translocation of the mixed lineage
leukaemia (MLL) gene,®®®” DOTIL is implicated in the transcription of a variety of pro-
leukaemogenic genes.%®7C EPZ004777 and SGC0946 have proved incredibly useful in further
elucidating the role of DOTI1L in these cancers, highlighting its potential as a therapeutic
target.”Y™’> Analogues of S-adenosylmethionine (SAM), they are potent inhibitors of DOT1L
but lack the necessary physiochemical properties that would permit their clinical
development.®7! As a result, scientists at Epizyme developed pinometostat (Figure 1.6), a
DOTIL inhibitor directly derived from EPZ004777 and SGC0946 but with vastly improved
physiochemical properties.”®’” Continuous intravenous (CIV) administration of pinometostat
in a rat xenograft model of MLL-rearranged leukaemia led to complete tumour regression
after 14 days,’® which, coupled with favourable PK properties, led to its advancement to the
clinic for the treatment of adult and paediatric MLL-rearranged acute leukaemias.”®”° It is
currently under evaluation as part of a combination therapy in two phase Ib/Il trials

(NCT03701295 and NCT03724084).8°

Polycomb repressive complex 2 (PRC2) containing the catalytic subunit enhancer of zeste
homologue 2 (EZH2) mediates H3K27 di- and tri-methylation,®83 a transcriptionally
repressive mark implicated in a variety of cancers.8 GSK and Epizyme concurrently reported
the development of probes for this target, GSK126 and EPZ005687 (Figure 1.7), disclosing
structures that were both based on the same pyridone pharmacophore.®>%7 Both probes
induced a reduction in H3K27me3 levels, as well as cell death in both solid and haematologic

tumour cell lines.2>88The promise of PRC2-EZH2 as a target for cancer treatment led to the

12



e
N N
HTMVV\NQ@"@H HTMVV\NQ@WOH

o OH 0 OH
EPZ004777 SGC0946
DOT1LK;=0.3 nM DOTI1L K;=0.06 nM
NH,
<N
L
Y 0
N "1OH
NY\/D, OH
SO

Pinometostat
DOT1L K; =0.08 nM

Figure 1.6. EPZ004777 and SGC0946, probes for the KMT DOTI1L. Alongside is pinometostat,

structurally derived from the probes and currently under evaluation in the clinic.

development of a variety of clinical molecules whose structures derived from the pyridone-
based probes, the most successful of which has proved to be tazemetostat (Figure 1.7).86:89.°0
Approved in 2020 for the treatment of follicular lymphoma and epithelioid sarcoma,®>°?it is
a direct derivative of EPZ005687 with improved potency against EZH2 and importantly vastly

superior PK properties.®%%3

Chemical probes have thus proven to be invaluable tools in numerous target-based drug
discovery efforts, enabling studies of target validation, safety, and translation, as well as

providing small-molecule starting points for drug development.
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Figure 1.7. GSK126 and EPZ005687, chemical probes for EZH2, and approved drug Tazemetostat.

1.3.1 Chemogenomic Library Screening for Novel Disease Targets

The aforementioned advances in genomics and disease understanding have made target-
based drug discovery a cornerstone of the pharmaceutical industry.®® However, many
consider the attrition rate in drug discovery to be a direct result of this, with poor target
selection precipitating a decline in pharmaceutical R&D efficiency.3°>27 Whilst chemical
probes are of use in this arena, if a target is invalidated then the drug discovery process grinds
to a halt. An alternative to target-based discovery is to screen molecules against a biologically
relevant system in a target agnostic manner, with defined functional end points enabling hit
identification (Figure 1.8).°%°8 This phenotypic drug discovery approach is thought to better
mitigate the risks associated with target validation, as compound selection is based on activity
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in relevant disease models. That being said, a phenotypic screening approach still suffers from
drawbacks, such as the difficulty in generating compound structure-activity relationships
(SAR), insufficiently robust disease models or assays, and the complexity of eventual target

deconvolution.?®

Target-Based Drug Discovery Phenotypic Drug Discovery
>y
}V\. ""f
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Figure 1.8. Target based drug discovery vs phenotypic drug discovery.

Over the past two decades, the use of chemogenomic libraries as phenotypic screening tools
has emerged as an attractive means of circumventing some of these problems.%>%°-101
Chemogenomics is defined as the study of the genomic response of a biological system to
chemical perturbation and has come to describe interrogating the genomic response with

chemistry through the use of libraries of compounds with defined pharmacological activities
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in cell-based assays to accelerate drug discovery.?>1%° A chemogenomic library is usually a set
of compounds that are potent and selective for a variety of targets across the human
proteome, however they can also be targeted to particular protein families and target
classes.” For example, the Pfizer chemogenomic library contains 2,984 compounds across
1,043 biological targets, whereas the GSK Published Kinase Inhibitor set includes 367
compounds across 24 kinases (although in reality the number of targets is far higher due to
the polypharmacology of these compounds).%2 Chemical probe collections are ideally suited
for chemogenomic library screening: their requirements for both on target and cellular
potency, as well as selectivity, makes target deconvolution far more straightforward. Probe
collections often contain multiple, structurally distinct probes for the same target, along with
negative controls, increasing the confidence that any observed phenotype is not due to off-
target polypharmacology.’® The target can then be validated using complementary
techniques such as RNA inhibition (RNAi) or CRISPR-Cas9 gene editing.’?®> The SAR around

probes and their targets is also well defined, accelerating lead compound development.

One such collection is the epigenetic chemical probe library compiled by the Structural
Genomics Consortium (SGC).104%06 |t currently comprises 55 probes across 42 different
epigenetic targets, along with negative controls for the majority. Epigenetic regulation of
gene expression is a dynamic process that contributes to the maintenance of normal cellular
phenotypes, but when dysregulated can cause disease.?” This regulation typically involves
covalent modifications to DNA or to the histone proteins around which DNA is packed (Figure
1.9), although epigenetics is broadly defined as changes in gene expression that are not a
result of the underlying DNA sequence. The probes contained in the collection target a variety
of proteins involved in epigenetic regulation as a result of covalent histone modifications, so-

called writer, reader, and eraser proteins.'% Writers are responsible for adding these post-

16



translational modifications (PTMs) and include lysine methyltransferases (KMTs), arginine
methyltransferases (PRMTs), and histone acetyltransferases (HATs). Reader proteins
recognise and bind to the modifications in order to mediate their cellular effects and include
bromodomains (BD) and plant homeodomains (PHDs). Finally, erasers catalyse the removal
of the histone PTMs and include histone deacetylases (HDACs) and lysine demethylases

(KDMs).

e

Figure 1.9. Histone modifications that affect gene expression

1.3.2 Epigenetic Compound Library Screening for Drug Discovery

Epigenetic modifications have emerged as key players in various disease pathologies,

112 and neurological

including cancer,’® inflammatory disease,'’®!! and endocrine
disorders.13 As a result, there is increasing interest in screening epigenetic probe libraries

against various disease models in an attempt to discover novel therapeutic targets,'%” and this

approach has proved fruitful in a number of disease areas.

Researchers at the University of Oxford studying the fibrotic disease Dupuytren’s contracture
hypothesised that the environmental risk factors associated with the disease indicated some

epigenetic involvement.'** Dupuytren’s is characterised by the thickening of connective tissue
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in the palm of the hand that eventually prevents the extension of one or more of the fingers,
with surgical intervention the only available therapy.!'> The Oxford team screened a library of
39 epigenetic probes to evaluate their effect on the expression of pro-fibrotic genes,
identifying cCAMP responsive element binding (CREB) protein (CBP) and the closely related
p300 as key regulators of the disease phenotype in patient derived myofibroblasts.'* Two
structurally distinct CBP/p300 bromodomain inhibitors induced similar effects on gene
expression, and the target was further validated with the use of small interfering RNA (siRNA),
highlighting the complementarity of the techniques. One of the chemical probes used in the
screen, CBP-30 (Figure 1.10),1%117 has already directly inspired the discovery of a CBP/p300
inhibitor (CCS1477, Figure 1.10) for the treatment of haematologic malignancies and solid
tumours,'811%and could now also inspire the translation of CBP/p300 inhibition into a topical

treatment for Dupuytren’s contracture.
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Figure 1.10. CBP30 and CCS1477

Adopting a similar approach, a team from the University of Toronto evaluated a library of
epigenetic modulators against several patient-derived glioblastoma cell lines.*?° Glioblastoma

is the most aggressive form of adult brain cancer and is inevitably fatal.!?! Treatment options
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include surgical resection and radiation therapy however all patients invariably relapse into
the disease, and as such new treatment options are of vital importance. Evaluation of 24
epigenetic probes found three EZH2 probes, including UNC1999 which is structurally similar
to the pyridone-based GSK-A and EPZ005687 (Figure 1.7), potently inhibited the proliferation
of glioblastoma lines in vitro.'?® A combination of UNC1999 and the corticosteroid
dexamethasone was found to work synergistically, highlighting the potential of using EZH2
inhibitors as part of a combination therapy for glioblastoma. Achieving targeted EZH2
inhibition in glioblastoma is challenging due to the inability of reported inhibitors to cross the
blood-brain barrier (BBB),'>> however the relevance of the target as demonstrated through
epigenetic library screening will hopefully inspire efforts to develop CNS-penetrant

compounds.t?°

Outside of non-communicable diseases, epigenetic library screens have also identified
potential therapeutic targets for bacterial,*?3 viral,1?* and parasitic infections.'?* In the case of
the latter, 37 epigenetic probes were screened against the Schistosoma mansoni parasite that

causes schistosomiasis,?

a tropical disease resulting from contact with fresh water
contaminated with the parasites.’?® Inflammatory immune responses to the parasites and
their eggs can cause intestinal, hepatic, and urogenital disease, which if left untreated can
prove fatal. Evidence for the role of epigenetic processes in regulating the parasite life-cycle
led researchers across the Universities of Aberystwyth and Cardiff to evaluate an epigenetic
compound library for anti-schistosomal activity.}?>127128 Two probes for the protein
methyltransferase SMYD2 (LLY-507 and BAY-598, Figure 1.11) and another for the
demethylase JMJD3 (GSK-J1, Figure 1.11) demonstrated significant activity, highlighting a key

role for protein methylation homeostasis in the schistosome life-cycle and identifying

potential therapeutic targets for anthelmintic development.
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Figure 1.11. LLY-507, BAY-598, and GSK-J1.

The use of chemogenomic libraries represents an attractive solution to the issue of attrition
as a result of poor target validation strategies.’®“® Whilst there are benefits to target-based
approaches, such as superior screening capacity and the ability to rationalise discovery
programs, often the narrow target focus ignores the wider role of the target in complex
physiological processes.'?® Chemical probes are ideally placed to bridge the gap between
these two approaches: rationally designed in a “disease-agnostic” manner, with high
importance placed on having well-defined potency, selectivity, and SAR, they can rapidly
accelerate target deconvolution when used in “target-agnostic” screens. Within the context
of rare diseases, this is of critical importance in cases where relevant disease targets have

been difficult to identify.

As greater scrutiny is placed on both the quality of chemical probes and the availability of
multiple structurally distinct probes for the same target to avoid off-target pharmacology,
probe collections enable increased confidence in this target selection.*® One limitation is the
availability of probes for a broad enough section of the proteome, as probe development has
tended to focus on the druggable genome.”® However, there has recently been an increased
focus on moving beyond this and developing probes to cover the entire proteome. With the
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advent of collaborative projects such as the Target 2035 initiative, great strides will hopefully
be made towards achieving this goal in the near future.*? Such a collection of compounds
could unite the target-based and phenotypic approaches and usher in a new era of drug

development.

This approach to rare disease drug discovery forms the basis of the work described in this
thesis. Researchers in the Department of Physiology, Anatomy, and Genetics at the University
of Oxford screened the SGC epigenetic probe collection against a cell model of the rare
neurodegenerative disease Friedreich’s ataxia (FRDA), identifying a novel epigenetic disease
target and accompanying chemical probe that have formed the basis of an ongoing drug

discovery effort.130

1.4 FRIEDREICH’S ATAXIA — A BRIEF HISTORY

Nikolaus Friedreich (1825-1882) was a Professor of Medicine in Heidelberg who observed the
clinical features of a previously undescribed hereditary illness in the children of three
different families.’3! In a series of five papers spanning the years from 1863-1877, he
described a disease that started around puberty and caused ataxia (lack of voluntary
coordination of movement), dysarthria (slurred speech), sensory loss, muscle weakness,
scoliosis, foot deformity, and cardiac symptoms.t327136 The early history of FRDA is somewhat
muddled: Friedreich ignored several key physiological symptoms that are now known to be
characteristic of the disease, ascribing their cause to other diseases.'3’~13° The prevalence of
neurosyphilis and the associated tabes dorsalis (demyelination of the neural tracts), may go

some way to explain this as the disorders shared many similar symptoms.137:13°
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The name “Friedreich’s illness” was coined in 1882, the same year Friedreich died.}4%4!
Several similar hereditary motor and sensory neuropathies were beginning to be described
contemporaneously, such as Charcot-Marie-Tooth disease and the associated Roussy-Lévy
syndrome.3! This added significantly to the ambiguity surrounding the disease, leading to
numerous probable misdiagnoses.'?143 The lack of a complete picture of the neurological
basis of the disease contributed to this: although incredibly detailed, the anatomical studies
conducted by Friedreich at the time drove the impression that FRDA was a disease of the
spinal cord, with no cerebellar involvement (Figure 1.12).13813% However, a cerebellar
component was established in 1907,*** along with the lesion of the dentate nucleus, both of

which are now known to be characteristic of the disease.14>7147

Figure 1.12. One of Friedreich’s original drawings of the spinal column of an FRDA patient. Black

shading indicates haematoxylin staining of degenerated tissues (adapted from Friedreich, 1877).13¢

Even though a clearer physiological picture was beginning to slowly emerge, debate still raged
over the distinctions between FRDA and other forms of hereditary ataxia.'3! Despite clinical
evidence, the cerebellar component was largely ignored until 1957,'4> but by that point
interest in the disease had begun to subside and few clinical studies were being conducted.*3!

This confusion meant that establishing a biochemical basis for the disease was challenging, a
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consequence of the lack of a clearly defined patient cohort. In 1974, a group of Québécois
clinicians established “The Quebec Cooperative Study of Friedreich’s Ataxia” and set out to
delineate a distinct set of clinical criteria for a diagnosis of Friedreich’s Ataxia in order to
provide such a group for study.'®14° They described a set of seven symptoms that they

deemed “obligatory for diagnosis”:

1. Onset before the age of puberty and never after age 20.
2. Ataxia of gait.

3. Progression of ataxia within last two years.

4. Dysarthria.

5. Proprioceptive sensory loss.

6. Muscle weakness.

7. Deep tendon areflexia.

Whilst subsequent studies supported the majority of these assertions,31°0%51 the genetic
homogeneity of the studied patient cohort from Quebec was criticised as it would mean the
clinical criteria might not be broadly applicable to patients everywhere.31 On the other hand,
the Cooperative argued that the availability of a genetically isolated cohort descended from
single ancestor offered an unparalleled opportunity to study the genetic basis for the
disease.*? However, the Cooperative were unable to elucidate the molecular underpinnings
of FRDA. They had hoped to find some defect in a metabolic pathway however could establish

no single specific enzyme deficiency that accounted for the disease.'#

It had been just over 100 years since Friedreich’s initial description of the disease. Despite
having no knowledge of the cerebellar involvement, his detailed observations of the effect of

the diseases on the spinal column and medulla oblongata remain both accurate and
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remarkable given the apparatus at his disposal.’3” Another valuable contribution was his
descriptions of the effect on the heart, where he correctly identified the presence of a
hypertrophic cardiomyopathy, although attributed it to typhoid fever.!32 Whilst the
neurological features of the disease were studied in detail, any cardiac involvement was
largely written off as the result of sclerosis of the vagus nerve causing greater sympathetic
stimulation.?? It wasn’t until 1946 that myocarditis associated with the disease was found to
be independent of any vagal degeneration, and thus deemed to be part of the disease

pathology. The study concluded:

“The myocarditis is of toxic origin, and, in view of the known association between the
nervous and cardiac disorders in Friedreich’s Ataxia, it is probable that the same agent is

responsible for both legions”.1>?

The recognition that cardiac involvement was part of disease pathology began to take deeper
root, and soon an electrocardiogram was recommended to differentiate between Friedreich’s

and other forms of ataxia.1>3:154

The toxins responsible remained elusive; numerous new theories emerged, with coronary
artery disease the most popular.’>>1¢ |n an attempt to unify the two theories, it was
suggested that occluded coronary arteries caused the myocardium to degenerate, releasing
antigens that induced an autoimmune response causing further degeneration.®” These
antigens acted as the long sought after “toxins”. However, numerous cases of FRDA patients

dying from cardiac issues were observed with no coronary artery blockages.>%1>8-160

In 1950, Manning proposed that the association between a familial link and the abnormal
cardiac changes were caused by “the inheritance of a lethal gene which affects both the heart
and the central nervous system” .10 A 1962 study supported this assertion, further suggesting
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that the cause of FRDA was a genetic abnormality in a metabolic pathway, affecting both
cardiac and neural tissues.’> More research was emerging showing just how widespread
cardiac issues were in sufferers of the disease.'®! Approximately 50% of patients were dying
due to heart failure, with 75% having some cardiac dysfunction over the course of their life.

The root cause of these issues was still unknown.

A novel finding emerged in 1976 that the heart muscle cells of a FRDA sufferer contained
granular deposits of calcium and iron (Figure 1.13).1°® The authors postulated that this was
the result of metabolic changes occurring during cellular degeneration, but also suggested
the possibility that it may bear a more direct relationship to the disease pathology. These
findings were supported by another report in 1980 that described iron deposits in the
hypertrophic myocardium of FRDA sufferers.'®2 Unbeknownst to them, these researchers had

stumbled across a big clue as to the underlying cause of FRDA.

- y

Figure 1.13. Iron deposits in the myocardium of an FRDA sufferer (adapted from Michael et af).*%3
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1.4.1 Frataxin

Even though the Quebec cooperative were ultimately unsuccessful in their attempt to find
the cause of FRDA,* their work in defining diagnostic criteria was to eventually prove crucial
to efforts that uncovered the genetic basis of the disease.'®4%67 A mutation was initially

tracked to chromosome 9, with work in the following years narrowing down the specific locus.

In 1996, over 120 years after Friedreich first published his studies on the disease, the cause
was discovered: a region on chromosome 9 coding for a 210-amino acid long protein
subsequently named frataxin.'®® The gene, X25, contained a GAA trinucleotide repeat
sequence in its first intron. This region was massively expanded in sufferers, increasing from
around 20 repeat units in healthy individuals to 700-800 units in FRDA patients.'%® The
discovery of X25, later called the FXN or FRDA gene,'*>%8 was a landmark moment for disease

diagnosis and research.

The discovery of frataxin preceded the rapid growth of the FRDA field and disease-defining
discoveries.’®® In the two and a half decades since, understanding of disease pathology and
molecular genetics has greatly advanced. Friedreich’s ataxia is now known to be an autosomal
recessive neurodegenerative disorder affecting the central and peripheral nervous
systems.!38 It is the most common inherited ataxia,'** with an incidence debated to be

between 1:29,000 and 1:50,000, and a carrier incidence of around 1:90.170-172

FRDA is typically a disease of adolescence, with the average age of onset around 15.173 The
initial presentation is gait ataxia, however some present with scoliosis first, and patients are
confined to a wheelchair within approximately ten years. Symptoms progress to include
dysarthria, areflexia, proprioceptive deficits with loss of vibrational sense, and extensor

plantar reflexes, amongst others.!3%173 Cardiac symptoms also emerge, with over half of
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patients displaying hypertrophic cardiomyopathy.}’#17> Sufferers also show an increased
frequency of diabetes and glucose intolerance.'’® FRDA is eventually lethal, with the average

age of death around 37 years old due to the associated heart problems.'3?

The neurological symptoms arise due to shrinkage of the dorsal root ganglia, alongside
degeneration of peripheral sensory nerve fibres, the posterior columns of the spinal cord, and
the dentate nucleus (Figure 1.14).177178 The underlying cause of these symptoms is the
reduced production of frataxin caused by expansion of the GAA trinucleotide repeat region in
the first intron of the FXN gene.'®® The length of the expansion is directly related to the

severity and inversely related to the age of onset of the disease.!’3

Figure 1.14. Evidence of the shrinkage of the dorsal root ganglion of FRDA sufferers (A-C) when

compared to healthy controls (D-F) (adapted from Koeppen et al.)!3®
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Frataxin is an evolutionarily conserved small protein that is localised to the mitochondrial
matrix.1’97182 |t has been shown to be an essential allosteric modulator of iron-sulfur (Fe-S)
cluster formation,8318 inorganic cofactors essential for a variety of cellular processes such
as electron transfer, radical generation, and protein stabilisation.’®® In eukaryotes, Fe-S
cluster synthesis is localised to the mitochondrial matrix and requires a core complex of
proteins that act to generate the components from cofactors and scaffold their assembly,

prior to their downstream delivery to various targets,183186-188

Frataxin binds at the interface of two proteins in this core complex, causing a conformational
change that displaces an inhibitory Zn?*ion (Figure 1.15).183%8 Upon binding, Zn?* sequesters
a catalytic cysteine, preventing the sulfur transfer necessary for Fe-S cluster formation. A lack
of frataxin leads to a strong decrease in Fe-S cluster biosynthesis,'® leading to the toxic
accumulation of iron within the mitochondria as well as deficits in the electron transport chain
and increased sensitivity to oxidative stress.’?%193This mitochondrial dysfunction is the basis

for the disease pathology.

1.4.2 FXN-gene Silencing

The molecular mechanism of gene silencing has not yet been definitively established,
however there are two prevailing theories.1®® The first concerns the formation of abnormal,
higher order DNA structures composed of the GAA-TCC repeat regions. The tract of DNA
comprising the repeat regions contains only purines (R) on one strand, and pyrimidines (Y) on
the other.2771%* These R-Y sequences can adopt a three-stranded structure, whereby an R or
a Y strand folds back to interact with itself, forming an R-R-Y or Y-Y:R structure and leaving an

unpaired segment of a Y or R strand, respectively (Figure 1.16).1941%

28



Figure 1.15. Frataxin (blue) at the interface of the NFS1 cysteine desulfurase (pink) and the iron-sulfur
cluster assembly (ISCU) scaffold protein (yellow), two proteins in the core complex essential for Fe-S

cluster formation (PDB: 6NZU)

Two triplexes can interact through exchange of an R or Y strand, forming an “intermolecular
bitriplex” that has been termed “sticky DNA”.19%1% Sticky DNA has been shown to strongly
inhibit transcription in vitro, providing an explanation for the gene silencing associated with
the repeat region.'®%°6 However, it has not yet been proven that this process occurs in the
nucleus, where DNA interacts with proteins and is packaged into other higher-order

structures that may preclude the formation of these R-R-Y or Y-Y-R structures.'’”

The second hypothesis concerns a variety of epigenetic changes that occur in the vicinity of

the FXN locus.®® Evidence suggests that the epigenetic changes involved in FRDA result in a
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The formation of an R-R-Y DNA triplex.
The exclusively purine-based R strand
(blue) folds back to interact with itself via
reverse Hoogsteen base pairing

Two triplexes can interact via the free Y
strand (red) to from an intramolecular
bitriplex, also known as "sticky DNA"

Figure 1.16. Triplex formation in GAA-TCC repeat regions.

phenomenon known as position-effect variegation (PEV), which has been demonstrated to
be associated with long GAA triplet repeat regions.'®” PEV occurs when a gene is located near
a region of heterochromatin, a highly condensed form of chromatin that is inaccessible to
transcriptional machinery and is thus transcriptionally silent.’®® This proximity induces
silencing in the affected gene.®” The chromatin changes themselves are thought to be
induced by the formation of an RNA-loop (R-loop) between the expanded intronic RNA and

chromosomal DNA, which may also act to impede transcription itself.1%°200

Heterochromatin is characterised by a number of distinct covalent modifications to both DNA
and histones.®8 DNA methylation is one of the most common mammalian epigenetic changes,
arising through the action of DNA methyltransferases (DNMTs) on cytosine bases contained
within cytosine-guanine dinucleotide sequences, so-called CpG islands.?°%202 DNA
methylation converts cytosine to 5’-methylcytosine (5mC)?°! and is associated with a variety
of cellular processes, not least of which transcriptional repression.?32%* This is thought to be

a result of a reduced affinity of transcription factors for these methylated regions.?%
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Compared to healthy individuals, FRDA patients have been found to have increased CpG
methylation at specific sites upstream of the repeat region.?°®207 The extent of this
methylation has also been shown to be correlated to the length of the expansion and
inversely correlated with the age of disease onset and FXN expression levels.2%%20° Alongside
5mC, another modification, 5’-hydroxymethylcytosine (5hmC), exists which was initially
thought to be an intermediate in DNA demethylation processes.?!® Conversion of 5mC to
5hmC is carried out by ten-eleven translocation (TET) proteins,?!! and as knowledge of this
modification has increased its role in epigenetic signalling has begun to emerge.?'2 In FRDA
patients, one of the affected CpG sites upstream of the repeat region comprises mainly 5hmC
as opposed to 5mC, indicating that DNA hydroxymethylation may also play a role in disease

pathology.?!3

Alongside DNA methylation, a number of histone post-translational modifications are
observed, which alter the accessibility of the genetic loci to transcriptional machinery.?**The
landscape of histone modifications around the FXN locus is dramatically different in FRDA
patients, with several changes associated with heterochromatin formation and

transcriptional silencing observed.6®

Histone acetylation involves the transfer of an acetyl group to a lysine residue. This tends to
be a mark for open, transcriptionally active chromatin (euchromatin), as acetylation
neutralises the positive charge of the basic lysine and weakens the interaction between the
histone and the negatively charged DNA phosphate backbone.?'42% Acetylation of histones is
regulated by two classes of enzymes, HATs and HDACs.2%® HATs catalyse the transfer of an
acetyl group using acetyl-coenzyme A as a cofactor,?!” whilst HDACs catalyse the reverse

process, removing acetyl groups from lysine residues.?'® In unaffected individuals, the global
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FXN chromatin architecture includes H3K9ac, a mark for euchromatin and active
transcription.?'® By comparison, FRDA sufferers exhibit significant hypoacetylation of residues
on H3 and H4 at the FXN locus, typically a mark for heterochromatin and gene

silencing.216:218.219

Alongside changes in histone lysine acetylation, histone lysine methylation levels also differ
significantly between healthy individuals and FRDA sufferers.?'6220-222 Histone lysine
methylation is a tightly regulated process that determines cell fate, genomic stability, and,
depending on the degree and site of methylation, can have varying effects on
transcription.??3-22> KMTs display a high degree of specificity for both the site and degree of
methylation.?”®> For example, KMT1C (also known as G9a) induces H3K9 dimethylation
(H3K9me2) from a monomethylated state, whereas KMT1A/B induces H3K9 trimethylation
(H3K9me3) from the monomethylated state.??622 KDMs show a similar degree of specificity

for the site and extent of methylation.??3

Whilst histone acetylation has a more defined effect on chromatin structure,?'4 the variability
of histone lysine methylation states paints a more complex picture of its role in the regulation
of chromatin environments.??322> Given each lysine residue can exist in one of four
methylation states (naked, mono-, di-, and trimethylated), it is perhaps unsurprising that
genome-wide studies have identified up to 51 different chromatin states in human cells that
can be defined by their pattern of lysine methylation.??® These differing states can have

marked effects on transcription and chromatin signalling.228-230

In the context of FRDA, changes in the histone lysine methylation landscape play a crucial role
in the transition from euchromatin to heterochromatin. In healthy individuals, alongside

H3K9ac, chromatin at the FXN locus contains H3K4me3 and H3K36me3 at the promoter, and
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H3K79me2 and H3K36me3 downstream. These are marks for a more open chromatin state,
and specifically for transcription initiation and elongation.?'® By comparison, sufferers show a
marked decrease in the levels of H3K79me2 and H3K36me3 downstream of the promoter,
where the methylation landscape remains largely the same.?'® This would suggest that there
is a defect in transcription elongation as opposed to initiation, which is further supported by
the presence of the transcriptionally repressive H3K9me3, H3K27me3, and H4K20me3 marks
at the regions downstream of the promoter and upstream of the repeat expansion.?16231-234
Taken together, the evidence would suggest that the reduction in frataxin expression is a
result of a host of repeat expansion-induced epigenetic changes (Figure 1.17), leading to
heterochromatin formation and induced transcriptional silencing through position effect

variegation.
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Figure 1.17. Epigenetic changes associated with FRDA and the FXN gene.
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1.4.3 Current Approaches to the Treatment of Friedreich’s Ataxia

At present, there exists no approved treatment or cure for FRDA.?* Several drugs are
currently at various stages of development,?3® targeting three main areas: increasing FXN
expression, targeting impaired mitochondrial dysfunction, and increasing frataxin levels
through replacement therapy.??” Summarised below (Figure 1.18) are the most advanced

potential therapies, and in the following sections some select examples will be highlighted.

- Antisense oligonucleotides

GeneTACs

Increasing FXN
Expression

HDACis

> EPI-743

> Omaveloxolone

Targeting
Mitochondrial
Function

TAT-Frataxin

Replacement
Therapy

Figure 1.18. Pipeline of FRDA therapies (adapted from curefa.org).?¢

1.4.3.1 Increasing FXN Expression

Given the pathological basis for the disease is the transcriptional silencing of the FXN gene,
increasing its expression to improve frataxin levels would seem the obvious approach to
treatment. Heterozygous carriers of the disease produce approximately 50% of the levels of
frataxin of unaffected individuals and yet remain asymptomatic, suggesting that only modest

34



improvements are required for therapeutic efficacy.?” At the chromatin level, HDAC
inhibitors (HDACis) have been shown to reverse FXN gene silencing induced partly by histone
hypoacetylation at the gene locus.?3® Two different classes of HDACis induced sustained
frataxin up-regulation in both patient-derived cells and mouse models of the disease, leading
to their progression to the clinic.23*2*1 The first phase | study published evaluated the effect
of nicotinamide (vitamin B3), and found that it induced a dose-dependent increase in frataxin
expression in peripheral blood mononuclear cells (PBMCs) with a concurrent decrease in
heterochromatin-associated epigenetic marks.?*2 Despite this, frataxin levels in the CNS and
heart were not measured, and due to the short length of the study no improvements in
patients’ clinical features of ataxia were reported. Furthermore, the dose required to induce
these changes was incredibly high and led to nausea and vomiting in almost all patients,
limiting its utility for chronic treatment. A second HDACi, RG2833, was evaluated in FRDA
patients after having been shown to increase FXN expression in induced pluripotent stem cell
(iPSC)-derived neuronal cells, along with patient-derived PBMCs.?*® In patients, histone
acetylation and FXN mRNA expression were induced in a dose-dependent manner, however
this was not matched by an appreciable increase in frataxin levels, attributed to the short
duration of dosing. Alongside this, RG2833 was poorly CNS penetrant, formed toxic
metabolites in vivo, and inhibited the human ether-a-go-go related gene (hERG) ion channel
to a degree that was high-risk for inducing QTc prolongation. As a result, it progressed no

further in the clinic.

Whilst HDACis seem a promising avenue for the treatment of FRDA, preclinical work to
establish the role of HDAC selectivity in increasing FXN expression showed that it was
necessary to inhibit three different HDACs (HDAC1, 2, and 3) in order to reverse the gene

silencing.?®* Alongside this, two separate studies reported approximately two-fold changes in
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gene expression in 655 and 822 genes, respectively.?*4#2%> Given the chronic nature of the
disease and the necessity for long-term dosing of any drug, such a lack of specificity leading

to extensive off-target effects could prove to be incredibly harmful over long periods of time.

A novel approach to increasing frataxin expression involves the use of heterobifunctional
molecules that recruit transcriptional machinery to the repeat expansion region of the FXN
gene.?*8 |nijtially named “synthetic transcription elongation factors (Syn-TEFs)”, they have
since been rebranded as Gene Targeted Chimeras (GeneTACs) to fit the current vogue for
heterobifunctional molecules.?*” Polyamides that target the repeat region were tethered to
JQ1, a small molecule Bromodomain and Extra Terminal motif (BET) bromodomain
inhibitor.?*8 JQ1 was chosen as it binds to BRD4, which recognises acetylated histones and
engages positive transcription elongation factor b (P-TEFb), a multiprotein complex that is
essential for facilitating productive transcription elongation by RNA polymerase 11.24° The
GeneTAC induces the proximity of transcription elongation machinery to the repeat region
(Figure 1.19), leading to robust FXN expression in a variety of patient-derived, disease

relevant cell types at concentrations of 1 uM.24®

The technology is now in preclinical development for the treatment of FRDA, and also being
applied to other repeat-expansion disorders such as Fragile X syndrome and Huntington’s
disease. As the technology progresses, it remains to be seen if some of the issues traditionally
associated with heterobifunctional small molecules, such as poor permeability and ADME
properties, will also affect GeneTACs.2>%2°1 As well as this, whether any off-target effects will
be observed due to the metabolism-induced release of the P-TEFb recruiting ligand, be it JQ1

or a different epigenetic probe. Many of these compounds are cytotoxic,*® and whilst
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genome-wide BRD4 binding was not perturbed by the GeneTAC, it was by free JQ1, which

could be problematic for chronic dosing.?4®

Small-molecule recruiter of

— transcription elongation
factors
—p Linker
; Polyamide targeting the

repeat region
GeneTAC

GeneTACs bind the repeat region
and recruit P-TEFb via BRD4.

Recruitment of transcription
elongation machinery resumes
(r transcription and induces gene

expression

GAA-repeat region

RNA polymerase Il transcription
paused at repeat region

Figure 1.19. Functional premise of a GeneTAC

Another approach involves targeting the higher order R-loop structures that arise as a result
of expanded intronic RNA hybridising to the genomic DNA.2>272>4 The use of double stranded
RNA (dsRNA) and antisense oligonucleotides (ASOs) complementary to the GAA repeat region
was shown to increase frataxin production in patient-derived cells with nanomolar potencies.
These synthetic nucleic acids bind to the expanded intronic RNA and prevent its interaction
with the complementary region of chromosomal DNA, inhibiting R-loop formation and re-
starting gene transcription (Figure 1.20). The increase in FXN expression was also associated

222 gych as an

with a reversal of the epigenetic changes associated with the repeat expansion,
increase in histone acetylation and changes in histone methylation levels throughout the

gene.?>?
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Figure 1.20. a) The mechanism of R-loop formation following transcription of the GAA-repeat region.

b) Inhibition of R-loop formation by an ASO.

Both the dsRNAs and ASOs need to be further evaluated in animal models of the disease to
investigate efficacy and potential off-target effects, however they are a promising approach
to increasing frataxin expression. Their clinical application remains some way off, particularly
given the difficulties associated with administering these therapies to the CNS,?>3 however
the recent success of Spinraza, the ASO-based therapy for spinal muscular atrophy,?>

provides some considerable encouragement for the approach.
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1.4.3.2 Targeting Impaired Mitochondrial Function

The pathogenic downstream effects of reduced frataxin expression are the target of several
therapeutic approaches which seek to alleviate mitochondrial defects and the resulting
increased sensitivity to oxidative stress due to impaired iron-sulfur cluster formation. Several
studies have evaluated the effect of antioxidants such as idebenone, vitamin E, and coenzyme
Quo, finding that they may have a modest benefit in improving both cardiac and neurological
symptoms however to no degree of significance.?3>2°¢ Researchers at Edison Pharmaceuticals
posited that a more readily bioavailable antioxidant might display improved efficacy,
developing EPI-743 (Figure 1.21), a para-benzoquinone-based structural analogue of
idebenone and coenzyme Qi0.2°72°8 EPI-743 targets various oxidoreductases essential for
redox control of metabolism, and has been shown to potently protect patient-derived cells
from oxidative stress, as well as induce neuronal recovery in an in vitro frataxin knock-out
model.?>%2%0 |t was evaluated over 24 months in a phase Il trial using the Friedreich’s Ataxia
Rating Scale (FARS), which comprises a measure of ataxia, an activities of daily living subscale,
and a neurological subscale.?®® EPI-743 was well tolerated and induced a statistically
significant improvement in patient outcome over 24 months, with a mean decrease
(improvement) in FARS score of 1.8 points, compared to a mean increase (worsening) in FARS
score of 4.8 points in untreated patients.>>82%0 |t has since been granted orphan drug
designation by the FDA and is currently under evaluation in phase lll trials for the treatment

of FRDA (NCT04577352), with results expected to be reported in July 2023.

The promise of small molecule antioxidants for the treatment of FRDA led to the investigation
of the role of endogenous antioxidant and reactive oxygen species (ROS) scavenging pathways
in the disease. A key regulator of these responses is Nuclear factor (erythroid-derived 2)-like

2 (Nrf2), a transcription factor that induces the transcription of a number of antioxidant genes
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and also plays a role in metabolism and mitochondrial function.?®? The translocation of Nrf2
from the cytosol to the nucleus has been shown to be defective in FRDA, leading to increased
susceptibility to oxidative stress.?®> Omavexolone (Figure 1.21) is a small molecule Nrf2-
inducer that acts to inhibit Nrf2 ubiquitination by Kelch-like ECH-associated protein 1 (Keap1),
increasing its levels by preventing proteasomal degradation.?®* Initially developed for the
treatment of solid tumours,?®> omavexolone was shown to protect patient-derived
fibroblasts from oxidative stress caused by ROS and increased lipid peroxidation.?* 1t was also
protective against mitochondrial membrane depolarisation and cell death induced by
hydrogen peroxide, which suggested it may be an effective therapy for FRDA. Patients treated
in a phase Il trial experienced a statistically significant mean improvement in FARS score of
2.4 points compared to a placebo after 48 weeks of treatment.2%267 Despite this, several
patients experienced elevated liver aminotransferase levels, leading to the discontinuation of
treatment. As a result, an open-label extension study was carried out to evaluate the long
term safety and efficacy of omavexolone, which showed that the patients who switched from
the placebo to the drug displayed a parallel trajectory of improvement (as measured by FARS
score) to those who stayed on the drug, an indication of true disease-modifying activity.?%® A

second pivotal study is due to start in late 2021.

EPI-743 Omaveloxolone

Figure 1.21. EPI-743 and Omavexolone
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1.4.3.3 Increasing Frataxin Levels Through Replacement Therapy

Whilst approaches to re-initiating transcription of the FXN gene have shown promise, another
means of increasing frataxin levels is direct exogenous replacement of the protein.
Researchers from the University of Indiana fused recombinant precursor frataxin protein to a
short cationic peptide called a trans-activator of transcription (TAT), which enables efficient
delivery of a protein to a variety of tissues.?®® The precursor protein contains a mitochondrial
targeting sequence (MTS) that, along with the TAT protein, is cleaved by matrix processing
peptidases when the TAT-frataxin is delivered to the mitochondria, leaving replacement
frataxin in the mitochondrial matrix. FRDA fibroblasts treated with TAT-frataxin showed
reduced susceptibility to oxidative stress, and FXN-knockout mice showed improved lifespan
and cardiac function when treated. As well as this, frataxin-depleted neurons derived from
dorsal root ganglia treated with TAT-frataxin showed a decrease in apoptotic markers and
improved survival.?’? In addition, TAT-frataxin was shown to cross the BBB in a study
evaluating its effect in protecting dopaminergic neurons from oxidative stress in a mouse
model of Parkinson’s disease.?’! As a result, it was progressed to phase | trials as CTI-1601
(NCT04519567), where subcutaneous (SC) dosing has been shown to increase frataxin levels
in skin and buccal cells, as well as platelets in a dose-dependent manner.?’2However, the FDA
has recently put a clinical hold on the trial after it was reported that higher doses of CTI-1601
led to mortalities in non-human primate toxicology studies.?’® This may be a result of an
unwanted immune reaction to higher doses of the TAT-frataxin, but begs the question if this
is a viable approach if lower doses cannot achieve the requisite increase in frataxin levels in

the necessary tissues.
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1.5 A NEW APPROACH - TARGETING SUV4-20 AND H4K20 METHYLATION TO

RESTORE FRATAXIN EXPRESSION

None of the above approaches are without their limitations. Despite their promise and clinical
progression, there remain both efficacy and safety concerns associated with all of the
treatments. Given the disease affects multiple tissue types including the CNS, a small
molecule that can enter the systemic circulation as well as cross the BBB seems to hold the
most promise for an effective therapy. Targeting mitochondrial function has yielded some
positive results, however they seem only modestly efficacious and there are concerns with
toxicity given the need for long-term, chronic dosing. As well as this, these therapies do not
target the primary pathology of the disease, meaning the deficit in frataxin will remain. ASO
and dsRNA therapies have demonstrated efficacy in ameliorating this deficit, however they
have not yet reached the clinic and would require invasive routes of administration, for
example intrathecally.?>> HDACis fit the need for small molecules that restore the frataxin
deficit, however their lack of specificity and broad effect on gene expression make them
unsuitable as therapies. A more targeted approach to reversing the epigenetic changes
associated with the repeat expansion could prove to be a viable means of increasing frataxin

expression whilst avoiding global changes in gene expression.

As a means of initiating drug discovery efforts, an epigenetic probe library screen could
therefore prove very useful. To this end, the SGC epigenetic probe collection was screened
against an FRDA cell model containing a repeat expanded FXN-Luciferase (FXN-Luc) fusion
construct, enabling relative luciferase intensity to be used as a proxy for frataxin
expression.'®® This identified A-196 (Figure 1.22), a potent and selective probe for the

homologous histone methyltransferases Suppressor of variegation 4-20 (SUV4-20) H1 and H2,
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as an inducer of FXN expression.?’* The two SUV4-20 homologues are responsible for the di-
and tri-methylation of H4K20.2”> In patient-derived fibroblasts, knockdown of both
homologues induced an approximate 1.5-fold increase in frataxin expression. Treatment with
A-196 induced a decrease in H4K20me2/3 and a concurrent increase in frataxin levels in both
patient fibroblasts and PBMCs of 1.5-fold and 2-fold, respectively.3° Global transcriptome
profiling found that at the highest concentration (10 uM), treatment with A-196 induced a
change in expression of 1098 genes, compared to 3478 genes in cells that were treated with
RG2833 at 5 uM.?’® The absolute magnitude of the change in expression was also lower, at
67% compared to 94%.13° At a concentration of 1 uM, A-196 was observed to have perturbed
193 genes whilst still inducing frataxin expression, highlighting the specificity of this approach

compared to broad HDAC inhibition.
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Figure 1.22. a) A-196; b) SUV4-20 in complex with A-196 (yellow) and S-adenosylmethionine (green)

(PDB: 5CPR)
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1.5.1 The Role of SUV4-20 and H4K20 Methylation

The SUV4-20 family of methyltransferases form part of a wider group of KMTs that all contain

a common, evolutionarily conserved domain.?’* The Suppressor of variegation 3-9, Enhancer

of zeste, and Trithorax (SET)-domain catalyses the transfer of a methyl group to the g-amino

group of lysine residues, using S-adenosyl methionine (SAM) as a co-factor (Figure 1.23).277

Given lysine residues can exist in multiple methylation states, the SET-domain containing

proteins are responsible for the regulation of diverse cellular processes and biological

responses.?’®
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Figure 1.23. Mechanism for the methylation of H4K20 using SAM, and the role of the SUV4-20
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Methylation of H4K20 plays a key role in processes that ensure genomic integrity, for example
DNA damage repair, chromatin structuring, and DNA replication.?’>?79 H4K20mel is
controlled by PR-SET7 (also known as SET8) and is essential for the proper regulation of cell
cycle progression.?® Genetic ablation of PR-SET7 is lethal in both flies and mice,?’> and in
mouse embryonic stem cells causes defects in cellular proliferation along with severe DNA
damage.?’®?80 H4K20me1 and PR-SET7 activity has been shown to be crucial for maintaining
a threshold of chromatin compaction during the transition between different phases of the
cell cycle.?®? The loss of chromatin compaction in the absence of H4K20me1 causes aberrant
and excessive recruitment of licensing factors, resulting in DNA damage and leading to the

formation of single stranded DNA.

The di- and tri-methylation of H4K20 is mediated by SUV4-20H1 and SUV4-20H2,
respectively.?’”> SUV4-20H1 is expressed throughout murine embryogenesis and adult
homeostasis, and genetic ablation leads to impaired development and perinatal lethality.??
By contrast, SUV4-20H2 is far less ubiquitous during development and its knockout leads to
no apparent defects. Double knockout of both homologues causes perinatal lethality and a
genome-wide accumulation of H4K20mel, leading to increased sensitivity to DNA damage
and defective repair which reveals an important role for H4K20me2 in the DNA damage
response pathways. p53 binding protein 1 (53BP1) directs non-homologous end joining
(NHEJ) DNA repair and is recruited to sites of DNA damage by H4K20me2; in its absence,
53BP1 accumulation at these sites is significantly delayed, leading to increased sensitivity to
exogenous stress. The restricted expression of SUV4-20H2 and the impact of its ablation
suggests that H4K20me3 plays little to no role in the mediation of cell cycle progression and
DNA repair.?’> Despite this, H4K20me3 has been identified as a hallmark of constitutive

heterochromatin enriched at centromeres, thus playing an important role in the maintenance
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of genomic integrity through the silencing of transposable elements.?83284 As well as this,
SUV4-20H2 has been shown to be a dominant suppressor of PEV, indicating the potential of
H4K20me3 to induce heterochromatin-mediated gene silencing in euchromatic regions. As
described previously, this is theorised to be the cause of the FXN gene silencing observed in

FRDA.168’197

1.5.2 The Effect of Pharmacological Inhibition of SUV4-20H1 and H2

In pursuing the SUV4-20 homologues as therapeutic targets for FRDA, the effects of their
genetic ablation are of particular concern with respect to chemical inhibition. One advantage
of chemical probes over RNAi or CRISPR knockout is the potential for non-destructive
inhibition, which permits the evaluation of any extra-catalytic protein activity, for example
scaffolding or as molecular chaperones.®® It may be the case that the defects observed in the
double-null model are the result of structural deficits caused by the loss of SUV4-20, as
opposed to solely H4K20me2/me3. As well as this, it is essential to make sure any compound

is highly selective to avoid any unwanted off-target effects that may lead to toxicity.

A-196 is a highly potent and selective inhibitor of SUV4-20H1 (ICso= 25 + 5 nM) and H2 (ICso=
114 + 21 nM).?’# It is inactive against other KMTs at 10 uM, as well as against a panel of PRMTs
and DNMTs. It also shows no activity against a range of epigenetic and non-epigenetic targets,
including chromatin binders, kinases, and G-protein coupled receptors (GPCRs). It was shown
to induce robust decreases in the levels of H4K20me2/me3 in human osteosarcoma (U20S)
and prostate adenocarcinoma (PC-3) cell lines along with a concurrent increase in H4K20me1l
but did not impair the association of SUV4-20 with chromatin. In addition, despite inducing
changes in the H4K20 methylation state during the cell cycle, it was found to be non-toxic and

had no effect on cellular proliferation. Treatment with A-196 markedly inhibited 53BP1
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recruitment to sites of DNA damage and greatly impaired NHEJ-mediated repair processes,
however importantly had no effect on homology directed repair (HDR).2’4 U20S cells treated
with A-196 were only mildly sensitive to DNA damaging agents which is in stark contrast to
SUV4-20 double-null cells, suggesting SUV4-20 may have an extra-catalytic role as a
scaffolding protein that further mediates the DNA damage response. With no overt toxicity
observed, and the maintenance of crucial pathways that are lost as a result of knockout,
pharmacological inhibition of SUV4-20 would seem a viable route to reversing H4K20me3-

induced gene silencing.

1.6 THE IMPORTANCE OF PHARMACOKINETICS IN DRUG DESIGN — STRATEGIES FOR

OPTIMISATION

Successful library screening and target validation efforts are by no means the end of the drug
discovery process; indeed, of equal importance is the modulation of the PK properties of a
compound. Pharmacokinetics is defined as the time-course of a drug within the body, which
involves the absorption, distribution, metabolism, and excretion of a molecule, and can be
the difference between a lead compound and eventual successful drug.?8>%% Poor PK
properties are a major cause of attrition in the drug discovery process, and pharmaceutical
companies have broadly recognised that these need to be addressed early in the discovery
process. For example, Pfizer’s “three pillars of survival”,3? or Lipinski’s rule of 5, a qualitative
absorption and permeability predictor that states that a compound is likely to be poorly
bioavailable when the molecular weight (MW) is > 500, clogP is > 5, number of H-bond donors
is > 5, and the number of H-bond acceptors is > 10.28” The finding that PK can be related to
physiochemical properties allows the medicinal chemist to approach drug design with these

parameters in mind and manipulate them in order to improve ADME properties.?8¢Below is a
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discussion of factors affecting the ADME properties of a compound and how they can be

improved through structural modification.

1.6.1 Absorption

For reasons of ease and patient compliance, oral delivery of a drug is often the preferred
route of administration. Good absorption of an oral drug is broadly dependent on two
processes: the dissolution of the drug in the Gl tract and its subsequent transfer across the
membrane (Figure 1.24).28>286

Membrane

Dissolution
Transfer

Solid Drug Drug in Solution Absorbed Drug

Figure 1.24. Simplified schematic of the drug absorption process.

Dissolution of a compound depends on the surface area of the dissolving solid and the
solubility of the solid at that surface.?8> The former is largely contingent on manufacturing
practices, for example micronization or formulation with disintegrants, however the latter is
mainly due to the structure of the drug and thus can be manipulated to be improved.
Solubility is generally inversely proportional to the lipophilicity of a compound and can be
enhanced by the incorporation of an ionisable centre, for example an amine functionality.?8
The transfer of a substance across a membrane is driven by its concentration in solution, and
so even if the formulation can be improved low solubility will still cause problems for

absorption. This may not be an issue if a compound is highly potent, as it can still achieve

effective concentrations even with poor solubility.
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Once in solution, compounds must then traverse the membrane of the gastrointestinal (Gl)
tract. While active transport processes do occur, these are usually limited to nutrient
molecules and thus not particularly relevant for drug absorption.?®® There are two principal
routes for the passive transfer of drugs: diffusion across the lipid membranes of cells
(transcellular absorption) and diffusion through the aqueous pores at the tight junctions
between cells (paracellular absorption). The latter, paracellular route of absorption is less
common and of more importance for hydrophilic molecules. Given absorption via aqueous
pores depends on their diameter and relatively low surface area, the molecular size is of great
importance when considering the ability of polar molecules to be absorbed paracellularly.
Additionally, this route is only available in the small intestine as opposed to the whole length
of the Gl tract, meaning the window for absorption is much smaller. The amount of drug
absorbed (Fq) depends on the rate of absorption (k;) and the rate of movement of the drug

away from the site of absorption (km) (equation 1):28>

ka

- — Eqg. 1
@ (kg+km) 9

The paracellular pathway leads to low ks due to the small surface area of the aqueous
pores.?8> As well as this, km is greater due to the smaller absorption window in the small
intestine. As a result, compounds that are absorbed paracellularly tend to show incomplete

absorption and low Fg.

Transcellular absorption is the primary route of absorption for lipophilic molecules through
the Gl tract.?®® Compounds absorbed via this pathway tend to have high ks due to good
distribution into lipid membranes and a low kp, as the compound can be absorbed throughout
the tract.?®> The limits of chemical space within which medicinal chemists can work to achieve

good transcellular absorption are broadly defined by Lipinski’s rule of 5 (vide supra).?®” High
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logP (>5) impacts solubility and is inherently linked to high molecular weight (>500), with
heavier compounds tending towards higher logP. The hydrogen bond donor and acceptor
count (>5 and >10, respectively), is related to PSA, the upper limit of which represents the
point at which desolvation of the molecule to allow for membrane transfer becomes
energetically unfavourable.?®> Molecular structures can be optimised with these properties in

mind in order to improve transcellular absorption.

1.6.1.1 Barriers to Membrane Transfer

Within the gut epithelium are expressed various proteins that act to prevent the absorption
of and thus protect the body from toxins in the diet.?8¢ Consequently, they can also limit the
oral absorption of drug molecules through the action of metabolic enzymes and efflux
transporters.?8 Glucoronyl and sulfotransferases, along with cytochrome P450 (CYP)
enzymes, can metabolise substrates crossing the gut wall rapidly enough to effect F,.28>288
Strategies to attenuate this will be discussed in a later section (1.6.3). The efflux transporter
P-glycoprotein (P-gp) acts to actively transport compounds out of the gut epithelium back into
the Gl tract, and due to a large overlap in their substrates is thought to work in synergy with
CYP enzymes to limit oral absorption.?86288 The recycling of substrates by P-gp back into the
gut leads to repeated interactions with CYP enzymes as they subsequently re-transfer back
into the epithelium. The conformational flexibility of P-gp means it can interact with a broad
range of substrates;?®° it has been proposed that the number and strength of hydrogen
bonding groups in a molecule can impact P-gp binding, and that introducing intramolecular
hydrogen bonds can act to mask problematic groups that may subsequently be required for
target engagement,?® but the lack of clearly defined SAR means it is difficult to design

molecules without substrate characteristics.22°
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Considering P-gp is a membrane transporter, any rate of efflux is intrinsically linked to the
rate of passive transfer.?8> A compound that is highly membrane permeable will have a low
rate of efflux, as the rate of passive transfer will be equal to or greater than the rate of
transport back into the tract. The lack of P-gp recycling means the action of metabolic
enzymes in the gut epithelium will also be reduced, leading to a greater degree of absorption.
As aresult, poorly permeable compounds tend to be better substrates for P-gp and thus suffer
from a greater degree of metabolism, leading to poor absorption.?® With this is mind, the
strategies outlined above for improving membrane permeation are also of importance in
avoiding these barriers to membrane transfer: modulation of lipophilicity, molecular size, and

PSA.

1.6.2 Distribution

Following oral administration, and after absorption via the intestinal lumen and through the
portal vein and liver, drugs then reach the systemic circulation before being further
distributed into various tissues and organs via the vasculature. Distribution can be thought of
as essentially another passive transfer process, and thus the same properties that affect
absorption also affect distribution.?°* The body can be considered as being made up of a
number of pharmacokinetically distinct “compartments”, which permits the modelling of
drug transport actively occurring across membranes between organs and tissues via blood
vessels.?®? Post-administration, if a drug is rapidly distributed throughout the body then the
body is represented as a single, pharmacokinetically homogenous compartment. This single
compartment model assumes immediate distribution to tissues and an equilibrium

establishing constant concentration ratios between the plasma and tissues. This means the
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rate of change in tissue concentration of a drug is directly related to the change in plasma

concentration, which will show a linear, monophasic decline a on a semilogarithmic scale.

If a drug is less rapidly distributed to certain tissues, then the body can be considered in terms
of a multicompartment model: a central compartment representing the plasma and highly
perfused organs and tissues; and a peripheral compartment representing weakly perfused
organs and tissues.?®? It is assumed that a drug will be distributed much faster to highly
perfused organs such as the liver, lungs, or kidneys compared to weakly perfused tissues such
as muscle or bone. As a result, the plasma concentration of a drug will show a multiphasic
decline on a semilogarithmic scale dependent on the number of compartments in the model,
for example biphasic decline in a two-compartment model.2%? In this instance, the initial phase
represents the distribution of the drug into the tissues and the latter stage the elimination
from the body. The concentration of the drug in tissues increases during the distribution
phase before the distribution equilibrium is reached where the ratios between plasma and
tissue concentrations become constant, and levels of the drug in the tissue decrease at the

same rate as the plasma (Figure 1.25).2%3

1.6.2.1 Volume of Distribution

The volume of distribution at steady state (Vs) represents the apparent volume a drug is
distributed into based on its measured concentration in the plasma and the administered
dose.?®3 1t is a theoretical value that assumes that the drug is in equal concentrations in the
plasma and the tissue, and thus represents what volume of tissue is required to give the
concentration measured in the plasma based on the dose.?®! The Vs values of drugs are
typically compared to the volumes of various physiological compartments, for example the

plasma, total body water, and tissues (Figure 1.26). For a drug, the theoretical value gives
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Figure 1.25. Change in drug concentration over time in plasma and tissues considering both single-
and multi-compartment modelling. In the single-compartment model (a), the drug is instantaneously
distributed to the tissues once in enters systemic circulation, and concentration ratios immediately
reach equilibrium between the plasma and the tissue. In the multi-compartment model (b), the drug
is slowly distributed to the tissues and the initial decline in plasma concentration is matched by an
increase in tissue concentration. Once the distribution equilibrium is reached, the concentrations

decline at the same rate.

some indication as to where it is mainly distributed within the body; for example a Vs of 2

L/kg would suggest a compound is highly distributed to the tissues.

The basis for the Vs of a compound derives from equation 2, relating the physiological
volumes of the plasma (V;) and tissues (V%) to the relative unbound fraction of the drug in

each (fup and fus, respectively).?3

Vie = Vi, + (%’t’) v, Fq.2

The dependence on the fu:term is the reason why some drugs exhibit a theoretical Vssthat is

far higher than any known physiological volume.??> The extent of tissue binding largely tracks
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Figure 1.26. The physiological volumes of body compartments in humans (body weight 70kg, adapted

from Smith et al.).?3

with lipophilicity, however the greatest determinant of volume of distribution is the acidic or
basic character of the molecule. Acidic compounds are negatively charged at physiological pH
and thus interact with lysine-rich albumin in the plasma, leading to high plasma protein
binding (low fup). As well as this, they do not interact with the negatively charged
phospholipid head groups of tissue membranes (high fu:). As a result, acids tend to have low
volumes of distribution in the range of 0.1-0.4 L/kg. By contrast, basic compounds are
positively charged at physiological pH and so accumulate in phospholipid membranes due to
charge interactions with the head groups (low fu:). Similarly, they display a low degree of
plasma protein binding (high fup) leading to high volumes of distribution in the range of 1-25
L/kg.?*® Neutral molecules partition into membranes as a function of their lipophilicity and

thus display volumes of distribution in the range of 0.7-4 L/kg.

The importance of Visis not in determining whether a drug will reach its site of action: low Vs

does not mean that a drug will remain in the plasma and not enter the tissues, and similarly
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high Vss does not necessarily mean a drug will be more active at target sites in the tissues.?®3

The high dependence of Vison tissue and plasma protein binding means differences in values
between compounds bear almost no relation to their relative unbound aqueous
concentrations. Indeed, when corrected for the fraction unbound in the plasma (Vssu,
equation 3), the volumes of distribution show that compounds with equivalent unbound
aqueous concentrations show the same ability to partition into tissues, regardless of
differencesin Vss. As a result, a compound will interact with its target based on dose, clearance

of the drug from the circulation, and its pharmacology at the site of action.?°%2%3

VSS
Vssu

= Eq.3
) fup

Where Vi is critical in drug design is in determining the duration of action of a compound
through its relationship to half-life (t1/2).2°>%°* Half-life is the time taken for the concentration
of a drug to fall to half of its original value, when the concentration is in simple exponential
decline. It is a key parameter to consider when deciding the dosing frequency of a drug as it
will determine the duration of action. When considered in the context of the single
compartment model (vide supra), half-life can be related to the volume of distribution
through equation 4, where CL is the clearance of the drug, defined as the irreversible removal

of a drug from the measured matrix.?°>

t12 =In (2) (‘;—L) Eq. 4

Half-life is thus directly proportional to the volume of distribution, and so the duration of
action can be directly influenced by modulation of V. In the context of a multi-compartment
model, the picture becomes a little murkier due to the multiphasic nature of the decline in

concentration (Figure 1.25). As a result, half-life becomes a function of the terminal
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elimination rate (B, equation 5), which is the rate of decline following distribution equilibrium
(for example the second phase of decline in a biphasic model).?®* Despite the increased
complexity in determining B, it still closely approximates to CL/Vss, and thus the relationship
of volume of distribution to half-life remains largely the same as in the single compartment

model (equation 5):
t1/2 = T Eq. 5

As described above, Vs is largely a measure of tissue binding and so is most heavily influenced
by the degree of acidic or basic character.??® Increasing Vss will lead to an increase in half-life
as shown by equation 4, and so the introduction of a basic functionality can be used as a
strategy to improve duration of action through an increase in Vi. This strategy is famously
exemplified in the design of the calcium channel blocker amlodipine (Figure 1.27), which was
derived from an earlier drug nifedipine (Figure 1.27).2°62%7 The introduction of the basic
amine centre vastly increased the Vs of amlodipine over nifedipine, which led to a far higher
terminal half-life despite no change in rate of clearance. This allows amlodipine to be dosed
once daily, compared to four times a day for nifedipine.?? An attractive strategy for improving
half-life, it will also bring improvements in aqueous solubility. However, it may lead to a loss
of selectivity and an increased affinity for ion channels which could lead to toxicity, for

example in the case of binding to the hERG channel.

A second means of increasing Vssis through modulation of lipophilicity.2°3 Whilst an increase
in logP tends to increase Vs, it can also increase CL which will negate any gains in duration of
action. The strategy of blocking sites of metabolism to reduce clearance will be discussed in a
later section (1.6.3), however the deliberate use of particular functional groups can achieve

this whilst also increasing Vss. Specifically, the introduction of a methylcyclopropyl group as in
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Figure 1.27. Nifedipine and amlodipine and their respective PK parameters, highlighting the effect of

introducing a basic centre in increasing Vss and terminal half-life.

the case of B-blocker betaxolol (Figure 1.28) has the effect of both blocking metabolism
(reducing CL) whilst increasing lipophilicity and thus Vs.2°32%8 This leads to an approximately

four-fold increase in half-life over the related metoprolol (Figure 1.28).

OH oH
/\/©/O\)\/N\( /\/©/O\)\/N\(
~o V\o
Metoprolol Betaxolol
V,=3.1Ll/kg V=4.8L/kg
CL=13mLmintkg? CL=3.4mLmintkg?
ty,=3.6 hrs typ= 17 hrs

Figure 1.28. Substitution of the methyl group in metoprolol with the methylcyclopropyl! of betaxolol

leads to anincrease in Vs and an accompanying decrease in CL, leading to improved duration of action.

Although of critical importance as a pharmacokinetic parameter, and integral in determining

duration of drug action, modulation of volume of distribution is not typically the first resort
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when attempting to improve half-life.?86:293.2%4 Structural modifications that induce the
greatest changes in Vs (e.g., introducing a basic functionality) tend to be accompanied by
changes in other parameters such as selectivity and potency. Despite this, intelligent design
of molecules to exploit changes in Vs can be of great use to the medicinal chemist where

changes in duration of action are required.

1.6.2.2 Achieving CNS Penetrance - Crossing the Blood Brain Barrier

The BBB is a term used to describe the structure of the vasculature associated with the
CNS.299300 |t tightly controls the movement of molecules and ions into and out of the CNS and
is essential in maintaining CNS homeostasis, providing a stable environment for neural
function. The BBB consists of a physical barrier and a transport barrier:3% the physical barrier
is formed by extremely tight junctions between endothelial cells that surround the capillaries
- these tight junctions effectively prevent the paracellular absorption of compounds and block
the diffusion of ions and other polar molecules into the CNS. The transport barrier, similar to
that of the gut, involves the action of efflux transporters (such as P-gp) that actively pump
molecules out of the brain capillary endothelium and CNS. Conversely, there are a large
number of solute carriers (SLCs) in the endothelium that act to transport essential, polar
molecules (such as amino acids and glucose) into the CNS that would otherwise be blocked

due to the barrier to paracellular absorption.

The ability of molecules to cross the BBB and distribute into the CNS is of crucial importance
to the medicinal chemist. For non-CNS disorders, a drug that crosses the BBB can induce
unwanted CNS side-effects, for example in the case of some lipophilic B-blockers.3°! For CNS
disorders such as FRDA, it is of crucial importance that a drug can cross the BBB in order to

exert its effect at the desired site of action. In order to better identify compounds that would
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distribute into the CNS, scientists at Pfizer developed a CNS multiparameter optimisation
(MPO) score to enable a flexible approach to drug design based on six key physiochemical
properties.39239 Through analysis of a set of marketed CNS drugs and various internal CNS
candidates, they identified the optimal ranges for CNS-penetrant compounds of clogP, clogD,
molecular weight (MW), tPSA, number of hydrogen bond donors (HBD), and the pK, of the
most basic centre (Table 1.1).3%3 These were all assigned equal weight and a score between 0
and 1, giving compounds an additive score between 0 and 6, with higher scores indicating a
higher likelihood of CNS penetrance. As might be expected given the factors affecting volume
of distribution described above, greater weight is given to lipophilicity (clogP and clogD), and
basicity (pKa and clogD). As a result, the medicinal chemist can tailor the design of their
molecules in order to find the best alignment of these properties in order to enable (or

prevent) sufficient CNS penetrance for drug action.

Table 1.1. The optimal ranges for CNS penetrance of six properties identified as part of a CNS MPO

score (adapted from Wager et al.)*®

Property Desirable Range Undesirable Range
clogP <3 >5
clogD <2 >4
MW <360 > 500
tPSA 40 <TPSA <90 TPSA <20; TPSA > 120
HBD <0.5 >3.5
pKa <8 >10
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1.6.3 Clearance

Clearance is perhaps the most important of the PK parameters to consider in drug design and
concerns the final two ADME processes: metabolism and excretion. As described above,
clearance is defined as the irreversible removal of a compound from a measured matrix,
whether by structural modification or complete elimination from the body.?®> Clearance links
the rate of elimination of a drug to its measured concentration and is given in units of volume
per time which reflects the volume of matrix (e.g., blood or plasma) that is effectively cleared
of a drug per unit time. It is of critical importance in determining the half-life of a compound
(equation 4), and to assess the availability and predict the steady state concentration of a

compound following a particular route of administration.304

The liver and kidneys are the two major organs concerned with this process, with hepatic

295 Before entering the systemic circulation compounds absorbed

clearance playing a key role.
via the Gl tract first pass through the highly perfused liver, where they can be immediately
cleared via the “first-pass effect”.3943%5 This is the elimination of a drug following initial

absorption and perfusion into the liver, and it can have a significant effect on the oral

bioavailability of a compound (Figure 1.29).

Quantification of this process relies on the “well-stirred” model of drug clearance, which
assumes that the liver (or organ of clearance) is a single, well-stirred compartment where the
concentration of unbound drug is in equilibrium with that of the blood.3%* Another important
assumption of this model, and for clearance generally, is that only unbound drug can traverse
membranes and thus only unbound drug is available for clearance. This model relates
clearance (CL) to the blood flow to the organ (Q), the unbound fraction available for clearance

(fu), and the intrinsic ability of the organ to clear drug independent of flow or binding
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Figure 1.29. The first-pass effect: drugs are absorbed via the Gl tract where they pass via the portal
vein to the liver. A proportion of the dose absorbed is immediately eliminated as a result of first-pass

extraction.

limitations (CLint,u) (equation 6).

(Q+fu><CLint,u)

Eq. 6

This model can be combined with factors affecting oral bioavailability in order to derive an
equation that describes how clearance affects dosing (equation 7).2%° It relates the steady
state unbound concentration (Css,av,u), unbound intrinsic clearance (CLint,u), dosing interval (1),

fraction absorbed (Fs) and the fraction that escapes gut wall extraction (Fg):

dose = Css,avuXCLintu X7 Eq.7
FgXFg

Considering equations 4 and 7, of critical importance for the medicinal chemist in drug design
is a focus on reducing clearance to improve half-life and lower the required dose.
Understanding the processes involved in drug clearance is thus important in order to guide

strategies aimed at achieving this.
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1.6.3.1 Metabolism

Drug metabolism is a biotransformative process that increases the polarity of a molecule to
permit its excretion via the urine or bile.3% Conventionally, metabolism is separated into two,
chronologically distinct process. Phase | metabolism involves oxidative processes that
introduce a functional handle which is subsequently employed in conjugative, phase Il
reactions to introduce a polar substituent that enables excretion. This is not definitive, as
many compounds undergo phase |l metabolism without any need for prior oxidative

processes, however phase | reactions occupy a pivotal role in the metabolism of drugs.3%¢

The aforementioned CYP family of enzymes play a central role in regulating phase |
metabolism and are present in both the gut wall and the liver.3%® A heme containing
superfamily, they catalyse the insertion of an oxygen atom into a drug molecule across a range
of substrates, with varying degrees of selectivity between isoenzymes. A formal (FeO)3*
species mediates a one-electron oxidation via the abstraction of protons or electrons,
followed by the combination of the substrate radical with an hydroxyl radical to form the
oxidised metabolite.3%” Of the main isoforms involved in oxidative metabolism, CYP3A4 is
responsible for the metabolism of approximately 45% of known drugs.3°® The factors that
govern interactions with CYP3A4, and CYP enzymes generally, are broadly the same factors
important for permeability, namely increased lipophilicity correlates with increased
metabolism and clearance.?®> As a result, a global reduction in logP can lead to reduced
clearance, however given the similarly positive correlation between lipophilicity and potency

at a target this may be at the expense of efficacy.

More targeted strategies are available to the medicinal chemist. The main approach to

preventing metabolism and lowering clearance involves incorporating stable functional
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groups at metabolically labile sites in order to block oxidation reactions.3%31° The position of
these so-called metabolic “soft-spots” is largely determined by the ease of proton or electron
abstraction, and the stability of the resulting radical.3% Benzylic and allylic positions, as well
as the para-position of aromatic rings, are particularly prone to oxidation, and heteroatoms
will commonly undergo dealkylation reactions (Figure 1.30). Attempting to prevent these
reactions can be difficult as the SAR at the CYP enzyme has to also be considered in the
context of the SAR at the target. The use of bioisosteres as replacements for certain labile
moieties enables the effective modulation of metabolism whilst maintaining potency.3!?
Bioisosteres are defined as compounds that elicit the same biological effect, and in recent

years the development of novel bioisosteres has seen widespread application in medicinal

chemistry.
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Figure 1.30. Known drug molecules and their metabolic “soft-spots” (asterisked).

Perhaps the most classic example of bioisosteric replacement is the substitution of hydrogen
with fluorine, exploiting the strength of the C—F bond to achieve metabolic stability.312 The
electronegativity of fluorine can also be used to modulate the basicity (or acidity) of
neighbouring sites, particularly in instances where pK; modulation can induce changes in PK,
for example in CNS penetrance.?!! Finally, the polarity of the C—F bond can induce

conformational changes, for example through intramolecular electrostatic interactions, that
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constrain the molecule in such a way that it does not effectively bind to the active site of

metabolic enzymes.

The ways in which fluorine modulates metabolism are largely the main focus of other
strategies: blocking metabolically labile positions with stronger bonds; the introduction of
heteroatoms to modulate the electronics and lipophilicity of a substrate rendering it less
susceptible to oxidation; and introducing steric or conformational changes that constrain the
molecule in a way that is unfavourable to metabolic pathways, for example chirality or

bicyclic, three-dimensional structures.3%°

Drug design to modulate phase Il metabolic processes is somewhat more difficult as they
primarily follow phase | processes and therefore cannot be affected. However, in cases where
conjugative reactions take place initially, there are strategies to avoid this. The main
conjugative enzymes are the glucuronosyl transferases and the sulfotransferases, which
catalyse the addition of a glucuronide or sulfo group respectively.3° To facilitate this process,
a nucleophilic functionality is required in the substrate, typically a phenol or other hydroxyl
component, and conjugation usually renders the compound inactive. As a result, strategies to
prevent this involve removing the nucleophilic component unless essential for activity. If
essential, it may be possible to replace the hydroxyl group with another H-bond donor that is
not susceptible to conjugation, to introduce neighbouring functionalities that modulate the
nucleophilicity, or to again constrain the molecule in a way that is unfavourable to the

enzymes,306,309

1.6.3.2 Excretion
Drug excretion refers to the removal of the drug from the body.3?* As described above,

compounds usually undergo biotransformation via metabolic processes in order to render
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them more hydrophilic to enable effective excretion. If a compound is sufficiently hydrophilic

then it may undergo direct excretion into the urine as the unchanged parent molecule.

Whilst the liver is the primary organ of clearance, hepatobiliary excretion is not the major
route of drug removal.?®>3% |t tends to be an active process, whereby transporter proteins
recognise poorly permeable compounds and promote their uptake into hepatocytes. Once
inside, bile canicular transporters then act to secrete the compound into the bile following
which it returns to the gut and can be excreted in the faeces.3'* Compounds that can passively
cross membranes tend to be exclusively cleared by metabolism, and although are sometimes
secreted into the bile they are largely removed to the blood for excretion in urine.?®® Biliary
excretion can lead to a process called enterohepatic recirculation, whereby a compound that
has been secreted into the bile and passed back into the Gl tract can be reabsorbed via the
intestine and re-enter the systemic circulation.?'> This can significantly impact measures of
bioavailability and clearance, and may prolong the pharmacological effect of certain

compounds.

The primary route of excretion, either for a parent compound or its metabolite, is renally via
the urine.31® After a compound is absorbed into the systemic circulation, or a drug metabolite
is removed from the liver into the blood, blood is filtered at the glomerulus of the kidney in
the first step of urine formation, and any unbound compound present will enter the proximal
convoluted tubule before passing into the bladder. Once in the tubule however, lipophilic
compounds can be almost fully passively reabsorbed back into the blood and will experience
little to no immediate renal clearance. On the other hand, poorly permeable polar molecules
(logD < 0) will experience a large degree of renal clearance at rates approaching that of the

blood flow to the glomeruli (glomerular filtration rate, GFR), which is approximately 1-2 mL
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mintkg*.3% Compounds can also be actively transported into the tubules, which can lead to

clearance rates higher than that of GFR.
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Figure 1.31. ADME processes within the body

Given clearance is of critical importance, it would seem advantageous to design hydrophilic
compounds and drive them towards renal excretion pathways, where rates tend not to
exceed the GFR. This is far lower than the rates that can be observed with metabolic clearance
pathways that predominate as lipophilicity increases.3°> However, a decrease in lipophilicity
has implications for both pharmacodynamics and the PK parameters described above,
namely: low passive permeability can lead to a decrease in potency due to poor access to
intracellular targets; absorption will rely heavily on the paracellular pathway which can lead
to incomplete absorption and low Fa (equation 1); Vs will decrease which will lead to a shorter
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elimination half-life (equation 4); and finally, as PSA increases, active transport processes play
a more prominent role in clearance which can increase CL and thus decrease half-life as well
(equation 4). However, the converse approach does not necessarily solve the problem:
favouring more lipophilic molecules to improve potency will invariably also cause issues for
various PK parameters such as clearance, as well as reducing solubility and thus absorption.39°
It is clear that drug design must focus on the interplay of all these properties and attempt to

develop an SAR that balances absorption, distribution, clearance, and potency (Figure 1.31).

1.7 THESIS AIMS

The objective of the work presented in this thesis was to develop small molecule modulators
of frataxin expression as potential treatments for Friedreich’s ataxia (FRDA). Two strategies
were employed in approaching this challenge: firstly, manipulation of the epigenome. A-196
provides an excellent small-molecule starting point for hit-to-lead optimisation aimed at the
development of a therapeutic. The first section of this thesis describes efforts to improve the
PK characteristics of A-196, primarily its metabolic stability in a manner outlined above, in

order to carry out in vivo efficacy studies.

The second part of the thesis concerns the conceptualisation of and initial efforts towards the
development of a heterobifunctional molecule for the targeted stabilisation of frataxin.
Inducing the proximity of a deubiquitinase to frataxin will lead to its deubiquitination and
prevent its degradation by the proteasome, leading to increased intracellular levels. Initial
attempts to develop a deubiquitinase recruiting ligand are described as well as future

prospects for the technology.
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2 INCREASING FRATAXIN EXPRESSION THROUGH MODULATION OF THE
EPIGENOME — TOWARDS AN /N VIvo SUV420 INHIBITOR

2.1 PROJECT ORIGIN — THE PROMISE OF A CHEMICAL PROBE

The use of a “target-agnostic” epigenetic library screen against a cell model of FRDA is an
excellent example of how this strategy can accelerate the drug discovery process. A-196 was
found to be a potent up-regulator of frataxin expression,'3® and due to its well defined
pharmacology SUV4-20 was identified a potential therapeutic target.?’”* Knockdown
experiments that showed that the decrease in H4K20 di- and tri-methylation induced by
SUV4-20 abrogation led to a concomitant increase in frataxin expression, further validating

the choice of target.'3°

The promise of A-196 as a potential therapeutic prompted evaluation of its PK properties to
assess its suitability for in vivo studies. In mouse liver microsomes (MLM), A-196 was highly
cleared at a rate of 240 pL mint mg protein’, with a half-life of 6 minutes (Table 2.1). A
similarly high rate of clearance was observed in human liver microsomes (HLM), 190 pL min
mg protein’, along with a half-life of 7 minutes (Table 2.1). The substantial metabolic
instability of A-196 precludes its use in vivo; although highly potent and selective, it would be
challenging to achieve a high enough dose to ensure a sufficient circulating concentration. For
a compound to be suitable for in vivo efficacy studies it would preferably possess the target
product profile (TPP) outlined in Table 2.1, derived as a means of ensuring compound potency
and ADME properties that would enable a low enough dose to avoid off-target toxicity whilst
maintaining on-target activity. Given the desired TPP, the primary aim of this project was to
improve the metabolic stability of A-196 to enable its use in vivo. In addition, to improve its

on-target and cellular potency whilst maintaining a high degree of selectivity over other
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methyltransferases. Finally, to develop a compound with suitable physiochemical properties

to enable oral dosing.

Table 2.1. The required target product profile (TPP) of an in vivo SUV4-20 inhibitor compared to the
profile of A-196. °Measurement of the rate of apical to basolateral (AB) transfer across a monolayer
of Caco-2 cells; PAssessment of transport in both directions (apical to basolateral (AB) and basolateral
to apical (BA)) across a Caco-2 cell monolayer to calculate an efflux ratio (BA/AB) and indicate whether
a compound undergoes active efflux; “Oral bioavailability; “Hepatic blood flow rate; *Minimum ratio

of compound concentration in the brain vs plasma; 'Minimum desired unbound concentration in the

brain.

Potency and Selectivity TPP A-196
25 (H1)

SUV4-20 ICso (nM) 20 144 (H2)
262 (H1)

SUV4-20 cellular ICsp (nM) 100 370 (H2)

FXN Expression ECso (nM) 100 5200

Methyltransferase selectivity 50x 50x

In Vitro ADME

HLM t1/2 (min) 60 7.3

CLint (UL min't mg protein?) 1 191

MLM t1/2 (min) 60 5.8

CLint (UL min! mg protein) 1 239

Caco-2 AB (10 nm/s)? 4

Caco-2 BA/ABP 2.5

Solubility sufficient for in vivo use

In Vivo PK (rodent)

F%* 50%

Cl (ml/min/kg) 25% Qu¢

T1/2(h) 6
Corain/Cplasma® 1
Cmin(brainy)f 3x FXN-Luc reporter ECso
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2.2 IMPROVING THE METABOLIC STABILITY OF A-196

At first glance, the obvious metabolic liability of A-196 is the lipophilic cyclopentyl moiety
which would likely be a substrate for CYP-mediated oxidative metabolism. Secondly, the
pyridyl moiety may be subject to oxidation by aldehyde oxidase (AO) ortho to the nitrogen.3!’
Finally, the 6,7-dichloro substituted planar aromatic core, coupled with the cyclopentane ring,
contributes to an overall high clogP which will drive up clearance. Metabolite profiling of A-
196 found that 17% of the parent compound remained after 60 minutes, with four major
metabolites identified (Figure 2.1). Metabolite 1 (M1) and metabolite 2 (M2) corresponded
to hydroxylation products on the cyclopentane ring, with metabolite 3 (M3) the product of
further oxidation to the ketone. Metabolite 4 (M4) was the product of pyridyl transformation
however not due to AO. Interestingly, an adduct was observed to have formed between the
pyridine nitrogen and the ribose ring of adenine dinucleotide phosphate (ADP)-ribose. This
transformation has previously been reported with the protein tyrosine kinase inhibitor
imatinib, although it was noted that this primarily occurred after incubation with rat liver
microsomes and in human microsomes only trace levels were detected.3!® Nevertheless, the
transfer of ADP-ribose to various acceptors has been shown to be an important step in the
regulation of intracellular Ca?* release, and is controlled by a class of enzyme called
nicotinamide adenine dinucleotide (NAD*) glycohydrolases.3'° These catalyse the conversion
of NAD" into nicotinamide and ADP-ribose, the latter of which can then be transferred to
acceptors such as water, methanol, and pyridine. In this case, A-196 may be interacting with
a glycohydrolase and intercepting this pathway, leading to its clearance. However, the

transformation seems to be a result of assessment in rat microsomes, and so whilst worthy

of consideration, will remain a secondary focus of the approach to reducing metabolism.
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Cl

Cl

Figure 2.1. Metabolite profiling identified the cyclopentyl group of A-196 as the primary site of
oxidative metabolism (M1, M2, M3), as well as the formation of an adenine dinucleotide phosphate

(ADP)-ribose conjugate between the pyridine nitrogen of A-196 and the ribose of ADP (M4).

2.2.1 A-196 Structure-Activity Relationship

The three main stated aims of the project were: improving the metabolic stability of A-196;
improving its on-target and cellular potency; and developing a compound with suitable
physiochemical properties to enable oral dosing. An understanding of the SAR around A-196
would therefore be crucial to achieving this and guiding analogue design. Its discovery

stemmed from a quinoline-based high throughput screen (HTS) hit 7, which inhibited SUV4-
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20 H1 and H2 with ICses of 5.9 uM and 4.8 pM, respectively.?’* The introduction of a second
chlorine atom led to a ten-fold jump in potency against SUV4-20H1 (8), before changing the

central core to a phthalazine and introducing a pyridyl substituent yielded A-196 (Figure 2.2.)

HN SN
= =
Cl N Cl N = |
NS
N
7 8 A-196
SUV4-20H11Csp=5.9uM  SUV4-20H11Cs=0.59 uM  SUV4-20H1 ICsq = 0.025 uM
SUV4-20H1 ICgy = 4.8 uM SUV4-20H1ICsp= 1.2 uM  SUV4-20H1 ICy, = 0.144 uM

Figure 2.2. The discovery of A-196 from initial quinoline hit.

A-196 is a substrate competitive inhibitor and binds to the histone H4-peptide binding groove
of SUV4-20.274 The key interaction is a hydrogen bond between the amine of A-196 and an
active site water molecule that is simultaneously hydrogen bonded to the catalytic serine
(Ser251) (Figure 2.3). This occupies the position where the nitrogen of the methylated lysine
would lie and blocks access to the residue. Methylation of the amine nitrogen leads to a
complete loss of activity and forms the inactive control (SGC2043, Figure 2.4). Met253 rotates
out of the binding site to accommodate the cyclopentane ring which engages in various van
der Waals interactions with the surrounding hydrophobic residues. The phthalazine core sits
in a m-sandwich between Trp264 and Phe281, a result of Trp264 and lle231 rotating to form
a binding pocket that the backbone chlorines tightly fill. Finally, the pyridyl nitrogen forms a

hydrogen bond to another water molecule and is somewhat solvent exposed.
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Analysis of the patent literature surrounding A-196 paints a limited picture of its SAR.3%°
Excluding the brief description of its discovery by Bromberg et al.,>’* there is no data available
concerning modification of the cyclopentyl (R1, Figure 2.4) or chloro (R2 and R3, Figure 2.4)
substituents, nor is there any information regarding changes to the phthalazine core. Only
changes to the pyridyl substituent (R4, Figure 2.4) have been extensively characterised,

although the SAR around these changes is difficult to distil.

Figure 2.3. Crystal structures showing the binding mode of A-196 to SUV4-20: a) A-196 sits between
Trp264 and Phe281, with the amine nitrogen forming a hydrogen bond with an active site water; b)
The binding pocket occupancy of A-196: The cyclopentyl ring sits in a hydrophobic pocket whilst the
pyridine is solvent exposed. The two chlorine substituents tightly occupy a hydrophobic region at the

back of the pocket (PDB: 5CPR).

Largely, heterocycles such as thiopene, pyrazole, and various substituted pyridines are well
tolerated. Pyrrolidine and morpholine-based substituents are poorly tolerated, whilst

piperidines and piperazines show good potencies. Smaller aryl substituents with a hydrogen
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R? N
Cl
R2 A N N
R2 R3 = @ ,}l _ [{j
' R3 N cl
R* = |
NS
N
R4 = $GC2043

Inactive control

Figure 2.4. SAR around the A-196 scaffold. Well-tolerated substituents are highlighted in green and

poorly tolerated substituents in red. The inactive control SGC2043 is also shown.

Bond donor are the most potent however extended systems, for example N-substituted
pyrazoles and piperidines, and 2-substituted pyridines, also show reasonable potencies. In
these cases, the presence of a hydrogen bond donor or acceptor on the substituent seems to
be necessary. The degree to which the donor or acceptor influences potency appears to
depend to some extent on both a conformational (i.e., free or constrained, e.g., linear vs

cyclic) and directional component.

2.2.2 Analogue Design and Synthesis

Some of the results in this section have been reported in the following publication:

G. Vilema-Enriquez, R. Quinlan, P. Kilfeather, R. Mazzone, S. Saqglain, |. Del Molino Del Barrio,
A. Donato, G. Corda, F. Li, M. Vedadi, A. H. Németh, P. E. Brennan and R. Wade-Martins,

J. Biol. Chem., 2020, 295, 17973-17985
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On-target ICsos were determined by Dr Fengling Li and Professor Masoud Vedadi at the University of

Toronto.

The lack of clearly defined SAR around the cyclopentyl group and the phthalazine core meant
analogue design took a two-pronged approach: modifications aimed at improving the
immediate metabolic stability and clearance; and modifications exploring SAR in an attempt
to improve potency and potentially find other means of improving the stability. The structure
of A-196 lends itself to three key disconnections that would allow extensive R group

modification through straightforward chemistry (Scheme 2.1).

Starting from a phthalic anhydride would allow the incorporation of different groups at R and
R3, before conversion to the corresponding dichlorophthalazine (Scheme 2.1, Table 2.1). A
nucleophilic aromatic substitution (SnAr) could be used to install various amine substituents
at R?, which would be followed by a Suzuki reaction to incorporate different aryl boronic acids
at R* Alternatively, a second SnAr could be used at R* to incorporate saturated heteroaryl

substituents, for example piperidines or piperazines.

R1
, HN SyAr _R! ¢l
R N HN R2
| i R2 i
R R3 N R .
Pd cross-coupling Cl
or SyAr Chlorination
O Condensation o)
R2 H R2
> | > O
R3 NH R3
o) 0]

Scheme 2.1. Disconnections and synthetic routes to A-196 analogues.
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2.2.2.1 Cyclopentyl Modification

The focus on improving metabolic stability began with attempting to block sites of oxidation
on the cyclopentyl ring through isosteric replacement. Amine 9 was synthesised following
reaction of the corresponding ketone with diethylaminosulfur trifluoride (DAST) to yield the
gem-diflurorocyclopentylamine (Scheme 2.2). As discussed in the introduction, the stronger
C—F bond is less labile to oxidative metabolism, however the increased van der Waals radius
and polarity may impact hydrophobic interactions in the binding pocket, and so initially only
substitution at a single carbon was evaluated. Given the physiochemical differences between
hydrogen and fluorine, a convenient alternative is the use of deuterium.32! The C—D bond is
virtually indistinguishable from the C—H bond in terms of the above properties, however the
increased stability of the C—D bond as a result of the kinetic isotope effect can lower the
rates of metabolism by 6-10 fold when bond breaking is the rate determining step.3?2 Amine
10 was synthesised by deuteration of the corresponding cyclopentene to vyield D»-
cyclopentylamine (Scheme 2.3). Initially the D;-analogue was chosen to test the viability of
this approach with respect to potency prior to pursuing the less synthetically trivial
perdeuterated compound. The amines were incorporated into compounds 11 and 12 (Table

2.1) respectively.

Scheme 2.2. Synthesis of tert-butyl (3,3-difluorocyclopentyl)carbamate 9. Reagents and conditions:

a) Diethylaminosulfur trifluoride (1.6 eq.), DCM, 0 °C to RT, 24h, 61%.
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Scheme 2.3. Synthesis of cyclopentan-3,4-d,-1-aminium chloride 10. Reagents and conditions: a) D2 (1

atm.), Pd/C (10%), CDs0D, RT, 16h, quant.

The second approach to improving stability involved incorporating heteroatoms into the
cyclopentane ring in order to lower lipophilicity and modulate its electronics so as to be less
susceptible to oxidation. This could also introduce chirality into the molecule, which can
induce further changes in rates of metabolism depending on the chiral environment of the
enzyme.3%3 Racemic tetrahydrofuran (THF) analogue 13 was synthesised along with both R-
and S-enantiomers (14 and 15, respectively), as well as the pyrrolidine analogue 16. The Boc-

protected intermediate 17 was also evaluated for activity (Table 2.2).

The final approach involved incorporating conformationally constrained bicycles and
functionalities known to be resistant to metabolism. Compounds 18 and 19 incorporate a
methyl- and ethyl cyclopropyl group respectively, which should have the concerted effect of
lowering clearance whilst also maintaining or increasing volume of distribution. The
bicyclopentane and norbornane-based analogues 20 and 21 were synthesised in the hope
that the constrained scaffolds would be unfavourable to metabolic pathways (Table 2.2).
Beginning from the 1,4,6,7-tetrachlorophthalazine, the amines were installed via SnAr, which
was followed by a Suzuki reaction with 4-pyridinylboronic acid to furnish the desired

analogues.
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Table 2.2. Analogues with modifications of the cyclopentane ring aimed at improving metabolic

stability alongside their potency against SUV4-20H1 and H2. ?ICso determined by scintillation proximity

assay (SPA).
HN
R2
R3
SUV4-20H1 SUV4-20H2
Compound R! R? R3 R?
P ICs0 (LM) ICs0 (LM)
A-196 D a = 0.025 0.144
4 <
N
" F
11 /6 ca = 4 9
1:71‘ x
N
D [a¥aVaVaVal
12 ‘(/j\D ca = 0.05 0.14
N\
N
0
13 /E) d = 0.90 0.70
% <
N
(0]
14 /[) a = 0.22 0.33
Ky <
N
(0]
15 Q a = 1.80 1.80
K <
N
NH
16 /E) ca = 1.40 2.40
% <
N
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SUV4-20H1 SUV4-20H2

Compound R! R R R
p ICs0 (UM)  ICs0 (M)
O [a¥aAVaV, Vol
(0]
17 N )T cl Cl = | 2.00 1.30
A s
7719 N
18 YNy a d @ 0.50 0.60
S
N
NS
N
20 % ca & 0.30 0.40
\S
N
21 %b Cl cl = | 0.16 0.17
HLLA x
N

Fluorination (11) led to a 100-fold drop in potency compared to A-196, suggesting the binding
pocket may be very sensitive to the introduction of polarity or changes in size given the almost
double van der Waals volume of fluorine compared to hydrogen.3?! As expected deuteration
(12) had no effect on potency, so this may be a viable strategy moving forward if a fully
deuterated cyclopentane ring can be synthesised. Of the heterocycle analogues, 14 had
reasonable potency which was significantly reduced when switching to the epimer 15,
indicating a degree of chirality to the binding pocket. The equivalent pyrrolidine enantiomer
was approximately ten-fold less potent than 14, suggesting a preference for a hydrogen bond
acceptor over a donor in the ring. Finally, of the conformational changes the introduction of
the norbornane (21) was the best tolerated, followed by the bicyclopentane of 20, although

no substitution maintained the potency of A-196.
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Beyond modifications to improve metabolic stability, changes were also made to the scaffold

following the synthetic route described above in an attempt to better understand the SAR

around the cyclopentyl moiety (Table 2.3). The changes centred on varying the steric bulk at

the cyclopentyl moiety and attempting to extend its vector in order to examine the limitations

of the binding pocket.

Table 2.3. Analogues with modifications of the cyclopentane ring aimed at exploring the limitations of

the binding pocket.

Compound

Rl

RZ

R3

SUV4-20H1
ICs0 (M)

SUV4-20H2
ICs0 (uM)

22

cl

cl

24

>50

23

cl

cl

1.50

>50

24

Cl

Cl

13

25

Cl

Cl

17

17

26

2.0 b %

Cl

Cl

>10

>10

27

Cl

Cl

4.80

5.20

28

0

cl

cl

0.90

5.00
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SUV4-20H1 SUV4-20H2

Compound R! R? R3 R*
P ICs0 (LM) ICs0 (LM)

29 7771, Cl Cl = 6 8

30 K/\/NO c 3 12 12

31 E/\LN) a @ 10 13
SN

o
cl Cl = 10 8

32 a_L/VNJ N |
o JN

33 %)\(NJ a @& 17 18
SN
| oo

34 E/\[ ] a a = 14 15
0] \N

35 L‘%/\/\NQ a a @& 17 16
SN

It is immediately clear that the strength of binding is very sensitive to changes in ring size at
the amine substituent. Potency was lost completely with the introduction of a four-
membered oxetane ring (22), and an approximate 36-fold drop was observed for SUV4-20H1
following substitution of the cyclopentane for cyclohexane (23). Interestingly, the drop was
far more extreme for SUV4-20H2, almost ten-fold greater than that for the H1 isoform. Pyran

(24) and piperidine (25) substituents were not tolerated, nor was the gem-difluorocyclohexyl
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group of 26 or the adamantane of 27. 28 retained sub-micromolar activity against H1 although
suffered a large loss of potency compared to A-196. Similarly to 23, the increased bulk of the
indane led to a far greater drop in potency against H2. This has two implications: firstly, whilst
steric bulk at the amine substituent is a factor, so is the conformation. For example, switching
from the norbornane of 21 to the cyclohexane of 23 leads to an almost ten-fold drop in
potency, and the increased but planar bulk of 28 retains sub-micromolar activity. Secondly,
the cyclopentyl binding pocket of H2 is less accommodating to changes in steric bulk than that
of H1, which may be a potential route to achieving selectivity. Disappointingly, all of the other

attempts to extend further into the binding pocket led to substantial losses of potency.

One further strategy attempted was mimicking the methylated histone peptide in the binding
pocket. This has previously been shown to be a viable strategy for increasing potency against
KMTs, for example in the development of A-366, a chemical probe for the H3K9
methyltransferase G9a.*® Overlaying the binding modes of A-196 and the peptide (Figure 2.5)
suggests that alkylation of the amine with a methylated lysine mimic could eliminate the
active site water and directly engage the active site serine, leading to increased potency. The

introduction of a basic centre would also improve volume of distribution whilst lowering logP.

36 was synthesised following deprotonation of A-196 and alkylation with 2-chloro-N,N-
dimethylethylamine. Although there was a substantial drop in potency (Table 2.4),
considering methylation of the amine nitrogen forms the inactive control SGC2043 (Figure
2.4) compound 36 still retains reasonable activity. Mimicking the monomethyl lysine as
opposed to dimethyl may prove more fruitful in terms of engaging the active site serine, whilst

varying the linker length could allow fine-tuning of the potency.
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Figure 2.5. Overlaid binding modes of A-196 (orange), SAM (yellow) and the histone 4 peptide

(purple). H4K20me2 extends into the vector occupied by the amine of A-196.

Table 2.4. Mimicking the histone 4 peptide through alkylation of the amine nitrogen of A-196.

N
R? N N
R N
R4
SUV4-20H1 SUV4-20H2
Compound R! R? R3 R4
P ICso (M)  1Cs0 (UM)
36 l\ll cl Cl = 3.2 5.6
\ . .
H(\/ \N

Taken together, these results suggested that the best route to improving stability was through
the conformational changes induced by the introduction of the norbornane (20) and

bicyclopentane (21).
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2.2.2.2 Pyridyl Maodification

As the SAR around the bottom half of A-196 had been extensively probed, it provided a rich
source of analogues that could potentially improve metabolic stability. The ease of synthesis
from compound 37 (Scheme 2.4) meant that a library of boronic esters and nucleophiles could

also be evaluated to expand the SAR.

Of immediate interest were pyrazole-based derivatives, due to their relative metabolic
stability compared to other heterocycles as well as the analogues’ comparable potency to A-
196. 38 was initially chosen for evaluation given its previously reported superior potency and
prompted the design of 39, in the hope that the difluoromethyl group would more
productively engage in hydrogen bonding with the active site water at the solvent exposed
region (Figure 2.3). 40 was synthesised in order to probe the dependence of potency on the
substitution pattern around the pyrazole ring. Beyond the pyrazoles, the main focus of
derivatisation at this position was to improve compound potency through stronger hydrogen

bonding interactions (Table 2.5).

D aorb HN

HN
|
N
cl 2N Cl &
o] R
37

Scheme 2.4. Synthetic route to derivatives via compound 37. Reagents and conditions: a) R-B(OH),
(1.2 eq.), Pd(dppf)Cl, (0.1 eq.), Na,COs (3 eq.), dioxane:water (4:1), 75 °C, 52-91%; b) R:NH (1.0 eq.),

DIPEA (1.2 eq.), DMSO, 80 °C, 63-65%.
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Table 2.5. Analogues with modifications of the pyridine substituent aimed at improving metabolic

stability and potency.

R
R? SN
R? N
R4
SUV4-20H1 SUV4-20H2
Compound R R? R3 R*
P ICs0 (LM) ICs0 (LM)
38 VQ ca é\ \i;\J 0.06 0.13
N
\
%
39 ca NN 0.015 0.043
—F
F
40 VQ c 7 N/< 1.50 1.00
=N
|
N
a1 VQ ca 1.20 1.50
OH
|
N
42 YQ ca [j 1.20 1.40
//S\\
43 YQ ca 0.045 0.092
[
N
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SUV4-20H1 SUV4-20H2

Compound R? R? R3 R?
P ICso (M)  ICs0 (1M)
44 YO a a 0.70 0.60
CF,
45 YO a o« 0.094 0.136
OH
46 YO a o« 0.035 0.077
OH
47 YO a a 0.044 0.089
HO
48 YO a a on 0.07 0.15
Cl O
49 YO a a 2 0.037 0.042
N
HO™ X
a
50 a a ! 1.10 6.00
/O
=
51 L{O ca | 0.10 0.149
N
52 L{O a A 0.40 0.60
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SUV4-20H1 SUV4-20H2

Compound R! R? R? R
p ICso (WM) 1Cs0 (M)

53 i{O Cl Cl 0.50 2.00
/NH
=N
54 i(O Cl Cl 0.079 0.106
N
s
55 i{O Cl Cl 0.079 0.141
S
\=N
56 i{O Cl Cl 0.189 0.198
N\/ |
S—N
57 i(O Cl Cl %ﬁ 1.20 1.50
NN

As can be seen above, pursuing a stronger hydrogen bond via the pyridyl vector was a largely
successful venture. N-methylated pyrazole 38 recapitulated the reported high potency and
pleasingly the N-difluoromethylated analogue 39 showed improved potency over A-196,
vindicating this strategy. The nitrile of 43 led to high potency as did the phenol of 45, although
to a minimally lesser extent. This is perhaps due to the slightly shorter extension towards the
water molecule, and a one-carbon homologation to give 46 seems to solve this issue.
Compounds 47, 48, and 49 all have hydrogen bond donors extending towards the vector that
would be occupied by the 2-position of the pyridyl group. Despite the high dependence of
hydrogen bonding on directionality, they maintain high potencies which suggests a different

interaction. Closer inspection of the binding pocket reveals a second water molecule along
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that vector which they may be productively engaging. Alternatively, in the original crystal
structure the pyridyl moiety is twisted slightly out of plane with the phthalazine ring; a greater
degree of orthogonality for these aryl groups could potentially lead to hydrogen bonding with
the backbone of SUV4-20. 51 has a hydrogen bond acceptor along this vector which displays
a slightly lower potency, perhaps indicating a preference for donors at this position. As more
metabolically stable surrogates for the phenolic analogues, benzothiazoles 54 and 55 retained
high potency, as did benzothiadiazole 56. By comparison, indazole 53 was far less potent,
which is perhaps due to unfavourable hydrophobic interactions with the methyl substituent.
Introduction of the tetrahydropyridine of 52 led to a loss of potency, however the compound

displayed improved potency compared to other reported tetrahydropyridine analogues.3%°

Whilst not leading to huge drops in potency, the relatively unsuccessful approaches seem to
be a result of loss of the appropriate vector along which to engage in hydrogen bonding.
Compare for example the 3-, 4-, and 5-substituted pyrazole analogues 38, 39, and 40
respectively, with the 5-substitution pattern leading to a loss of potency. Binding may also be
hampered by the hydrophobic isopropyl group, in a similar fashion to 53. The piperidine
analogues 41 and 42 have strong hydrogen bond donor and acceptor capability and yet show
relatively low potency. This is perhaps due to the axial and equatorial distribution of the
substituents around the piperidine ring, which would place the hydroxyl and sulfoxide
oxygens along the wrong vectors to engage with the water molecules. The low potency of 50
is surprising given the methoxy group was expected to be a strong hydrogen bond acceptor,
however the methyl group may be interfering in some way with the interaction. Finally, the
low potency of pyrimidine 57 is again presumably a result of poor extension along the proper

vectors for hydrogen bonding.
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Although the above approach has yielded several highly potent compounds, some contain
potential metabolic liabilities such as nucleophilic hydroxyl groups (45, 46, 47, and 49) and
unsubstituted aryl rings. Strategies for circumventing this, for example the use of non-
conjugable hydrogen bond donors (vide supra section 1.6.3.1) like benzothiazoles 54 and 55,
gave comparable potencies however raised concerns about the solubility of the final
compound. The pyrazole-based analogues (38 and 39) provide the best balance in terms of
potential metabolic stability and potency, with 39 achieving the aim of improving the on-
target potency of A-196. As well as this, the nitrile containing 43 has high potency and may
show increased stability given the metabolic robustness of the functionality.3?* Finally, the
benzoic acid of 48 may be interesting to pursue with respect to improving some
physiochemical properties, although it would likely impact the ability of the molecule to cross
the BBB. As well as this, the acidic functionality would decrease the volume of distribution
and be detrimental to half-life, however this could possibly be negated by lower clearance as

a result of the metabolically susceptible para-position of the aryl ring being blocked.

2.2.2.3 Backbone Maodification

The SAR around the phthalazine ring is limited to the effect of mono- and di-chlorination of
the backbone and switching from a quinoline to a phthalazine.?’* As the phthalazine ring itself
is not of great concern with respect to metabolic stability, and in fact should aid solubility, the
main focus of derivatisation was the backbone chlorine atoms. They sit in a tight hydrophobic
pocket (Figure 2.3) which presents two key challenges: achieving a reduction in lipophilicity
without losing potency; and making modifications that are tolerated with respect to steric

constraints.
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Introducing a second chlorine substituent to the backbone had a dramatic effect on the
potency of A-196 which suggests the di-substituted pattern needs to be maintained. Methoxy
groups act as isosteres of chlorine and offer a means of lowering lipophilicity whilst
maintaining hydrophobic interactions with the pocket, although are potential sites of
metabolic instability due to O-demethylation reactions. A means of circumventing this would
be to append a heterocycle to the phthalazine in the form of a methylenedioxy group (Scheme
2.5), which could be further stabilised by difluorination of the methylene bridge. Synthetically,
installing these modifications required building the phthalazine ring from the related benzoic

acid via a palladium-catalysed ortho-alkylation.3%®

The synthesis of isobenzofuranones 58, 59, and 60 was non-trivial, requiring extended
reaction times at high temperatures in a sealed tube. The subsequent steps were
straightforward however the final chlorination was low yielding, meaning it was not possible
to isolate enough of either 68 or 69 to continue with analogue synthesis. Despite this, 70 was
synthesised from 67 which permitted evaluation of its potency against SUV4-20H1 and H2

(Table 2.6).
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cl 58, 61, 64, 67: R1 = RZ2= OMe
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Scheme 2.5. Synthetic route to the modified phthalazine core of A-196. Reagents and conditions: a)
Pd(OAc),(0.1eq.), KzHPO4 (2.5 eq.), CH,Br, 140 °C, 48 hrs, 32-67%; b) i) NaOH (3 eq.), KMnO4 (2.2 eq.),
H,0, RT, 12 hrs, quant.; ii) Ac0, reflux, 12 hrs, quant.; c) N;H4 (1.2 eq), AcOH, 70 °C, 24 hrs, quant.; d)

POCI; (10 eq.), DIPEA (2.4 eq.), 130 °C, 24 hrs, 7-43%.

Table 2.6. Potency of compound 70 against SUV4-20H1 and H2.

R1
HN™
R? S
R3 N
R4
-20H1 -20H2
Compound R! R2 R3 R4 SUV4-20H1 SUV4-20H

ICs0 (kM)  1Cs0 (M)

70 YO OMe OMe = | >10 >10
\S

The dimethoxy substitution was very poorly tolerated, with only 15% inhibition of SUV4-20H1

observed at 10 uM. This may be because to occupy the same pocket as the chlorine atoms
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the methoxy substituents of 70 would have to adopt a gauche conformation, whereas ortho-
dimethoxybenzenes of this type almost exclusively adopt a planar conformation to maximise
conjugation of the oxygen lone pair with the aromatic ring (Figure 2.6).3%° Both the
methylenedioxy-based analogues (derived from 68 and 69) would likely avoid this issue, and

so efforts are ongoing to complete their synthesis.

I\I/Ie HN I\I/Ie HN HN
@] O 0

) SN M )
N > Me N Me N

? ~ AO ~ O ~
Me = = =
< < <

N N N
Co-planar Perpendicular Gauche

Figure 2.6. Potential conformations of the ortho-dimethoxy substituents of 70 in order of decreasing

stability. Bonds in bold represent a deviation from planarity.

2.2.2.4 Combined Modifications

Modifications that were tolerated with respect to potency and potentially more metabolically
stable and were then combined to try and achieve the greatest increase in stability. Knowing
that racemic 13 was reasonably potent and enantiomer 14 would give increased potency, the
rac-THF was chosen for further evaluation. As well as this, both the methyl- and
ethylcyclopropyl analogues 18 and 19 were chosen alongside the bicyclopentane of 20. Of the
pyridyl modifications, the pyrazole analogues 38 and 39 were chosen together with the
phenyl analogue 46 and the indazole 53 (Table 2.7). Once again, the amines were installed via
SnAr of the 1,4,6,7-tetrachlorophthalazine, followed by Suzuki reaction with the requisite

boronic acid to yield the desired analogues.
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Whilst it had been hoped that the SAR around the scaffold of A-196 would be additive, in
most instances this wasn’t the case and the analogues showed large drops in potency
compared to their parent structures. 71 retained potency and would be expected to be more

potent when the single enantiomer is tested, which may form the basis for future efforts.

Table 2.7. Combined modifications of A-196 aimed at improving metabolic stability whilst maintaining

potency.

SUV4-20H1 SUV4-20H2

Compound R! R? R? R
p ICso (uM)  ICso (M)

0
71 /[) ca ggv 0.87 0.97
% N
\
72 YNy a gw 1.00 0.90
N
\
73 )W a %N 1.10 0.90
k3 \ N,

-
Pz

AN
74 E)W Cl Cl N% 1.00 0.70
>,.

F
75 E)W a i; 2.40 1.60
0

76 % ca gw 0.40 0.60
N

%
cl cl 0.30 0.70

77

X
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SUV4-20H1 SUV4-20H2

Compound R! R? R? R
p ICso (WM) 1Cs0 (M)

78 % Cl Cl 3.2 3.7
NH

76 and 77 also remained reasonably potent and combine the functionalities previously

identified as most likely to improve the metabolic stability.

2.2.3 Scaffold Diversification — Second Compound Series

During the course of the work around A-196 a crystal structure of SUV4-20 with a new,
structurally distinct inhibitor bound was disclosed (Figure 2.7, compound 79, PDB: 5WBV). 79
occupies the histone binding pocket of SUV4-20 in a very similar manner to that of A-196: the
pyrazolopyrone core is sandwiched between Trp264 and Phe281 with the carbonyl occupying
the same vector as one of the chlorines; the phenyl ring occupies the cyclopentyl pocket; and
the chlorobenzoic acid sits in the same solvent exposed region as the pyridine, the chlorine
overlapping with the pyridyl nitrogen. In the absence of a hydrogen bond donor, the active
site water is excluded from the pocket by the interaction of the phenyl ring and the methyl

substituent on the pyrone.

The potency of 79 against SUV4-20 was not disclosed, however if highly active the
pyrazolopyrone core offers an attractive, less lipophilic alternative to the dichlorophthalazine
of A-196. It was envisaged that combining features of the two structures could yield a new
class of inhibitors with enhanced metabolic stability. 79 could be accessed following
consecutive condensations of 2-chloro-5-hydrazinylbenzoic acid with ethyl benzoylacetate
then ethyl acetoacetate (Scheme 2.6). Initially, synthetic efforts focused on exploring the SAR

around the scaffold of 79 and attempting to engage certain residues in the binding pocket in
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order to improve its potency (Table 2.8). Sequential condensations of various aryl hydrazines

with B-keto esters afforded expedient access to a range of analogues.

Figure 2.7. Crystal structure of SUV4-20 in complex with A-196 (orange) overlaid with the structure in

complex with 79 (blue) (PDB: 5CPR, 5WBV).

HoN .

OH OH

Cl Cl

79

Scheme 2.6. Synthesis of 79. Reagents and conditions: a) Ethyl benzoylacetate (1.0 eq.), EtOH, 60 °C,

12h, quant.; b) Ethyl acetoacetate (10.0 eq.), reflux, 12h, 82%.

95



Table 2.8. Analogues of reported SUV4-20 inhibitor, 79, and their activity against SUV4-20H1 and H2.

R3 R'I
2
[ N
o” 0" N
R2
SUV4-20H1 SUV4-20H2
Compound R? R3
P ICs0 (LM) ICs0 (LM)
o
OH
79 CHs 5.00 8.50
@]

81

5
@_{W CF3 >10 >10
@)

R1
5
80 @_{W CHs 5.60 8.60
@)
o
@ Q CHs >10 >10
0

82
/
FyC
o
/O
83 CHs >10 >10
0
/
FsC
o
84 7 N CHs >10 >10

Cl
Me
&
85 @ CHs >10 >10
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SUV4-20H1 SUV4-20H2

Compound R?! R? R3
P ICs0 (M) ICs0 (LM)

86 CHs >10 >10

Compound 79 was revealed to be a relatively weak inhibitor of both isoforms of SUV4-20, and
no derivative tested showed improved potency. Loss of the chlorine (80) caused a slight drop
in potency, however the carboxylic acid moiety proved to be crucial for maintaining some
degree of activity (see compounds 82, 83, 84, 85, 86). Attempts to place hydrogen bond
donors along the R2vector in order to engage the active site water (82 and 83) analogous to
the pyridyl of A-196, proved fruitless. Similarly, introducing hydrogen bond donors along R?
to interact with Ser251 yielded no gains in potency. It is worth noting that this strategy was
not attempted with the chlorobenzoic acid at R? due to the availability of the starting aryl
hydrazine, however it may yield better results if attempted in future. Finally, compound 81
was designed to investigate stabilising the potentially metabolically labile vinylic methyl

group, however the introduction of the trifluoromethyl was not tolerated.

Despite the low potency of 79 and its analogues, there remains the possibility that the
pyrazolopyrone core could be a suitable isostere for the phthalazine. As a result, efforts are
ongoing to synthesise compounds based on the pyrazolopyrone core of 79 that incorporate a
cyclopentylamine and pyridyl component (87, Figure 2.8). Further derivatives comprising the
more metabolically stable and more potent substituents (88 and 89) could then be

synthesised should the combination retain the potency of A-196.
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87 88 89

Figure 2.8. Envisaged combinations of 79, A-196, and other analogues.

2.3 INCREASING FRATAXIN EXPRESSION

Determination of frataxin-luciferase expression was carried out by Dr Gabriela Vilema-Enriquez and

Saumya Maheshwari at the Department of Physiology, Anatomy, and Genetics, University of Oxford.

2.3.1 GAA-Repeat Expansion Reporter Model of FRDA

The FRDA cell model that was the basis of the initial discovery of A-196 (section 1.5) was also
essential in identifying those analogues that induced an equivalent or improved up-regulation
of FXN expression. The model allows the direct comparison of frataxin expression between a
normal and diseased FXN gene containing an expanded repeat region.3?” A vector containing
a promoter sequence, the FXN locus containing six GAA repeats, and a downstream sequence
was fused with a firefly luciferase gene at exon 5a immediately before the stop codon (pBAC-
FXN-Luc vector, Figure 2.9). To mimic the genomic changes associated with FRDA, a second
vector was designed with a GAA region 310 repeats long inserted into intron 1 of the FXN
locus, in order to replace the six GAA repeats and mimic the changes associated with FRDA

(pBAC-FXN-GAA-Luc, Figure 2.9).

98



Promoter FXN Locus Downstream
1 | |

|:| pBAC-FXN-Luc = 6 GAA repeats
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Figure 2.9. Schematic representation of the pBAC-FXN-Luc vector (6 GAA repeats) and pBAC-FXN-GAA-
Luc vector (310 GAA repeats). The vectors contain approximately 38 kb of promoter region, the 80 kb
FXN locus and 17 kb of downstream sequence. Exon 5a contains a luciferase sequence preceded by a

peptide linker at the 5’ end and followed immediately before the stop codon.

HEK293 cells transformed with both vectors expressed a frataxin-luciferase fusion protein of
the expected size, which could be measured using relative luciferase expression as proxy.3%’
The presence of the repeat expansion led to a 37% decrease in FXN-Luc mRNA levels, and a
42% decrease in levels of the frataxin-luciferase protein, recapitulating the phenotype
observed in FRDA patient cells. Importantly, the presence of the repeat region in the vector
induced the same epigenetic changes observed around the FXN locus in FRDA patients: global
histone hypoacetylation; an increase in repressive histone methylation marks; and an

increase in CpG methylation.
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HEK293 cells bearing the pBAC-FXN-GAA-Luc vector were treated with the A-196 analogues
for six days at 5 uM. Frataxin-luciferase expression in these cells was compared to a DMSO

vehicle control and HEK293 cells transfected with the healthy pBAC-FXN-Luc vector.

2.3.2 Effect on Frataxin Expression — Reporter Model

2.3.2.1 Cyclopentyl Modifications

2.0

*kk

1.5+

0.5+

Relative luciferase expression
=
[=]
L
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Figure 2.10. Effect of compounds 11-36 on FXN expression in a reporter cell model of FRDA. FXN-Luc
represents a reporter model of healthy FXN expression. The vehicle control is DMSO and SGC2043 acts
as a negative control. Cells were treated with compounds at 5 uM for 6 days. Results are the average
of three experiments each with three biological replicates. The data are relative to the vehicle and
are presented as means + SEM (one-way ANOVA followed by Bonferroni test): * = p < 0.05; ** = p <

0.01; *** = p < 0.001; **** = p < 0.0001

Four compounds (19, 21, 23, and 28) induced a significant increase in FXN expression to levels
comparable to or above that of A-196 (Figure 2.10). Within error, all these increases were to

the level of expression observed in the healthy control. Several others (12, 17, 18, and 20)
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also induced an increase in expression however not to a degree of statistical significance.
Interestingly, 13 and its enantiomer 14 showed no appreciable increase in FXN expression,
despite being equally if not more potent against SUV4-20H1 than 23 and 28, respectively. 14
is also more potent than both 18 and 20, so the reason for this lack of efficacy is not
immediately apparent. It may be a result of decreased cellular permeability, as the
introduction of the THF ring in place of the cyclopentane will lead to a drop in ClogP, however
it would not be expected to be to such an extent as to prevent cell penetrance. Unique to 23
and 28 is a high degree of selectivity for SUV4-20H1 over H2, such that little to no H2 inhibition
would be expected upon treatment of cells with these compounds. 13 and 28 display the
same potency against H1, but 13 is actually marginally more selective for H2 over H1, which
could play some role in the observed efficacy of the compounds. The potential mechanism
underpinning this is unclear; SUV4-20H2 inhibition may be in some way antagonistic to H1
inhibition in the context of FXN expression. SUV4-20H1 knockout cells could be treated with
A-196 to see if H2 inhibition reverses the increase in FXN expression induced by knockdown
to test this hypothesis. However, if this were the case, some effect would be expected after
treatment at 5 uM with those more potent compounds, such as A-196, which is not observed.

As such, it is more likely a result of poor permeability or solubility.

2.3.2.2 Pyridyl Maodifications

Many of these analogues were potent inhibitors of SUV4-20, which is reflected in the fact that
the vast majority induced a significant increase in FXN expression, and many to a level above
that of the healthy control and A-196 (Figure 2.11). However, several analogues with 1Csos of
less than 5 uM did not induce a significant increase in FXN expression, including some of the

more potent analogues yet synthesised. This again may be explained by issues with cell
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Figure 2.11. Effect of compounds 38-57 on FXN expression in a reporter cell model of FRDA. FXN-Luc
represents a reporter model of healthy FXN expression. The vehicle control is DMSO and SGC2043 acts
as a negative control. Cells were treated with compounds at 5 uM for 6 days. Results are the average
of three experiments each with three biological replicates. The data are relative to the vehicle and
are presented as means + SEM (one-way ANOVA followed by Bonferroni test): * = p < 0.05; ** = p <

0.01; *** = p < 0.001; **** = p < 0.0001

permeability: for example, 48 has an ICso of 70 nM against SUV4-20H1 however the benzoic
acid functionality would likely render it ionised under assay conditions and thus poorly
permeable. More puzzling however is the difference in cellular effect between equipotent
compounds (e.g., 42 vs 41, or 47 vs 43), and between near structurally identical compounds
(e.g., 54, 55, and 56). The latter examples suggest that this isn’t an issue with either
permeability or solubility, and neither can it be attributed to increased potency against SUV4-

20H2 over H1. Previous CRISPR knockout studies'3® and the efficacy of A-196 provide
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conclusive support for target selection, and so the differences could be due to experimental
inconsistencies. However, the results are the average of nine biological replicates with a
relatively small standard error (SE) per compound. Mass spectrometry suggests there are no
issues with compound degradation, and so it may be that there are problems with the

reproducibility and fidelity of the FXN reporter model.

2.3.2.3 Combined Modifications
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Figure 2.12. Effect of compounds 71-78 on FXN expression in a reporter cell model of FRDA. FXN-Luc
represents a reporter model of healthy FXN expression. The vehicle control is DMSO and SGC2043 acts
as a negative control. Cells were treated with compounds at 5 uM for 6 days. Results are the average
of three experiments each with three biological replicates. The data are relative to the vehicle and
are presented as means + SEM (one-way ANOVA followed by Bonferroni test): * = p < 0.05; ** =p <

0.01; *** = p < 0.001; **** = p < 0.0001
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Of those analogues that combined modifications aimed at boosting metabolic stability, 72,
73, 74 and 77 induced an increase in FXN expression to a degree of significance compared to
the vehicle. 75 and 76 also increase FXN expression to the level of the healthy control (Figure
2.12). Interestingly, 71 had no effect on FXN expression despite having sub-micromolar
potency against SUV4-20, replicating the results observed for the structurally similar
compounds 13 and 14. Poor cellular permeability may be a feature of the THF containing
analogues, and it would be worth assessing this in future experiments. 76 combines structural
features that should improve metabolic stability, and so it is heartening that the potency
against SUV4-20 is matched by good efficacy in the reporter model. The lack of statistical
significance is likely due to the highly conservative nature of the Bonferroni correction for
multiple comparisons. Dose-response experiments calculated the cellular ECso of 76 for
inducing FXN expression at 3.3 uM (Figure 2.13). The plateau of the curve was not reached
which may affect the accuracy of this measurement, and so the experiment will be repeated
in future. Nevertheless, the calculated ECso remains relatively high and would need to be

optimised with further analogue design in order to improve the eventual in vivo dose.
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Figure 2.13. Dose-response of 76 in the reporter model of FXN expression
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2.3.2.4 Second Compound Series
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Figure 2.14. Effect of compounds 79-86 on FXN expression in a reporter cell model of FRDA. FXN-Luc
represents a reporter model of healthy FXN expression. The vehicle control is DMSO and SGC2043 acts
as a negative control. Cells were treated with compounds at 5 uM for 6 days. Results are the average
of three experiments each with three biological replicates. The data are relative to the vehicle and
are presented as means + SEM (one-way ANOVA followed by Bonferroni test): * = p < 0.05; ** = p <

0.01; *** = p < 0.001; **** = p < 0.0001

Despite little to no observed potency against the SUV4-20 homologues, four compounds of
the pyrazolopyrone series induced a significant increase in FXN expression relative to the
vehicle (Figure 2.14). This would suggest an increase via a separate mechanism to SUV4-20
inhibition, perhaps some interaction with nascent RNA to prevent R-loop formation.
Literature analysis revealed structurally similar compounds that acted as inhibitors of the
bromodomains of Polybromo Protein-1 (PB1), which has been implicated in various forms of
cancer (PB1-10 and PB1-11, Figure 2.15).328 This compound series may be interacting with
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these domains, however given the histone hypoacetylation characteristic of the FRDA FXN
locus the mechanism by which this would induce gene expression remains unclear. As such,
before further compound characterisation can take place these contentions remain purely
speculative. Another possibility, as described previously, is issues with the fidelity of the
reporter cell assay. Although the response of cells to the vectors has been extensively
characterised,3?” the repeat length of the pBAC-FXN-GAA-Luc vector is relatively short (310
repeats) compared to what is observed in sufferers (700-800 repeats).1®® This may lead to an
inconsistent FXN expression profile across cells, with some exhibiting the disease phenotype
where others do not. It may also lead to inconsistencies across the epigenome of cells, which

may explain why some potent compounds do not induce expression whilst others do.

o 0
o 0
\ N \ \/N
NH NH
PB1-10 PB1-11
PB1 Ky = 3.4 uM PB1 Ky =3.3 uM

Figure 2.15. Isochromeno(3,4-c]pyrazol-5(2H)-one-based PB-1 inhibitors, PB1-10 and PB1-11

2.4 PHARMACOKINETICS

Hepatocyte stability studies were carried out by Sygnature Discovery. In vivo PK assessment was

carried out by Pharmidex Pharmaceutical Services Ltd.
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2.4.1 In Vitro PK

Microsomal stability assays are valuable for determining the clearance of compounds that are
substrates for phase | enzymes, however hepatocytes are thought to be closer to a model for
the whole liver as they comprise cell membranes and the physiological concentrations of
enzymes and cofactors.3?° As such, they are more useful for predicting in vivo clearance.
Therefore, looking ahead to in vivo studies hepatocytes were chosen as a more relevant
system for metabolic stability assessment. A-196 was incubated with mouse and human
hepatocytes and displayed a high rate of clearance and relatively short half-life in both (Table
2.8). A longer half-life than that observed after incubation with MLM and HLM may indicate
that the uptake of A-196 into hepatocytes is rate-limiting, suggesting a relatively low degree

of passive permeability compared to a high rate of metabolism.33°

Of the analogues synthesised, compounds 76 and 77 combined structural features envisaged
to give the greatest increase in stability with good potency against SUV4-20. Alongside this,
they displayed good efficacy in the FRDA reporter model, inducing robust expression of
frataxin back to healthy levels. The compounds were incubated with mouse and human
hepatocytes, where they displayed stark differences in metabolic stability between species
(Table 2.9). Pleasingly, both 76 and 77 displayed vastly improved clearances and half-lives in
human hepatocytes compared to A-196. In particular, 76 had a half-life of almost three hours,
a 9-fold improvement over A-196, with an 8-fold reduction in clearance. Although clearance
is significantly reduced, it would still ideally be lower as per the target-product profile. The
introduction of the N-difluoromethyl substituent of 77 led to an increase in potency over A-
196 and it was hoped this would be coupled with an increase in stability relative to 76, but it

displayed a far shorter half-life. In mouse hepatocytes, 76 showed slight improvements in
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clearance and half-life over A-196 however to a far smaller extent than those observed in
human hepatocytes. By comparison, 77 showed far worse stability in mouse hepatocytes than
in human, and even when compared to A-196. Compound 39 was subsequently incubated

with mouse and human hepatocytes to investigate the effect on stability of introducing the

N-difluoromethyl pyrazole.

Table 2.9. Stability in mouse and human hepatocytes of A-196 and compounds 39, 76 and 77.

L0

HN
Cl AN
cl Q N
’}j cl N
N
cl Z
{ N
a N-N
SN >”F
F
A-196 39 76 77
Species (hepatocytes) Compound CLint (LL/min/x108 cells) t1/2 (mins)
A-196 60 23
39 248 6
Mouse
76 41 34
77 193 7
A-196 72 19
39 56 25
Human
76 9 179
77 13 103

39 displayed comparable stability to A-196 in human hepatocytes however was cleared at a
four-fold higher rate by mouse hepatocytes. This difference may be explained by an increase

in the passive permeability of 39 meaning hepatic uptake is no longer rate-limiting, however
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this would be expected to be observed in human hepatocytes as well, where instead there is
a slight improvement in clearance and half-life. It is more likely that species differences
between mice and humans are the cause: for example, mice have a far larger and more
complex CYP2C and CYP2D families of enzymes for which these compounds may be

substrates.33!

2.4.2 In Vivo PK

The improved stability of 76 in hepatocytes prompted its evaluation in vivo to assess its
suitability for dosing in a mouse model of FRDA. Subcutaneous (SC) dosing was chosen as the
route of administration in order to prolong exposure as much as possible, and because it lends
itself to drugs that need chronic dosing as an epigenetic modulator would.?3? The study was
carried out in two armes: firstly, dosing exclusively with 76; and secondly, co-dosing 76 with

the CYP3A4 inhibitor ritonavir in an attempt to artificially increase half-life further.

The plasma concentration of 76 was assessed at multiple time points following SC dosing at 1
mg/kg. As shown in Table 2.10, in the first arm plasma concentrations peaked at 30 minutes
and then dropped to below the limit of quantification after 8 hours, with a half-life of 1.9
hours. In the second arm, the mice were dosed with ritonavir at 12.5 mg/kg orally (PO) 30
minutes prior to receiving an SC dose of 76 at 1 mg/kg. The specific CYP3A4 inhibitor made
little to no difference to the half-life of 76, further supporting the idea that members of the
CYP2C and CYP2D families may be responsible for its metabolism. This is a limitation of the
study design and perhaps should have been recognised sooner; future studies will evaluate
76 alongside a pan-CYP inhibitor such as aminobenzotriazole, or perhaps a CYP2C specific

inhibitor like sulfaphenazole.
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Table 2.10. In vivo pharmacokinetic assessment of 76. Arm 1: 76 (1 mg/kg SC); arm 2: 76 (1 mg/kg SC)
+ ritonavir (12.5 mg/kg PO). ®Time to reach peak plasma concentration following administration;
PMaximum plasma concentration; “Area under the plasma concentration-time curve from time zero

to the time of the last measurable concentration.

Arm t1/2 (hl") tmaxa (hl") Cmaxb (p,M) AUclastc (HM'hr)
1 1.9 0.5 0.299 0.625
2 2.2 0.5 0.295 0.495

Despite this, at 1 mg/kg SC 76 caused no adverse effects and displayed a reasonable half-life.
It did not reach plasma concentrations greater than cellular ECsp at this dose however, even
before the extent of plasma protein binding (PPB) and thus the fraction unbound has been
calculated. As a result, the dose would need to be substantially increased in order to achieve

efficacy in vivo for a prolonged period of time.

2.4.3 CNS MPO Score

To establish the probability that 76 will cross the BBB when tested in vivo, it was evaluated
against the CNS MPO criteria outlined in section 1.6.2.2 (Table 2.11). A score of 4.78 indicates
that 76 will likely cross the BBB and enter the CNS,3°% which is of critical importance for FRDA.
Both clogP and clogD remain too high, and further efforts to lower these will aid both

clearance and the CNS MPO score.
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Table 2.11. Individual calculated CNS MPO component parameter values, their scores, and total MPO

score for compound 76.

clogP  clogbh MW tPSA HBD pKa MPO Total

76 3.53 3.53 360.24  55.63 1 2.29

MPO Score 0.73 0.23 1 1 0.83 1 4.79

2.5 CONCLUSIONS AND FUTURE WORK

At the beginning of this chapter, a set of pharmacokinetic and pharmacodynamic criteria
necessary for an in vivo SUV4-20 inhibitor to induce FXN expression was established (Table
2.1). It was immediately obvious that the reported inhibitor A-196, despite excellent in vitro
activity, would not be suitable as an in vivo tool due to its significant metabolic instability. The
highly lipophilic cyclopentyl moiety was identified as the principal site of CYP-mediated
oxidation, and it became the focus of efforts aimed at developing a new SUV4-20 inhibitor

with improved PK and PD properties.

With limited knowledge of the SAR surrounding the molecule, a series of over 70 analogues
were synthesised in order to identify potential structural modifications that would improve
both clearance and half-life whilst maintaining potency and selectivity. It became apparent
that the H4 binding pocket of SUV4-20 was incredibly sensitive to steric factors, with any
change in the size of the cyclopentyl ring leading to sharp drops in potency. Traditional
strategies, such as the blocking of metabolically labile positions, or the introduction of
heteroatoms, were also not tolerated. A means of constraining the molecule in such a way as
to be unfavourable to metabolic enzymes without incurring too heavy a steric penalty was
found through the introduction of bicycles, with bicyclopentane and norbornane analogues

retaining nanomolar potency. Gains in potency were achieved through modification of the
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pyridyl substituent, with pyrazole analogues displaying comparable and in one case improved
potency over the parent compound. Eventually, combining the modifications resulted in
compound 76, which retained good potency against SUV4-20, induced robust expression of
the FXN gene in an FRDA reporter cell model, and had vastly improved metabolic stability

when assessed both in vitro and in vivo.

Despite progress having been made, there remain significant issues that need to be addressed
in order to meet the requirements of the target product profile. Both on-target and cellular
potency need to be improved, and a more suitable alternative to the metabolically unstable
cyclopentyl moiety found. Although it was hoped that the selectivity of the analogues
compared to A-196 would not have been greatly affected given the structural similarities, this
also needs to be assessed to ensure off-target effects are limited at higher doses. With respect
to eventual in vivo studies, the extent of PPB needs to be calculated in order to inform the
dose needed to increase the circulating unbound concentration to above cellular ECso. The
metabolic stability has been substantially improved; however, a relatively high clearance is
still contributing to a short half-life. Efforts are ongoing to address this: lowering the logP
through substitution on the core (90); further improving the stability of 76 by blocking
metabolically labile sites (91); and scaffold modification to create novel compound series with
improved stability (92, Figure 2.17). Finally, although MPO calculations suggests it would be
CNS-penetrant, this, and other physiochemical properties such as permeability and solubility,

needs to be assessed.

Beyond the compound itself, discrepancies between on-target potency and effect in the
reporter assay have hampered progress. As can be seen in Figure 2.16, there are a large

number of compounds that are potent inhibitors of SUV4-20 but induce no change in FXN
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expression in the reporter cell model. Similarly, several compounds with no observed potency
against SUV4-20 induce an increase in frataxin levels. It may be prudent to repeat the
characterisation of the FXN-Luc fusion vectors in order to investigate if there are any
inconsistencies in both frataxin expression and the changes to the epigenome due to the
reduced number of GAA repeats. The various analogues, and in particular the second
compound series, will be evaluated in selectivity assays to investigate the potential that FXN
expression is being increased via a separate pathway to SUV4-20 inhibition. Moving forward,
the effect on cellular FXN expression will be evaluated in terms of compound ECsp as opposed
to single point measurements to give a more accurate picture of cellular efficacy. This would

also allow the development of an SAR that combines both cellular ECsos and on-target 1Csos.

35 -
" -
%]
©
5 25
§_ " SUV4-20H1 IC5)< 1.0 uM
g = SUV4-20H1 IC, 1.0-5.0 pM
n 20 A
] * SUV4-20H1 IC5y > 5.0 pM
]
o
E 15 -
2
10 ‘
. -
- T 1 1

<1.00 1.00-1.25 >1.25

Fold-Change in FXN Expression at 5 uM [Compound]

Figure 2.16. Histogram showing the number of compounds with SUV4-20 ICso< 1.0 uM (green), 1.0-
5.0 uM (amber), and > 5.0 uM (red), and the fold-change in FXN expression they induce in the reporter

cell model of FRDA.

113



Nevertheless, the main goal of this work was to improve the metabolic stability of A-196
whilst maintaining activity, and great strides have been made towards this. With a nine-fold
improvement in half-life from 19 minutes to almost three hours achieved with compound 76,
the stage is set for the in vivo assessment of SUV4-20 inhibition for the treatment of FRDA in
the near future. Any study will have to be designed with certain factors in mind, for example:
appropriate biomarkers for compound efficacy; subcutaneous administration to prolong
exposure and enable chronic dosing; potential co-dosing with a specific or broad-spectrum
CYP inhibitor; and finally correct choice of animal model given the potential for species
differences in metabolism. Should SUV4-20 prove to be an unviable therapeutic target for
FRDA, it is hoped that a potent and selective in vivo tool will also allow for the interrogation

of the target in the pathology of other diseases.
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Figure 2.17. Next steps in analogue design towards an in vivo SUV4-20 inhibitor.

114



3 INCREASING FRATAXIN EXPRESSION THROUGH MODULATION OF
PROTEOME — DEUBIQUITINASE TARGETING CHIMERAS

3.1 PROJECT ORIGIN —INDUCED PROTEIN STABILISATION

In 2001, collaborative work between researchers at the California Institute of Technology and
Yale University was published describing a novel method for the conditional inactivation of
proteins.33® A chimeric molecule was synthesised that covalently bound to methionine
aminopeptidase-2 (MetAP-2) at one end, and at the other recruited the ubiquitin ligase
complex Skp1-Cullin-F box complex containing Hrtl (SCF). The induced proximity of MetAP-2
to SCF led to its ubiquitination and subsequent degradation by the proteasome, and thus the
first proteolysis targeting chimera (PROTAC) was born. This heralded the start of a new era
for drug discovery, and since then the field of chimeric (or heterobifunctional) small molecules

has exploded.334

The key role of a PROTAC is to drive the formation of a ternary complex between a protein of
interest (POI), the PROTAC itself, and an E3 ligase that can catalyse the ubiquitination
process.33 This means of promoting protein-protein interactions (PPIs) has inspired a host of
novel heterobifunctional molecules, an example of which has already been discussed, the
GeneTAC.2*¢ Other examples include: lysosome targeting chimeras (LYTACs), that bind
extracellular and membrane proteins along with a cell-surface lysosome-shuttling receptor to
target them for degradation by the lysosome;3¢ ribonuclease targeting chimeras (RIBOTACS),
which promote the degradation of RNA by ribonucleases;33” phosphatase recruiting chimeras
(PhoRCs), that induce the dephosphorylation of target proteins;33® autophagy targeting
chimeras (AUTACs) which target proteins for degradation by autophagosomes;3%

photochemically targeting chimeras (PHOTACs), which enable optical control of PROTAC
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action;3*% and most recently the acetylation tagging system (AceTAG) which induces protein

acetylation.3* Through induction of post-translational modifications (PTMs), these
technologies enable the control of protein function, fate, localisation, and can massively

impact cellular signalling.

One example described, PhoRCs, are an interesting new addition to the field of
heterobifunctionals in that they are the first to describe the removal of a PTM.338 Whilst
inducing the degradation of proteins through ubiquitination has broad applications in disease
treatment,33° the reverse process could also be of great value in diseases that require protein
stabilisation. The deubiquitinases (DUBs) are a superfamily of isopeptidases that cleave
ubiquitin chains in a manner specific to the degree and internal site of ubiquitination.34? A
chimeric molecule that recruits a DUB to a POl and induces its deubiquitination to prevent
degradation could be a ground-breaking addition to the toolbox of heterobifunctionals. It is
estimated that 80-90% of cellular proteins are degraded by the ubiquitin-proteasome system
(UPS), highlighting the potentially vast applications of this technology.3*? Frataxin is one of
these proteins: it is ubiquitinated by the really interesting new gene (RING) finger protein 126
(RNF126) whose genetic ablation leads to the accumulation of frataxin within the cell.3** A
deubiquitinase targeting chimera (DUBTAC) for frataxin could achieve the same effect (Figure

3.1).

3.1.1 Recruiting a Deubiquitinase — USP7

The human genome encodes over 100 DUBs which can be subdivided into six, structurally
distinct families:3* ubiquitin-specific peptidases (USPs); ubiquitin carboxy-terminal
hydrolases (UCHs); Machado—Josephin domain-containing proteases (MJDs); ovarian tumour

proteases (OTUs); motif-interacting with ubiquitin-containing novel DUB family (MINDYs);
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Figure 3.1. The premise of a DUBTAC.

and JAB1, MPN, MOV34 metalloenzymes (JAMM:s).3%¢ They perform three key functions
across the cell in relation to deubiquitination: generating free ubiquitin following its
translation by the ribosome; shortening polyubiquitin chains to edit the PTM; and finally
removing ubiquitin from a protein to reverse ubiquitin signalling or prevent its degradation.34?
Of the myriad ubiquitination types, mono-, K48-linked and K63-linked are the most
abundant.3*> K48-linked polyubiquitination is the cellular signal for proteasomal degradation,
and so a DUBTAC for induced protein stabilisation would have to recruit a DUB that targets
these ubiquitin chains. The USP subfamily of DUBs is by far the largest of the six, and the

345

majority of USPs remove ubiquitin from their substrates regardless of linkage type,>*> making

them an ideal family within which to find a suitable DUB. An appropriate ligand will need to
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be allosteric, binding to a domain functionally distinct from the catalytic USP domain so as

not to inhibit DUB activity.

USP7 targets multiple proteins and has been extensively studied for its role in the
deubiquitination of the oncogenic E3 ligase MDM2, which is a key player in the degradation
of the tumour suppressor p53.347:3% |t is a 135 kDa protein comprising seven domains: an N-
terminal tumor necrosis factor receptor—associated factor (TRAF)-like domain; the catalytic
USP domain; and five C-terminal ubiquitin-like domains, UBL1-5 (Figure 3.2).34 The TRAF-like
domain is crucial for substrate recognition via a shallow groove on its surface. The catalytic
USP domain contains the conserved fold typical for the USP family of enzymes, along with a
catalytic triad comprising residues C223, H464 and D481. USP7 is somewhat unique amongst
the USPs in that its catalytic domain remains in the inactive conformation until it binds its

ubiquitin substrate or UBL4-5 interact with its “switching loop”.3#°

USP7 was initially discovered as a result of its strong interaction with the herpes simplex virus
type-1 (HSV-1) encoded E3 ligase, infected cell protein 0 (ICP0).3°9351 |CPO mediates the
proteasomal degradation of a number of cellular targets central to host immune responses,

352 3kin to a natural

and recruits USP7 to prevent autoubiquitination and stabilise it in vivo,
DUBTAC. ICPO binds to USP7 at the interface of UBL1-2, in a similar manner to other known
USP7 UBL binders such as GMP-synthetase (GMPS), which allosterically promotes the
interaction of UBL4-5 with the catalytic domain to form the active state.34%3>3 These proteins
interact with the negatively charged surface of UBL2 via a shared KxxxK motif, with the two
lysine residues forming direct contacts with D762 and D764 of UBL2 (Figure 3.3).3>* Analogous

to the first reported PROTAC,**3 a peptide containing this KxxxK motif that mimics the

allosteric interaction of ICPO with USP7 could from one end of a prototype DUBTAC. Recruiting
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USP7 in this fashion would have the added benefit of promoting the interaction of UBL4-5

with the catalytic domain and increasing its catalytic activity.

ﬂ— Catalytic | 1 g 4 UBL2 UBL3 UBL4 UBL5
Domain

Figure 3.2. Crystal structure of the USP7 catalytic domain (cyan) and UBL1-3 (yellow, green, red,

respectively), with accompanying domain map (PDB: 5FWI).

Figure 3.3. a) Crystal structure of the interaction of ICPO with USP7, showing K620 and K624 extending
towards the buried aspartate residues; b) Specific interactions of K620 and K624 of ICPO with D762

and D764 of USP7 (highlighted in green) (PDB: 4WPI).
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3.1.2 Targeting a POI

Small molecule drug discovery has largely focused on the development of inhibitors, which is
in part a reason why the PROTAC field has been able to expand so rapidly: inhibition and
degradation work synergistically, and so there is no shortage of ligands from which to develop
PROTACs. By contrast, the same cannot necessarily be said for a DUBTAC: whilst an inhibitory
ligand may help target a DUB to a POI, continued inhibition would be antagonistic to the
desired effect of induced stabilisation. As a result, it may be necessary to focus on the
development of allosteric binders for any putative POls. This may not be the case however,
particularly given the mechanisms by which PROTACs exert their effects.3*> Firstly, as the
PROTAC is not itself degraded by the proteasome, they can operate sub-stoichiometrically
and exert their effect on multiple POI equivalents.3>*® DUBTACs could work in a similar manner
given binding affinity to the POl may be affected by ubiquitination status. Secondly, because
PROTAC efficacy is event-driven, i.e., by ubiquitination rather than binding affinity, potency is
not a concern and non-functional ligands can be used and still exert an effect.3>>3%” Therefore
weak orthosteric ligands could be used that will induce deubiquitination but not inhibit
protein activity. Furthermore, given the rate of proteome turnover is on the timescale of days
rather than hours as for small molecules,*8 inhibition of the POI may not be a problem given
the DUBTAC will be cleared well before the POl is re-ubiquitinated. The issue then becomes
one of dosing rather than mechanism of action. Finally, many proteins perform non-
enzymatic functions as scaffolding proteins or molecular chaperones, playing central roles in
health and disease.3>°-361 DUBTACs could be targeted towards these in the first instance as

guestions around mechanism are investigated.
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Research into the structure of frataxin has identified potentially druggable surfaces including
the region of K147, frataxin’s main ubiquitination site.3®? A series of small molecules that
compete with this binding site and induce frataxin accumulation have been described,
however require high cellular concentrations (10-45 uM) for efficacy (Figure 3.4).363
Optimisation of these scaffolds could yield a ligand with improved potency which would then

work in concert with the deubiquitinase preventing ubiquitination at other sites.

Failing this, a small molecule screen against frataxin would yield potential ligands amenable
for optimisation and eventual use as one end of the DUBTAC. Alternatively, for initial proof of
concept studies the ligand for USP7 could be appended to a nanobody specific for frataxin,
permitting targeting of the POI in the absence of a suitable small molecule binder. The use of
HaloTag technology to append the USP7 ligand to frataxin would also be a convenient means

of ensuring induced proximity.364
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Figure 3.4. Reported small molecule binders of the frataxin ubiquitination site.

3.1.3 Linker Design and Other Mechanistic Considerations

In the case of PROTACs, there is not always a correlation between target binding affinity and
the efficiency of degradation. Compound design is often centred on the interactions of the

respective ligands with their proteins, however as a greater mechanistic understanding has
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emerged it has become clear that beyond just conjugating ligands together, linkers play a key
role in mediating degradation efficiency.36>3%0

Degradation efficiency is driven by the formation of the ternary complex, which is in turn
governed by the strength of cooperativity, a metric used to describe the newly formed PPI.36°
Positive cooperativity occurs when interactions between the E3 ligase and POl enhance
ternary complex formation; negative cooperativity describes poor complex formation as a
result of repulsive interactions between the two proteins. With respect to linkers, various
factors can influence the degree of cooperativity. Linkers are traditionally formed of repeating
polyethylene glycol (PEG) units,?%> however purely alky linkers and those formed by click
reactions have also proved effective.3673%8 Changes in linker length also influence efficacy with
a high degree of sensitivity, for example the introduction of a single ethylene glycol unit into
a human epidermal growth factor receptor 2 (HER2) PROTAC led to an almost complete loss
of degradative ability.3®® Mechanistic studies have demonstrated the importance of the
PROTAC being able to “fold on itself” in order to bury extended surface areas and enable the
productive PPI of the protein targets, which can be heavily influenced by linker length.37°
Finally, the vector along which the linker is bonded to either ligand can affect efficacy as well
as selectivity for different targets,3%¢ for example selective degradation of different members
of the BET family of bromodomains could be achieved with the same triazolodiazepine ligand

by modulating the point of linker attachment.3”*
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Figure 3.5. The influence of cooperativity on ternary complex formation.

DUBs are of course different from E3 ligases and thus the formation of a ternary complex may
not be as important for a DUBTAC, particularly given their efficacy may depend on binding a
ubiquitin substrate as opposed to the POI. Nevertheless, USP7 substrate recognition is to
some degree dependent on interactions of its TRAF-like domain with the target protein, and
so it is expected that ternary complex formation will be a key driver of efficacy.3*® Prototype
DUBTACs that recruit a POl using a nanobody or HaloTag technology may be useful as a means
of elucidating the necessary ternary structure to subsequently guide linker design, however
the impact of the linker on PROTAC efficacy still remains poorly understood, and as such

various iterations of linker type and length will likely need to be evaluated.
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3.2 TOWARDS AN ALLOSTERIC USP7 LIGAND

3.2.1 Peptide Design and Synthesis

Biolayer interferometry was carried out by the author with the aid of Dr James Bennett, Dr Franziska

Guenther, and Amber Truepenny of the Target Discovery Institute, University of Oxford.

The USP7 binding region of ICPO is found between residues 594-633, which comprises the key
620KCARK®?* motif.3%* The peptide binds to an acidic region on UBL2 (">®DELMDGD’®%),

forming key salt-bridge interactions between the two lysine residues (K620 and K624) and
two buried aspartate residues (D762 and D764) on UBL2 (Figure 3.6). A backbone-backbone
hydrogen bond is formed between the nitrogen of ICPO C621 and the oxygen of UBL2 L760,
along with a further hydrogen bond between ICPO T625 and UBL2 E759. R619 and R626 of
ICPO are in proximity to D682 and D758 of UBL2 and may interact weakly, whilst the side chain
of R623 (ICPO) points away from the interface and doesn’t contribute to binding. Pfoh et a/
evaluated the binding affinity of a 13-amino acid long section of ICPO comprising the key KxxxK

motif (*1>PRGPRKCARKTRH®%7).354 |t bound to the UBL domains of USP7 with a Kp of 400 nM,

and a complete loss of affinity was observed with mutation of either K620 or K624,

highlighting the importance of these residues.
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Figure 3.6. Key binding interactions between ICPO and the UBL domains. Green represents
hydrophobic regions of the protein, and grey represents generic van der Waals protein contacts. A
blue residue or shading and dashed arrow indicates a hydrogen bonding interaction. X761 corresponds

to M761 of the binding site (PDB: 4WPI).

The 13-mer peptide described by Pfoh et al provides an ideal starting point for the
development of allosteric peptide ligands for USP7.3>* Due to the notoriously poor cellular
permeability of peptides,3’? initial efforts were centred around shortening the peptide and
evaluating whether the binding affinity could be recapitulated with just the KxxxK motif (95).
Given R623 is not involved in any binding interactions, mutations were introduced in an
attempt to engage the proximal M761 of UBL2 in either hydrogen bonding or Met-aromatic
interactions (96 and 97). Systematic extension beyond the core motif was then evaluated,
given concerns that the proline residue may be necessary to induce the optimal binding
conformation (98 and 99). The peptides were synthesised using standard
fluorenylmethyloxycarbonyl (Fmoc)-based solid-phase peptide synthesis (SPPS), employing

N-N’-diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBt) as coupling reagents.
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Table 3.1. Binding affinity of ICPO-based peptides 95-99 against UBL1-5 of USP7. ?As determined by

biolayer interferometry (BLI): peptides were tested at 1 and 10 uM.

Peptide Sequence Ko? (uM)
95 Ac-KCARK-COOH >10
96 Ac-KCSRK-COOH >10
97 Ac-KCFRK-COOH >10
98 Ac-RKCARKT-COOH >10
29 Ac-PRKCARKT-COOH >10

No appreciable binding was observed at either 1 or 10 uM for the peptides tested in a biolayer
interferometry (BLI) assay (Table 3.1). BLI measures the optical interference pattern of white
light reflected from two surfaces: a sensor with a layer of immobilised protein, and an internal
reference layer. Any ligand biding to the protein will cause an increase in the thickness of this
layer, changing the interference pattern and allowing binding to be measured as a function
of the change in thickness. Clearly the core KxxxK motif alone is not sufficient for binding to
USP7, and the peptide requires contributions from the surrounding resides. As such, a further
set of peptides were designed that grew the peptide iteratively in both directions in order to
ascertain both the shortest length of peptide that could be used for binding as well as the key
residues beyond the core motif (Table 3.2). The peptide described by Pfoh et al was also
evaluated (107),>* along with a longer section of the ICPO binding region (108). Instead of
free acids, the peptides were evaluated as C-terminus amides, in order to avoid potentially
unfavourable interactions with the acidic UBL2 binding region and to mimic the native protein
more closely. Again, the peptides were synthesised using standard Fmoc-SPPS, with DIC and

HOBLt as coupling reagents. Rink amide resins were used to derive C-terminus amides.
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Three of the peptides (100, 107, 108) initially showed binding to USP7 at both 1 and 10 uM,
however this signal was also observed in the absence of the protein, indicating non-specific
binding to the biosensor. Apart from this, no binding was observed at either concentration
for the remaining peptides. Further assessments of affinity could make use of blocking
reagents in order to reduce non-specific interactions to background levels. Failing this, an
assay such as isothermal titration calorimetry (ITC) could be used which would circumvent

the need for sensors.

Table 3.2. Binding affinity of a second series of ICPO-based peptides 100-108 against UBL1-5 of USP7.

Peptide Sequence Ko (LM)
100 Ac-PRKCARKTR-NH; N/A
101 Ac-GPRKCARKT-NH; >10
102 Ac-PRKCARKTRH-NH> >10
103 Ac-RGPRKCARKT-NH; >10
104 Ac-PRGPRKCARKT-NH; >10
105 Ac-PRGPRKCARKTR-NH; >10
106 Ac-RGPRKCARKTRH-NH >10
107 Ac-PRGPRKCARKTRH-NH; N/A
108 Ac-SGPRGPRKCARKTRHAE-NH; N/A

3.2.2 Next Steps

Before further progress can be made, the concerns surrounding the assay need to be
addressed, specifically the issue of non-specific binding. This may be an inherent problem
with the use of cationic peptides and biosensors, and therefore ITC would offer a convenient

solution. However, ITC requires relatively large amounts of protein per experiment which
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would limit the potential throughput. The use of blocking reagents would enable the use of
BLI which is far higher throughput, following which ITC could be used a means of validating
any observed hits. Once suitable assay conditions have been chosen, the above peptides can
be re-tested and details of the SAR surrounding the ICPO-USP7 binding interaction can be
elucidated, particularly with respect to the importance of the residues either side of the core

KxxxK motif.

The ultimate goal of the development of this technology is to incorporate a small molecule
recruiter of a DUB, and so once a suitable peptide has been found, it can serve as a reporter
molecule for a screening campaign against the UBL domains of USP7. The surface of the UBL2
binding domain provides numerous opportunities for covalent modification, the tractability
of which could be evaluated using targeted mutation of a model peptide. The incorporation
of covalent warheads, for example sulfonyl fluorides to target lysines or serines, or an
oxaziridine to target the binding site methionine, could pave the way for their use in an

eventual small molecule binder.

3.3 CONCLUSIONS AND FUTURE WORK

Whilst this work was ongoing, two separate reports were published detailing the
development of technologies aimed at the targeted stabilisation of proteins. One described
the development of engineered deubiquitinases (enDUBs) that consisted of the catalytic
domain of a deubiquitinase fused to an antibody for yellow fluorescent protein (YFP).3’3 When
this was co-expressed with a cystic fibrosis transmembrane regulator (CFTR)-YFP fusion
protein, the enDUB was recruited and able to stabilise CFTR mutants associated with cystic
fibrosis, rescuing the disease phenotype. The second report was a pre-print that also

concerned the rescue of CFTR mutants however this time described a small molecule DUBTAC
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that recruited the DUB OTUBL1 via a covalent ligand for an allosteric cysteine.3”* This was
linked to the CFTR-targeting small molecule lumacaftor and was shown to stabilise the

mutant protein and increase its levels in a concentration and time-dependent manner.

Both of these reports provide encouragement and demonstrate that the concept of protein
stabilisation via induced deubiquitination is feasible. However, there is little by way of
mechanistic understanding: for the small molecule DUBTAC, only two linker lengths are
evaluated and there are no structural insights as to their differences in efficacy. Similarly,
there is no information regarding a potential ternary complex formed between the enDUB
and its target, so this remains an area requiring further investigation. As well as this, the
OTUB1 recruiting ligand of the DUBTAC shows poor selectivity for the DUB, which is of
particular concern given it contains a covalent warhead. Alongside potential issues with
permeability, this may explain why cellular high concentrations of the DUBTAC (10 uM) are
required to elicit the desired response. As such, there remains a need for a more potent and
specific DUB recruiter. The natural role of the ICPO protein highlights its suitability as
inspiration for this:32it acts as a DUBTAC for HSV-1 and specifically targets USP7 via its UBL
domains, increasing its catalytic activity in the process. A small molecule that could
recapitulate this interaction would be of value not least because of its specificity, but also due
to the promiscuous nature of USP7’s deubiquitinase activity, both with respect to the
substrate protein and its degree and type of ubiquitination.3*® Work has begun in earnest on
the development of allosteric peptide ligands for USP7 and is ongoing. A suitable peptide will

enable a small molecule screen and accelerate DUBTAC development.

With respect to its application in FRDA, any DUBTAC would require a suitable ligand for

frataxin. This would form part of a parallel development strategy with a ligand for USP7. The
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applications of DUBTAC technology are not limited to FRDA: currently work is ongoing to
develop a ligand for phenylalanine hydroxylase (PAH), deficiencies in which cause the
metabolic disorder phenylketonuria.3’®> The applications in cystic fibrosis have already been
discussed,3”3374 and beyond this there are various diseases that could benefit from targeted
stabilisation and induced up-regulation of proteins. For example, tumour suppressors p53 and
p27 are regulated by the UPS and actively degraded to enable tumour cell proliferation.37®
Smad7 is degraded by the UPS and regulates transforming growth factor- (TGF-B) signalling
in progressive renal fibrosis; its upregulation has been shown to be protective in various
disease models.3”” BCL2-associated athanogene 3 (BAG3) is constitutively expressed in the
heart and skeletal muscle and its levels are significantly decreased in cases of dilated
cardiomyopathy and late-stage heart failure.>’® Finally, intracellular amyloid-beta
accumulation and impaired proteasome function in Alzheimer’s disease (AD) can be reversed
by the ubiquitin E3 ligase parkin, whose expression is downregulated in diseased brains.3”®
These are but a fraction of the 80-90% of proteins whose levels are regulated by the UPS,3*

and therefore very much not the only diseases in which DUBTACs may find applications.

Outside of therapeutic applications, DUBTACs could be used to probe the role of non-
degradative ubiquitin signalling in a variety of cellular processes. For example, K63-linked
polyubiquitination (regulated by DUBs such as cylindromatosis (CYLD)) modulates protein
trafficking, kinase activation, phosphatase activation, DNA repair, NF-kB activation, chromatin
dynamics, and plays an essential role in the signal transduction of inflammation.38%381 As well
as this, histone ubiquitination has been linked to both transcriptional activation and
repression, along with the DNA damage response.382 A DUBTAC could interrogate these

processes and provide valuable insights into complex cellular biology.
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4 THESIS CONCLUSIONS AND FUTURE PLANS

Friedreich’s ataxia is a rare, autosomal recessive neurodegenerative disorder that leads to
progressive loss of the sensory neurons of the dorsal root ganglia. The damage results in
awkward, unsteady movements and impaired sensory functions, leaving sufferers wheelchair
bound and eventually incapacitated. It is caused by the expansion of a trinucleotide repeat
region within the first intron of the FXN gene, which leads to reduced expression of the
essential mitochondrial protein frataxin. The resulting mitochondrial defects can lead to
cardiomyopathy alongside neurodegeneration, with heart disease the eventual cause of

death for sufferers. Currently, there is no available treatment.

The work in this thesis describes two approaches to the treatment of FRDA. Genetic ablation
and small molecule inhibition of the H4K20 methyltransferase SUV4-20 has been shown to
reverse the heterochromatin-induced pathological reduction in FXN gene expression. Chapter
2 builds on these discoveries and describes efforts to develop a small molecule SUV4-20
inhibitor suitable for in vivo evaluation. A-196 is a potent and selective inhibitor however
suffers from very poor metabolic stability, a result of extensive oxidation on the lipophilic
cyclopentyl substituent. Numerous analogues were designed and synthesised that attempted
to address the metabolic liabilities of A-196 whilst also further probing SAR around the

scaffold.

The SUV4-20 binding pocket was found to be incredibly sensitive to both steric and electronic
factors. Traditional strategies for improving metabolic stability, such as fluorination or the
introduction of heteroatoms, were not tolerated. Changes in the size of the cyclopentyl

substituent led to large losses of activity: only the introduction of bridging atoms in the form
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of bicyclic analogues maintained potency. The solvent exposed pyridyl moiety was more
amenable to modification; aryl-based hydrogen bonding substituents were well tolerated,
with an N-difluoromethylpyrazole-based analogue (39) displaying improved potency over the
parent compound. Modulation of the central phthalazine core substituents was synthetically
challenging and not extensively explored, however conversion to a dimethoxy-substituted
scaffold led to complete loss of potency. The analogues were also evaluated in a reporter cell
model of FRDA that expressed a frataxin-luciferase fusion protein and used luciferase
intensity as a proxy for frataxin expression. The cells were treated with compounds at 5 uM
for six days, and many compounds restored the levels of frataxin expression to those of the
healthy control. There were some discrepancies between on-target potency and efficacy in
the reporter model, which may have been due to issues of cell permeability or compound
solubility, however raised questions about the reproducibility and fidelity of the assay. Work

addressing these concerns is currently ongoing.

The eventual strategy pursued to improve metabolic stability was to constrain labile sites in
such a way as to be unfavourable to metabolic enzymes. Introducing a bicyclopentane
substituent maintained potency, and further derivatisation to include a pyrazole substituent
yielded compound 76, with an ICsp of 0.4 uM against SUV4-20 and ECso of 3.3 uM in the
reporter cell model of FRDA. The modifications increased the half-life in human hepatocytes
nine-fold over A-196, from 19 to 180 minutes, and when dosed subcutaneously in mice at 1
mg/kg 76 displayed a half-life of approximately two hours and caused no adverse effects. CNS
MPO evaluation gave a score of 4.78 out of 6, suggesting that the compound would cross the
blood-brain barrier. There are still some issues to address: both on-target and cellular potency
need to improve, and further gains in stability are needed. Target selectivity and compound

safety assays need to be carried out, as well as the evaluation of physiochemical properties
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such as solubility and permeability. Alongside these, prior to in vivo assessment the extent of

plasma protein binding and CNS penetrance need to be established to aid decisions on dosing.

Work is ongoing to address the concerns with cellular potency, and to build on the gains
already made in metabolic stability. Efforts will focus on reducing the lipophilicity of the
compounds and the evaluation of new core scaffolds that might provide improvements in
stability. Nevertheless, 76 is a promising candidate for in vivo assessment of a SUV4-20

inhibitor for the treatment of FRDA.

The second section explores the conceptualisation and early efforts towards the development
of a heterobifunctional molecule for induced protein stabilisation via deubiquitination, a
deubiquitinase targeting chimera or DUBTAC. The pathological basis of FRDA is the reduction
in frataxin levels; a DUBTAC would act to prevent the degradation of frataxin by the UPS and
lead to its accumulation in cells. USP7 was chosen as the preferred DUB target due to its well-
studied interaction with the E3 ligase ICPOQ, a protein that plays a key role in protecting HSV-1
from host cell innate immune responses. ICPO recruits USP7 via its UBL domains and hijacks
its deubiquitinase activity, preventing autoubiquitination. Previous mapping of the
interaction between ICPO and USP7 identified a core peptide motif essential for binding and
provided inspiration for an allosteric USP7 recruiter. Initial work focused on exploring the SAR
of the interaction between the peptide and USP7, however issues with the chosen assay
conditions hampered progress this area. Nevertheless, work is ongoing to address these and
develop a suitable peptide-based ligand that will allow initial proof-of-concept studies, as well

as act as a reporter molecule for a screen of small molecules against the UBL domains of USP7.

An effective DUBTAC will likely find myriad applications in the worlds of disease treatment

and chemical biology. There are numerous diseases where loss-of-function mutations and
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reduced protein expression play pathological roles; analogous to PROTACs, which challenged
traditional, affinity-driven notions of drug discovery, DUBTACs could offer a novel route to
disease treatment not limited by requirements of potency and selectivity. As well as this, they
would enable interrogation of the complex cellular pathways governed by ubiquitination and

provide insight into the numerous roles it plays.

It is hoped that the progress made in developing a SUV4-20 inhibitor to treat FRDA will
continue, enabling evaluation in animal models of the disease and accelerating preclinical
development. Despite progress in the development of other therapies, there remains no
approved drug for this devastating disease, leaving almost two million people with no
recourse to treatment. More broadly, it has highlighted the utility of epigenetic probe libraries
to enable drug discovery and should inspire similar approaches in other diseases. DUBTACs
offer a complementary means of treating FRDA, and recent similar work has exemplified their
potential. Although very much still in its infancy, the project has enormous potential and could

cause a paradigm shift in the fields of disease treatment and chemical biology.
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5 APPENDIX

5.1 CHAPTER 2

Supplementary Table 2.1. Full metabolic stability for A-196 in human and mouse liver microsomes.

aSE = standard error of the mean.

Metabolic Stability (Human) Metabolic Stability (Mouse)
CLint Cl-int
. SE? ti2 . SE t1/2
C d L L
ompound  (ul/min/mg ¢\ (i) M (WUmin/mg o (min)
protein) protein)
A-196 191 5.88 7.28 5 239 4.66 5.79 5

Supplementary Table 2.2. Full metabolic stability data for A-196, 39, 76, and 77 in human and mouse

hepatocytes. 2CV = coefficient of variation, the ratio of the standard deviation to the mean.

Metabolic Stability (Human) Metabolic Stability (Mouse)
CLint cve t Clint oV t
Compound  (uL/min/x10®  CLint (n:i/:l) n  (uL/min/x10° CLine (%) (n‘::;)
cells) (%) cells) mt 1o
A-196 72 13.0 19 2 60 9.7 23 2
39 56 13.0 25 2 248 13.4 6 2
76 9 7.0 179 2 41 15.0 34 2
77 13 13.7 103 2 193 13.4 7 2
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Plasma Concentrations of 76 Following SC Administration Alone and In
Combination with Ritonavir (PO)

1000 -
_ 100 4 ——1 mg/kg 76 SC
£
=
=
g 1 mg/kg 76 SC
F +12.5 mg/kg
o Ritonavir PO
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\1 T T T T 1
-1 4 9 14 19 24

TimePost Dose (hrs)

Supplementary Figure 2.1. Plasma concentrations of compound 76 following 1 mg/kg SC
administration alone and in combination with CYP3A4 inhibitor ritonavir (12.5 mg/kg PO). The study
was carried out in male CD1 mice (n = 3). 76 was formulated as a solution in DMSO (10%) and
hydroxypropyl-B-cyclodextrin (HP-B-CD, 90%). Ritonavir was formulated as a solution in DMSO (10%),

cremaphor (10%), and water (80%), and was dosed 30 minutes before 76.
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5.2 CHAPTER 3
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Supplementary Figure 3.1. BLI plot mapping the interaction of peptides 95-99 (10 uM) with USP7
(immobilised on an anti-His (HIS2) biosensor). Binding is measured as a function of the change in the

wavelength of light observed upon binding.
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Supplementary Figure 3.2. BLI plot mapping the interaction of peptides 100-108 at 1 (50s) and 10

(300s) uM with USP7 (immobilised on an anti-His (HIS2) biosensor).
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Supplementary Figure 3.3. BLI plot mapping the interaction of peptides 100-108 at 1 (50s) and 10
(300s) uM with a reference anti-His (HIS2) biosensor, indicating the binding observed in

Supplementary Figure 3.2 is the result of non-specific binding to the sensor.
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7 EXPERIMENTAL PROCEDURES

7.1 GENERAL EXPERIMENTAL

7.1.1 Solvents and reagents

All solvents were purchased from commercial sources and used without purification (HPLC or
analytical grade). Anhydrous solvents were purchased from Acros Organics stored under a
nitrogen atmosphere with activated molecular sieves. Standard vacuum line techniques were
used, and glassware was flame dried prior to use. Deionised water was sourced using an Elga

DV 25 system. Organic solvents were dried during workup using anhydrous Na,SOa.

7.1.2 Purification and chromatography

Thin Layer Chromatography (TLC) was carried out using aluminium plates coated with 60 F2s4
silica gel. Plates were visualised using UV light (254 or 365 nm) or staining with Ninhydrin (1
M, EtOH) or 1% aq. KMnO4. Normal-phase, silica gel column chromatography was carried out
using Biotage Isolera One flash column chromatography system. Compound analytical HPLC
and low resolution mass spectrometry were carried out on a waters LCMS system (Waters
2767 sample manager, Waters SFO System Fluidics organizer, Waters 2545 binary gradient
module, 2 x Waters 515 HPLC pumps, Waters 2998 photodiode array detector, Waters 2424
ELS detector, Waters SQ detector 2). Analytical separation used a Kinetex 5 uM EVO C18
column (100 mm x 3.0 mm, 100 A) with a flow rate of 2 mL/min along a 3 minute gradient
elution. The mobile phase consisted of solvent A (93% water, 5% MeCN, and 2% 0.5 M
ammonium acetate adjusted to pH 6 with glacial acetic acid) and solvent B (18% water, 80%

MeCN, and 2% of 0.5 M ammonium acetate adjusted to pH 6 with glacial acetic acid). The
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elution gradient was: 95:5 (A/B) 0.35 min, 95:5 (A/B) to 5:95 (A/B) over 1 min, 5:95 (A/B) over

0.75 min, and then reversion back to 95:5 (A/B) over 0.1 min and 95:5 (A/B) over 0.8 min.

7.1.3 Characterisation

Melting points were recorded using a Stuart SMP40 instrument. Infrared spectroscopy was
carried out with a Thermo Scientific Nicolet iS5 FTIR spectrometer fitted with an iD7IATR
accessory, selected absorption maxima (Vmax) recorded in wavenumbers (cm™). NMR spectra
were recorded using a Bruker Avance 400 MHz spectrometer using the deuterated solvent
stated. Chemical shifts (8) are quoted in parts per million (ppm) and referenced to the residual
solvent peak. The data are presented as chemical shift, multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, quin = quintet, sext = sextet, dd = doublet of doublets, dt = doublet of
triplets, m = multiplet, br = broad resonance peak, and derivatives thereof), coupling constant
(recorded in Hz and rounded to the nearest 0.1), and signal area integration. Two-dimensional
NMR experiments (COSY, HSQC, HMBC) were used to aid the assignment of 'H and 3C
spectra. Low Resolution mass spectra (LR-ESI-MS) were recorded on a Waters SQ Detector 2
(LC-MS) and the data processed using Waters FractionLynx software. High Resolution mass
spectra (HR-ESI-MS) were recorded on a RapidFire 360 High Throughput MS system and
processing was performed using Agilent MassHunter Workstation software. Compound
names were generated using ChemBioDraw Ultra v20.1.1 systematic naming. Atom
numbering in structures does not reflect IUPAC numbering conventions and is for the purpose

of assignment.
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7.2 CHAPTER 2

7.2.1 Chemical Synthesis

Synthesis of tert-butyl (3,3-difluorocyclopentyl)carbamate (9)

F _14
O /\N/\ 13 9 ] F

ST S N L
29N 1 2 4

0" N FEF DCM » o)J\N

H o g H 3
0°C to RT s
24hrs 9

A 2-necked RBF equipped with stirrer bar and septum was backfilled with N,and charged with
tert-butyl N-(3-oxocyclopentyl)carbamate) (235.0 mg, 1.179 mmol, 1.0 eq.). Dry
dichloromethane (7 mL) was added, and the solution cooled to 0 °C. Diethylaminosulfur
trifluoride (0.234 mL, 1.769 mmol, 1.5 eq.) was added dropwise with stirring, keeping the
reaction at 0 °C. Once addition was complete, the reaction was allowed to warm to room

temperature and left stirring overnight.

The reaction mixture was poured slowly into ice-cold, saturated NaHCOj3 solution and the
organic layer extracted 3 times with DCM. The combined organic extracts were dried over
sodium sulfate and the remaining solvent removed in vacuo. The crude product was purified
using column chromatography (DCM:MeQOH 95:5) to yield the title compound as a brown solid
(159 mg, 61% yield). M.P. = 105-108 °C; Vmax (cm™) 1742 (C=0), 1456 (C-F), 1161 (C-O); H
NMR (400 MHz, CDCl3) & 4.85 (br, 1H, 6), 4.18 (br, 1H, 2), 2.56 (dd, J = 18.3, 7.4 Hz, 1H), 2.40
—2.23(m, 2H), 2.23 - 2.14 (m, 1H), 2.14 —2.02 (dd, J = 18.3, 7.4 Hz, 1H), 1.82 (m, 1H), 1.40 (s,

9H); 3C NMR (101 MHz, CDCls) 6 155.44 (7), 132.07 (t, J = 248.8 Hz, 5) 79.81 (10), 48.96 (5),
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45.39 (1), 37.14 (1), 29.97 (3), 28.43 (11, 12, 13); LR-ESI-MS: C1oH17F2NO; [M+H*] m/z found:

221.43, calc.: 221.25; HR-ESI-MS: C10H17F2NO2 [M+H*] m/z found: 222.0299, calc.: 222.1306;

Synthesis of (3,4-2H,)cyclopentan-1-aminium chloride (10)

D, D
D Pd/C (10%) 1 A5,
*HaN - 2 D8
or CD,0D JHNT
RT, 16 hrs Cl 1

10

In an RBF equipped with stirrer bar and septum, cyclopent-3-en-1-aminium chloride (200.0
mg, 2.00 mmol, 1.00 eq.) was dissolved in methanol. 10% palladium on carbon (200.0 mg)
was added and the mixture then underwent sequential cycles of nitrogen bubbling and
vacuum degassing. Once the mixture had been fully degassed, a deuterium balloon was
introduced with the reaction still under vacuum. The vacuum was turned off and the mixture

left stirring under deuterium overnight.

The reaction mixture was filtered through celite and washed with ethyl acetate, with care
taken to prevent the celite from drying out. The solvent was then removed in vacuo to yield
(3,4-*H;)cyclopentan-1-aminium chloride (205.0 mg, quant.) as a white solid. M.P. = 192-195
°C; 'H NMR (400 MHz, DMSO) 6 8.14 (s, 3H, 6), 3.42 (p, /= 6.0 Hz, 1H, 2), 1.87-1.81 (m, 2H, 1,
3), 1.76 = 1.50 (m, 2H, 1, 3), 1.49-1.41 (m, 2H, 4, 5); 3C NMR (101 MHz, DMSO) 6 51.12 (2),
30.59 (1, 3), 23.42 (4, 5); LR-ESI-MS: CsHo?HoN [M+H*] m/z found: 87.27, calc.: 87.16; HR-ESI-

MS: CsHg?H,N [M+H*] m/z found: 88.0094, calc.: 88.1095.
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Synthesis of 1,4,6,7-tetrachlorophthalazine (Int 1)

N2H4 DIPEA
AcOH POCI,
70 °C, 24h 130°C, 24 h Cl

To a solution of 5,6-dichloroisobenzofuran-1,3-dione (5 g, 23.04 mmol, 1.00 eq.) in acetic acid
(20 ml) at room temp was added hydrazine (78% in H,O, 1.5 mL, 32.26 mmol, 1.4 eq.)
dropwise. The solution was stirred overnight at 70 °C under nitrogen. The excess acetic acid
was removed in vacuo and the resultant 6,7-dichloro-2,3-dihydrophthalazine-1,4-dione (5.32
g, 23.03 mmol, quantitative) was dissolved in POCl3 (21.46 ml, 230 mmol, 10 eq.) immediately
without further purification. N-ethyl-N-isopropylpropan-2-amine (4.01 ml, 23.03 mmol) was

added dropwise, and the mixture was heated overnight at 130 °C.

The reaction mixture was poured into ice water (400 mL) and left stirring for one hour. The
crude product was extracted using dichloromethane (DCM, 3 x 300 mL) and washed with sat.
bicarbonate solution (5 x 100 mL) until pH = 7, followed by brine (3 x 50 mL). The combined
organic extracts were dried over sodium sulfate and the excess solvent removed in vacuo.
The crude product was purified using column chromatography (cyclohexane:EtOAc, 9:1) to
yield 1,4,6,7-tetrachlorophthalazine (3.8 g, 14.18 mmol, 61.6 % vyield) as white, crystalline
solid. *H NMR (400 MHz, CDCls) & 8.42 (s, 2H, 3, 6); 13C NMR (101 MHz, CDCl3) 6 153.29 (7,
10), 140.10 (1, 2), 127.23 (4, 5), 125.90 (3, 6); LR-ESI-MS: CsH,ClsN2 [M+H*] m/z found: 268.11,

calc.: 267.92.
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General Procedure A

cl
cl SN
|
N
Cl &
Cl

To a solution of 1,4,6,7-tetrachlorophthalazine (Int 1, 1 equiv.) and DIPEA (1.2 equiv) in DMSO
in @ 22 mL vial at 80 °C was added amine (1 equiv.) in DMSO. The reaction was stirred at 80
°C overnight. Upon completion (as determined by LCMS), the reaction was cooled to room
temperature and extracted with DCM (3 x 10 mL). The combined organic extracts were
washed with water (5 x 10 mL), dried over sodium sulfate and the excess solvent removed in

vacuo. The crude product was purified using column chromatography (DCM:MeOH, 100:0 to

98:2) to yield the desired compound.

General Procedure B

R
HN

cl Sy

N
Cl &
Cl

4,6,7-trichlorophthalazine-1-amine (1 equiv.), boronic ester (1 equiv.), Pd(dppf)Cl, (0.1
equiv.), and Na;COs (3 equiv.) were placed in a dry 22 mL vial equipped with stirrer bar. The
vial was backfilled with N, and the contents dissolved in a degassed mixture of dioxane and

water (4:1 ratio). The reaction was heated at 80 °C under N3 for 1 hour before being cooled

DIPEA

_

DMSO
80 °C, 24h

Pd(dppf)Cl,
Na2CO3

Dioxane:Water (4:1)

80 °C, 1h
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to room temperature and filtered through celite. The mixture was extracted with ethyl
acetate (3 x 10 mL) and the combined organic phases washed with water (3 x 10 mL) and brine
(1 x10 mL) before being dried over sodium sulfate. The residual solvent was removed in vacuo
and the crude product purified using column chromatography (cyclohexane:ethyl acetate, 8:2

to 1:1).
6,7-dichloro-N-(3,3-difluorocyclopentyl)-4-(pyridin-4-yl)phthalazin-1-amine (11)
Step 1: 3,3-difluorocyclopentan-1-aminium chloride

F

Jo!
*H3N

cr

9 (xx mg, xx mmol, 1.0 eq.) was dissolved in dioxane and HCl added (4M in dioxane, x mL, xx
eg.). The solution was left stirring for 2 hours and the residual solvent removed in vacuo to
yield 3,3-difluorocyclopentan-1-aminium chloride (xx mg, quantitative), which was engaged
directly in the next step without further purification. LR-ESI-MS: CsH10CIF2N [M+H*] m/z

found: 157.21, calc.: 157.59.

Step 2: 4,6,7-trichloro-N-(3,3-difluorocyclopentyl)phthalazin-1-amine

To a 4 mL vial containing 3,3-difluorocyclopentan-1-aminium chloride (58.8 mg, 0.373 mmol,

1.0 eq.) was added DMSO (1 mL) and diisopropylethylamine (DIPEA, 0.078 mL, 0.448 mmol,

173



1.0 eq.). The resulting solution was reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq) according
to general procedure A to yield 4,6,7-trichloro-N-(3,3-difluorocyclopentyl)phthalazin-1-
amine (85.4 mg, 64.9%) as a brown solid. *H NMR (400 MHz, CDCls3) 6 8.25 (s, 1H, 6), 8.20 (s,
1H, 3),6.29 (d, J = 6.6 Hz, 1H, 13), 4.81 (h, /= 7.0 Hz, 1H, 15), 2.77-2.66 (m, 1H, 19), 2.47-2.35
(m, 1H, 17),2.35-1.96 (m, 3H, 17, 19, 16), 1.97 — 1.84 (m, 1H, 16); 13C NMR (101 MHz, CDCls)
6 152.45 (10), 144.51 (7),137.53 (1), 137.16 (2), 131.35 (t, /= 248.9 Hz, 18), 127.16 (6), 125.60
(4), 124.36 (3), 119.37 (5), 50.07 (t, J = 4.7 Hz, 15), 42.28 (t, / = 24.8 Hz, 19) 34.52 (t, /= 25.1
Hz, 17), 30.12 (t, J = 3.4 Hz, 16); LR-ESI-MS: C13H10CI3F2N3 [M+H*] m/z found: 352.53, calc.:

352.59

Step 3: 6,7-dichloro-N-(3,3-difluorocyclopentyl)-4-(pyridin-4-yl)phthalazin-1-amine (11)

4,6,7-trichloro-N-(3,3-difluorocyclopentyl)phthalazin-1-amine (50 mg, 0.142 mmol, 1.0 eq)
was reacted with 4-pyridinylboronic acid (17.4 mg, 0.142 mmol, 1.0 eq.) according to general
procedure B to yield 11 (49.2 mg, 87.8%) as a brown solid. M.P. = 277-279 °C; Vmax (cm™) 3189
(NH), 2979, 2890 (CH), 1651 (C=N), 1297 (C-F); *H NMR (400 MHz, CDCl3) & 8.81 (d, J = 4.8 Hz,
2H, 23, 25), 8.01 (d, 2H, 6, 3), 7.61 (dd, J = 4.5, 1.4 Hz, 2H, 22, 26), 5.46 (d, J = 6.7 Hz, 1H, 13),

4.98 (sext., J = 6.8 Hz, 1H, 15), 2.82 (ddt, J = 22.8, 14.6, 8.0 Hz, 1H, 19), 2.52 (dt, /= 13.2, 5.9
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Hz, 1H, 17), 2.43 - 2.29 (m, 1H, 19), 2.29 — 2.11 (m, 2H, 17, 16), 2.01 — 1.89 (m, 1H, 16); 13C
NMR (101 MHz, CDCls) 6 151.60 (10), 150.38 (23, 25), 149.60 (7), 143.89 (14), 137.24 (1),
136.62 (2), 131.45 (t, J = 249.2 Hz, 18), 127.47 (6), 125.03 (4), 124.37 (22, 26), 123.22 (3),
117.43 (5), 50.26 (dd, J = 5.9, 3.6, 15), 42.78 (t, J = 24.5 Hz, 19), 34.48 (t, J = 25.2 Hz, 17), 30.58
(dd, J = 4.5, 2.3 Hz, 16); LR-ESI-MS: C1sH14Cl,F2N4 [M+H*] m/z found: 395.43, calc.: 395.23; HR-

ESI-MS: CigH14Cl2F2Na [|V|+H+] m/z found: 394.9541, calc.: 395.06419

6,7-dichloro-N-(cyclopentyl-3,4-2H2)-4-(pyridin-4-yl)phthalazin-1-amine (12)

Step 1: 4,6,7-trichloro-N-(cyclopentyl-3,4-2H,)phthalazin-1-amine

To a 4 mL vial containing 10 (46.1 mg, 0.373 mmol, 1.0 eq.) was added DMSO (1 mL) and
diisopropylethylamine (DIPEA, 0.78 mL, 0.448 mmol, 1.2 eq.). The resulting solution was
reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq.) according to general procedure A to yield
4,6,7-trichloro-N-(cyclopentyl-3,4-2H,)phthalazin-1-amine (84.2 mg, 70.8%) as an off-white
solid. 'H NMR (400 MHz, CDCl3) 6 8.24 (s, 1H, 6), 7.89 (s, 1H, 3), 5.12 (d, J = 6.5 Hz, 1H, 13),
4.60 (sext, J = 6.5 Hz, 1H, 15), 2.26-2.17 (m, 1H, 16), 1.82 — 1.70 (m, 2H 16, 19), 1.74-1.65 (m,
1H, 19), 1.63 — 1.49 (m, 2H, 17, 18); 13C NMR (101 MHz, CDCls) § 152.28 (10), 144.08 (7),
137.39 (1), 137.06 (2), 127.47 (6), 125.60 (4), 123.26 (3), 119.21 (5), 53.72 (15), 33.40 (16, 19),
24.10 (17, 18); LR-ESI-MS: C13H10D2Cl3N3 [M+H*] m/z found: 318.30, calc.: 318.62Step 2: 6,7-

dichloro-N-(cyclopentyl-3,4-2H,)-4-(pyridin-4-yl)phthalazin-1-amine (12)
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4,6,7-trichloro-N-(cyclopentyl-3,4-?H,)phthalazin-1-amine (50 mg, 0.157 mmol, 1.0 eq.) was
reacted with 4-pyridinylboronic acid (19.3 mg, 0.157 mmol, 1.0 eq.) according to general
procedure B to yield 12 (31.2 mg, 55.0%) as a white solid. M.P. = 249-251 °C; Vmax (cm™) 3213
(NH), 2960, 2867 (CH), 1651 (C=N); 'H NMR (400 MHz, CDCls) & 8.83 (dd, J = 4.4, 1.6 Hz, 2H,
21, 23), 8.04 (s, 1H, 6), 7.97 (s, 1H, 3), 7.69 — 7.61 (dd, J = 4.4, 1.6 Hz, 2H, 20, 24), 5.18 (d, J =
6.5 Hz, 1H, 13), 4.77 (sext, J = 6.3 Hz, 1H, 15), 2.38-2.28 (m, 1H, 16), 1.88-1.70 (m, 3H, 16, 19
(2)), 1.69-1.57 (m, 2H, 17, 18); 3C NMR (101 MHz, CDCls) § 151.91 (10), 150.37 (21, 23),
148.70 (7), 144.16 (14), 136.80 (1), 136.14 (2), 127.36 (6), 124.99 (4), 124.37 (3), 123.11 (20,
24), 117.43 (5), 55.88 (15), 33.62 (16, 19), 24.15 (17, 18); LR-ESI-MS: C1gH14D2ClaN4 [M+H*]
m/z found: 361.09, calc.: 361.27; HR-ESI-MS: CigH14D2Cl;N4 [M+H*] m/z found: 360.99110,

calc.: 361.09559

6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (13)
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Step 1: 4,6,7-trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine

18

14

3-Aminotetrahydrofuran (32.5 mg, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100 mg, 0.373
mmol, 1.0 eq.) according to general procedure A to yield 4,6,7-trichloro-N-(tetrahydrofuran-
3-yl)phthalazin-1-amine (94 mg, 79 % yield) as a yellow solid. *H NMR (400 MHz, CDCls) 6 8.27
(s, 1H, 6), 7.93 (s, 1H, 6), 5.34 (d, J = 6.7 Hz, 1H, 13), 4.97-4.90 (m, 1H, 15), 4.06 (td, J = 8.2, 6.6
Hz, 1H, 19), 4.00 (dd, J = 9.7, 5.1 Hz, 1H, 17), 3.92 (dd, J = 9.7, 2.4 Hz, 1H, 17), 3.87 (td, J = 8.7,
5.9 Hz, 1H, 19), 2.52-2.42 (m, 1H, 16), 2.09 — 1.98 (m, 1H, 16); 3C NMR (101 MHz, CDCls) &
152.10 (10), 144.90 (7), 137.75 (1), 137.44 (2), 127.51 (6), 125.61 (4), 123.44 (3), 119.20 (5),
73.83 (19), 67.26 (17), 52.95 (15), 33.46 (16); LR-ESI-MS: C1,H10CI3sN3O [M+H*] m/z found:
318.34, calc.: 318.58

Step 2: 6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (13)

18

4,6,7-trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (50 mg, 0.157 mmol, 1.0 eq.) and

4-pyridinylboronic acid (19.29 mg, 0.157 mmol, 1.0 eq.) were reacted together according to

177



general procedure B to yield 13 (42.0 mg, 74 % yield) as a white solid. M.P. = 260-263 °C; Vmax
(em) 3194 (NH), 3062, 2920, 2845 (CH), 1730, 1596 (C=N), 1161 (C-O); *H NMR (400 MHz,
CDCl3) 6 8.81 (dd, J = 4.4, 1.6 Hz, 2H, 21, 23), 8.01 (d, J = 5.8 Hz, 2H, 6, 3), 7.61 (dd, J= 4.4, 1.6
Hz, 2H, 20, 24), 5.44 (d, J = 6.6 Hz, 1H, 13), 5.09-5.01 (m, 1H, 15), 4.14 — 4.07 (m, 1H, 19), 4.05
(dd, J=9.9, 5.2 Hz, 1H, 17), 3.98 (dd, J = 9.7, 2.5 Hz, 1H, 17), 3.90 (td, J = 8.7, 5.9 Hz, 1H, 19),
2.57-2.47 (m, 1H, 16), 2.15—2.03 (m, 1H, 16); 13C NMR (101 MHz, CDCls) § 151.68 (10), 150.39
(21, 23), 149.45 (7), 143.91 (14), 137.18 (1), 136.56 (2), 127.45 (6), 125.00 (5), 124.35 (20, 24),
123.23 (3), 117.49 (4), 74.07 (19), 67.23 (17), 53.00 (15), 33.59 (16); LR-ESI-MS: C17H14Cl2N40
[M+H*] m/z found: 361.11, calc.: 361.23; HR-ESI-MS: Ci17H14ClI;N4O [M+H*] m/z found:
360.9615, calc.: 361.0623
(R)-6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (14)

Step 1: (R)-4,6,7-trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine

(R)-3-Aminotetrahydrofuran (32.5 mg, 0.373 mmol, 0.1 eq.) was reacted with Int 1 (100 mg,
0.373 mmol, 0.1 eq.) according to general procedure A to yield 4,6,7-trichloro-N-
(tetrahydrofuran-3-yl)phthalazin-1-amine (91.2 mg, 77.2%) as a yellow solid. *H NMR (400
MHz, CDCl3) & 8.26 (s, 1H, 6), 7.98 (s, 1H, 3), 5.49 (d, J = 6.7 Hz, 1H, 13), 4.96-4.90 (m, 1H, 15),
4.09 -4.02 (m, 1H, 19),3.99 (dd, J=9.7, 5.1 Hz, 1H, 17),3.92 (dd, J = 9.7, 2.5 Hz, 1H, 17), 3.87
(td, J = 8.7, 5.9 Hz, 1H, 19), 2.51-2.42 (m, 1H, 16), 2.08 — 1.99 (m, 1H, 16); 13C NMR (101 MHz,

CDCls) § 152.09 (10), 144.92 (7), 137.77 (1), 137.45 (2), 127.53 (6), 125.62 (4), 123.44 (3),
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119.21 (5), 73.88 (19), 67.20 (17), 52.93 (15), 33.43 (16); LR-ESI-MS: C12H10Cl3N30 [M+H*] m/z
found: 318.46, calc.: 318.58

Step 2: (R)-6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (14)

(R)-4,6,7-trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (50 mg, 0.158 mmol, 1.0 eq.)
and 4-pyridinylboronic acid (19.4 mg, 0.158 mmol, 1.0 eq.) were reacted together according
to general procedure B to yield 14 (47.3 mg, 82.9%) as a white solid. M.P. = 262-264 °C; Vmax
(cm™) 3201 (NH), 3098, 2944, 2855 (CH), 1600 (C=N), 1136 (C-O); *H NMR (400 MHz, CDCls)
68.81 (dd, J=4.4,1.6 Hz, 2H, 21, 23), 8.03 (d, J = 11.2 Hz, 2H, 6, 3), 7.61 (dd, / = 4.4, 1.6 Hz,
2H, 20, 24),5.56 (d, /= 6.7 Hz, 1H, 13), 5.09-5.03 (m, 1H, 15), 4.14 - 4.07 (m, 1H, 19), 4.05 (dd,
J=9.7,5.1Hz, 1H, 17),3.98 (dd, J = 9.7, 2.5 Hz, 1H, 17), 3.89 (td, /= 8.6, 5.9 Hz, 1H, 19), 2.56-
2.48 (m, 1H, 16), 2.12-2.05 (m, 1H, 16); *C NMR (101 MHz, CDCls) 6 151.76 (10), 150.38 (21,
23), 149.42 (7), 143.94 (14), 137.15 (1), 136.52 (2), 127.41 (6), 125.02 (5), 124.36 (20, 24),
123.36 (3), 117.54 (4), 74.05 (19), 67.25 (17), 52.99 (15), 33.57 (16); LR-ESI-MS: C17H14CI2N4O
[M+H*] m/z found: 361.17, calc.: 361.23; HR-ESI-MS: Ci17H14Cl2N4O [M+H*] m/z found:

360.9617, calc.: 361.0623

(5)-6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (15)
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Step 1: (S)-4,6,7-trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine

(5)-3-Aminotetrahydrofuran (32.5 mg, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100 mg,
0.373 mmol, 1.0 eq.) according to general procedure A to vyield 4,6,7-trichloro-N-
(tetrahydrofuran-3-yl)phthalazin-1-amine (93.2 mg, 78.4%) as a yellow solid. *H NMR (400
MHz, CDCl3) & 8.25 (s, 1H, 6), 7.99 (s, 1H, 3), 5.53 (d, J = 6.7 Hz, 1H, 13), 4.96-4.90 (m, 1H, 15),
4.09—4.02 (m, 1H, 19), 3.99 (dd, J = 9.7, 5.1 Hz, 1H, 17), 3.92 (dd, J = 9.7, 2.5 Hz, 1H, 17), 3.87
(td, J = 8.6, 5.9 Hz, 1H, 19), 2.51-2.42 (m, 1H, 16), 2.09 — 1.99 (m, 1H, 16); 3C NMR (101 MHz,
CDCl5) 6 152.11 (10), 144.91 (7), 137.77 (1), 137.44 (2), 127.52 (6), 125.62 (4), 123.47 (3),
119.22 (5), 73.87 (19), 67.21 (17), 52.93 (15), 33.42 (16); LR-ESI-MS: C12H10CIsN30 [M+H*] m/z
found: 318.31, calc.: 318.58

Step 2: (S)-6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (15)

(5)-4,6,7-trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (50 mg, 0.157 mmol) and 4-
pyridinylboronic acid (19.29 mg, 0.157 mmol) were reacted together according to general

procedure B to yield 15 (xx) as a white solid. M.P. = 260-262 °C; Vmax (cm™) 3210 (NH), 3002,

180



2872, 2811 (CH), 1602 (C=N), 1177 (C-O); H NMR (400 MHz, CDCls) & 8.80 (br, 2H, 21, 23),
8.03 (d, J = 19.3 Hz, 2H, 6, 3), 7.61 (d, J = 5.5 Hz, 2H, 20, 24), 5.63 (d, J = 6.6 Hz, 1H, 13), 5.09-
5.03 (m, 1H, 15), 4.12 — 4.07 (m, 1H, 19), 4.07 — 4.02 (m, 1H, 17), 3.98 (dd, J = 9.7, 2.5 Hz, 1H,
17), 3.89 (td, J = 8.6, 5.9 Hz, 1H, 19), 2.52 (sext., J = 7.1 Hz, 1H, 16), 2.12-2.05 (m, 1H, 16); 13C
NMR (101 MHz, CDCls) 6 151.79 (10), 150.38 (21, 23), 149.40 (7), 143.94 (14), 137.13 (1),
136.50 (2), 127.39 (6), 125.02 (5), 124.35 (20, 24), 123.41 (3), 117.55 (4), 74.03 (19), 67.25
(17), 52.98 (15), 33.56 (16); LR-ESI-MS: C17H14C1,N40 [M+H*] m/z found: 361.06, calc.: 361.23;

HR-ESI-MS: C17H14CloN4O [M+H*] m/z found: 360.9616, calc.: 361.0623

(R)-6,7-dichloro-4-(pyridin-4-yl)-N-(pyrrolidin-3-yl)phthalazin-1-amine (16)

Step 1: tert-butyl (R)-3-((4,6,7-trichlorophthalazin-1-yl)amino)pyrrolidine-1-carboxylate

21

23
N ?T%
/[) 25 2

(R)-(+)-1-Boc-3-aminopyrrolidine (139.0 mg, 0.746 mmol, 1.0 eq.) was reacted with Int 1 (200
mg, 0.746 mmol, 1.0 eq.) according to general procedure A to yield tert-butyl (R)-3-((4,6,7-
trichlorophthalazin-1-yl)amino)pyrrolidine-1-carboxylate (212.3 mg, 68.1%) as a white solid.
14 NMR (400 MHz, CDCls) 6 8.43 (s, 1H, 6), 8.16 (s, 1H, 3), 6.70 (br d, J = 43.9 Hz, 1H, 13), 4.82
(br, 1H, 15), 3.77 (s, 1H, 19), 3.48 (m, 3H, 17 (2), 19), 2.28 (br, 1H, 16), 2.11 (br, 1H, 16), 1.55
—1.31(m, 9H, 24, 25, 26); 13C NMR (101 MHz, CDCl5) 6 154.97, 152.39, 144.75, 137.65, 137.28,
127.29, 125.65, 124.04, 119.36, 79.94, 53.56, 52.11, 44.54, 31.76, 28.71 3C NMR (101 MHz,

CDCls) 6 154.87 (20), 152.58 (10), 144.27 (7), 137.43 (1), 136.99 (2), 126.97 (6), 125.58 (3),
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124.85 (4), 119.50 (5), 79.69 (23), 52.00 (19), 51.05 (17), 44.51 (15), 31.55 (16), 28.62 (24, 25,

26); LR-ESI-MS: C;17H19CIsN4O2 [M+H*] m/z found: 417.38, calc.: 417.72

Step 2: tert-butyl (R)-3-((6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-yl)amino)pyrrolidine-1-carboxylate
(17)

21
0

22
V0us 26
19 __N1s N
/@17 25 24

tert-Butyl (R)-3-((4,6,7-trichlorophthalazin-1-yl)amino)pyrrolidine-1-carboxylate (100 mg,
0.239 mmol, 1.0 eq.) and 4-pyridinylboronic acid (35.3 mg, 0.287 mmol, 1.0 eq.) were reacted
together according to general procedure B to yield 17 (71.2 mg, 64.6%) as a white solid. M.P.
= 189-193 °C; Vmax (cm™) 3268 (NH), 2951, 2919 (CH), 1980 (C=0), 1651 (C=N); *H NMR (400
MHz, Chloroform-d) & 8.81 (dd, J = 4.5, 1.4 Hz, 2H, 28, 30), 8.34 (s, 1H, 6), 7.99 (s, 1H, 3) 7.62
(dd, J = 4.5, 1.6 Hz, 2H, 27, 31), 5.48 (d, J = 63.5 Hz, 1H, 13), 5.06 — 4.94 (m, 1H, 15), 3.87 (br,
1H, 19), 3.70 -3.37 (m, 3H, 17 (2), 19), 2.51 - 2.33 (m, 1H, 16), 2.28 — 2.12 (m, 1H, 16), 1.46
(s, 9H, 24, 25, 26); 13C NMR (101 MHz, CDCls) 6§ 154.96 (20), 152.00 (10), 150.21 (28, 30),
149.25 (7) 143.98 (14), 137.14 (1), 136.44 (2), 127.18 (6), 125.05 (3), 124.69 (27, 31), 124.08
(4), 117.69 (5), 79.91 (23), 60.54 (19), 52.14 (17), 51.58 (1), 28.69 (24, 25, 26); LR-ESI-MS:
C22H22ClaNs0, [M+HY] m/z found: 460.48, calc.: 460.36; HR-ESI-MS: C2,H2,Cl2NsO; [M+HY]) m/z
found: 460.0022, calc.: 460.1307.
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Step 3: (R)-6,7-dichloro-4-(pyridin-4-yl)-N-(pyrrolidin-3-yl)phthalazin-1-amine (16)

18

19 NH
Lo

17 (30 mg, 0.65 mmol, 1.0 eq.) was dissolved in dioxane (3 mL) and HCI (4.0 M in dioxane, 1.0
mL) was added. The solution was left stirring for four hours after which the solvent was
removed in vacuo. The resulting solid was taken up in DCM and washed with ag. NaOH (3 x
10 mL). The organic extracts were dried over sodium sulfate and the residual solvent removed
in vacuo to yield 16 (23 mg, quant.) as a brown oil. vmax (cm™) 3273 (NH), 2971, 2866, 2843
(CH), 1612 (C=N); *H NMR (400 MHz, CDCls) 6 8.79 (dd, J = 4.4, 1.6 Hz, 2H, 21, 23), 8.27 (s, 1H,
6), 7.97 (s, 1H, 3), 7.60 (dd, J = 4.5, 1.6 Hz, 2H, 20, 24), 6.32 (s, 1H. 13), 4.99 (s, 1H, 15), 3.35
(dd, J=11.3, 6.0 Hz, 1H, 19), 3.28-3.18 (m, 2H, 17), 3.13 —3.00 (m, 1H, 19), 2.93 (br, 1H, 18),
2.48 — 2.27 (m, 1H, 16), 2.12 — 1.78 (m, 1H, 16); 3C NMR (101 MHz, CDCl3) & 151.99 (10),
150.83 (21, 23), 150.37 (7), 144.05 (14), 136.93 (1), 136.29 (2), 127.12 (6), 125.02 (3), 124.32
(20, 24), 124.08 (4), 117.74 (5), 53.36 (19), 52.45 (17), 45.45 (15), 33.17 (16); LR-ESI-MS:
C17H15ClaNs [M+H*] m/z found: 360.08, calc.: 360.24; HR-ESI-MS: Ci17H1sCloNs [M+HY] m/z

found: 359.9975, calc.: 360.0783.

6,7-dichloro-N-(cyclopropylmethyl)-4-(pyridin-4-yl)phthalazin-1-amine (18)

Step 1: 4,6,7-trichloro-N-(cyclopropylmethyl)phthalazin-1-amine
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(Aminomethyl)cyclopropane (26.5 mg, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100 mg,
0.373 mmol, 1.0 eq.) according to general procedure A to yield 4,6,7-trichloro-N-
(cyclopropylmethyl)phthalazin-1-amine (102.4 mg, 91%) as an off-white solid. *H NMR (400
MHz, CDCls) 6 8.26 (s, 1H, 8), 7.97 (s, 1H, 11), 5.30 (br, 1H, 1), 3.52 (dd, J = 7.3, 4.6 Hz, 2H, 15),
1.23 (dtt, /= 10.5, 7.7, 4.0 Hz, 1H, 16), 0.67 — 0.57 (m, 2H, 17), 0.40-0.29 (m, 2H, 18); 13C NMR
(101 MHz, CDCl3) § 152.45 (2), 144.39 (5), 137.57 (9), 137.21 (10), 127.56 (8), 125.61 (3),
123.26 (11), 119.10 (4), 47.56 (15), 10.68 (16), 3.91 (17, 18); LR-ESI-MS: C1,H10ClsN3 [M+H"]

m/z found: 302.37, calc.: 302.58

Step 2: 6,7-dichloro-N-(cyclopropylmethyl)-4-(pyridin-4-yl)phthalazin-1-amine (18)

4,6,7-trichloro-N-(cyclopropylmethyl)phthalazin-1-amine (50 mg, 0.165 mmol, 1.0 eq.) was
reacted with 4-pyridinylboronic acid (24.4 mg, 0.198 mmol, 1.2 eq.) according to general
procedure B to yield 18 (28.2 mg, 49.4%) as an off-white solid. M.P. = 221-223 °C; Vmax (cm?)
3278 (NH), 3074, 2964, 2922 (CH), 1601 (C=N); *H NMR (400 MHz, CDCls) & 8.81 (s, 2H, 16,
18), 8.22 (s, 1H, 8), 7.99 (s, 1H, 11), 7.60 (s, 2H, 15, 19), 5.95 (s, 1H, 1), 3.65 (d, J = 7.1 Hz, 2H,

20), 1.37 — 1.26 (m, 1H, 21), 0.76 — 0.54 (m, 2H, 22), 0.49 — 0.30 (m, 2H, 23); 3C NMR (101
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MHz, CDCl3) 6 151.94 (2), 150.26 (16, 18), 148.87 (5), 143.93 (14), 137.36 (9), 136.60 (10),
127.38 (8), 125.06 (3), 124.39 (15, 19), 123.95 (11), 117.70 (4), 47.63 (20), 10.72 (21), 4.01
(22, 23); LR-ESI-MS: Ci7H14CI2Ng [M+HY] m/z found: 345.14, calc.: 345.23; HR-ESI-MS:

C17H14CloN4 [M+H*] m/z found: 344.9709, calc.: 345.0674.

6,7-dichloro-N-(1-cyclopropylethyl)-4-(pyridin-4-yl)phthalazin-1-amine (19)

Step 1: 4,6,7-trichloro-N-(1-cyclopropylethyl)phthalazin-1-amine

To a 4 mL vial containing 1-cyclopropyl-ethylamine hydrochloride (45.4 mg, 0.373 mmol, 1.0
eg.) was added DMSO (1 mL) and diisopropylethylamine (DIPEA, 0.78 mL, 0.448 mmol, 1.2
eg.). The resulting solution was reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq.) according to
general procedure A to yield 4,6,7-trichloro-N-(1-cyclopropylethyl)phthalazin-1-amine (85.3
mg, 72.2%) as an off-white solid. *H NMR (400 MHz, CDCl3) & 8.25 (s, 1H, 6), 7.98 (s, 1H, 3),
5.30 (s, 1H, 13), 3.87 (dp, J = 8.7, 6.5 Hz, 1H, 15), 1.40 (d, J = 6.4 Hz, 3H, 16), 1.07 (qt, J = 8.3,
4.9 Hz, 1H, 17), 0.65 — 0.57 (m, 1H, 18), 0.48-0.56 (m, 1H, 19), 0.49 — 0.40 (m, 1H, 18), 0.40 —
0.31 (m, 1H, 19); 13C NMR (101 MHz, CDCls) § 151.77 (10), 143.85 (7), 137.41 (1), 137.03 (2),
127.36 (6), 125.58 (4), 123.28 (3), 119.07 (5), 52.24 (15), 19.77 (17), 17.63 (16), 3.78 (18), 3.28

(19); LR-ESI-MS: C13H12ClsN3 [M+H*] m/z found: 316.11, calc.: 316.61.

Step 2: 6,7-dichloro-N-(1-cyclopropylethyl)-4-(pyridin-4-yl)phthalazin-1-amine (19)
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4,6,7-trichloro-N-(1-cyclopropylethyl)phthalazin-1-amine (50 mg, 0.158 mmol, 1.0 eq.) was
reacted with 4-pyridinylboronic acid (23.3 mg, 0.190 mmol, 1.2 eq. according to general
procedure B to yield 19 (34.1 mg, 60.1%) as an off-white solid. M.P. = 107-109 °C; Vmax (cm™)
3260 (NH), 3075, 2999, 2931 (CH), 1698 (CH ar), 1600 (C=N); *H NMR (400 MHz, CDCl3) & 8.79
(dd,)=4.4,1.7, 2H, 17, 19), 8.18 (s, 1H, 6), 7.98 (s, 1H, 3), 7.61 (dd, J = 4.2, 1.5, 2H, 16, 20),
5.75 (s, 1H, 13), 4.03 (br, 1H, 15), 1.46 (d, J = 5.8 Hz, 3H, 21), 1.15 (br, 1H, 22), 0.59 (br, 2H,
23), 0.43 (br, 2H, 24); 3C NMR (101 MHz, CDCls) § 151.50 (10), 150.22 (17, 19), 148.53 (7),
144.04 (14), 137.15 (1), 136.37 (2), 127.29 (6), 125.14 (4), 124.39 (3), 123.86 (5), 117.63 (16,
20), 67.23 (15), 20.13 (22), 17.80 (21), 4.01 (23), 3.54 (24); LR-ESI-MS: C1gH16Cl2N4 [M+H*] m/z
found: 359.36, calc.: 359.25; HR-ESI-MS: CigH16CloN4 [M+H*] m/z found: 358.9827, calc.:

359.08304.

N-(bicyclo[1.1.1]pentan-1-yl)-6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-amine (20)
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Step 1: N-(bicyclo[1.1.1]pentan-1-yl)-4,6,7-trichlorophthalazin-1-amine

To a 4 mL vial containing 1-Bicyclo[1.1.1]pentylamine hydrochloride (44.6 mg, 0.373 mmol,
1.0 eq.) was added DMSO (1 mL) and diisopropylethylamine (DIPEA, 0.76 mL, 0.448 mmol, 1.2
eg.). The resulting solution was reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq.) according to
general procedure A to yield N-(bicyclo[1.1.1]pentan-1-yl)-4,6,7-trichlorophthalazin-1-amine
(43.2 mg, 36.8%) as a yellow solid. *H NMR (400 MHz, CDCls) § 8.26 (s, 1H, 6), 7.85 (s, 1H, 3),
5.56 (s, 1H, 13), 2.58 (s, 1H, 18), 2.29 (s, 6H, 15, 16, 17); 13C NMR (101 MHz, CDCl3) § 152.32
(10), 144.78 (7), 138.10 (1), 137.74 (2), 127.55 (6), 125.67 (3), 124.09 (4), 119.23 (5), 52.77
(16), 50.47 (18), 25.52 (15, 17, 19); LR-ESI-MS: C13H10Cl:N3 [M+H*] m/z found: 314.23, calc.:
314.59

Step 2: N-(bicyclo[1.1.1]pentan-1-yl)-6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-amine (20)

20

N-(bicyclo[1.1.1]pentan-1-yl)-4,6,7-trichlorophthalazin-1-amine (50 mg, 0.159 mmol, 1.0 eq.)
was reacted with 4-pyridinylboronic acid (23.4 mg, 0.191 mmol, 1.2 eq.) according to general

procedure B to yield 20 (38.6 mg, 68%) as a white solid. M.P = 253-255 °C; Vmax (cm™) 3219
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(NH), 2966, 2908, 2870 (CH), 1690, 1600 (C=N); *H NMR (400 MHz, CDCl) & 8.80 (dd, J = 5.1,
1.4 Hz, 2H, 16, 18), 8.00 (s, 1H, 6), 7.95 (s, 1H, 3), 7.61 (dd, J = 6.0, 1.3 Hz, 2H, 15, 19), 5.76 (s,
1H, 13), 2.61 (s, 1H, 23), 2.35 (s, 6H, 20, 21, 22); 3C NMR (101 MHz, CDCl3) 6 152.36 (10),
150.35 (16, 18), 149.39 (7), 144.03 (14), 136.94 (1), 136.39 (2), 127.36 (6), 124.99 (4), 124.39
(3), 123.17 (5), 117.23 (15, 19), 52.83 (21), 50.69 (23), 25.47 (20, 22, 24); LR-ESI-MS:
C1sH14ClaNs [M+H*] m/z found: 357.17, calc.: 357.24; HR-ESI-MS: CigsH14ClaNs [M+H*] m/z
found: 356.9676, calc.: 357.0674
N-((1S,4R)-bicyclo[2.2.1]heptan-2-yl)-6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-amine (21)

Step 1: N-((1S,4R)-bicyclo[2.2.1]heptan-2-yl)-4,6,7-trichlorophthalazin-1-amine

To a 4 mL vial containing 2-aminonorbornane hydrochloride (55.1 mg, 0.373 mmol, 1.0 eq.)
was added DMSO (1 mL) and diisopropylethylamine (DIPEA, 0.78 mL, 0.448 mmol, 1.2 eq.).
This was reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq.) according to general procedure A
to yield N-((1S,4R)-bicyclo[2.2.1]heptan-2-yl)-4,6,7-trichlorophthalazin-1-amine (93.6 mg,
73.2%) as a white solid. *H NMR (400 MHz, CDCls) § 8.24 (s, 1H, 6), 8.01 (s, 1H, 3), 5.43 (s, 1H,
21), 4.47 (q, J = 5.2 Hz, 1H, 14), 2.78 (p, J = 1.9 Hz, 1H, 15), 2.36 — 2.24 (m, 2H), 1.67-1.58 (m,
2H), 1.56-1.51 (m, 1H), 1.51 — 1.44 (m, 1H), 1.42 = 1.37 (m, 1H), 1.37-1.29 (m, 1H), 1.03 —0.90
(m, 1H); 3C NMR (101 MHz, CDCls) 6 152.52 (10), 144.16 (7), 137.59 (1), 137.25 (2), 127.52
(6), 125.59 (4), 123.44 (3), 119.22 (5), 53.88 (14), 39.89 (15), 38.43 (19), 38.36 (20), 36.92 (18),

30.20 (16), 21.83 (17); LR-ESI-MS: C1sH14ClsN3 [M+H*] m/z found: 342.31, calc.: 342.65.
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Step 2: N-((1S,4R)-bicyclo[2.2.1]heptan-2-yl)-6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-amine

(21)

N-((1S,4R)-bicyclo[2.2.1]heptan-2-yl)-4,6,7-trichlorophthalazin-1-amine (50 mg, 0.146 mmol,
1.0 eq.) was reacted with 4-pyridinylboronic acid (21.5 mg, 0.175 mmol, 1.0 eq.) according to
general procedure B to yield 21 (39.5 mg, 70.3%) as a white solid. M.P. = 267-271 °C; Vmax
(cm™) 3192 (NH), 2982, 2923, 2866 (CH), 1685, 1637 (C=N); *H NMR (400 MHz, CDCl3) 6 8.80
(d, J=5.0 Hz, 2H, 15, 17), 8.03 (s, 1H, 6), 8.01 (s, 1H, 3), 7.65-7.59 (d, J = 5.5 Hz, 2H, 14, 18),
5.44 (s, 1H, 26), 4.61 (q, J = 5.5 Hz, 1H, 19), 2.85 (t, J = 3.7 Hz, 1H), 2.37-2.31 (m, 2H), 1.71-
1.61 (m, 2H), 1.61 — 1.56 (m, 2H), 1.56 — 1.48 (m, 1H), 1.44 — 1.34 (m, 2H), 1.00 (dt, J = 12.5,
3.7 Hz, 1H); 13C NMR (101 MHz, CDCls) 6 152.19 (10), 150.27 (15, 17), 148.72 (7), 144.13 (13),
136.94 (1), 136.26 (2), 127.37 (6), 124.95 (4), 124.37 (3), 123.24 (5), 117.44 (14, 18), 53.87
(19), 40.04 (20), 38.66 (24), 38.40 (25), 36.97 (23), 30.27 (21), 21.87 (22); LR-ESI-MS:
Ca0H18CloNg [M+H*] m/z found: 385.22, calc.: 385.29; HR-ESI-MS: CyoH1sCloNs [M+HY] m/z

found: 384.9909, calc.: 385.0987.

6,7-dichloro-N-(oxetan-3-yl)-4-(pyridin-4-yl)phthalazin-1-amine (22)
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Step 1: 4,6,7-trichloro-N-(oxetan-3-yl)phthalazin-1-amine

Oxetan-3-amine (27.3 mg, 0.373 mmol) was reacted with Int 1 (100 mg, 0.373 mmol)
according to general procedure A to yield 4,6,7-trichloro-N-(oxetan-3-yl)phthalazin-1-amine
(75mg, 0.246 mmol, 66.0 % yield) as a yellow solid. *H NMR (400 MHz, CDCls) 6 8.28 (s, 1H,
6), 7.65 (s, 1H, 3), 5.44 (s, 1H, 13), 4.44 — 4.04 (m, 4H, 16, 18), 3.70 (dd, J = 12.4, 2.1 Hz, 1H,
15); 3¢ NMR (101 MHz, CDCls) § 151.56 (10), 137.78 (1), 137.36 (2), 132.88 (7), 127.31 (6),
126.84 (4), 125.54 (3), 123.19 (5), 64.23 (18), 63.13 (16), 51.95 (15); LR-ESI-MS: C11HsClsN3O
[M+H*] m/z found: 304.19, calc.: 304.56

Step 2: 6,7-dichloro-N-(oxetan-3-yl)-4-(pyridin-4-yl)phthalazin-1-amine (22)

4,6,7-trichloro-N-(oxetan-3-yl)phthalazin-1-amine (50 mg, 0.164 mmol) and 4-
pyridinylboronic acid (20.18 mg, 0.164 mmol) were reacted according to general procedure
B to yield 22 (44.5 mg, 0.128 mmol, 78 % yield) as a yellow solid. M.P. = 251-253 °C; Vmax (cm"

1) 3312 (NH), 3024, 2918, 2861 (CH), 1727 (C=N), 1181 (C-O); *H NMR (400 MHz, CDCls) § 8.76
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(dd, J=4.4, 1.1 Hz, 2H, 17, 19), 8.39 (s, 1H, 6), 7.49 (s, 1H, 3), 7.41 (dd, J = 4.5, 1.6 Hz, 2H, 16,
20), 4.49 — 4.38 (m, 1H, 15), 4.35 (s, 1H, 21) 4.32 (d, J = 4.1 Hz, 1H, 23), 4.11 (dd, J = 11.8, 3.1
Hz, 1H, 21), 3.75 (dd, J = 11.8, 3.3 Hz, 1H, 23); 3C NMR (101 MHz, CDCls) 6 152.11 (10), 150.62
(17, 19), 148.52 (7), 142.16 (14), 137.34 (1), 136.38 (2), 127.95 (6), 127.30 (4), 126.13 (3),
123.91 (5), 123.60 (16, 20), 64.44 (21), 64.30 (23), 52.93 (15); LR-ESI-MS C16H12Cl:N40 [M+H?*]
m/z found: 347.31, calc.: 347.20; HR-ESI-MS Ci6H12Cl;N4O [M+H*]I m/z found: 346.9067, calc.:
347.0467.

6,7-dichloro-N-cyclohexyl-4-(pyridin-4-yl)phthalazin-1-amine (23)

Step 1: 4,6,7-trichloro-N-cyclohexylphthalazin-1-amine

Cyclohexanamine (37.0 mg, 0.373 mmol) was reacted with Int 1 (100 mg, 0.373 mmol)
according to general procedure A to yield 4,6,7-trichloro-N-cyclohexylphthalazin-1-amine
(101 mg, 0.306 mmol, 82 % yield) as a yellow solid. *H NMR (400 MHz, CDCl3) § 8.16 (s, 1H,
6), 7.83 (s, 1H, 3), 4.97 (d, J = 7.5 Hz, 1H, 13), 4.24-4.15 (m, 1H, 15), 2.13 (dd, J = 12.0, 3.8 Hz,
2H), 1.71 (dt, J = 13.9, 3.8 Hz, 2H), 1.47 — 1.30 (m, 2H), 1.26-1.11 (m, 4H); 13C NMR (101 MHz,
CDCls) 6 151.80 (10), 143.82 (7), 137.38 (1), 137.00 (2), 127.43 (6), 125.71 (4), 123.25 (3),
119.18 (5), 50.51 (15) 33.09 (16, 20), 25.89 (17, 19), 25.11 (18); LR-ESI-MS C14H14Cl3N3 [M+H"]

m/z found: 330.27, calc.: 330.64.

Step 2: 6,7-dichloro-N-cyclohexyl-4-(pyridin-4-yl)phthalazin-1-amine (23)
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4,6,7-trichloro-N-cyclohexylphthalazin-1-amine (50 mg, 0.151 mmol) was reacted with 4-
pyridinylboronic acid (18.59 mg, 0.151 mmol) according to general procedure B to yield 23
(44.0 mg, 0.118 mmol, 78 % yield) as an off-white solid. M.P. = 247-251 °C; Vmax (cm™) 3230
(NH), 3010, 2981, 2924 (CH), 1599 (C=N); *H NMR (400 MHz, CDCls) 6 8.80 (dd, J = 4.3, 1.6 Hz,
2H,17,19),8.02 (s, 1H, 6), 7.92 (s, 1H, 3), 7.62 (dd, J = 4.4, 1.6 Hz, 2H, 16, 20), 5.00 (d, /= 7.5
Hz, 1H, 13), 4.48 —4.35 (m, 1H, 15), 2.34 -2.22 (m, 2H), 1.89 - 1.78 (m, 2H), 1.52 = 1.45 (m,
2H), 1.40 - 1.27 (m, 4H); 3C NMR (101 MHz, CDCls) § 151.36 (10), 150.36 (17, 19), 149.02 (7),
143.61 (14), 136.87 (1), 136.12 (2), 126.57 (6), 124.85 (4), 124.35 (3), 123.08 (5), 118.03 (16,
20), 50.21 (15), 32.72 (21, 25), 26.12 (22, 24), 25.05 (23); LR-ESI-MS Ci19H15Cl:N4 [M+H*] m/z
found: 373.11, calc.: 373.28; HR-ESI-MS CioH1sCloNs [M+H*] m/z found: 372.9479, calc.:

373.0987.

6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydro-2H-pyran-4-yl)phthalazin-1-amine (24)
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Step 1: 4,6,7-trichloro-N-(tetrahydro-2H-pyran-4-yl)phthalazin-1-amine

Tetrahydro-2H-pyran-4-amine (37.8 mg, 0.373 mmol) was reacted with Int 1 (100 mg, 0.373
mmol) according to general procedure A to yield 4,6,7-trichloro-N-(tetrahydro-2H-pyran-4-
yl)phthalazin-1-amine (98 mg, 0.295 mmol, 79 % yield) as a white solid. *H NMR (400 MHz,
CDCI3) 6 8.28 (s, 1H, 6), 7.88 (s, 1H, 3), 4.90 (d, J = 7.2 Hz, 1H, 14), 4.55-4.46 (m, 1H, 15), 4.16
—3.94 (m, 2H), 3.59 (td, J = 11.8, 2.1 Hz, 2H), 2.22 (ddd, J = 12.3, 4.3, 2.1 Hz, 2H), 1.69 — 1.58
(m, 2H); 13C NMR (101 MHz, CDCls) & 151.70 (10), 144.52 (7), 137.70 (1), 137.34 (2), 127.58
(6), 125.73 (4), 123.19 (3), 119.11 (5), 67.06 (17, 19), 48.10 (15), 33.18 (16, 20); LR-ESI-MS
Ci13H12CIsN3O [M+H*] m/z found: 332.34, calc.: 332.61.

Step 2: 6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydro-2H-pyran-4-yl)phthalazin-1-amine (24)

4,6,7-trichloro-N-(tetrahydro-2H-pyran-4-yl)phthalazin-1-amine (50 mg, 0.150 mmol) was
reacted with 4-pyridinylboronic acid (18.48 mg, 0.150 mmol) according to general procedure

B to vyield 6,7-dichloro-4-(pyridin-4-yl)-N-(tetrahydro-2H-pyran-4-yl)phthalazin-1-amine,
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compound 20 (35 mg, 0.093 mmol, 62.0 % yield) as a brown gum. vmax(cm™) 3251 (NH), 2926,
2853 (CH), 1600 (C=N), 1086 (C-O); *H NMR (400 MHz, CDCls) & 8.80 (dd, J = 4.4, 1.3 Hz, 2H,
15, 17), 8.02 (s, 1H, 6), 7.99 (s, 1H, 3), 7.61 (dd, J = 4.5, 1.4 Hz, 2H, 14, 18), 5.14 (d, J = 7.2 Hz,
1H, 19), 4.70 — 4.57 (m, 1H, 20), 4.12 — 4.01 (m, 2H), 3.61 (td, J = 11.8, 2.0 Hz, 2H), 2.32 = 2.21
(m, 2H), 1.71 (dd, J = 11.7, 4.5 Hz, 2H); 3C NMR (101 MHz, CDCls) 6 151.39 (10), 150.36 (15,
17), 149.12 (7), 143.98 (13), 137.08 (1), 136.40 (2), 127.42 (6), 125.09 (4), 124.33 (3), 123.12
(5), 117.36 (14, 18), 67.12 (22, 24), 48.16 (20), 33.32 (21, 25); LR-ESI-MS C1sH16Cl2N40 [M+H?*]
m/z found: 375.17, calc.: 375.25; HR-ESI-MS C13H16Cl:N4O [M+H*] m/z found: 374.9268, calc.:
375.0780.

6,7-dichloro-N-(piperidin-3-yl)-4-(pyridin-4-yl)phthalazin-1-amine (25)

Step 1: tert-butyl 3-((4,6,7-trichlorophthalazin-1-yl)amino)piperidine-1-carboxylate

tert-Butyl 3-aminopiperidine-1-carboxylate (0.073 ml, 0.373 mmol) was reacted with Int 1
(100 mg, 0.373 mmol) according to general procedure A to yield tert-butyl 3-((4,6,7-
trichlorophthalazin-1-yl)amino)piperidine-1-carboxylate (118 mg, 0.272 mmol, 73 % yield) as
a white solid. *H NMR (400 MHz, CDCls) 6 8.23 (s, 1H, 6), 7.93 (s, 1H, 3), 6.33 (br, 1H, 13), 4.40
(br, 1H, 15), 4.26 — 2.99 (m, 6H, 16, 18, 20), 2.56 — 1.93 (m, 2H, 19), 1.50 (s, 9H, 25, 26, 27);
13C NMR (101 MHz, CDCl3) & 158.28 (21), 152.01 (10), 144.19 (7), 137.61 (1), 137.36 (2),

127.43 (6), 125.65 (4), 123.50 (3), 119.32 (5), 80.53 (24), 48.86 (16), 45.17 (15), 44.32 (18),
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42.26 (20), 28.61 (25, 26, 27), 22.17 (19); LR-ESI-MS C1sH21Cl3N40; [M+H*] m/z found: 431.49,
calc.: 431.74
Step 2: 6,7-dichloro-N-(piperidin-3-yl)-4-(pyridin-4-yl)phthalazin-1-amine (25)

24

tert-Butyl  3-((4,6,7-trichlorophthalazin-1-yl)Jamino)piperidine-1-carboxylate (50 mg,
0.116mmol) was reacted with 4-pyridinyl boronic acid (14.24 mg, 0.116 mmol) according to
general procedure B to yield tert-butyl 3-((6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-
yl)amino)piperidine-1-carboxylate (LR-ESI-MS C23H5CloNsO; [M+H*] m/z found: 474.11, calc.:
474.39). This was dissolved in dioxane (3 mL) before HCI (4.0 M in dioxane, 1 mL) was added
and the solution left stirring overnight. The residual solvent was removed in vacuo and the
product was re-dissolved in methanol (2 mL) before being applied to an Isolute SCX column
that had been equilibrated with methanol. The column was washed with methanol (5 x 10mL)
and the product then eluted with ammonia (7.0 M in MeOH, 10 mL), to yield 25 (22.11 mg,
0.059 mmol, 51 % yield) as a brown oil. vmax (cm™) 3365, 3197 (NH), 3071, 2956, 2834 (CH),
1602 (C=N); *H NMR (400 MHz, CDCl3) & 8.86 (s, 1H, 6), 8.80 (dd, J = 4.4, 1.6 Hz, 2H, 17, 19),
7.97 (s, 1H, 3), 7.60 (dd, J = 4.3, 1.9 Hz, 2H, 16, 20), 5.77 (s, 1H, 13), 5.10 (s, 1H, 22), 3.56 —
3.48 (m, 1H, 15), 3.43 (d, J = 12.4 Hz, 1H), 3.25 (dd, J = 13.3, 3.6 Hz, 1H), 2.99 — 2.86 (m, 1H),

2.40 — 2.27 (m, 1H), 2.24 — 2.12 (m, 2H), 1.88 — 1.72 (m, 2H); 3C NMR (101 MHz, CDCls) &
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152.03 (10), 150.15 (17, 19), 149.05 (7), 144.26 (14), 137.06 (1), 136.32 (2), 126.85 (6), 125.37
(4), 125.24 (3), 124.38 (5), 118.16 (16, 20), 47.78 (15), 44.04 (21), 43.62 (23), 26.52 (25), 18.48
(24); LR-ESI-MS Ci1gH17CloNs [M+H*] m/z found: 374.01, calc.: 374.27; HR-ESI-MS CisH17Cl>Ns
[M+H*] m/z found: 373.9892, calc.: 374.0939
6,7-dichloro-N-(4,4-difluorocyclohexyl)-4-(pyridin-4-yl)phthalazin-1-amine (26)

Step 1: 4,6,7-trichloro-N-(4,4-difluorocyclohexyl)phthalazin-1-amine

To a 4 mL vial containing 4,4-difluorocyclohexylamine hydrochloride (64.1 mg, 0.373 mmol,
1.0 eq.) was added DMSO (1 mL) and diisopropylethylamine (DIPEA, 0.78 mL, 0.448 mmol, 1.2
eg.). This was reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq.) according to general
procedure A to yield 4,6,7-trichloro-N-(4,4-difluorocyclohexyl)phthalazin-1-amine (105.0 mg,
76.7%) as an off-white solid. *H NMR (400 MHz, CDCls) 6 8.27 (s, 1H, 6), 7.89 (s, 1H, 3), 4.97
(d,J=7.2 Hz, 1H, 13), 4.50 = 4.32 (m, 1H, 15), 2.37 = 2.25 (m, 2H, 17, 19), 2.18 (m, 2H, 17, 19),
1.96 (dtt, J = 31.3, 13.5, 4.3 Hz, 2H, 16, 20), 1.68 (qd, J = 12.8, 3.8 Hz, 2H, 16, 20); 13C NMR
(101 MHz, CDCls) 6 151.72 (10), 144.72 (7), 137.81 (1), 137.46 (2), 127.68 (6), 125.72 (4),
123.01 (3), 119.05 (5), 48.58 (15), 32.97 —32.06 (t, J = 24.9 Hz, 18), 28.69 (17, 19), 28.60 (16,

20); LR-ESI-MS C14H1,Cl3F2N3 [M+H*] m/z found: 366.11, calc.: 366.62;
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Step 2: 6,7-dichloro-N-(4,4-difluorocyclohexyl)-4-(pyridin-4-yl)phthalazin-1-amine (26)

4,6,7-trichloro-N-(4,4-difluorocyclohexyl)phthalazin-1-amine (50 mg, 0.136 mmol, 1.0 eq.)
was reacted with 4-pyridinylboronic acid (20.1 mg, 0.164 mmol, 1.2 eq.) according to general
procedure B to yield 26 (43.0 mg, 77%) as a white solid. M.P. = 241-243 °C; Vmax (cm™) 3192
(NH), 2952, 2866 (CH), 1597 (C=N), 1214 (C-F); *H NMR (400 MHz, CDCl3) & 8.81 (dd, J = 4.4,
1.6 Hz, 2H, 24, 26), 8.03 (s, 1H, 6), 7.95 (s, 1H, 3), 7.62 (dd, J = 4.4, 1.6 Hz, 2H, 23, 27), 5.04 (d,
J=7.2 Hz, 1H, 13), 4.60 — 4.48 (m, 1H, 15), 2.41-2.31 (m, 2H), 2.27-2.15 (m, 2H), 2.11 - 1.90
(m, 2H), 1.81—1.66 (m, 2H); *3C NMR (101 MHz, CDCl3) 6 151.46 (10), 150.44 (24, 26), 149.32
(7), 143.91 (14), 137.19 (1), 136.53 (2), 127.52 (6), 125.10 (4), 124.32 (3), 123.00 (5), 117.36
(23, 27), 48.67 (15), 32.44 (t, J = 24.7 Hz), 28.84 (17, 19), 28.74 (16, 20); LR-ESI-MS
C19H16Cl2F2N4 [M+H*] m/z found: 409.09, calc.: 409.26; HR-ESI-MS Ci19H16Cl2FoN4 [M+HY] m/z

found 411.9730 (M+2H"), calc.: 411.0769.
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N-(adamantan-2-yl)-6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-amine (27)

Step 1: N-(adamantan-2-yl)-4,6,7-trichlorophthalazin-1-amine

To a 4 mL vial containing 2-adamantylamine hydrochloride (70.1 mg, 0.373 mmol, 1.0 eq.)
was added DMSO (1 mL) and diisopropylethylamine (DIPEA, 0.78 mL, 0.448 mmol, 1.2 eq.).
This was reacted with Int 1 (100 mg, 0.373 mmol, 1.0 eq.) according to general procedure A
to yield N-(adamantan-2-yl)-4,6,7-trichlorophthalazin-1-amine (122.3 mg, 85.6%) as a white
solid. *H NMR (400 MHz, CDCls) & 8.25 (s, 1H, 8), 7.86 (s, 1H, 11), 5.31 (d, J = 6.9 Hz, 1H, 1),
4.55-4.51 (m, 1H, 23), 2.27 = 2.19 (br, 2H), 2.01-1.86 (m, 8H), 1.80 (s, 2H), 1.74 (d, J = 12.7 Hz,
2H); 3C NMR (101 MHz, CDCl3) 6 151.70 (2), 143.90 (5), 137.43 (9), 137.09 (10), 127.61 (8),
125.73 (3), 122.85 (11), 119.28 (4), 55.35 (23), 37.67, 37.20, 32.30, 31.48, 27.47, 27.40; LR-
ESI-MS CisH1sClsNs [M+H*] m/z found: 382.42, calc.: 382.71;

Step 2: N-(adamantan-2-yl)-6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-amine (27)

198



N-(adamantan-2-yl)-4,6,7-trichlorophthalazin-1-amine (50.0 mg, 0.131 mmol, 1.0 eq.) was
reacted with 4-pyridinylboronic acid (32.1 mg, 0.157 mmol, 1.2 eq.) according to general
procedure B to yield 27 (36.8 mg, 66.2%) as an off white solid. M.P. = 210-213 °C; Vmax (cm™)
3399 (NH), 3021, 2904, 2848 (CH), 1602 (C=N); *H NMR (400 MHz, CDCl3) & 8.79 (dd, J = 4.5,
1.4 Hz, 2H, 16, 18), 8.02 (s, 1H, 8), 7.95 (s, 1H, 11), 7.61 (dd, J = 4.4, 1.6 Hz, 2H, 15, 19), 5.47
(d, J = 6.9 Hz, 1H, 1), 4.69-4.61 (m, 1H, 28), 2.29 (s, 2H), 2.07 — 1.88 (m, 8H), 1.83 (s, 2H), 1.77
(d, J=12.9 Hz, 2H); 3C NMR (101 MHz, CDCl3) 6 151.44 (2), 150.36 (16, 18), 148.57 (5), 144.15
(14), 136.83 (9), 136.15 (10), 127.42 (8), 125.10 (3), 124.32 (15, 19), 122.86 (11), 117.51 (4),
55.41(28), 37.69, 37.26, 32.35, 31.63, 27.51, 27.42; LR-ESI-MS C3H2,Cl2N4 [M+H*]I m/z found:
425.19, calc.: 425.36; HR-ESI-MS Cz3H,Cl;N4 [M+H*] m/z found: 425.0112, calc.: 425.1299.
6,7-dichloro-N-(2,3-dihydro-1H-inden-2-yl)-4-(pyridin-4-yl)phthalazin-1-amine (28)

Step 1: 4,6,7-trichloro-N-(2,3-dihydro-1H-inden-2-yl)phthalazin-1-amine

2,3-Dihydro-1H-inden-2-amine (49.7 mg, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100
mg, 0.373 mmol, 1.0 eq) according to general procedure A to yield 4,6,7-trichloro-N-(2,3-
dihydro-1H-inden-2-yl)phthalazin-1-amine (87 mg, 64 %) as a yellow solid. *H NMR (400 MHz,
CDCI3) 6 8.26 (s, 1H, 6), 7.83 (s, 1H, 3), 7.30-7.17 (m, 4H, 20, 21, 22, 23),5.28 (d, /= 7.0 Hz, 1H,
13), 5.16 (dt, J = 7.0, 4.0 Hz, 1H, 15), 3.54 (dd, J = 16.4, 6.9 Hz, 2H, 16), 3.03 (dd, J = 16.4, 3.9

Hz, 2H, 19); 3C NMR (101 MHz, CDCls) & 151.79 (10), 144.35 (7), 140.88 (17, 18), 137.29 (1),
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136.92 (2), 127.21 (6), 126.68 (3), 125.33 (4), 124.84 (21, 22), 122.96 (20, 23), 118.85 (5),
52.78 (15), 40.08 (16, 19); LR-ESI-MS C17H1,ClsN3 [M+H*] m/z found: 364.07, calc.: 364.65;

Step 2: 6,7-dichloro-N-(2,3-dihydro-1H-inden-2-yl)-4-(pyridin-4-yl)phthalazin-1-amine (28)

4,6,7-trichloro-N-(2,3-dihydro-1H-inden-2-yl)phthalazin-1-amine (50 mg, 0.137 mmol, 1.0
eq.) was reacted with 4-pyridinylboronic acid (16.85 mg, 0.137 mmol, 1.0 eq.) according to
general procedure B to yield 28 (28 mg, 50.1 %) as a brown solid. M.P. = 269-271 °C; Vmax (cm"
1) 3215 (NH), 3068, 2925, 2868 (CH), 1602 (C=N); *H NMR (400 MHz, CDCl3) § 8.81 (dd, J = 4.4,
1.6 Hz, 2H, 17, 19), 8.01 (s, 1H, 6), 7.90 (s, 1H, 3), 7.63 (dd, J = 4.4, 1.6 Hz, 2H, 16, 20), 7.30
(dd, J=5.4,3.4 Hz, 2H, 26, 27),7.25-7.20 (m, 2H, 25, 28), 5.38 (d, J = 7.0 Hz, 1H, 13), 5.34 —
5.23 (m, 1H, 15), 3.61 (dd, J = 16.4, 6.8 Hz, 2H, 21), 3.09 (dd, J = 16.3, 3.9 Hz, 2H, 24); 13C NMR
(101 MHz, CDCl3) 6 151.80 (10), 150.39 (17, 19), 149.20 (7), 144.02 (14), 141.25 (22, 23),
137.00 (1), 136.31 (2), 127.38 (4), 127.04 (6), 125.20 (16, 20), 125.02 (3), 124.37 (26, 27),
123.21 (25, 28), 117.46 (5), 53.16 (15), 40.56 (21, 24); LR-ESI-MS C2;H16ClbN4 [M+HY] m/z
found: 407.13, calc.: 407.30; HR-ESI-MS Ci;H16ClaNsa [M+H*] m/z found: 406.9692, calc.:

407.0830.
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6,7-dichloro-4-(pyridin-4-yl)-N-(1,2,3,4-tetrahydronaphthalen-1-yl)phthalazin-1-amine (29)

Step 1: 4,6,7-trichloro-N-(1,2,3,4-tetrahydronaphthalen-1-yl)phthalazin-1-amine

19

1,2,3,4-tetrahydronaphthalen-1-amine (0.054 ml, 0.373 mmol, 1.0 eq.) was reacted with Int
1 (100 mg, 0.373 mmol, 1.0 eq.) according to general procedure A to yield 4,6,7-trichloro-N-
(1,2,3,4-tetrahydronaphthalen-1-yl)phthalazin-1-amine (88.0 mg, 62 %) as a white solid. *H
NMR (400 MHz, CDCl3) 6 8.25 (s, 1H, 6), 7.89 (s, 1H, 6), 7.39 — 7.31 (m, 1H, 22), 7.24 - 7.10
(m, 3H, 21, 23, 24), 5.73-5.66 (m, 1H, 15), 5.41 (d, /= 7.6 Hz, 1H, 13), 2.95 - 2.75 (m, 2H, 18),
2.22-2.08 (m, 2H, 20), 1.97 - 1.82 (m, 2H, 19).; 3C NMR (101 MHz, CDCls) 6 151.76 (10), 144.34
(7), 140.00 (16), 138.26 (17), 137.57 (4), 137.24 (1), 136.88 (2), 129.48 (6), 129.44 (3), 127.73
(22),127.46 (23), 126.49 (21), 123.31 (24), 119.14 (5), 49.55 (15), 29.53 (18), 28.97 (20), 19.86
(19); LR-ESI-MS CisH14CIsN3 [M+H*] m/z found: 378.68, calc.: 378.68;

Step 2: 6,7-dichloro-4-(pyridin-4-yl)-N-(1,2,3,4-tetrahydronaphthalen-1-yl)phthalazin-1-

amine (29)
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4,6,7-trichloro-N-(1,2,3,4-tetrahydronaphthalen-1-yl)phthalazin-1-amine (50 mg, 0.132
mmol, 1.0 eq.) was reacted with 4-pyridinylboronic acid (16.23 mg, 0.132 mmol, 1.0 eq)
according to general procedure B to yield 29 (37.3 mg, 67 %) as an off-white solid. M.P. = 274-
278 °C ; vmax (cm) 3333 (NH), 3024, 2973, 2862 (CH), 1602 (C=N); 'H NMR (400 MHz, CDCls)
58.82(dd, J = 4.4, 1.5 Hz, 2H, 17, 19), 8.04 (s, 1H, 6), 7.88 (s, 1H, 3), 7.65 (dd, J = 4.5, 1.7 Hz,
2H, 16, 20), 7.41 (d, J = 7.6 Hz, 1H, 27), 7.27-7.18 (m, 3H, 26, 28, 29), 5.91-5.83 (m, 1H, 15),
5.37 (d, J= 7.5 Hz, 1H, 13), 2.99 — 2.80 (m, 2H, 23), 2.31—2.14 (m, 2H, 25), 2.00 — 1.88 (m, 2H,
24); 13C NMR (101 MHz, CDCls) § 151.35 (10), 150.41 (17, 19), 149.12 (7), 144.09 (21), 138.36
(22), 137.01 (4), 136.99 (1), 136.36 (2), 129.62 (6), 129.50 (3), 127.85 (27), 127.40 (28), 126.62
(26), 125.15 (29), 123.07 (16, 20), 117.35 (5), 49.58 (15), 29.58 (23), 29.15 (25), 19.88 (24); LR-
ESI-MS Ca3H1sClaNg [M+H*] m/z found: 421.48, calc.: 421.33; HR-ESI-MS Ca3H15CloNa [M+H?]
m/z found: 420.9811, calc.: 421.0987
6,7-dichloro-4-(pyridin-4-yl)-N-(2-(pyrrolidin-1-yl)ethyl)phthalazin-1-amine (30)

Step 1: 4,6,7-trichloro-N-(2-(pyrrolidin-1-yl)ethyl)phthalazin-1-amine

2-(Pyrrolidin-1-yl)ethan-1-amine (0.047 ml, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100
mg, 0.373 mmol, 1.0 eq.) according to general procedure A. The product was eluted from the
column using DCM:(7.0 M NHs in MeOH) (90:10) to yield 4,6,7-trichloro-N-(2-(pyrrolidin-1-
yl)ethyl)phthalazin-1-amine (93 mg, 0.134 mmol, 72 %) as a yellow solid. *H NMR (400 MHz,
CDCl3) § 8.79 (s, 1H, 6), 8.18 (s, 1H, 3), 8.00 (s, 1H, 13), 4.11 (s, 2H, 15), 3.54 — 3.44 (m, 2H,

16),3.43-3.27 (m, 4H, 18, 21), 2.23—2.13 (m, 4H, 19, 20); 13C NMR (101 MHz, CDCls) & 154.93
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(10), 144.95 (7), 137.96 (1), 137.87 (2), 126.78 (6), 125.81 (3), 125.56 (4), 119.75 (5), 55.50
(15), 54.64 (18, 21), 38.34 (16), 23.49 (19, 20); LR-ESI-MS C14H15CIsNs [M+H*] m/z found:
345.29, calc.: 345.65

Step 2: 6,7-dichloro-4-(pyridin-4-yl)-N-(2-(pyrrolidin-1-yl)ethyl)phthalazin-1-amine (30)

4,6,7-trichloro-N-(2-(pyrrolidin-1-yl)ethyl)phthalazin-1-amine (50 mg, 0.145 mmol, 1.0 eq.)
was reacted with 4-pyridinylboronic acid (17.78 mg, 0.145 mmol, 1.0 eq.) according to general
procedure B. The product was eluted from the column using DCM:(7.0 M NHs in MeOH)
(90:10) to yield 30 (34.8 mg, 62 %) as a brown gum. Vmax (cm™) 3112 (NH), 2996, 2851 (CH),
1588 (C=N); 'H NMR (400 MHz, CDCls) & 8.79 (dd, J = 4.4, 1.6 Hz, 2H, 17, 19), 8.45 (s, 1H, 6),
7.95 (s, 1H, 3), 7.60 (dd, J = 4.3, 1.6 Hz, 2H, 16, 20), 4.96 (br, 1H, 13) 4.16 — 3.98 (m, 2H, 15),
3.39 -3.28 (m, 2H, 21), 3.19-3.02 (m, 4H, 23, 26), 2.05-1.98 (m, 4H, 24, 25); 3C NMR (101
MHz, CDCl3) 6 152.71 (10), 150.32 (17, 19), 148.90 (7), 144.25 (14), 136.93 (1), 136.31 (2),
126.80 (6), 125.14 (3), 125.07 (4), 124.32 (16, 20), 118.14 (5), 54.65 (15), 54.02 (23, 26), 38.83
(21), 23.46 (24, 25); LR-ESI-MS C15H19Cl2Ns [M+H*] m/z found: 388.17, calc.: 388.300; HR-ESI-

MS C19H19Cl2Ns [M+H*] m/z found: 388.0000, calc.: 388.10958
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6,7-dichloro-N-((1-ethylpyrrolidin-2-yl)methyl)-4-(pyridin-4-yl)phthalazin-1-amine (31)
Step 1: 4,6,7-trichloro-N-((1-ethylpyrrolidin-2-yl)methyl)phthalazin-1-amine

21 22

5 [
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1,4,6,7-tetrachlorophthalazine (100 mg, 0.373 mmol, 1.0 eq.) was reacted with (1-
ethylpyrrolidin-2-yl)methanamine (0.054 ml, 0.373 mmol, 1.0 eq.) according to general
procedure A. The product was eluted from the column using DCM:(7.0M NHs in MeOH)
(90:10) to vyield 4,6,7-trichloro-N-((1-ethylpyrrolidin-2-yl)methyl)phthalazin-1-amine (98 mg,
73 %) as a white solid. 'H NMR (400 MHz, CDCl3) 6 8.23 (s, 1H, 6), 8.11 (s, 1H, 3), 6.83 (s, 1H,
13), 3.90 (dd, J = 13.6, 3.7 Hz, 1H, 15), 3.68 (dd, J = 13.8, 3.8 Hz, 1H, 15), 3.43 (p, J = 4.8 Hz,
1H, 16), 2.98-2.89 (m, 2H, 21), 2.51-2.41 (m, 2H, 19), 1.83 — 1.72 (m, 4H, 17, 18), 1.19 (t, J =
7.2 Hz, 3H, 22); 13C NMR (101 MHz, CDCls) § 153.15 (10), 144.15 (7), 137.63 (1), 137.36 (2),
127.29 (6), 125.59 (4), 124.01 (3), 119.50 (5), 74.95 (16), 63.42 (15), 49.08 (21), 42.21 (19),
28.44 (17), 23.24 (18), 13.32 (22); LR-ESI-MS CisH17ClsNs [M+H*] m/z found: 359.39, calc.:

359.68
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Step 2: 6,7-dichloro-N-((1-ethylpyrrolidin-2-yl)methyl)-4-(pyridin-4-yl)phthalazin-1-amine

(31)

4,6,7-trichloro-N-((1-ethylpyrrolidin-2-yl)methyl)phthalazin-1-amine (50 mg, 0.139 mmol, 1.0
eq.) was reacted with 4-pyridinylboronic acid (17.09 mg, 0.139 mmol, 1.0 eq.) according to
general procedure B. The product was eluted from the column using DCM:7.0 M NHzin MeOH
(90:10) to yield 31 (34.7 mg, 62 %) as a brown gum. vmax (cm™) 3290 (NH), 3038, 2968, 2875
(CH), 1600 (C=N); *H NMR (400 MHz, CDCl3) 6 8.81 (dd, J = 4.4, 1.5 Hz, 2H, 17, 19), 8.68 (s,
1H, 6), 7.96 (s, 1H, 3), 7.63 (dd, J = 4.4, 1.7 Hz, 2H, 16, 20), 6.88 (br, 1H, 13), 4.06 (dd, J = 14.3,
9.5 Hz, 1H, 15), 3.95 (dd, J = 14.3, 9.7 Hz, 1H, 15), 3.89 - 3.75 (m, 1H, 21), 3.30-3.14 (m, 1H,
26),2.96 —2.82 (m, 2H, 26, 24), 2.38 - 2.23 (m, 1H, 24), 2.03 - 1.86 (m, 4H, 22, 23), 1.23 (t, J
=7.2 Hz, 3H, 27); 3C NMR (101 MHz, CDCl5) § 152.77 (10), 150.32 (17, 19), 149.45 (7), 144.06
(14), 137.62 (1), 137.22 (2), 126.81 (6), 125.55 (4), 125.10 (3), 124.30 (16, 20), 119.43 (5),
76.13 (21), 64.54 (15), 48.74 (26), 42.56 (24), 28.67 (22), 23.31 (23), 13.37 (27); LR-ESI-MS

C20H21Cl2Ns [M+H*] m/z found: 402.13, calc.: 402.32;
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6,7-dichloro-N-(2-morpholinoethyl)-4-(pyridin-4-yl)phthalazin-1-amine (32)

Step 1: 4,6,7-trichloro-N-(2-morpholinoethyl)phthalazin-1-amine

2-Morpholinoethan-1-amine (48.6 mg, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100 mg,
0.373 mmol, 1.0 eq.) according to general procedure A to yield 4,6,7-trichloro-N-(2-
morpholinoethyl)phthalazin-1-amine (88 mg, 65 %) as an off-white solid. *H NMR (400 MHz,
MeOD) & 8.48 (s, 1H, 6), 8.24 (s, 1H, 3), 4.56 (s, 1H, 13), 3.78 — 3.68 (m, 6H, 15, 19, 21), 2.65
(t, J = 6.5 Hz, 2H, 16), 2.61 — 2.54 (m, 4H, 18, 22); 3C NMR (101 MHz, MeOD) § 154.70 (10),
144.19 (7), 138.41 (1), 138.12 (2), 127.84 (6), 126.73 (4), 126.25 (3), 121.02 (5), 67.66 (19, 21),
58.03 (16), 54.76 (18, 22), 39.33 (15).; LR-ESI-MS C14H15CIsN4O [M+H*] m/z found: 361.30,
calc.: 361.65

Step 2: 6,7-dichloro-N-(2-morpholinoethyl)-4-(pyridin-4-yl)phthalazin-1-amine (32)

26

4,6,7-trichloro-N-(2-morpholinoethyl)phthalazin-1-amine (50 mg, 0.138 mmol, 1.0 eq.) was

reacted with 4-pyridinylboronic acid (16.99 mg, 0.138 mmol, 1.0 eq.) according to general
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procedure B to yield 32 (43.0 mg, 77 %) as a yellow gum. vmax (cm™) 3248 (NH), 3060, 2964,
2875 (CH), 1602 (C=N), 1116 (C-O); *H NMR (400 MHz, CDCls) § 8.77 (dd, J = 4.4, 1.6 Hz, 2H,
17, 19), 8.00 (d, J = 2.8 Hz, 2H, 6, 3), 7.56 (dd, J = 4.5, 1.6 Hz, 2H, 16, 20), 6.21 (br, 1H, 13),
3.89-3.82 (m, 2H, 15), 3.81-3.75 (m, 4H, 24, 26), 2.80 (t, J = 5.9 Hz, 2H, 21), 2.65-2.51 (m, 4H,
23, 27); 3C NMR (101 MHz, CDCl3) & 152.29 (10), 150.35 (17, 19), 148.98 (7), 144.08 (14),
136.94 (1), 136.27 (2), 127.31 (6), 124.96 (4), 124.33 (3), 123.40 (16, 20), 117.62 (5), 67.11
(24, 26), 56.63 (21), 53.40 (23, 27), 37.87 (15); LR-ESI-MS C19H15Cl,NsO [M+H*] m/z found:
404.17, calc.: 404.30; HR-ESI-MS Ci9H19Cl;NsO [M+H*] m/z found: 403.9914, calc.: 404.1045.
6,7-dichloro-N-(3-morpholinobutan-2-yl)-4-(pyridin-4-yl)phthalazin-1-amine (33)

Step 1: 4,6,7-dichloro-N-(3-morpholinobutan-2-yl)phthalazin-1-amine

3-Morpholinobutan-2-amine (0.058 ml, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100 mg,
0.373 mmol, 1.0 eq.) according to general procedure A to vyield 4,6,7-trichloro-N-(3-
morpholinobutan-2-yl)phthalazin-1-amine (95 mg, 65 %) as an off-white solid. *H NMR (400
MHz, CDCl3) 6 8.26 (s, 1H, 6), 7.95 (s, 1H, 3), 7.06 (s, 1H, 13), 3.84-3.77 (m, 1H, 15), 3.73-3.68
(m, 2H, 21, 23), 3.61 (br, 2H, 21, 23), 2.72-2.65 (m, 1H, 16), 2.56 (br, 2H, 20, 24), 2.50 (br, 2H,
20, 24), 1.44 (d, J = 5.9 Hz, 3H, 19), 1.14 (d, J = 6.6 Hz, 3H, 17). 3C NMR (101 MHz, CDCls3) 6
152.88 (10), 144.44 (7), 137.45 (1), 137.29 (2), 127.58 (6), 125.76 (4), 123.30 (3), 120.15 (5),
67.83 (21, 23), 64.09 (20, 24), 55.31 (16) 49.65 (15), 18.27 (19), 9.37 (17); LR-ESI-MS

C16H19CI3N4O [M+H*] m/z found: 389.46, calc.: 389.71.
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Step 2: 6,7-dichloro-N-(3-morpholinobutan-2-yl)-4-(pyridin-4-yl)phthalazin-1-amine (33)

4,6,7-dichloro-N-(3-morpholinobutan-2-yl)phthalazin-1-amine (50 mg, 0.128 mmol, 1.0 eq.)
was reacted with 4-pyridinylboronic acid (15.77 mg, 0.128 mmol, 1.0 eq.) according to general
procedure B to yield 33 (36.1 mg, 65%) as a brown gum. vmax (cm™) 3217 (NH), 2964, 2875
(CH), 1613 (C=N), 1141 (C-0); *H NMR (400 MHz, CDCls) 6 8.81 (dd, J=4.2, 1.7 Hz, 2H, 17, 19),
8.06 (s, 1H, 6), 8.02 (s, 1H, 3), 7.63 (dd, J = 4.4, 1.9 Hz, 2H, 16, 20), 4.02 — 3.88 (m, 1H, 21),
3.82-3.56 (m, 4H, 26, 28), 2.82 - 2.68 (m, 1H, 15), 2.67 — 2.45 (m, 4H, 25, 29),1.51 (d, J=5.9
Hz, 3H, 24), 1.17 (d, J = 6.6 Hz, 3H, 22); 3C NMR (101 MHz, CDCl3) § 152.55 (10), 150.30 (17,
19), 148.92 (7), 136.86 (1), 136.37 (2), 132.30 (14), 127.38 (6), 125.07 (4), 124.35 (3), 123.36
(16, 20), 118.38 (16, 20), 67.80 (26, 28), 64.12 (25, 29), 55.18 (21), 49.72 (15), 18.49 (24), 9.44
(15); LR-ESI-MS C1H»3CloNsO  [M+H*] m/z found: 432.16, calc.: 432.50; HR-ESI-MS

C21H23CIoNs0 [M+H*] m/z found: 432.0257, calc.: 432.1358.
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6,7-dichloro-N-((4-methylmorpholin-3-yl)methyl)-4-(pyridin-4-yl)phthalazin-1-amine (34)

Step 1: 4,6,7-trichloro-N-((4-methylmorpholin-3-yl)methyl)phthalazin-1-amine

(4-Methylmorpholin-3-yl)methanamine (48.6 mg, 0.373 mmol, 1.0 eq.) was reacted with Int
1 (100 mg, 0.373 mmol, 1.0 eq.) according to general procedure B to yield 4,6,7-trichloro-N-
((4-methylmorpholin-3-yl)methyl)phthalazin-1-amine (97 mg, 72 %) as a white solid. *H NMR
(400 MHz, CDCls) 6 8.22 (s, 1H, 6), 7.97 (s, 1H, 3), 6.20 (s, 1H, 13), 3.90 —3.80 (m, 2H, 15), 3.77
(br, 1H, 19), 3.71 = 3.61 (m, 2H, 17, 19), 3.52 (br, 1H, 17), 2.92-2.78 (m, 1H, 16), 2.59 — 2.53
(m, 1H, 20), 2.52 = 2.43 (m, 1H, 20), 2.39 (s, 3H, 22); 13C NMR (101 MHz, CDCls) § 152.72 (10),
144.31 (7), 137.53 (1), 137.15 (2), 127.36 (6), 125.48 (4), 123.54 (3), 119.26 (5), 69.26 (19),
66.93 (17), 60.07 (16), 54.95 (20), 42.66 (15), 39.78 (22); LR-ESI-MS C14H15CI3N4O [M+H*] m/z
found: 361.29, calc.: 361.65.

Step 2: 6,7-dichloro-N-((4-methylmorpholin-3-yl)methyl)-4-(pyridin-4-yl)phthalazin-1-amine

(34)
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4,6,7-trichloro-N-((4-methylmorpholin-3-yl)methyl)phthalazin-1-amine (50 mg, 0.138 mmol,
1.0 eq.) was reacted with 4-pyridinylboronic acid (16.99 mg, 0.138 mmol, 1.0 eq.) according
to general procedure B to yield 34 (36.3 mg, 65% yield) as a brown gum. vmax(cm™) 3272 (NH),
3097, 2960, 2852 (CH), 1667 (C=N), 1122 (C-0); *H NMR (400 MHz, CDCls) 6 8.80 (dd, J = 4.4,
1.6 Hz, 2H, 17, 19), 8.01 (d, J = 6.4 Hz, 2H, 6, 3), 7.60 (dd, J = 4.4, 1.5 Hz, 2H, 16, 20), 6.20 (s,
1H, 13), 3.95 — 3.75 (m, 4H, 15 (2), 22, 24), 3.75-3.67 (m, 1H, 24), 3.64-3.59 (m, 1H, 22), 2.87
(m, 1H, 21), 2.67 —2.58 (m, 1H, 25), 2.55-2.49 (m, 1H, 25), 2.43 (s, 3H, 27); 3C NMR (101 MHz,
CDCl3) & 152.40 (10), 150.36 (17, 19), 149.14 (7), 144.06 (14), 137.04 (1), 136.33 (2), 127.37
(6), 124.97 (4), 124.35 (3), 123.36 (16, 20), 117.59 (5), 69.21 (24), 66.98 (22), 60.20 (21), 55.05
(25), 42.64 (15), 39.73 (27); LR-ESI-MS C15H19ClNsO [M+H*] m/z found: 404.08, calc.: 404.30;
HR-ESI-MS Ci5H19Cl;NsO [M+H*] m/z found: 403.9913, calc.: 404.1045.
6,7-dichloro-4-(pyridin-4-yl)-N-(3-(pyrrolidin-1-yl)propyl)phthalazin-1-amine (35)

Step 1: 4,6,7-trichloro-N-(3-(pyrrolidin-1-yl)propyl)phthalazin-1-amine

3-(Pyrrolidin-1-yl)propan-1-amine (0.053 ml, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100
mg, 0.373 mmol, 1.0 eq.) according to general procedure A. The product was eluted from the
column using DCM:(7.0 M NHs in MeOH) (90:10) to yield 4,6,7-trichloro-N-(3-(pyrrolidin-1-
yl)propyl)phthalazin-1-amine (110 mg, 82%) as an off-white solid. *H NMR (400 MHz, CDCls)
68.92 (s, 1H, 13), 8.18 (s, 1H, 6), 7.80 (s, 1H, 3), 3.77-3.73 (m, 2H, 15), 2.91 - 2.78 (m, 2H, 19,
22),2.78-2.64 (m, 4H, 17 (2), 19, 22), 2.05-1.97 (m, 4H, 20, 21), 1.94 (p, J = 5.6 Hz, 2H, 16);
13C NMR (101 MHz, CDCls) § 153.15 (10), 143.12 (7), 137.01 (1), 136.70 (2), 127.16 (6), 125.57
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(4),123.90 (3), 119.82 (5), 56.75 (19, 22), 54.42 (15), 43.72 (17), 25.06 (20, 21), 23.63 (16); LR-
ESI-MS CisH17ClsNg [M+H*] m/z found: 359.30, calc.: 359.68.

Step 2: 6,7-dichloro-4-(pyridin-4-yl)-N-(3-(pyrrolidin-1-yl)propyl)phthalazin-1-amine (35)

4,6,7-trichloro-N-(3-(pyrrolidin-1-yl)propyl)phthalazin-1-amine (50 mg, 0.139 mmol, 1.0 eq.)
was reacted with 4-pyridinylboronic acid (17.09 mg, 0.139 mmol, 1.0 eq.) according to general
procedure B. The product was eluted from the column using DCM:(7.0 M NHs in MeOH)
(90:10) to yield 35 (30.2 mg, 54%) as a brown gum. vmax (cm™) 3213 (NH), 3045, 2911, 2801
(CH), 1601 (C=N); *H NMR (400 MHz, CDCl3) 6 8.79 (dd, J = 4.5, 1.6 Hz 17, 19, 2H), 8.19 (s, 1H,
6), 7.95 (s, 1H, 3), 7.61 (dd, J = 4.4, 1.7 Hz, 2H, 16, 20), 3.89 — 3.82 (m, 2H, 15), 3.63-3.51 (m,
2H, 24, 27) 3.13-2.99 (m, 4H, 22 (2), 24, 27), 2.25-2.11 (m, 4H, 25, 26), 1.98-1.91 (m, 2H, 21);
13C NMR (101 MHz, CDCl3) § 152.43 (10), 150.43 (17, 19), 149.03 (7), 142.92 (14), 136.45 (1),
136.02 (2), 126.74 (6), 125.02 (4), 124.40 (3), 122.98 (16, 20), 119.03 (5), 57.02 (24, 27),55.11
(15), 43.24 (22), 25.75 (25, 26), 23.83 (21); LR-ESI-MS C20H21Cl2Ns [M+H*] m/z found: 402.13,

calc.: 402.32; HR-ESI-MS Cx0H21CloNs [M+H*] m/z found: 402.0245, calc.: 402.1252
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N'-cyclopentyl-N'-(6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-yl)-N?,N2-dimethylethane-1,2-

diamine (36)

Step 1: 4,6,7-trichloro-N-cyclopentylphthalazin-1-amine (37)

Cyclopentylamine (0.037 mL, 0.373 mmol, 1.0 eq.) was reacted with Int 1 (100 mg, 0.373
mmol, 1.0 eq.) according to general procedure A to yield 37 (81.3 mg, 68.8 % yield) as a yellow
solid.’H NMR (400 MHz, CDCl3) & 8.24 (s, 1H, 6), 7.88 (s, 1H, 3), 5.11 (d, J = 6.5 Hz, 1H, 13),
4.61 (sext., J = 6.7 Hz, 1H, 14), 2.31 - 2.17 (m, 2H, 15, 18), 1.84 — 1.63 (m, 4H, 15, 16, 17, 18),
1.60-1.50 (m, 2H, 16, 17).; 3C NMR (101 MHz, CDCl3) § 152.34 (10), 144.22 (7), 137.51 (1),
137.18 (2), 127.61 (6), 125.71 (4), 123.28 (3), 119.29 (5), 53.88 (14), 33.55 (15, 18), 24.20 (16,
17); LR-ESI-MS Ci13H12ClsN3 [M+H*] m/z found: 316.17, calc.: 316.61

Step 2: 6,7-dichloro-N-cyclopentyl-4-(pyridin-4-yl)phthalazin-1-amine (A-196)
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37 (50 mg, 0.158 mmol, 1.0 eq.) was reacted with 4-pyridinylboronic acid (19.4 mg, 0.158
mmol, 1.0 eq) according to general procedure B to yield A-196 (52.3 mg, 92.2%) as an off-
white solid. 'H NMR (400 MHz, CDCl3) 6 8.78 (dd, J = 4.4, 1.6 Hz, 2H, 19, 21), 8.00 (d, J = 8.2
Hz, 2H, 6, 3), 7.61 (dd, J = 4.3, 1.6 Hz, 2H, 18, 22), 5.41 (d, J = 6.5 Hz, 1H, 11), 4.73 (sext., J =
6.7 Hz, 1H, 12), 2.32-2.21 (m, 2H, 13, 16), 1.85—-1.66 (m, 4H, 13, 14, 15, 16), 1.66-1.54 (m, 2H,
14, 15); 3C NMR (101 MHz, CDCls) 6 152.03 (10), 150.30 (19, 21), 148.58 (7), 144.17 (17),
136.72 (1), 136.03 (2), 127.22 (6), 124.97 (4), 124.34 (18, 22), 123.39 (3), 117.48 (5), 53.80
(12), 33.49 (13, 16), 24.12 (14, 15); LR-ESI-MS CisH16ClaNs [M+H*] m/z found: 359.11, calc.:
359.25.

Step 3: N-cyclopentyl-N1-(6,7-dichloro-4-(pyridin-4-yl)phthalazin-1-yl)-N?,N?-

dimethylethane-1,2-diamine (36)

To a flame-dried, 50 mL round-bottomed flask that had been evacuated and backfilled with
N2 was added sodium hydride (60 %wt, 6.7 mg, 0.167 mmol, 1.2 eq.). This was suspended in
dry THF (2.5 mL) and the mixture cooled to 0 °C and left stirring under nitrogen for 30 minutes.
A-196 (50.0 mg, 0.139 mmol, 1.0 eq.) was dissolved in THF (2.5 mL) and the solution added to
the RBF at 0 °C. The resultant mixture was left stirring at 0 °C for 30 minutes. To a 4 mL vial

containing 2-chloro-N,N-dimethylethylamine hydrochloride (20 mg, 0.139 mmol, 1.0 eq.) was
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added THF (2 mL) and DIPEA (0.024 mL, 0.139 mmol, 1.0 eq). The resultant solution was added

to the RBF dropwise and the reaction left stirring overnight.

The reaction was quenched with water at 0 °C and extracted with DCM (3 x 10 mL). The
combined organic extracts were washed with water and dried over sodium sulfate, before the
residual solvent was removed in vacuo. The crude material was purified by column
chromatography (DCM:(7M NH3 in MeOH), 95:5) to yield 36 as a yellow solid. M.P. = 191-194
°C; vmax (cm™) 3392, 3025, 2941, 2865, 2766, 1618, 1544, 1498, 1375, 1263, 1195, 1162, 1096,
982, 891; H NMR (400 MHz, CDCl3) 6 8.76 — 8.68 (dd, J = 4.4, 1.6 Hz 2H, 19, 21), 8.14 (s, 1H,
6), 7.60 (s, 1H, 3), 7.52 — 7.43 (dd, J = 4.4, 1.7 Hz 2H, 18, 22), 4.40 (sext., J = 6.7 Hz, 1H, 12),
4.32 (t,J=7.0 Hz, 2H, 25), 2.93 (t, J = 6.8 Hz, 2H, 26), 2.46 (s, 6H, 28, 29), 2.10 — 1.95 (m, 2H,
13, 16), 1.95 — 1.82 (m, 2H, 13, 16), 1.81 — 1.61 (m, 4H, 14, 15); 13C NMR (101 MHz, CDCl3) &
150.65 (10), 150.48 (19, 21), 142.80 (7), 137.33 (17), 135.43 (1), 133.66 (2), 130.22 (6), 128.31
(4), 126.81 (3), 123.89 (5), 123.35 (18, 22), 59.15 (28, 29), 56.42 (12), 50.14 (25), 45.30 (26),
36.56, (13, 16), 24.87 (14, 15); LR-ESI-MS C15H16Cl,N4 [M+H*] m/z found: 430.09, calc.: 430.38;

HR-ESI-MS Ci18H16CloN4 [M+H*] m/z found: 430.0363, calc.: 430.1565

6,7-dichloro-N-cyclopentyl-4-(1-methyl-1H-pyrazol-3-yl)phthalazin-1-amine (38)

38
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37 (50 mg, 0.158 mmol) was reacted with 1-methyl-1H-pyrazole-3-boronic acid pinacol ester
(32.9 mg, 0.158 mmol) according to general procedure B to yield 38 (31 mg, 0.086 mmol, 54.2
% yield) as a white solid. M.P. = 238-240 °C; vmax (cm™) 3219 (NH), 3068, 2946, 2867 (CH),
1601 (C=N), 1525; *H NMR (400 MHz, CDCl3) § 9.56 (s, 1H, 6), 7.85 (s, 1H, 3), 7.44 (d, J = 2.3
Hz, 1H, 17), 7.10 (d, J = 2.3 Hz, 1H, 16), 5.02 (d, J = 6.4 Hz, 1H, 13), 4.71 (sext., J = 6.7 Hz, 1H,
15), 4.04 (s, 3H, 24), 2.36 — 2.21 (m, 2H, 20, 23), 1.85 — 1.74 (m, 2H, 20, 23), 1.74 - 1.67 (m,
2H, 21, 22), 1.67 — 1.54 (m, 2H, 21, 22); 13C NMR (101 MHz, CDCl3) & 151.52 (10), 150.40 (7),
143.63 (14), 136.25 (1), 135.37 (2), 130.94 (17), 130.07 (6), 124.97 (4), 122.30 (3), 117.77 (5),
106.74 (16), 53.68 (24), 39.49 (15), 33.63 (20, 23), 24.12 (21,22); LR-ESI-MS C17H17Cl:Ns
[M+H*Im/z found: 362.47, calc.: 362.26; HR-ESI-MS C17H17CloNs [M+H*] m/z found: 361.9925,
calc.: 362.0939.

6,7-dichloro-N-cyclopentyl-4-(1-(difluoromethyl)-1H-pyrazol-4-yl)phthalazin-1-amine (39)

37 (50 mg, 0.158 mmol, 1.2 eq.) was reacted with 1-(difluoromethyl)pyrazole-4-boronic acid
pinacol ester (46.2 mg, 0.190 mmol, 1.2 eq.) according to general procedure B to yield 39
(46.1 mg, 73.3%) as an off-white solid. M.P. = 224-226 °C; Vmax (cm™) 3224 (NH), 2957, 2866
(CH), 1686, 1612 (C=N), 1187 (C-F); *H NMR (400 MHz, CDCls) & 8.28 (s, 1H, 23), 8.14 (d, J =

12.4 Hz, 2H, 6, 3), 7.96 (s, 1H, 20), 7.29 (t, J = 60.4 Hz, 1H, 24) 5.18 (s, 1H, 11), 4.69 (sext., J =
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6.6 Hz, 1H, 12), 2.34 — 2.20 (m, 2H, 13, 16), 1.84-1.77 (m, 2H, 13, 16), 1.74-1.65 (m, 2H, 14,
15), 1.66-1.57 (m, 2H, 14, 15); 3C NMR (101 MHz, CDCls) & 151.55 (10), 142.77 (7), 141.85
(23), 136.87 (1), 136.04 (2), 127.02 (6), 126.28 (20), 125.37 (4), 123.29 (3), 121.28 (19), 117.52
(5), 111.15 (t, J = 251 Hz, 24), 33.55 (12), 27.05 (13, 16), 24.13 (14, 15); LR-ESI-MS
C17H15CloF2Ns [M+H*] m/z found: 398.13, calc.: 398.24; HR-ESI-MS C17H1sCl,F2Ns [M+H*] m/z

found: 397.9186, calc.: 398.0673.

6,7-dichloro-N-cyclopentyl-4-(1-isopropyl-1H-pyrazol-5-yl)phthalazin-1-amine (40)

37 (50 mg, 0.158 mmol, 1.2 eq.) was reacted with 1-isopropyl-1H-pyrazole-5-boronic acid
pinacol ester (37.3 mg, 0.158 mmol, 1.0 eq.) according to general procedure B to yield 40
(42.1 mg, 68.3%) as an off-white solid. M.P. = 245-247 °C; vmax (cm™) 3230 (NH), 3041, 2975,
2864 (CH), 1700, 1602 (C=N); 'H NMR (400 MHz, CDCl3) 6 7.96 (d, J = 2.2 Hz, 2H, 6, 3), 7.69 (d,
J=1.9Hz, 1H, 21), 6.43 (d, J = 1.9 Hz, 1H, 20), 5.28 (d, / = 6.7 Hz, 1H, 11), 4.89 — 4.68 (m, 2H,
12, 24), 2.40 - 2.20 (m, 2H, 13, 16), 1.86 —1.74 (m, 2H, 13, 16), 1.75 - 1.65 (m, 2H, 14, 15),
1.65—1.54 (m, 2H, 14, 15), 1.46 (d, J = 6.6 Hz, 6H, 25, 26); 3C NMR (101 MHz, CDCl3) § 151.72
(10), 142.74 (7), 138.52 (21), 136.84 (19), 136.16 (1), 135.54 (2), 127.68 (6), 126.59 (4), 122.90

(3), 117.25 (5), 108.42 (20), 50.91 (24), 33.54 (12), 27.04 (13, 16), 24.05 (14, 15), 23.11 (25,
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26); LR-ESI-MS Ci9H21Cl2Ns [M+H*] m/z found: 390.07, calc.: 390.31; HR-ESI-MS Ci9H;1CI>Ns

[M+H*] m/z found: 390.0159, calc.: 390.1252.

(1-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)piperidin-4-yl)methanol (41)

Step 1: 4-(((tert-butyldimethylsilyl)oxy)methyl)piperidine

6
H
1 N5
“ TBDMSCI
) 3
Imidazole 2 4
- >
7 8
DCM Q,
OH rt, 16 h Si

To a solution of 4-piperidinemethanol (330 mg, 2.865 mmol, 1.0 eq.) in DCM (10 mL) in a 50
mL RBF was added imidazole (780.2 mg, 11.461 mmol, 4.0 eq.) and the solution stirred at
room temperature for 30 minutes. tert-Butyldimethylsilyl chloride (1.0 mL, 5.730 mmol, 2.0

eg.) was added and the reaction left stirring at room temperature for 16 hours.

The reaction mixture was diluted with water (10 mL) and extracted with DCM (3 x 10 mL). The
combined organic extracts were washed with brine, dried over sodium sulfate and the
residual solvent removed in vacuo. The crude product was purified using column
chromatography (DCM:(7.0 M NHsz in MeOH), 95:5) to vyield 4-(((tert-
butyldimethylsilyl)oxy)methyl)piperidine (405.1 mg, 61.6%) as a yellow solid. *H NMR (400
MHz, CDCls) 6 3.54 —-3.43 (m, 4H, 7 (2), 1, 5), 2.85 (td, J = 12.7, 3.0 Hz, 2H, 1, 5),1.93 (d, J =
13.6 Hz, 2H, 2, 4), 1.78 — 1.53 (m, 3H, 2, 3, 4), 0.87 (s, 9H, 13, 14, 15), 0.06 (s, 6H, 10, 11); 13C
NMR (101 MHz, CDCl3) & 66.87 (7), 43.97 (1, 5), 37.07 (3), 26.01 (2, 4), 25.72 (12), 18.41 (13,

14, 15), -5.31 (10, 11); LR-ESI-MS C1,H27NOSi [M+H*] m/z found: 229.24, calc.: 229.44
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Step 2: (1-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)piperidin-4-yl)methanol (41)

41

4-(((tert-butyldimethylsilyl)oxy)methyl)piperidine (87.0 mg, 0.379 mmol, 1.2 eq.) was reacted
with 37 according to general procedure A to yield 41 as a brown oil. vmax (cm™) 3686 (br, OH),
3260 (NH), 2930, 2867 (CH), 1711 (C=N), 1103 (C-O); *H NMR (400 MHz, CDCl3) & 8.05 (s, 1H,
6),7.85 (s, 1H, 3), 4.84 (d, J = 6.2 Hz, 1H, 11), 4.54 (sext., J = 6.4 Hz, 1H, 12), 3.61 (d, J = 6.2 Hz,
2H, 25), 3.58 —3.46 (m, 2H, 20, 24), 2.98 (td, J = 12.4, 2.4 Hz, 2H, 20, 24), 2.29 - 2.13 (m, 2H,
21, 23),1.82-1.69 (m, 4H, 21, 23, 13, 16), 1.69 — 1.62 (m, 3H, 13, 16, 22), 1.59-1.48 (m, 4H,
14, 15); 13C NMR (101 MHz, CDCl3) § 154.84 (7), 150.47 (10), 135.56 (1), 135.31 (2), 126.92
(3), 123.44 (6), 123.03 (4), 120.11 (5), 67.88 (25), 51.88 (20, 24), 41.06 (22), 38.88 (21, 23),
33.60 (12), 29.15 (13, 16), 24.11 (14, 14); LR-ESI-MS C19H24Cl2N4O [M+H*]I m/z found: 395.15,

calc.: 395.33; HR-ESI-MS C19H24CIN4O [M+H*] m/z found: 395.0299, calc.: 395.1406.
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4-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)thiomorpholine 1,1-dioxide (42)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with thiomorpholine 1,1-dioxide (25.6 mg,
0.190 mmol, 1.2 eq.) according to general procedure A to yield 42 (23.1 mg, 35.2%) as a
yellow gum. vmax (cm™) 3292 (NH), 3054, 2977, 2843 (CH), 1610 (C=N), 1343 (S=0); 'H NMR
(400 MHz, CDCls) 6 8.02 (s, 1H, 6), 7.86 (s, 1H, 3), 4.86 (d, J = 6.5 Hz, 1H, 11), 4.59 (h, / = 6.6
Hz, 1H, 12), 3.95 - 3.82 (m, 4H, 21, 23), 3.38 — 3.19 (m, 4H, 20, 24), 2.31 - 2.20 (m, 2H, 13,
16), 1.86 — 1.75 (m, 2H, 13, 16), 1.75 — 1.64 (m, 2H, 14, 15), 1.61 — 1.50 (m, 2H, 14, 15); 13C
NMR (101 MHz, CDCl3) 6 152.45 (7), 151.02 (10), 136.57 (1), 136.29 (2), 126.19 (3), 123.68
(6), 122.29 (4), 120.02 (5), 51.16 (21, 23), 49.71 (20, 24), 33.66 (12), 27.06 (13, 16), 24.08 (14,
15); LR-ESI-MS Ci7H20CI2N4O2S [M+H*] m/z found: 415.09, calc.: 415.33; HR-ESI-MS

C17H20Cl2N405S [M+H*] m/z found: 414.9602, calc.: 414.0763.
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4-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)benzonitrile (43)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 4-cyanophenylboronic acid (27.8 mg,
0.190 mmol, 1.2 eq.) according to general procedure B to yield 43 as an off-white solid (48.5
mg, 80.1%). M.P. = 253-257 °C; Vmax (cm™) 3071 (NH), 2958 (CH), 2231 (C=N), 1601 (C=N); H
NMR (400 MHz, CDCls) § 7.95 (d, J = 4.8 Hz, 2H, 6, 3), 7.87 — 7.77 (m, 4H, 20, 21, 23, 24), 5.21
(d,J=6.5Hz, 1H, 11), 4.73 (sext., J = 6.7 Hz, 1H, 12), 2.34-2.26 (m, 2H, 13, 16), 1.87 — 1.76 (m,
2H, 13, 16), 1.76 — 1.67 (m, 2H, 14, 15), 1.66-1.57 (m, 2H, 14, 15); 13C NMR (101 MHz, CDCls)
6 151.83 (10), 149.30(7), 140.99 (22), 136.78 (1), 136.13 (2), 132.59 (21, 23), 130.50 (20, 24),
127.37 (6), 125.10 (5), 123.22 (3), 118.72 (19), 117.50 (4), 112.77 (25), 33.58 (12), 29.85 (13,
16), 24.14 (14, 15); LR-ESI-MS Cy0H16CloN4 [M+H*] m/z found: 383.21, calc.: 383.28; HR-ESI-

MS Cz0H16Cl2Na [M+H*] m/z found: 382.93200, calc.: 383.0752.
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6,7-dichloro-N-cyclopentyl-4-(4-(trifluoromethyl)phenyl)phthalazin-1-amine (44)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 4-(trifluoromethyl)phenylboronic acid
(36.0 mg, 0.190 mmol, 1.2 eq.) according to general procedure B to yield 44 (30.9 mg, 45.9%)
as an off-white solid. M.P. = 199-201 °C; Vmax (cm) 3316 (NH), 2954, 2867 (CH), 1604 (C=N),
1216 (C-F); *H NMR (400 MHz, CDCl3) 6 8.09 (s, 1H, 6), 7.93 (s, 1H, 3), 7.76 (s, 4H, 20, 21, 23,
24),5.60 (s, 1H, 11), 4.71 (sext., J = 6.5 Hz, 1H, 12), 2.35—2.15 (m, 2H, 13, 16), 1.84 — 1.72 (m,
2H, 13, 16), 1.70 — 1.54 (m, 4H, 14, 15); 13C NMR (101 MHz, CDCl3) & 151.92 (10), 149.65 (7),
139.91 (19), 136.52 (1), 135.84 (2), 130.12 (20, 24), 127.50 (6), 125.69 (t, J = 3.7 Hz, 25), 125.44
(21, 23) 125.31 (4), 124.59 (3), 122.81 (22), 117.70 (5), 33.36 (12), 27.00 (13, 16), 24.11 (14,
15); LR-ESI-MS CxoH16CloF3sN3 [M+H*] m/z found: 426.08, calc.: 426.26; HR-ESI-MS

C20H16Cl2F3N3 [M+H*] m/z found: 426.0752, calc.: 425.9560.
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4-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)phenol (45)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 4-hydroxyphenylboronic acid pinacol
ester (41.7 mg, 0.190 mmol, 1.2 eq.) according to general procedure B to yield 45 (34.1 mg,
57.7%) as a yellow gum. vmax (cm™) 3331 (br, OH) 2924, 2852 (CH), 1718, 1654 (CH ar), 1608
(C=N), 1237 (C-0O); *H NMR (400 MHz, MeOD) & 8.62 (s, 1H, 6), 7.93 (s, 1H, 3), 7.46 — 7.36 (m,
2H, 21, 23), 7.01 -=6.91 (m, 2H, 20, 24), 4.56 (sext., J = 6.5 Hz, 1H, 12), 2.24 - 2.10 (m, 2H, 13,
16),1.90—1.77 (m, 2H, 13, 16), 1.74-1.6 (m, 4H, 14, 15); 13C NMR (101 MHz, MeOD) 6 159.81
(22), 153.54 (10), 151.93 (7), 137.22 (1), 136.84 (2), 132.07 (20, 24), 129.27 (6), 127.80 (19),
126.06 (3), 119.92 (4), 116.78 (5), 116.57 (20, 24), 54.61 (12), 33.53 (13, 16), 25.02 (14, 15);
LR-ESI-MS Ci9H17CloN3O [M+H*] m/z found: 374.13, calc.: 374.27; HR-ESI-MS Ci9H17Cl2N30

[M+H*] m/z found: 373.9357, calc.: 374.0748
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(4-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)phenyl)methanol (46)

46

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 4-(hydroxymethyl)phenylboronic acid
(28.8 mg, 0.190 mmol, 1.20 eq.) according general procedure B to yield 46 (35.5 mg, 57.9%)
as a white solid. M.P. = 155-157 °C; vmax (cm™) 3389 (br, OH), 3092, 2944, 2864 (CH), 1602
(C=N), 1099 (C-0); *H NMR (400 MHz, CDCl3) § 8.02 (s, 1H, 6), 7.97 (s, 1H, 3p), 7.61 (d, J = 8.2
Hz, 2H, 21, 23), 7.50 (d, J = 8.0 Hz, 2H, 20, 24), 5.21 (s, 1H, 11), 4.80 (s, 2H, 25), 4.72 (sext., J =
6.7 Hz, 1H, 12), 2.33 -2.19 (m, 2H, 13, 16), 1.85-1.73 (m, 2H, 13, 16), 1.73 - 1.66 (m, 2H, 14,
15), 1.66 — 1.52 (m, 2H, 14, 15); 3C NMR (101 MHz, CDCls) & 151.61 (10), 150.98 (22), 141.92
(7), 136.22 (19), 135.67 (1), 135.43 (2), 129.98 (20, 24), 128.32 (6), 127.19 (21, 23), 125.67 (4),
123.06 (3), 117.81 (5), 65.03 (25), 53.73 (12), 33.58 (13, 16), 24.15 (14, 15); LR-ESI-MS
C20H19CI2N30 [M+H*] m/z found: 388.12, calc.: 388.29; HR-ESI-MS Cz0H15Cl2N3O [M+H*] m/z

found: 387.9458, calc.: 388.0905
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3-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)phenol (47)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 3-hydroxyphenylboronic acid pinacol
ester (41.7 mg, 0.190 mmol, 1.20 eq.) according general procedure B to yield 47 (18.8 mg,
31.8%) as a white solid. M.P. = 149-151 °C; vmax (cm™) 3568 (br, OH), 3268 (NH), 3094, 2952,
2866 (CH), 1724, 1701 (CH ar), 1598 (C=N), 1287 (C-0); *H NMR (400 MHz, MeOD) 6 8.65 (s,
1H, 6), 7.94 (s, 1H, 3), 7.63-7.54 (m, 1H, 21), 7.52-7.43 (m, 1H, 20), 7.40-7.32 (m, 1H, 26), 7.29-
7.24 (m, 1H, 24), 6.26 (d, J = 7.4 Hz, 1H, 11), 4.60 (br, 1H, 12), 2.19 (br, 2H, 13, 16), 1.84 (br,
2H, 14, 15), 1.70 (br, 4H, 13, 14, 15, 16); 3C NMR (101 MHz, MeOD) & 158.97 (23), 153.91
(10), 147.46 (7), 137.10 (19), 130.85 (1), 130.62 (2), 129.03 (21), 128.43 (6), 127.94 (20),
125.99 (5), 123.02 (26), 121.84 (22), 117.16 (5), 111.71 (24), 52.96 (12), 33.56 (13, 16), 25.02
(14, 15); LR-ESI-MS Cy0H15CbN3O [M+H*] m/z found: 374.11, calc.: 374.27; HR-ESI-MS

C20H19CIoN30 [M+H*] m/z found: 373.9355, calc.: 374.0748
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2-chloro-5-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)benzoic acid (48)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 5-borono-2-chlorobenzoic acid (38.0 mg,
0.190 mmol, 1.20 eq.) according general procedure B to yield 48 (23.1 mg, 33.5%) as a yellow
foam. Vmax (cm™) 2972 (br, OH), 1714 (C=0); *H NMR (400 MHz, MeOD) 6 8.76 (s, 1H, 6), 7.97
(s, 1H, 3), 7.87 — 7.83 (m, 1H, 24), 7.65 — 7.55 (m, 2H, 20, 21), 4.52 (sext., J = 6.5 Hz, 1H, 12),
2.24-2.19 (m, 2H, 13, 16), 1.91 — 1.81 (m, 2H, 13, 16), 1.81 — 1.66 (m, 4H, 14, 15); 3C NMR
(101 MHz, MeOD) 6 159.72 (25), 153.38 (10), 148.59 (7), 138.41 (1), 137.61 (2), 135.04 (11)
133.64 (19), 132.32 (26), 131.67 (6), 128.99 (4), 126.62 (3), 121.95 (20), 120.18 (24), 116.24
(5), 54.97 (12), 33.34 (13, 16), 24.99 (14, 15). LR-ESI-MS C0H16CI3N30; [M+H*] m/z found:

436.43, calc.: 436.72; HR-ESI-MS CyH16CI3N30; [M+H*] m/z found: 435.9166, calc.: 436.0387.
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5-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)pyridin-3-ol (49)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 5-(4,4,5,5-Tetramethyl-1,3,2-
dioxaborolan-2-yl)pyridin-3-ol (41.9 mg, 0.190 mmol, 1.20 eq.) according general procedure
B to yield 49 (53.2 mg, 89.8%) as a brown solid. M.P. = 299-301 °C; vmax (cm™) 3608 (br, OH),
2962, 2862 (CH), 1682, 1633 (C=N); 'H NMR (400 MHz, MeOD) & 8.68 (s, 1H, 6), 8.27 (br, 2H,
24, 26), 7.91 (s, 1H, 3), 7.49 (s, 1H, 20), 4.58 (sext., J = 6.9 Hz, 1H, 12), 2.24-2.16 (m, 2H, 13,
16), 1.92 — 1.78 (m, 2H, 13, 16), 1.76-1.8 (m, 4H, 14, 15); 3C NMR (101 MHz, MeOD) & 156.01
(23), 152.48 (10), 140.54 (7), 137.70 (1), 137.15 (2), 133.38 (19), 129.48 (26), 128.31 (20),
126.27 (6), 125.12 (3), 122.77 (4), 119.58 (5), 113.51 (24) 54.68 (12), 33.51 (13, 16), 25.04 (14,
15); LR-ESI-MS CisH16CI:N4aO [M+H*] m/z found: 375.11, calc.: 375.25; HR-ESI-MS

Ci8H16Cl2N4O [M+H*] m/z found: 374.9727, calc.: 375.0780.
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6,7-dichloro-N-cyclopentyl-4-(6-methoxypyridin-3-yl)phthalazin-1-amine (50)

50

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 2-methoxy-5-pyridineboronic (29.0 mg,
0.190 mmol, 1.2 eq.) acid according general procedure B to yield 50 (54.4 mg, 88.5%) as a
brown gum. vmax (cm) 3238 (NH), 3062, 2962, 2879 (CH), 1701, 1607 (C=N); *H NMR (400
MHz, DMSO) & 12.84 (s, 1H, 11), 8.88 (s, 1H, 6), 7.89 (s, 1H, 3), 7.85 (d, J = 8.2 Hz, 1H, 23), 7.49
(d, J=6.5Hz, 1H, 24), 7.29 (dd, J = 8.2, 1.4 Hz, 1H, 20), 4.60 (sext., J = 6.6 Hz, 1H, 12), 2.55 (s,
3H, 27), 2.15 - 2.03 (m, 2H, 13, 16), 1.85 — 1.72 (m, 2H, 14, 15), 1.72-1.61 (m, 4H, 13, 14, 15,
16); 13C NMR (101 MHz, DMSO) & 151.75 (26), 149.87 (10), 141.17 (7), 134.34 (1), 134.00 (2),
133.69 (19), 127.12 (20), 125.38 (6), 125.16 (23), 122.05 (4), 121.33 (24), 120.00 (3), 117.33
(5), 52.72 (27), 32.18 (12), 23.80 (13, 16), 11.76 (14, 15); LR-ESI-MS C19H15Cl,N4O [M+H*] m/z
found: 389.46, calc.: 389.28; HR-ESI-MS Ci9H13CIoN4O [M+H*] m/z found: 388.9846, calc.:

389.0936.
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4-(6,7-dichloro-4-(cyclopentylamino)phthalazin-1-yl)-1-methylpyridin-2(1H)-one (51)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with (1-methyl-2-oxo-1,2-dihydropyridin-4-
yl)boronic acid (29.0 mg, 0.190 mmol, 1.20 eq.) according general procedure B to yield 51
(40.3 mg, 65.6%) as a brown solid. M.P. = 278-282 °C; vmax(cm™) 3308 (NH), 2948, 2864 (CH),
1651 (C=0), 1563 (C=N); 'H NMR (400 MHz, MeOD) & 8.70 (s, 1H, 6), 8.06 (s, 1H, 3), 7.84 (d, J
= 6.9 Hz, 1H, 21), 6.79 (d, J = 1.9 Hz, 1H, 24), 6.67 (dd, J = 6.9, 1.9 Hz, 1H, 20), 4.61 (sext., J =
6.4 Hz, 1H, 12), 3.68 (s, 3H, 25), 2.28 — 2.11 (m, 2H, 13, 16), 1.89-1.81 (m, 2H, 13, 16), 1.78-
1.66 (m, 4H, 14, 15); 13C NMR (101 MHz, CDCl3) § 162.81 (23), 152.06 (10), 147.75 (7), 138.72
(21), 136.86 (1), 136.14 (2), 131.84 (19), 127.21 (6), 124.75 (4), 123.52 (24), 120.80 (3), 117.52
(5), 107.74 (2), 53.83 (25), 37.82 (12), 33.43 (13, 16), 24.12 (14, 15); LR-ESI-MS C15H15CI,N40
[M+H*] m/z found: 389.39, calc.: 389.28; HR-ESI-MS CigH1sCloN4O [M+H*] m/z found:

388.9405, calc.: 389.0858.
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6,7-dichloro-N-cyclopentyl-4-(1-methyl-1,2,3,6-tetrahydropyridin-4-yl)phthalazin-1-amine

(52)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 1-methyl-1,2,3,6-tetrahydropyridine-4-
boronic acid pinacol ester (42.3 mg, 0.190 mmol, 1.20 eq.) according general procedure B to
yield 52 19.2 mg, 32.2%) as a brown gum. Vmax (cm™) 3293 (NH), 3024 (C=C-H), 2949, 2866
(CH), 1600 (C=N), 1566 (C=C); *H NMR (400 MHz, CDCl3) 6 8.29 (s, 1H, 6), 7.85 (s, 1H, 3), 5.92
(h, J=1.7 Hz, 1H, 24), 5.00 (d, J = 6.4 Hz, 1H, 11), 4.66 (sext., J = 6.7 Hz, 12H), 3.27 (q, J = 3.0
Hz, 2H, 23), 2.87-2.82 (m, 2H, 20), 2.81-2.76 (m, 2H, 21), 2.50 (s, 3H, 25), 2.33 —2.20 (m, 2H,
13, 16), 1.82-1.72 (m, 2H, 14, 15), 1.73 — 1.64 (m, 2H, 14, 15), 1.64 — 1.47 (m, 2H, 13, 16); 13C
NMR (101 MHz, CDCI3) 6 151.38 (br, 2C, 10, 7), 136.06 (1), 135.51 (2), 132.55 (19), 128.28 (6),
128.01 (24), 125.27 (4), 122.75 (3), 117.82 (5), 54.62 (23), 53.65 (25), 52.35 (21), 50.96, 45.66
(12), 33.59 (13, 16), 29.38 (20), 24.12 (14, 15); LR-ESI-MS Ci9H2,CI2N4 [M+H*] m/z found:

377.39, calc.: 377.31; HR-ESI-MS Ci9H2,Cl2N4 [M+H*] m/z found: 377.0203, calc.: 377.1299.
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6,7-dichloro-N-cyclopentyl-4-(3-methyl-1H-indazol-6-yl)phthalazin-1-amine (53)

53

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 3-methyl-1H-indazol-6-yl-6-boronic acid
(27.8 mg, 0.190 mmol, 1.20 eq.) according general procedure B to yield 53 (14.3 mg, 22.0 %)
as a yellow oil. vmax (cm) 3315, 3209 (NH), 2976, 2851 (CH), 1692, 1614 (C=N); 'H NMR (400
MHz, DMSO) & 12.84 (s, 1H, 27), 8.88 (s, 1H, 6), 7.89 (s, 1H, 3), 7.85 (d, J = 8.2 Hz, 1H, 21), 7.66
(d, J=1.2 Hz, 1H, 24), 7.49 (d, J = 6.5 Hz, 1H, 11), 7.29 (dd, J = 8.2, 1.4 Hz, 1H, 20), 4.60 (h, J =
6.6 Hz, 1H, 12), 2.55 (s, 3H, 28) 2.15 — 1.99 (m, 2H, 13, 16), 1.81-1.76 (m, 2H, 14, 15), 1.71 —
1.60 (m, 4H, 13, 14 15, 16); 13C NMR (101 MHz, DMSO) & 151.75 (10), 149.87 (7), 141.20 (23),
140.81 (25), 134.34 (19), 134.00 (1), 133.69 (2), 127.12 (6), 125.38 (20), 125.16 (4), 122.05
(22), 121.33 (21), 120.00 (3), 117.33 (5), 111.00 (24), 52.72 (12), 32.18 (13, 16), 23.80 (14, 15),
11.76 (28); LR-ESI-MS C1H19CIoNs [M+H*] m/z found: 412.45, calc.: 412.32; HR-ESI-MS

C21H19ClaNs [M+H*] m/z found: 411.9941, calc.: 412.1096
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4-(benzo[d]thiazol-5-yl)-6,7-dichloro-N-cyclopentylphthalazin-1-amine (54)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with benzothiazole-5-boronic acid pinacol
ester (49.5 mg, 0.190 mmol, 1.20 eq.) according general procedure B to yield 54 (37.8 mg,
57.6%) as a yellow solid. M.P. = 268-270 °C; vmax (cm™) 3251 (NH), 3013, 2956, 2865 (CH),
1602 (C=N); H NMR (400 MHz, CDCl3) 6 9.09 (s, 1H, 26), 8.39 (d, J = 1.6 Hz, 1H, 24), 8.12 (d,
J=8.3Hz, 1H, 21), 8.08 (s, 1H, 6), 7.96 (s, 1H, 3), 7.81 (dd, J = 8.3, 1.7 Hz, 1H, 20), 5.17 (d, J =
6.2 Hz, 1H, 11), 4.75 (sext., J = 6.7 Hz, 1H, 12), 2.36 — 2.23 (m, 2H, 13, 16), 1.85-1.78 (m, 2H,
14, 15), 1.77 — 1.65 (m, 4H, 13, 14, 15, 16); 3C NMR (101 MHz, CDCls) & 155.10 (26), 153.45
(23), 151.69 (10), 150.55 (7), 136.40 (1), 135.80 (2), 134.83 (22), 134.43 (19), 128.13 (24),
127.47 (6), 125.65 (4), 124.81 (21), 123.04 (3), 122.40 (20), 117.74 (5), 33.61 (12), 27.05 (13,
16), 24.15 (14, 15); LR-ESI-MS C20H16Cl2N4S [M+H*] m/z found: 415.38, calc.: 415.34; HR-ESI-

MS C20H16CI2N4S [M+H*] m/z found: 414.9388, calc.: 415.0473.
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4-(benzo[d]thiazol-6-yl)-6,7-dichloro-N-cyclopentylphthalazin-1-amine (55)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with benzo[d]thiazol-6-ylboronic acid (33.9
mg, 0.190 mmol, 1.20 eq.) according general procedure B to yield 55 (44.6 mg, 68.0%) as a
yellow solid. M.P. = 266-267 °C; Vmax (cm™) 3245 (NH), 3074, 2953, 2864 (CH), 1600 (C=N); H
NMR (400 MHz, CDCl3) § 9.09 (s, 1H, 26), 8.27 (d, J = 1.7 Hz, 1H, 20), 8.25 (s, 1H, 6), 8.07 (br,
1H, 23), 8.01 (s, 1H, 3), 7.77 (dd, J = 8.4, 1.7 Hz, 1H, 24), 5.49 (br, 1H, 11), 4.75 (sext., J = 6.5
Hz, 1H, 12), 2.35-2.26 (m, 2H, 13, 1), 1.86-1.75 (m, 2H, 14, 15), 1.74-1.66 (m, 4H, 13, 14, 15,
16); 3C NMR (101 MHz, CDCl3) § 155.28 (26), 153.57 (22), 151.67 (10), 150.47 (7), 136.46 (1),
135.85 (2), 134.47 (21), 133.96 (19), 128.10 (20), 128.06 (6), 125.67 (4), 123.65 (23), 123.35
(3), 123.22 (24), 117.74 (5), 33.56 (12), 27.05 (13, 16), 24.16 (14, 15); LR-ESI-MS C2oH16ClaN4S
[M+H*] m/z found: 415.36, calc.: 415.34; HR-ESI-MS CyoH16Cl2N4S [M+H*] m/z found:

414.8923, calc.: 415.0473.
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4-(benzo[c][1,2,5]thiadiazol-5-yl)-6,7-dichloro-N-cyclopentylphthalazin-1-amine (56)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with benzo[c][1,2,5]thiadiazole-5-boronic acid
pinacol ester (49.7 mg, 0.190 mmol, 1.2 eq.) according general procedure B to yield 56 (47.0
mg, 71.6%) as a yellow solid. M.P. = 263-266 °C; Vmax (cm™) 3252 (NH), 3065, 2957, 2864 (CH),
1676, 1602 (C=N), 1564, 1461, 1312, 1257, 1138, 1060, 982, 905, 851, 705; *H NMR (400 MHz,
CDCl3) 6 8.25 (br, 1H, 24), 8.13 (d, /= 8.8 Hz, 1H, 21), 8.06 (s, 1H, 6), 8.01 —7.95 (m, 2H, 3, 20),
5.35(d, J = 6.5 Hz, 1H, 11), 4.75 (sext., J = 6.7 Hz, 1H, 12), 2.33-2.22 (m, 2H, 13, 16), 1.86 —
1.73 (m, 2H, 14, 15), 1.73-1.66 (m, 2H, 14, 15), 1.67-1.58 (m, 2H, 13, 16); *3C NMR (101 MHz,
CDCl3) 6 154.87 (23), 154.80 (22), 151.83 (10), 149.56 (7), 137.67 (19), 136.71 (1), 136.04 (2),
131.73 (24),127.62 (6), 125.37 (4), 123.28 (3), 122.25 (21), 121.88 (20), 117.63 (5), 53.81 (12),
33.55(13, 16), 24.14 (14, 15); LR-ESI-MS C19H15CI2NsS [M+H*] m/z found: 416.39, calc.: 416.32;

HR-ESI-MS C19H15CI2NsS [M+H*] m/z found: 415.88720, calc.: 416.04253
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6,7-dichloro-N-cyclopentyl-4-(pyrimidin-5-yl)phthalazin-1-amine (57)

37 (50.0 mg, 0.158 mmol, 1.0 eq.) was reacted with 5-pyrimidinylboronic acid (23.5 mg, 0.190
mmol, 1.2 eq.) according general procedure B to yield 57 (51.2 mg, 90.0%) as a yellow solid.
M.P. = 176-178 °C; vmax (cm™) 3257 (NH), 3051, 2955, 2866 (CH), 1698, 1602 (C=N); 'H NMR
(400 MHz, CDCl3) 6 9.35 (s, 1H, 25), 9.10 (s, 2H, 20, 24), 7.98 (s, 1H, 6), 7.95 (s, 1H, 3), 5.26 (d,
J=6.5Hz, 1H, 11), 4.75 (sext., J = 6.7 Hz, 1H, 12), 2.36 — 2.24 (m, 2H, 13, 16), 1.88 — 1.76 (m,
2H, 14, 15), 1.76 — 1.68 (m, 2H, 14, 15), 1.67 — 1.56 (m, 2H, 13, 16); 13C NMR (101 MHz, CDCls)
& 158.74 (25), 157.23 (20, 24), 151.97 (10), 145.29 (7), 137.25 (1), 136.46 (2), 130.67 (19),
126.71 (6), 125.20 (4), 123.36 (3), 117.34 (5), 53.87 (12), 33.57 (13, 16), 24.12 (14, 15); LR-ESI-
MS C17H15Cl2Ns [M+H*] m/z found: 360.29, calc.: 360.24; HR-ESI-MS C17H15Cl2Ns [M+HY] m/z
found: 359.9326, calc.: 360.0783

General Procedure C

o Pd(OAc), o
K,HPO,
A
R/ = CHzBrz R

140 °C, 48 hrs
In a 100 mL Ace pressure tube equipped with stirrer bar was placed benzoic acid (1.0 eq.),
Pd(OAc), (0.1 eq.), and K;HPO4 (2.5 eq.). The dry reactants were suspended in CH;Br; (30.0

eq) and the mixture thoroughly degassed using the freeze-pump-thaw method. The reaction
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was placed under N; and the pressure tube quickly sealed. It was then heated at 140 °C with
stirring for 48 hours.

The reaction was allowed to cool, diluted with DCM (25 mL) and the mixture filtered through
celite. The filtrate was washed with brine, dried over sodium sulfate and the residual solvent
removed in vacuo. The resultant crude compound was purified by column chromatography
(cyclohexane:EtOAc, 1:0 - 1:1).

General Procedure D

(0]
0O NaOH
| AN KMI’]O4 | N OH
@)
Lo 0 RAAN OH
rt, 12h o)

To a 100 mL RBF equipped with stirrer bar was added isobenzofuranone (1.0 eq.), which was
subsequently suspended in water (5 mL). A solution of NaOH (19.0 M, 3.0 eq) and KMnQO4 (2.2
eq.) in water (10 mL) was added to the suspension dropwise with stirring. The reaction was
left stirring at room temperature overnight.

The basic aqueous layer was extracted with Et;0 (3 x 50 mL), and the brown precipitate that
had formed filtered through a celite pad. The filtrate was acidified with conc. HCl (ag) and the
solvent was removed in vacuo to give the desired product.

General Procedure E

o 0
| X OH | X o
R// OH Ac,0 R//

0 Reflux, 12h o)

Phthalic acid (1.0 eq.) was suspended in acetic anhydride (30.0 eq) and the mixture heated to
reflux for 12 hours. The reaction was allowed to cool and the residual solvent removed in

vacuo to yield the desired product.

235



General Procedure F

0 0
| o —— | '
R AcOH RN N

O 70°C, 16 h 0

In a two-necked flask equipped with stirrer bar and condenser, isobenzofuran-1,3-dione (1.0
eq) was suspended in acetic acid (15 mL) under N2. The mixture was stirred for 30 mins at
room temperature. Hydrazine (78 %wt, 1.4 eq.) was added dropwise and the reaction then
heated with stirring to 70 °C overnight. The residual solvent was removed in vacuo to yield
the desired product.

General Procedure G

o) POCI, o

ANy DIPEA Ay

| W L
RS 130°C, 16h ~ R~F N
o) Cl

In a two-necked RBF equipped with stirrer bar, dihydrophthalazine-1,4-dione (1.0 eq.) was
suspended in POCI3(10.0 eq.). The mixture was stirred at room temperature for 30 minutes.
DIPEA (3.0 eq.) was added dropwise and the reaction heated to 130 °C overnight.

The residual solvent was removed in vacuo and the remaining crude product diluted with
DCM (10 mL). This solution was poured slowly into ice water and the mixture left stirring at 0
°C for one hour. The acidic mixture was brought to pH 7 with NaOH (50% wt) and then
extracted with DCM (3 x 50 mL). The combined organic extracts were washed with brine, dried
over sodium sulfate and the residual solvent removed in vacuo. The crude product was

purified by column chromatography (cyclohexane:EtOAc, 1:0 — 0:1).
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1,4-dichloro-6,7-dimethoxyphthalazine (67)

Step 1: 1,4-dichloro-6,7-dimethoxyphthalazine

17

e 9
n® 815 O 4g
4
12 18_OH
7
o)

20

5,6-dimethoxyisobenzofuran-1(3H)-one (58) (1.500 g, 7.725 mmol, 1.0 eq.) was reacted
according to general procedure D to yield 4,5-dimethoxyphthalic acid (1.720 g, quant.) as a
white powder. 'H NMR (400 MHz, MeOD) 6 7.30 (s, 2H, 6, 3), 3.91 (s, 6H, 13, 14); 13C NMR
(101 MHz, MeOD) 6 177.84 (15, 18), 159.38 (1, 2), 135.29 (4, 5), 120.73 (3, 6), 65.28 (13, 14);
LR-ESI-MS C10H1006 [M+H*] m/z found: 225.140, calc.: 226.184.

Step 2: 5,6-dimethoxyisobenzofuran-1,3-dione (61)

61

4,5-dimethoxyphthalic acid (1.500 g, 6.332 mmol, 1.0 eq.) was reacted according to general
procedure E yield 61 (1.35 g, quant.) as a white solid. *H NMR (400 MHz, CDCl3) § 7.36 (s, 2H,
6, 3), 4.03 (s, 6H, 13, 14); 13C NMR (101 MHz, CDCl3) 6 163.22 (7, 9), 155.94 (1, 2), 125.10 (4,
5),106.26 (3, 6), 57.02 (13, 14); LR-ESI-MS C10HgOs [M+H*] m/z found: 208.110, calc.: 208.169.
Step 3: 6,7-dimethoxy-2,3-dihydrophthalazine-1,4-dione (64)

| 0

I}IH

NH

64
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61 (1.00 g, 4.804 mmol, 1.0 eq) was reacted according to general procedure F to yield 64 (1.05
g, quant.) as a brown solid, which was engaged in the next step without further purification
(LR-ESI-MS C10H10N204 [M+H*] m/z found: 223.24, calc.: 222.200).

Step 4: 1,4-dichloro-6,7-dimethoxyphthalazine (67)

19
| Cl

6
(O 18 17
5\’}1

12 4 /N16
3 15

| Cl

20
64
64 (1.0 g, 4.500 mmol, 1.0 eq.) was reacted according to general procedure F to yield 67 (0.45
g, 39%) as an off-white solid. M.P. = 210-214 °C; Vmax (cm™) 1740 (C=N), 1258 (C-0); *H NMR
(400 MHz, CDCls) 6 7.46 (s, 2H, 3, 6), 4.12 (s, 6H, 13, 14); 13C NMR (101 MHz, CDCl3) § 155.53
(1, 2), 153.22 (15, 18), 123.76 (4, 5), 104.23 (3, 6), 56.94 (13, 14); LR-ESI-MS C10HsCI;N20;
[M+H*] m/z found: 259.19, calc.: 259.09; HR-ESI-MS CioHsCl2N202 [M+H*] m/z found:
258.8996, calc.: 259.0041

5,8-dichloro-[1,3]dioxolo[4,5-g]phthalazine (68)

Step 1: [1,3]dioxolo[4,5-flisobenzofuran-5(7H)-one (59)
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1,3-Benzodioxole-5-carboxylic acid (2.0 g, 12.039 mmol, 1.0 eq.) was reacted according to
general procedure C to yield 59 (0.58 g, 27.0%) as an off-white solid. M.P. = 161-164 °C; Vmax
(em™) 1736 (C=0), 1257 (C-0); *H NMR (400 MHz, CDCl3) 6 7.23 (s, 1H, 6), 6.84 (s, 1H, 3), 6.13

(s, 2H, 12), 5.19 (s, 2H, 7); 3C NMR (101 MHz, CDCls) § 170.82 (9), 153.88 (1), 149.38 (2),
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143.24 (4), 119.60 (5), 104.59 (6), 102.78 (3), 101.91 (12), 69.27 (7); LR-ESI-MS CoHgO4 [M+H"]
m/z found: 179.15, calc.: 178.143; HR-ESI-MS CyHcOs4 [M+H*] m/z found: 178.9337, calc.:
179.0345.

Step 2: Benzo[d][1,3]dioxole-5,6-dicarboxylic acid
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59 (500.0 mg, 2.807 mmol, 1.0 eq.) was reacted according to general procedure D to yield
benzo[d][1,3]dioxole-5,6-dicarboxylic acid (572.0 mg, quant.) as a white solid. *H NMR (400
MHz, DMSO) & 7.13 (s, 2H), 6.15 (s, 2H); *C NMR (101 MHz, DMSO) § 161.13 (7, 8), 153.67
(1,2),127.87 (4,5),103.31 (3, 6), 102.82 (14); LR-ESI-MS CgHsOs [M+H*] m/z found: 209.230,

calc.: 210.141

Step 3: [1,3]dioxolo[4,5-flisobenzofuran-5,7-dione (62)

62

Benzo[d][1,3]dioxole-5,6-dicarboxylic acid (500.0 mg, 2.379 mmol, 1.0 eq.) was reacted
according to general procedure E to yield 62 (424.0 mg, quant.) as a white solid.*H NMR (400
MHz, CDCls) & 7.28 (s, 2H, 3, 6), 6.26 (s, 2H, 13); 3C NMR (101 MHz, CDCl3) § 162.45 (7, 9),
154.84 (1, 2), 127.27 (4, 5), 104.87 (3, 6), 104.06 (13); LR-ESI-MS CsHeOs [M+H*] m/z found:

193.07, calc.: 192.13
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Step 4: 6,7-dihydro-[1,3]dioxolo[4,5-g]phthalazine-5,8-dione (65)
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62 (300.0 mg, 1.561 mmol, 1.0 eq.) was reacted according to general procedure F to yield 65
(314.4 mg, quant.) as a brown solid. This was engaged directly in the next step without further
purification (LR-ESI-MS CoHgN204 [M+H*] m/z found: 207.10, calc.: 206.16).

Step 5: 5,8-dichloro-[1,3]dioxolo[4,5-g]phthalazine (68)
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65 (250.0 mg, 1.213 mmol, 1.0 eq.) was reacted according to general procedure G to yield 68
(37.6 mg, 12.8%) as a yellow solid. M.P. = 219-223 °C; vmax (cm™) 2633 (CH ar), 1623 (C=N),
1217 (C-0); *™H NMR (400 MHz, CDCl3) § 7.55 (s, 2H, 3, 6), 6.29 (s, 2H, 14); 3C NMR (101 MHz,
CDCl3) 6 153. 94 (1, 2), 153.75 (7, 10), 125.72 (4, 5), 103.49 (3, 6), 102.76 (14); LR-ESI-MS
CoH4Cl2N20,2 [M+H*] m/z found: 243.11, calc.: 243.04; HR-ESI-MS CgH4Cl2N20, [M+H*] m/z

found: 242.8721, calc.: 242.9728.
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5,8-dichloro-2,2-difluoro-[1,3]dioxolo[4,5-g]phthalazine (69)

Step 1: 2,2-difluoro-[1,3]dioxolo[4,5-f]lisobenzofuran-5(7H)-one (60)
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2,2-Difluoro-1,3-benzodioxole-5-carboxylic acid (2.0 g, 9.895 mmol) was reacted according to
general procedure C to yield 60 (0.29 g, 13.6%) as a white solid. M.P. = 153-155 °C; Vmax (cm"
1) 1773 (C=0), 1363 (C-0), 1113 (C-F); 'H NMR (400 MHz, CDCl3) § 7.55 (s, 1H), 7.17 (s, 1H, 3),
5.30 (s, 2H, 7); 3C NMR (101 MHz, CDCls) § 169.71 (9), 148.73 (1), 144.90 (2), 143.66 (4),
131.86 (t,/=258.3 Hz, 12), 121.67 (5), 106.64 (6), 103.64 (3), 69.32 (7); LR-ESI-MS CoH4CI2N20>
[M+H*] m/z found: 215.120, calc.: 214.124; HR-ESI-MS CoH4CloN,02 [M+H*] m/z found:
214.9150, calc.: 215.0156.

Step 2: 2,2-difluorobenzo[d][1,3]dioxole-5,6-dicarboxylic acid
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60 (250.0 mg, 1.168 mmol, 1.0 eq) was reacted according to general procedure D to yield 2,2-
difluorobenzo[d][1,3]dioxole-5,6-dicarboxylic acid (267.4 mg, 93.1%) as a white solid. *H NMR
(400 MHz, DMSO) & 7.72 (s, 2H, 3, 6); 13C NMR (101 MHz, DMSO) & 167.13 (7, 8), 143.85 (1,

2), 130.23 (4, 5), 110.36 (3, 6); LR-ESI-MS CoH4F206 [M+H*] m/z found: 245.16, calc.: 246.12
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Step 3: 2,2-difluoro-[1,3]dioxolo[4,5-f]isobenzofuran-5,7-dione (63)

2,2-difluorobenzo(d][1,3]dioxole-5,6-dicarboxylic acid (250.0 mg, 1.016 mmol, 1.0 eq.) was
reacted according to general procedure E to yield 63 (227.0 mg, quant.) as a brown solid. H
NMR (400 MHz, CDCl3) § 7.66 (s, 2H, 3, 6); 3C NMR (101 MHz, CDCl3) § 161.33 (7, 9), 149.46
(1,2),131.94 (t, J = 262.2 Hz, 12), 128.45 (4, 5), 106.87 (3, 6); LR-ESI-MS CoH4F20s [M+H*] m/z
found: 229.240, calc.: 228.107.
Step 4: 2,2-difluoro-6,7-dihydro-[1,3]dioxolo[4,5-g]phthalazine-5,8-dione (66)
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63 (200.0 mg, 0.877 mmol, 1.0 eq.) was reacted according to general procedure F to yield 66
(204.3 mg, quant.) as a brown solid. This was engaged directly in the next step without further
purification (LR-ESI-MS CoH4F2N204 [M+H*] m/z found: 242.96, calc.: 242.138).

Step 5: 5,8-dichloro-2,2-difluoro-[1,3]dioxolo[4,5-g]phthalazine (69)
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66 (200.0 mg, 0.826 mmol, 1.0 eq.) was reacted according to general procedure G to yield 69
(23.4 mg, 10.2%) as a yellow solid. M.P. = 199-202 °C; Vmax (cm™) 1655 (C=N), 1430 (C-F), 1294
(C-0); ™H NMR (400 MHz, CDCl3) & 7.95 (s, 2H, 3, 6); 3C NMR (101 MHz, CDCl3) 6 154.19 (7,
10), 148.45 (1, 2), 131.73 (t, / = 262.0 Hz, 14), 125.68 (4, 5), 105.32 (3, 6); LR-ESI-MS CoHCl>-
F2N20; [M+H*] m/z found: 279.13, calc.: 279.02; HR-ESI-MS CoH,ClF2N20, [M+H*] m/z found:
278.8532, calc.: 278.9540

N-cyclopentyl-6,7-dimethoxy-4-(pyridin-4-yl)phthalazin-1-amine (70)

Step 1: 4-chloro-N-cyclopentyl-6,7-dimethoxyphthalazin-1-amine
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Cyclopentylamine (42.7 mg, 0.502 mmol, 1.3 eq.) was reacted with 67 (100.0 mg, 0.386 mmol,
1.0 eq.) according to general procedure A to vyield 4-chloro-N-cyclopentyl-6,7-
dimethoxyphthalazin-1-amine (41.2 mg, 34.7%) as an off-white solid. *H NMR (400 MHz,
CDCl3) 6 7.40 (s, 1H, 6), 6.92 (s, 1H, 3), 4.81 (d, / = 6.4 Hz, 1H, 12), 4.61 (sext., J = 6.8 Hz, 1H,
17), 4.06 (d, 6H, 14, 16), 2.33 — 2.18 (m, 2H, 18, 21), 1.82 - 1.71 (m, 2H, 19, 20), 1.71 - 1.61
(m, 2H, 19, 20), 1.61 — 1.47 (m, 2H, 18, 21); 3C NMR (101 MHz, CDCl3) § 153.51 (10), 153.38
(1), 153.23(2), 145.20(7), 122.43 (4), 115.56 (5), 105.05 (6), 100.50 (3), 56.70 (14), 56.64 (16),
56.54 (17), 33.63 (18, 21), 24.17 (19, 20); LR-ESI-MS C15H18CIN3O2 [M+H*] m/z found: 308.18,

calc.: 307.78.
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Step 2: N-cyclopentyl-6,7-dimethoxy-4-(pyridin-4-yl)phthalazin-1-amine (70)

4-chloro-N-cyclopentyl-6,7-dimethoxyphthalazin-1-amine (30.0 mg, 0.097 mmol, 1.0 eq.) was
reacted with 4-pyridinylboronic acid (14.4 mg, 0.117 mmol, 1.2 eq.) according to general
procedure B to yield 70 (16.2 mg, 47.4%) as an off-white solid. M.P. = 228-232 °C; Vmax (cm™)
3195 (NH), 2967, 2859 (CH), 1622 (C=N), 1289 (C-O); *H NMR (400 MHz, CDCl3) 6 8.76 (dd, J =
4.4,1.6 Hz, 2H, 23, 25),7.67 (dd, J=4.5, 1.6 Hz, 2H, 22, 26), 7.20 (s, 1H, 6), 7.03 (s, 1H, 3), 5.03
(br, 1H, 12), 4.72 (sext., J = 7.0 Hz, 1H, 17), 4.08 (s, 3H, 14), 3.91 (s, 3H, 13), 2.39-2.23 (m,
2H, 18, 21),1.87 - 1.75 (m, 2H, 19, 20), 1.75-1.66 (m, 2H, 19, 20), 1.66-1.54 (m, 2H, 18, 21);
13C NMR (101 MHz, CDCls) 6 152.95 (10), 152.92 (1), 152.88 (2), 150.11 (23, 25), 149.21 (7),
145.65 (11), 124.46 (16, 20), 121.89 (4), 113.84 (5), 104.85 (6), 100.40 (3), 56.57 (14), 56.30
(16), 53.70 (17), 33.72 (18, 21), 24.20 (19, 20); LR-ESI-MS Cy0H2:N40, [M+H*] m/z found:

351.47, calc.: 350.422; HR-ESI-MS C0H22N40; [M+H*] m/z found: 351.0837, calc.: 351.1821.
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6,7-dichloro-4-(1-methyl-1H-pyrazol-3-yl)-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (71)

71

4,6,7-Trichloro-N-(tetrahydrofuran-3-yl)phthalazin-1-amine (50.0 mg, 0.157 mmol, 1.0 eq.)
was reacted with 1-methyl-1H-pyrazole-3-boronic acid pinacol ester (39.2 mg, 0.188 mmol,
1.2 eq) according to general procedure B to yield 71 (44.5 mg, 77.8%) as an off-white solid.
M.P. = 231-234 °C; Vmax (cm™) 3320 (NH), 3088, 2924, 2873 (CH), 1600 (C=N), 1132 (C-0); *H
NMR (400 MHz, CDCl3) 6 9.57 (s, 1H, 6), 7.91 (s, 1H, 3), 7.44 (d, J = 2.3 Hz, 1H, 21), 7.09 (d, J =
2.3 Hz, 1H, 20), 5.31 (d, J = 6.6 Hz, 1H, 11), 5.14 — 4.89 (m, 1H, 12), 4.12 — 4.06 (m, 2H, 14, 16),
4.04 (s, 3H), 3.99 — 3.92 (m, 1H, 16), 3.88 (td, J = 8.6, 5.8 Hz, 1H, 14), 2.54-2.45 (m, 1H, 13),
2.12 - 2.01 (m, 1H, 13); 3C NMR (101 MHz, CDCls) 6§ 151.32 (10), 150.12 (7), 144.34 (19),
136.58 (1), 135.76 (2), 131.02 (21), 130.16 (6), 124.99 (4), 122.45 (3), 117.87 (5), 106.81 (2),
74.16 (16), 67.26 (14), 52.90 (24), 39.52 (12), 33.65 (13); LR-ESI-MS C16H15CI;NsO [M+H*] m/z
found: 364.40, calc.: 364.230; HR-ESI-MS Ci6H15CI2NsO [M+H*] m/z found: 363.9712, calc.:

364.0732.
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6,7-dichloro-N-(cyclopropylmethyl)-4-(1-methyl-1H-pyrazol-3-yl)phthalazin-1-amine (72)

72

4,6,7-trichloro-N-(cyclopropylmethyl)phthalazin-1-amine (50 mg, 0.165 mmol, 1.0 eq.) was
reacted with 1-methyl-1H-pyrazole-3-boronic acid pinacol ester (41.3 mg, 0.198 mmol, 1.2
eg.) according to general procedure B to yield 72 (30.1 mg, 52.3%) as a yellow solid. M.P. =
209-211 °C; Vmax (cm2) 3240 (NH), 3063, 2979, 2862 (CH), 1698 (C=N); 'H NMR (400 MHz,
CDCls) § 9.52 (s, 1H, 6), 7.99 (s, 1H, 3), 7.43 (d, J = 2.3 Hz, 1H, 21), 7.05 (d, J = 2.3 Hz, 1H, 20),
5.44 (s, 1H, 11), 4.03 (s, 3H, 24), 3.58 (d, J = 7.1 Hz, 2H, 25), 2.09 (s, 1H, 26), 0.73 — 0.47 (m,
2H, 27, 28), 0.47 — 0.28 (m, 2H, 27, 28); 3C NMR (101 MHz, CDCl3) § 151.75 (10), 150.15 (7),
143.82 (19), 136.44 (1), 135.54 (2), 130.96 (21), 130.01 (6), 125.01 (4), 122.70 (3), 117.81 (5),
106.78 (20), 47.47 (25), 10.80 (26), 3.88 (27, 28); LR-ESI-MS Ci16H15Cl:Ns [M+H*] m/z found:
348.35, calc.: 348.230; HR-ESI-MS Ci16H15Cl2Ns [M+H*] m/z found: 347.9410, calc.: 348.0705.

6,7-dichloro-N-(1-cyclopropylethyl)-4-(1-methyl-1H-pyrazol-3-yl)phthalazin-1-amine (73)

73
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4,6,7-trichloro-N-(1-cyclopropylethyl)phthalazin-1-amine (50 mg, 0.158 mmol, 1.0 eq.) was
reacted with 1-methyl-1H-pyrazole-3-boronic acid pinacol ester (39.4 mg, 0.190 mmol, 1.2
eq. according to general procedure B to yield 73 (49.2 mg, 86.0%) as a yellow solid. M.P. =
119-124 °C; vmax (cm) 3319 (NH), 3091, 2969, 2929 (CH), 1602 (C=N); 'H NMR (400 MHz,
CDCl3) 6 9.52 (s, 1H, 6), 7.98 (s, 1H, 3), 7.41 (d, J = 2.2 Hz, 1H, 21), 7.05 (d, J = 2.3 Hz, 1H, 20),
5.36 (br, 1H, 11), 4.02 (s, 3H, 24), 1.40 (d, J = 6.4 Hz, 3H, 29), 1.07 (qt, J = 8.3, 4.9 Hz, 1H, 25),
0.62-0.54 (m, 1H, 27), 0.54 - 0.48 (m, 1H, 28), 0.48 — 0.40 (m, 1H, 27), 0.39-0.29 (m, 1H, 28);
13C NMR (101 MHz, CDCl3) 6 151.30 (10), 150.20 (7), 143.54 (19), 136.29 (1), 135.38 (2),
130.91 (21), 129.94 (6), 125.09 (4), 122.67 (3), 117.79 (5), 106.67 (20), 52.08 (24), 39.43 (25),
24.97 (26), 17.82 (29), 3.82 (27), 3.43 (28); LR-ESI-MS C16H15Cl2Ns [M+H*] m/z found: 362.39,
calc.: 362.26; HR-ESI-MS Ci16H15CloNs [M+H*] m/z found: 361.9925, calc.: 362.0939.
6,7-dichloro-N-(1-cyclopropylethyl)-4-(1-(difluoromethyl)-1H-pyrazol-4-yl)phthalazin-1-

amine (74)

4,6,7-trichloro-N-(1-cyclopropylethyl)phthalazin-1-amine (50 mg, 0.158 mmol, 1.0 eq.) was
reacted with 1-(difluoromethyl)pyrazole-4-boronic acid pinacol ester (46.2 mg, 0.190 mmol,
1.2 eq. according to general procedure B to yield 74 (39.6 mg, 63.0%) as an off-white solid.
M.P. = 124-127 °C; vmax (cm™) 3329 (NH), 3077, 2999, 2931 (CH), 1602 (C=N), 1254 (C-F); *H

NMR (400 MHz, CDCls) 6 8.27 (s, 1H, 23), 8.14 (s, 1H, 6), 8.10 (s, 1H, 3), 8.04 (s, 1H, 20), 7.29
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(t,J = 60.5 Hz, 1H, 30) 5.39 (s, 1H, 11), 3.96 (dp, J = 8.3, 6.4 Hz, 1H, 25), 1.42 (d, J = 6.3 Hz, 3H,
29), 1.17 — 1.03 (m, 1H, 26), 0.65 — 0.56 (m, 1H, 27), 0.57 — 0.50 (m, 1H, 28), 0.50 — 0.42 (m,
1H, 27), 0.42-0.30 (m, 1H, 28); 13C NMR (101 MHz, CDCls) 6 151.32 (10), 142.71 (7), 141.82 (t,
J=1.8 Hz, 23), 136.89 (1), 136.02 (2), 126.97 (19), 126.27 (6), 125.49 (4), 123.43 (3), 121.23
(20), 117.47 (5), 111.12 (t, J = 252.1 Hz, 30), 52.24 (25), 20.07 (26), 17.83 (29), 3.89 (27), 3.45
(28); LR-ESI-MS C17H15Cl2F2Ns [M+H*] m/z found: 398.39, calc.: 398.24; HR-ESI-MS C17H15CloF-
2Ns [M+H*] m/z found: 397.9636, calc.: 398.0751.

(4-(6,7-dichloro-4-((1-cyclopropylethyl)amino)phthalazin-1-yl)phenyl)methanol (75)

75

4,6,7-trichloro-N-(1-cyclopropylethyl)phthalazin-1-amine (50 mg, 0.158 mmol, 1.0 eq.) was
reacted with 4-(hydroxymethyl)phenylboronic acid (28.8 mg, 0.190 mmol, 1.2 eq. according
to general procedure B to yield 75 (23.6 mg, 38.5%) as a yellow foam. vmax (cm™) 3745 (br,
OH), 3018 (CH), 1041 (C-O); *H NMR (400 MHz, CDCl3) & 8.01 (d, J = 1.4 Hz, 2H, 3, 6), 7.61 (d,
J=8.1Hz, 2H, 32, 34), 7.50 (d, J = 8.1 Hz, 2H, 31, 35), 5.29 (s, 1H, 11), 4.79 (s, 2H, 36), 3.98
(dp, J = 8.4, 6.4 Hz, 1H, 25), 1.43 (d, J = 6.4 Hz, 3H, 29), 1.10 (qt, J = 8.1, 4.9 Hz, 1H, 26), 0.65 —
0.57 (m, 1H, 27), 0.57-0.51 (m, 1H, 28), 0.51-0.43 (m, 1H, 27), 0.37 (dq, J = 9.4, 4.8 Hz, 1H, 28);
13C NMR (101 MHz, CDCls) 6 151.31 (10), 150.97 (33), 141.93 (7), 136.29 (30), 135.72 (1),

135.39 (2), 129.97 (32, 34), 128.32 (6), 127.19 (31, 35), 125.79 (4), 123.13 (3), 117.76 (5),
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65.02 (36), 52.17 (25), 20.14 (26), 17.91 (29), 3.90 (27), 3.43 (28); LR-ESI-MS CaoH1sCl,N30
[M+H*] m/z found: 388.41, calc.: 388.29; HR-ESI-MS Cx0H15CloN3O [M+H*] m/z found:
387.9895, calc.: 388.0984

N-(bicyclo[1.1.1]pentan-1-yl)-6,7-dichloro-4-(1-methyl-1H-pyrazol-3-yl)phthalazin-1-amine

(76)

76

N-(bicyclo[1.1.1]pentan-1-yl)-4,6,7-trichlorophthalazin-1-amine (50 mg, 0.159 mmol, 1.0 eq.)
was reacted with 1-methyl-1H-pyrazole-3-boronic acid pinacol ester (39.7 mg, 0.191 mmol,
1.2 eq.) according to general procedure B to yield 76 (43.2 mg, 75.5%) as a yellow solid. M.P.
= 214-216 °C; vmax (cm™) 3299 (NH), 3090, 2988, 2873 (CH), 1601 (C=N); 'H NMR (400 MHz,
CDCl3) § 9.51 (s, 1H, 6), 7.85 (s, 1H, 3), 7.44 (d, J = 2.3 Hz, 1H, 26), 7.11 (d, J = 2.3 Hz, 1H, 25),
5.57 (s, 1H, 11), 4.04 (s, 3H, 29), 2.58 (s, 1H, 23), 2.34 (s, 6H, 20, 22, 24); 13C NMR (101 MHz,
CDCls) & 151.92 (10), 150.09 (7), 144.41 (19), 136.36 (1), 135.63 (2), 130.97 (26), 130.11 (6),
125.05 (4), 122.36 (3), 117.62 (5), 106.96 (25), 52.85 (29), 50.82 (21), 39.51 (23), 25.35 (20,
22, 24); LR-ESI-MS Ci7H15CIoNs [M+HY] m/z found: 360.49, calc.: 360.24; HR-ESI-MS

C17H15CbNs [M+H*] m/z found: 359.9744, calc.: 360.07828.
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N-(bicyclo[1.1.1]pentan-1-yl)-6,7-dichloro-4-(1-(difluoromethyl)-1H-pyrazol-4-

yl)phthalazin-1-amine (77)

N-(bicyclo[1.1.1]pentan-1-yl)-4,6,7-trichlorophthalazin-1-amine (50 mg, 0.159 mmol, 1.0 eq.)
was reacted with 1-(difluoromethyl)pyrazole-4-boronic acid pinacol ester (46.5 mg, 0.191
mmol, 1.2 eq.) according to general procedure B to yield 77 (48.7 mg, 77.3%) as a yellow solid.
M.P. = 215-218 °C; vmax (cm™) 3240 (NH), 3094, 2989, 2874 (CH), 1673, 1603 (C=N), 1193 (C-
F); *H NMR (400 MHz, CDCl3) 6 8.31 (s, 1H, 28), 8.14 (s, 1H, 6), 8.11 (s, 1H, 3), 7.99 (s, 1H, 25),
7.29 (t, J = 60.4 Hz, 1H, 29) 5.84 (s, 1H, 11), 2.58 (s, 1H, 23), 2.32 (s, 6H, 20, 22, 24); 13C NMR
(101 MHz, CDCls) 6 151.96 (10), 143.40 (7), 141.79 (t, J = 1.9 Hz, 28), 137.00 (1), 136.30 (2),
127.06 (19), 126.50 (6), 125.42 (4), 123.43 (3), 121.06 (25), 117.39 (5), 111.12 (t, /= 251.7 Hz,
29), 52.81 (21), 27.05 (23), 25.43 (20, 22, 24); LR-ESI-MS C17H13ClF2Ns [M+H*] m/z found:

396.22, calc.: 396.31; HR-ESI-MS C17H13Cl2F2Ns [M+H*] m/z found: 395.9483, calc.: 396.0594
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N-(bicyclo[1.1.1]pentan-1-yl)-6,7-dichloro-4-(3-methyl-1H-indazol-6-yl)phthalazin-1-amine

(78)

N-(bicyclo[1.1.1]pentan-1-yl)-4,6,7-trichlorophthalazin-1-amine (50 mg, 0.159 mmol, 1.0 eq.)
was reacted with 3-methyl-1H-indazol-6-yl-6-boronic acid (33.6 mg, 0.191 mmol, 1.2 eq.)
according to general procedure B to yield 78 (30.4 mg, 46.6%) as an off-white solid. M.P. =
254-256 °C; vmax  (cm-1) 3646, 3383 (NH), 2980, 2910, 2872 (CH), 1671, 1601 (C=N); 'H NMR
(400 MHz, DMSO) & 12.81 (s, 1H, 32), 8.78 (s, 1H, 6), 8.26 (s, 1H, 3), 7.90 (s, 1H, 29), 7.86 (d, J
= 8.2 Hz, 1H, 11), 7.66 (t, J = 1.1 Hz, 1H, 26), 7.30 (dd, J = 8.3, 1.4 Hz, 1H, 25), 2.57 (s, 1H, 23),
2.56 (s, 3H, 33), 2.26 (s, 6H, 20, 22, 24); 3C NMR (101 MHz, DMSO) & 152.19 (10), 150.52 (7),
141.23 (28), 140.72 (30), 134.44 (1), 133.86 (2), 127.21 (19), 125.39 (6), 124.98 (29), 122.11
(26), 121.32 (4), 119.98 (3), 117.12 (5), 110.99 (25), 52.20 (21), 50.47 (23), 25.09 (20, 22, 24),
11.76 (33); LR-ESI-MS Ci7H13Cl2F2Ns [M+H*] m/z found: 410.16, calc.: 410.30; HR-ESI-MS

Ci17H13ClLF2Ns [M+H*] m/z found: 409.9762, calc.: 410.0939
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General Procedure H

cr R
*HaN.
¥ NH Y
O O |
N * )J\/U\ N - o” N
|// R O EtOH /7
R 60 °C, 12h N\

To a solution of B-keto ester (1.0 eq.) in ethanol (2 mL) at 0 °C was added aryl hydrazine
hydrochloride (1.0 eq.) as a solution in ethanol (2 mL) and triethylamine (1.0 eq.) The mixture
was allowed to reach room temperature and then heated with stirring at 60 °C overnight.
The solvent was removed in vacuo and the crude product purified using column
chromatography (cyclohexane:EtOAc, 1:0 — 1:1) to yield the desired product.

General Procedure |

R ——
. S o
4 \ Neat /
N Reflux.12h \

To a 4 mL vial equipped with stirrer bar containing pyrazolone (1.0 eq.) was added B-keto
ester (5.0 eq.). The mixture was heated to reflux and left stirring overnight.

The excess B-keto ester was removed in vacuo and the crude product taken up in DCM. The
organic phase was washed with H,0 (5 x 10 mL) and dried over sodium sulfate. The crude
product was purified using column chromatography (cyclohexane:EtOAc, 1:1 — 0:1) to give

the desired product.
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2-chloro-5-(4-methyl-6-oxo0-3-phenylpyrano[2,3-c]pyrazol-1(6H)-yl)benzoic acid (79)

Step 1: 2-chloro-5-(5-oxo-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid

2-Chloro-5-hydrazinylbenzoic acid hydrochloride (200 mg, 0.897 mmol, 1.0 eq.) was reacted
with ethyl benzoylacetate (0.155 mL, 0.897 mmol, 1.0 eq.) according to general procedure H
to yield 2-chloro-5-(5-oxo-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (211.3 mg,
74.9%) as a yellow solid. 'H NMR (400 MHz, MeOD) & 8.33 (d, J = 2.7 Hz, 1H, 12), 7.97 (dd, J =
8.8, 2.7 Hz, 1H, 8), 7.82 — 7.75 (m, 2H, 18, 22), 7.59 (d, J = 8.8 Hz, 1H, 9), 7.45 — 7.39 (m, 2H,
19, 21),7.38—7.33 (m, 1H, 20), 1.45 (s, 2H, 1); 3C NMR (101 MHz, MeOD) & 168.30 (2), 157.24
(15), 153.37 (5), 138.43 (7), 133.64 (6), 132.69 (11), 132.55 (9), 129.78 (20), 129.72 (19, 21),
127.39(10), 126.79 (18, 22), 126.23 (12), 124.94 (8), 27.97 (1); LR-ESI-MS C16H11CIN,03 [M+H"]
m/z found: 315.06, calc.: 314.73

Step 2: 2-chloro-5-(4-methyl-6-oxo-3-phenylpyrano[2,3-c]pyrazol-1(6H)-yl)benzoic acid (79)

79
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2-chloro-5-(5-oxo-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (100.0 mg, 0.318 mmol,
1.0 eq.) was reacted with ethylacetoacetate (0.201 mL, 1.589 mmol, 5.0 eq.) according to
general procedure | to yield 79 (99.3 mg, 82.1%) as a brown gum. Vmax (cm™) 3030 (C=C-H),
2921, 2844 (CH), 1721 (C=0), 1600 (C=N); *H NMR (400 MHz, CDCls) § 8.60 (d, J = 2.7 Hz, 1H,
12), 8.12 (dd, J = 8.8, 2.7 Hz, 1H, 8), 7.63 (d, J = 8.8 Hz, 1H, 9), 7.60-7.56 (m, 2H, 18-22), 7.54 —
7.48 (m, 3H, 19, 20, 21), 5.96 (s, 1H, 24), 2.20 (s, 3H, 27); *3C NMR (101 MHz, CDCls) 6 159.47
(15), 153.89 (25), 150.45 (2), 148.98 (5), 135.57 (7), 133.39 (6), 132.73 (11), 132.65 (9), 132.03
(23), 129.72 (20), 129.63 (19, 21), 128.69 (18, 22), 126.12 (10) 125.26 (12), 124.45 (8), 106.88
(1), 102.69 (24), 20.67 (27); LR-ESI-MS C20H13CIN204 [M+H*] m/z found: 381.39, calc.: 380.780;
HR-ESI-MS C0H13CIN204 [M+H*] m/z found: 380.9579, calc.: 381.0642.
3-(4-methyl-6-oxo-3-phenylpyrano[2,3-c]pyrazol-1(6H)-yl)benzoic acid (80)

Step 1: 3-(5-oxo-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid

3-hydrazinobenzoic acid hydrochloride (200.0 mg, 1.060 mmol, 1.0 eq.) was reacted with
ethyl benzoylacetate (0.183 mL, 1.060 mmol) according to general procedure H to yield 3-(5-
oxo-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (189.1 mg, 63.6%) as a white solid. *H
NMR (400 MHz, DMSO) 6§ 13.12 (s, 1H, 16), 12.08 (s, 1H, 13), 8.43 (t, J = 1.9 Hz, 1H, 12), 8.16
—8.05 (m, 1H, 23), 7.89 — 7.82 (m, 3H, 18, 22, 8), 7.61 (t, J = 8.0 Hz, 1H, 9), 7.47 — 7.39 (m, 2H,
19, 21), 7.37 — 7.30 (m, 1H, 20), 6.05 (s, 1H, 1); 3C NMR (101 MHz, DMSO) 6 166.93 (15),

150.04 (5), 139.09 (7), 133.20 (6) 131.59 (11), 129.40 (19, 21), 128.62 (18,22), 128.03 (20),
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126.23 (9), 125.19 (23), 124.84 (8), 121.25 (12), 85.34 (1); LR-ESI-MS C16H12N203 [M-H*] m/z
found: 279.04, calc.: 279.23

Step 2: 3-(4-methyl-6-oxo-3-phenylpyrano[2,3-c]pyrazol-1(6H)-yl)benzoic acid (80)

80

3-(5-ox0-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (100.0 mg, 0.357 mmol, 1.0 eq.)
was reacted with ethyl acetoacetate (0.226 mL, 1.784 mmol, 5.0 eq.) according to general
procedure | to yield 80 (87.6 mg, 70.9%) as an off-white foam. vmax (cm™) 3060 (C=C-H), 2961,
2920 (CH), 1717 (C=0), 1688 (C=N); 'H NMR (400 MHz, CDCls) § 8.65 (s, 1H, 12), 8.17 (br, 1H,
28), 8.07 (br, 1H, 8), 7.58 (br, 3H, 9, 18, 22), 7.48 (br, 3H, 19, 20, 21), 5.89 (s, 1H, 24), 2.17 (s,
3H, 27); 13C NMR (101 MHz, CDCl3) § 160.90 (15), 159.39 (25), 153.49 (2), 150.50 (5), 150.37
(7), 137.28 (23), 133.39(6), 132.43 (11), 132.43 (9), 129.68 (19, 21), 129.45 (20), 129.12 (28),
128.59 (18, 22), 125.33 (8), 121.84 (12), 106.73 (24), 103.41 (1) 20.66 (27); LR-ESI-MS
C20H14N204 [M+H*] m/z found: 347.11, calc.: 346.34; HR-ESI-MS Cy0H14N,04 [M+H*] m/z

found: 347.0063, calc.: 347.1032.
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3-(6-ox0-3-phenyl-4-(trifluoromethyl)pyrano(2,3-c]pyrazol-1(6H)-yl)benzoic acid (81)

81

3-(5-ox0-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (100.0 mg, 0.357 mmol, 1.0 eq.)
was reacted with ethyl 4,4,4-trifluoroacetoacetate (0.261 mL, 1.784 mmol, 5.0 eq.) according
to general procedure | to yield 81 (71.1 mg, 49.8%) as a yellow solid. M.P. = 217-219 °C; Vmax
(em™) 3027 (C=C-H), 2891, 2812, (CH), 1756 (C=0), 1601 (C=N), 1257 (C-F); *H NMR (400 MHz,
CDCl3) § 8.66 (t, J = 1.9 Hz, 1H, 12), 8.26 — 8.10 (m, 2H, 28, 8), 7.67 (t, J = 8.0 Hz, 1H, 9), 7.52
(dt,J=7.6, 1.9 Hz, 2H, 18, 22), 7.50 — 7.46 (m, 2H, 19, 21), 7.45 — 7.36 (m, 1H, 20), 6.50 (s, 1H,
24); 3C NMR (101 MHz, CDCls) § 172.18 (15), 170.56 (25), 157.53 (2), 151.21 (5), 148.09 (7),
141.20 (6), 140.84 (11), 136.80 (9), 131.07 (23), 130.03 (28), 129.77 (20), 129.63 (19, 21),
128.23 (18, 22), 127.23 (q, J = 346 Hz, 27) 126.31 (8), 123.16 (23), 107.47 (q, J = 5.7 Hz, 24),
96.61 (1); LR-ESI-MS CyoH11F3N20s [M+H*] m/z found: 401.40, calc.: 400.313; HR-ESI-MS

C20H11F3N204 [M+H*] m/z found: 400.9628, calc.: 401.0749.
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4-methyl-3-phenyl-1-(4-(trifluoromethoxy)phenyl)pyrano[2,3-c]pyrazol-6(1H)-one (82)

Step 1: 5-phenyl-2-(4-(trifluoromethoxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one

4-(Trifluoromethoxy)phenylhydrazine hydrochloride (200.0 mg, 0.875 mmol, 1.0 eq.) was
reacted with ethyl benzoylacetate (0.151 mL, 0.875 mmol, 1.0 eq.) according to general
procedure H to yield 5-phenyl-2-(4-(trifluoromethoxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one
(245.0 mg, 87.4%) as an off-white solid. *H NMR (400 MHz, CDCl3) 6 8.03-7.96 (m, 2H, 9, 11),
7.78 = 7.69 (m, 2H, 19, 21), 7.49 — 7.42 (m, 2H, 8, 12), 7.28 — 7.24 (m, 1H, 20), 7.15-7.05 (m,
2H, 18, 22), 3.79 (s, 2H, 1); 13C NMR (101 MHz, CDCls) & 170.24 (2), 155.11 (28), 149.59 (5),
136.64 (7), 131.01 (6), 130.56 (q, J = 227.9 Hz, 30), 129.01 (19, 21), 128.31 (20), 126.04 (18,
22), 121.57 (8, 12), 120.10 (9, 11), 39.60 (1); LR-ESI-MS CigH11F3N,0, [M+H*] m/z found:

321.120, calc.: 321.12.
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Step 2: 4-methyl-3-phenyl-1-(4-(trifluoromethoxy)phenyl)pyrano[2,3-c]pyrazol-6(1H)-one

(82)

5-phenyl-2-(4-(trifluoromethoxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one (35.0 mg, 0.109
mmol, 1.0 eq.) was reacted with ethyl acetoacetate (0.138 mL, 1.093 mmol, 5.0 eq.) according
to general procedure | to yield 82 (17.1 mg, 40.5%) as a brown gum. Vmax (cm™) 3027 (C=C-H),
2891, 2812, (CH), 1756 (C=0), 1601 (C=N) *H NMR (400 MHz, CDCl3) § 8.07 — 7.96 (m, 2H, 9,
11), 7.62-7.55 (m, 2H, 19, 21), 7.54 — 7.45 (m, 3H, 8, 12, 20), 7.39 — 7.32 (m, 2H, 18, 22), 5.91
(9,J = 1.2 Hz, 1H, 24), 2.19 (d, J = 1.2 Hz, 3H, 27); 3C NMR (101 MHz, CDCl3) 6 159.25 (25),
153.51 (28), 150.40 (2), 148.53 (5), 148.01 (7), 135.52 (6), 132.46 (30), 129.64 (19, 21), 129.52
(20), 128.64 (18, 22), 122.43 (8, 12), 122.15 (9, 11), 106.69 (24), 102.37 (1), 20.65 (27); LR-ESI-
MS Ca0H13F3N203 [M+H*] m/z found: 387.48, calc.: 386.330; HR-ESI-MS Cy0H13F3N203 [M+H?]

m/z found: 386.9872, calc.: 387.0966.
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3-(3-methoxyphenyl)-4-methyl-1-(4-(trifluoromethoxy)phenyl)pyrano[2,3-c]pyrazol-6(1H)-
one (83)

Step 1: 5-(3-methoxyphenyl)-2-(4-(trifluoromethoxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one

31

32 —0O_ 91 20

4-(Trifluoromethoxy)phenylhydrazine hydrochloride (200.0 mg, 0.875 mmol, 1.0 eq.) was
reacted with 3-(3-methoxyphenyl)-3-oxo-propionic acid methyl ester (0.195 mL, 0.875 mmoal,
1.0 eq.) according to general procedure H to yield 5-(3-methoxyphenyl)-2-(4-
(trifluoromethoxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one (278.0 mg, 90.7%) as a white solid.
14 NMR (400 MHz, CDCl3) § 8.01 — 7.93 (m, 2H, 9, 11), 7.32 (t, J = 7.9 Hz, 1H, 19), 7.26 (br, 1H,
18), 7.24—7.20 (m, 3H, 8, 12, 20), 6.96 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H, 22), 3.82 (s, 3H, 32), 3.71
(s, 2H, 1); 13C NMR (101 MHz, CDCl3) 6 170.30 (2), 160.05 (28), 155.06 (21), 146.10 (5), 136.71
(7), 131.91 (6), 130.14 (30), 122.55 (9, 11), 121.61 (19), 120.14 (8, 12), 118.82 (18), 116.83
(20), 111.02 (22), 55.48 (31), 39.72 (1); LR-ESI-MS C17H13F3N203 [M+H*] m/z found: 351.120,

calc.: 350.297.
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Step 2: 3-(3-methoxyphenyl)-4-methyl-1-(4-(trifluoromethoxy)phenyl)pyrano[2,3-c]pyrazol-

6(1H)-one (83)

5-(3-methoxyphenyl)-2-(4-(trifluoromethoxy)phenyl)-2,4-dihydro-3H-pyrazol-3-one  (100.0
mg, 0.285 mmol, 1.0 eq.) was reacted with ethyl acetoacetate (0.181 mL, 1.427 mmol, 5.0
eq.) according to general procedure | to yield 83 (44.5 mg, 37.4%) as a brown gum. Vmax (cm"
1) 3029 (C=C-H), 2919, 2878, 2799 (CH), 1710 (C=0), 1598 (C=N), 1263 (C-0); 1175 (C-F), H
NMR (400 MHz, CDCls) 6 8.07 — 7.97 (m, 2H, 9, 11), 7.43 — 7.38 (m, 1H, 19), 7.38 — 7.32 (m,
2H, 8, 12), 7.15 (dt, J = 7.5, 1.2 Hz, 1H, 18), 7.12-7.09 (m, 1H, 20), 7.03 (ddd, J = 8.3, 2.7, 1.0
Hz, 1H, 22), 5.91 (g, J = 1.2 Hz, 1H, 24), 3.87 (s, 3H, 32), 2.21 (d, J = 1.2 Hz, 3H, 27); 3C NMR
(101 MHz, CDCl3) & 159.67 (25), 159.22 (28), 153.52 (21), 150.35 (2), 148.35 (5), 148.03 (7),
135.49 (6), 133.68 (30), 129.70 (19), 122.44 (9, 11), 122.13 (d, 2C, 18, 20), 122.08 (22), 115.15
(8, 12), 106.71 (24), 102.34 (1), 55.53 (32), 27.05 (27); LR-ESI-MS C21H15F3N204 [M+H*] m/z
found: 417.06, calc.: 416.356; HR-ESI-MS C;1H15F3N204 [M+H*] m/z found: 416.9900, calc.:

417.1062.
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1-(6-chloropyridazin-3-yl)-4-methyl-3-phenylpyrano[2,3-c]pyrazol-6(1H)-one (84)

Step 1: 2-(6-chloropyridazin-3-yl)-5-phenyl-2,4-dihydro-3H-pyrazol-3-one

pd
] AN \Z/
Z’/

3-Chloro-6-hydrazinopyridazine hydrochloride (200.0 mg, 1.384 mmol, 1.0 eq) was reacted
with ethyl benzoylacetate (0.239 mL, 1.384 mmol, 1.0 eq.) according general procedure H to
yield 2-(6-chloropyridazin-3-yl)-5-phenyl-2,4-dihydro-3H-pyrazol-3-one (307.6 mg, 81.5%) as
a yellow solid. TH NMR (400 MHz, CDCls) & 11.50 (s, 1H, 13), 8.40 — 8.14 (m, 1H, 9), 7.83 (d, J
= 7.3 Hz, 2H, 18, 22), 7.69 (d, J = 9.3 Hz, 1H, 8), 7.51 — 7.33 (m, 3H, 19, 23, 20), 6.02 (s, 1H, 1);
13C NMR (101 MHz, CDCl3) § 154.79 (2), 153.14 (28), 136.02 (5) 132.17 (7), 132.06 (6), 129.46
(9), 128.89 (18, 22), 127.61 (20), 126.11 (19, 23), 120.75 (8); LR-ESI-MS C13HoCIN4O [M+H*]
m/z found: 273.030, calc.: 272.690.

Step 2: 1-(6-chloropyridazin-3-yl)-4-methyl-3-phenylpyrano[2,3-c]pyrazol-6(1H)-one (84)

84

261



2-(6-chloropyridazin-3-yl)-5-phenyl-2,4-dihydro-3H-pyrazol-3-one (100.0 mg, 0.367 mmol,
1.0 eq.) was reacted with ethyl acetoacetate (0.232 mL, 1.834 mmol, 5.0 eq.) according to
general procedure | to yield 84 (77.9 mg, 62.7%) as a yellow solid. M.P. = 226-230 °C; Vmax
(em) 3058 (C=CH), 2972, 2921, 2865, (CH), 1730 (C=0), 1597, 1579 (C=N); *H NMR (400 MHz,
CDCl3) 6 8.12 (d, J = 9.2 Hz, 1H, 9), 7.68 (d, J = 9.2 Hz, 1H, 8), 7.60-7.54 (m, 2H, 18, 22), 7.55 —
7.43 (m, 3H, 19, 20), 5.98 (q, /= 1.4 Hz, 1H, 24), 2.17 (d, J = 1.3 Hz, 3H, 27); 13C NMR (101 MHz,
CDCls) 6 158.79 (25), 155.59 (28), 153.55 (2), 152.45 (7), 150.48 (5), 131.94 (6), 130.56 (9),
129.87 (8), 129.57 (18, 22), 128.70 (19, 29), 122.17 (20), 108.17 (24), 103.35 (1), 20.59 (27);
LR-ESI-MS C17H11CIN4O2 [M+H*] m/z found: 339.340, calc.: 338.750; HR-ESI-MS C17H11CIN4O;
[M+H*] m/z found: 338.9701, calc.: 339.0649.
4-methyl-1-phenyl-3-(p-tolyl)pyrano[2,3-c]pyrazol-6(1H)-one (85)

Step 1: 2-phenyl-5-(p-tolyl)-2,4-dihydro-3H-pyrazol-3-one

Phenylhydrazine hydrochloride (200.0 mg, 1.383 mmol, 1.0 eq.) was reacted with ethyl (4-
methyl)benzoyl acetate (0.297 mL, 1.383 mmol, 1.0 eq.) according to general procedure H to
yield 2-phenyl-5-(p-tolyl)-2,4-dihydro-3H-pyrazol-3-one (332.0 mg, 95.9%) as a white solid. *H
NMR (400 MHz, DMSO) & 11.75 (s, 1H, 13), 7.81 (dt, J = 8.6, 1.7 Hz, 2H, 22, 18), 7.75 — 7.65
(m, 2H, 10, 19), 7.52 — 7.44 (m, 2H, 18, 12), 7.33 — 7.26 (m, 1H, 28), 7.26 — 7.19 (m, 2H, 9, 11),

5.97 (s, 1H, 1), 2.33 (s, 3H, 14); 13C NMR (101 MHz, DMSO) & 153.68 (2), 149.60 (5), 138.89
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(7), 137.07 (6), 130.64, 129.40, 129.10 (8, 12), 128.87 (18, 22), 125.53 (28), 125.02 (9, 11),
121.01 (19, 10), 118.28 (20), 84.90 (1), 20.86 (14); LR-ESI-MS Ci6H14N20 [M+H*] m/z found:
251.110, calc.: 250.301

Step 2: 4-methyl-1-phenyl-3-(p-tolyl)pyrano[2,3-c]pyrazol-6(1H)-one (85)

85

2-phenyl-5-(p-tolyl)-2,4-dihydro-3H-pyrazol-3-one (100.0 mg, 0.400 mmol, 1.0 eq.) was
reacted with ethyl acetoacetate (0.253 mL, 2.000 mmol, 5.0 eq.) according to general
procedure | to yield 85 (82.7 mg, 65.4%) as a brown solid. M.P. = 261-263 °C; Vmax (cm™) 3027
(C=C-H), 2891, 2812, (CH), 1756 (C=0), 1601 (C=N) *H NMR (400 MHz, CDCls) & 7.99 — 7.92
(m, 2H, 8, 12), 7.53 — 7.46 (m, 4H, 18, 22, 9, 11), 7.36 (tt, J = 7.7, 1.2 Hz, 1H, 28), 7.29 (d, J =
7.8 Hz, 2H, 10, 19), 5.88 (d, J = 1.3 Hz, 1H, 16), 2.43 (s, 3H, 14), 2.20 (d, J = 1.2 Hz, 3H, 24); 3C
NMR (101 MHz, CDCls) 6 159.64 (17), 153.66 (2), 150.33 (5), 148.20 (7), 139.33 (6), 137.06
(28), 129.56 (8, 12), 129.52 (18, 22), 129.25 (9, 11), 127.58 (20), 121.21 (10, 19), 106.37 (16),
102.25 (1), 21.53 (14), 20.66 (24); LR-ESI-MS C2H16N202 [M+H*] m/z found: 317.38, calc.:

316.360; HR-ESI-MS Cz0H16N202 [M+H*] m/z found: 317.0405, calc.: 317.1290.
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3-(3-methoxyphenyl)-4-methyl-1-phenylpyrano[2,3-c]pyrazol-6(1H)-one (86)

Step 1: 5-(3-methoxyphenyl)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one

25

26 —O_ 10 20

Phenylhydrazine hydrochloride (200.0 mg, 1.383 mmol, 1.0 eq.) was reacted with 3-(3-
methoxyphenyl)-3-oxo-propionic acid methyl ester (0.280 mL, 1.383 mmol, 1.0 eq.) according
to general procedure H to yield 5-(3-methoxyphenyl)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one
(311.2 mg, 84.5%) as a white solid. *H NMR (400 MHz, CDCl3) § 8.01 — 7.91 (m, 2H ), 7.47 —
7.40 (m, 2H, 9, 11), 7.37 — 7.33 (m, 2H, 20, 28), 7.28 (dt, J = 7.7, 1.2 Hz, 1H, 19), 7.25 - 7.18
(m, 1H, 18), 7.00 (ddd, J = 8.3, 2.5, 1.0 Hz, 1H, 22), 3.87 (s, 3H, 26), 3.82 (s, 2H, 1); 13C NMR
(101 MHz, €DCls) 6§ 170.36 (2), 160.09 (10), 154.67 (5), 138.21 (7), 132.28 (6), 130.11 (19),
129.00 (8, 12), 125.48 (18), 119.26 (9, 11), 118.87 (20), 116.80 (22), 110.92 (28), 55.57 (26),
39.87 (1); LR-ESI-MS C16H14N202 [M+H*] m/z found: 267.110, calc.: 266.300.

Step 2: 3-(3-methoxyphenyl)-4-methyl-1-phenylpyrano[2,3-c]pyrazol-6(1H)-one (86)
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5-(3-methoxyphenyl)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one (100.0 mg, 0.376 mmol, 1.0
eq.) was reacted with ethyl acetoacetate (0.237 mL, 1.878 mmol, 5.0 eq.) according to general
procedure | to yield 86 (77.1 mg, 61.8%) as a yellow gum. vmax(cm™) 3047 (C=CH), 2921, 2872
(CH), 1715 (C=0), 1584 (C=N), 1231 (C-0); *H NMR (400 MHz, CDCls) § 7.97 — 7.91 (m, 2H, 8,
12), 7.55—7.48 (m, 2H, 9, 11), 7.46 — 7.40 (m, 1H, 28), 7.40 — 7.34 (m, 2H, 19, 20), 7.19 — 7.15
(m, 1H, 18), 7.02 (ddd, J = 8.3, 2.6, 1.0 Hz, 2H, 22), 5.90 (q, J = 1.2 Hz, 1H, 16), 3.87 (s, 3H, 26),
2.21 (d, J = 1.2 Hz, 2H, 24); 13C NMR (101 MHz, CDCls) 6 159.66 (17), 159.55 (10), 153.51 (2),
150.33 (5), 147.96 (7), 137.03 (6), 133.97 (19), 129.63 (28), 129.54 (8, 12), 127.68 (18), 122.18
(20), 121.28 (9, 11), 115.11 (22), 106.56 (16), 102.24 (1), 55.54 (26), 20.65 (24); LR-ESI-MS
C20H16N203 [M+H*] m/z found: 333.400, calc.: 332.359;HR-ESI-MS CyoH16N,03 [M+H*] m/z

found: 333.0315, calc.: 332.12309.

7.2.2 CNS MPO Score Calculation

CNS MPO Scores were calculated with the aid of Tamas Szommer at the Target Discovery
Institute, University of Oxford.

Compound structures were represented as a SMILES string and their physiochemical
properties calculated using the ChemAxon cxcalc module. Each of the six parameters
contributing to the CNS MPO score (clogP, clogD, MW, tPSA, HBD, and pKa,) was given a score
between 0-1 based on the scales defined by Wager et al.! The scores were summed to give

an overall CNS MPO score out of 6.
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7.2.3 Biological Assays

7.2.3.1 ICsp Determination by Scintillation Proximity Assay

Scintillation proximity assays were carried out by Dr Fengling Li and Professor Masoud Vedadi
at the University of Toronto.

ICso values were determined for compounds at 30 nM of SUV4-20H1 ((69-335 aa) or 250 nM
SUV4-20H2 (2 -248 aa), 3 uM of biotinylated H4(1-24)K20me1 peptide, and 10 uM of [3H]SAM
in assay buffer (20 mM Tris pH8.0 , 0.01% Triton X-100, 5 mM DTT). The reaction mixtures
were incubated for 1 hr at 23 °C. To stop the enzymatic reactions, 10 pl of 7.5 M Guanidine
hydrochloride was added, followed by 180 ul of buffer (20 mM Tris, pH 8.0), mixed and then
transferred to a FlashPlate (Cat.# SMP103; Perkin Elmer; www.perkinelmer.com). After
mixing, the reaction mixtures in the FlashPlate were incubated for another 2 hrs at 23 °Cand
the CPM counts measured using Topcount plate reader (Perkin Elmer,
www.perkinelmer.com). The CPM counts in the absence of compound for each data set were
defined as 100% activity. In the absence of the enzyme, the CPM counts in each data set were

defined as background (0%). ICso values were determined using GraphPad Prism 7 software.

7.2.3.2 FXN-Luciferase Co-Expression Assay
Biological assays were carried out by of Dr Gabriela Vilema-Enriquez and Saumya
Maheshwari at the Department of Physiology, Anatomy, and Genetics (DPAG), University of

Oxford.

Cell culture
HEK293 reporter lines transfected with either a pBAC-FXN-Luc vector or pBAC-FXN-GAA-Luc
vector were cultured in a 5% CO; atmosphere at 37°C in media containing: high glucose

Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS), 1% L-Glutamine,
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1% penicillin-streptomycin, 100 mg/mL hygromycin B (Life Technologies). Sub-culture of
adherent cells was performed as follows: cells were rinsed with phosphate buffered saline
(PBS) and then incubated for five minutes with trypsin-EDTA. The trypsin was neutralised with
media containing FBS before cells were spun (1500 RPM, 5 mins) and re-suspended at the
desired concentration in medium. Suspension cells were directly spun (1500 RPM, 5 mins)
and seeded accordingly. Cells growing in suspension were regularly passaged by dilution in

fresh medium in order to achieve a concentration of 250000 cells/mL.

Assessment of Frataxin-Luciferase Expression

PBAC-FXN-GAA-Luc cells were seeded in a 96-well plate at a density of 1.5 x 103 in duplicate
and allowed to recover overnight. Cells were then treated with compounds at 5 uM in media
for six days. Cells were washed in PBS and lysed directly onto the plate using the Cell Culture
Lysis Reagent from the Luciferase Assay System (Promega). Lysates were transferred to
microcentrifuge tubes, vortexed for 15 seconds and then centrifuged (10000 RPM, 15 secs.).
25 ul of supernatant was transferred to a white, opaque 96-well microplate (PerkinElmer).
Luciferase activity was determined by measuring luminescence with a PHERAstar FSX
microplate reader (BMG LABTECH) equipped with injector pumps using the following
program: injection of 100 pl of Luciferase Assay Reagent, shaking of the plate for 3 seconds
at 300 RPM and a delay of 2 seconds followed by a 10 second measurement read. Data was
normalized to total protein concentration as determined by BCA protein assay (Pierce BCA
Protein Assay Kit - Reducing Agent Compatible, Thermo Scientific), carried out following
manufacturer’s instructions. Significance of results was established relative to the vehicle
control using one-way analysis of variance (ANOVA) followed by a Bonferroni correction for

multiple comparisons.
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7.2.4 Pharmacokinetic Studies

7.2.4.1 Microsomal Stability Assay

Microsomal stability assays were carried out by Cyprotex.

A-196 (3 uM) was incubated with microsomes at 0.5 mg/mL microsomal protein and 1mM
NADPH at 37 °C. Aliquots were taken at 0, 5, 15, 30, and 45 minutes and quenched with
methanol containing internal standard. Following centrifugation, the supernatant was
analysed using LC-MS/MS. The peak area ratio (compound peak area:internal standard peak
area) was plotted against time and the gradient of the line determined to give the elimination
rate constant. Negative control incubations in microsomes without NADPH or compound
were performed in parallel to eliminate peaks that are not compound related or non-
metabolic. Positive control incubations were carried out with dextromethorphan and
verapamil for human microsomes and diazepam and diphenhydramine for mouse

microsomes.

7.2.4.2 Metabolite Identification

Metabolite ID studies were carried out by Sygnature Discovery.

A-196 (10 uM) was incubated with mouse liver microsomes at 0.5 mg/mL microsomal protein
and 1mM NADPH in a total volume of 300 uL Dulbecco’s phosphate buffered saline at 37°C
for 60 minutes with shaking at 700 rpm. Aliquots were taken at 0, 10 and 60 minutes and
quenched 1:1 (v/v) with ice cold acetonitrile. Negative control incubations in microsomes
without NADPH or compound were performed in parallel to eliminate peaks that are not
compound related or non-metabolic. Positive control incubations were carried out with
verapamil, diphenhydramine and benzydamine to test the metabolic rate of the microsomes.

These controls were run both under standard conditions (0.1% (v/v) DMSO) and the modified
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conditions (0.5% (v/v) DMSO) and the results did not show a reduced turnover with the
additional solvent.

Samples were analysed using a Thermo Q-Exactive Focus mass spectrometer with Thermo
Vanquish UPLC system. Mass spectra were run in both positive and negative ion mode, and
for each scan, both DDA to acquire MS/MS spectra on the most abundant ions, and AIF to
generate non-targeted fragment spectra for all ions were acquired. UV data was recorded at
322nm and 262 nm. Chromatography was performed on an ACQUITY UPLC HSS C18 column
(1.8 um, 2.1 mm X 100 mm), with solvent flow rate of 0.45 mL/min and a column temperature

of 40 °C. A water/acetonitrile gradient with 0.1 % (v/v) formic acid was used.

7.2.4.3 Hepatocyte Stability Assay

Hepatocyte stability assays were carried out by Sygnature Discovery.

Compounds (1 uM) were incubated with hepatocytes in buffer and aliquots taken at six time
points (0, 5, 10, 20, 40, and 60 minutes). Aliquots were analysed using LCMS and compound
peak areas compared to an internal standard to calculate the elimination rate constant, from
which CLint and ti2 were calculated. Negative control incubations in hepatocytes without
compound were performed in parallel to eliminate peaks that are not compound related or
non-metabolic. Positive control incubations were carried out with verapamil and 7-

hydroxycoumarin.

7.2.4.4 In Vivo PK Assessment

In vivo studies were carried out by Pharmidex Pharmaceutical Services Ltd.

Male CD1 mice were housed in pre-assigned housing cages until sampling. Mice were dosed
subcutaneously with compound 76 (1 mg/kg, solution in 10% DMSO, 90% HP-B-CD) and

plasma samples taken at eight time points (0.25, 0.50, 1.0, 2.0, 4.0, 6.0, 8.0, 24 hours).
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Samples were stored immediately at -20 °C. Those mice co-dosed orally with ritonavir (12.5
mg/kg, solution in 10% DMSO, 10% cremaphor, and 80% water) were treated with ritonavir
30 minutes prior to dosing with 76.

Plasma samples were treated with acetonitrile to induce protein precipitation before being
analysed by UHPLC (tandem mass spectrometry using electrospray ionisation). Compound

plasma concentration was established in reference to an internal standard.

7.3 CHAPTER 3

7.3.1 Synthetic Peptides

Peptides 95-99 were purchased from GL Biochem (Shanghai) as C-terminal acids with N-
terminal acetyl capping. Peptides 100-108 were purchased from GL Biochem (Shanghai) as C-
terminal amides with N-terminal acetyl capping. Synthesis was performed using standard
Fmoc-based solid phase peptide synthesis (SPPS). Purity (>90%) was confirmed by High

Performance Liquid Chromatography (HPLC) and the mass verified by LCMS.

95: Ac-Lys-Cys-Ala-Arg-Lys-COOH: LR-ESI-MS Ci6Hs0N1007S [M+H*] m/z found 647.30; calc.:
646.36
96: Ac-Lys-Cys-Ser-Arg-Lys-COOH: LR-ESI-MS Ci6HsoN100sS [M+H*] m/z found 663.30; calc.:
662.35
97: Ac-Lys-Cys-Phe-Arg-Lys-COOH: LR-ESI-MS C3;HsaN1007S [M+H*] m/z found: 723.30; calc.:
722.39
98: Ac-Arg-Lys-Cys-Ala-Arg-Lys-Thr-COOH: LR-ESI-MS C3sHgoN15s010S [M+H*] m/z found

904.55; calc.: 903.51; [M+2H*]?** m/z found: 452.90; calc.: 452.76,
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99: Ac-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-COOH: LR-ESI-MS Ca1H76N16011S [M+H*] m/z found:
1001.90; calc.: 1000.56; [M+2H*]?** m/z found: 501.35; calc.: 501.28

100: Ac-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-Arg-NH;: LR-ESI-MS Cs7HsoN21011S [M+2H*]?* m/z
found: 579.10; calc.: 578.34

101: Ac-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-NH2: LR-ESI-MS Ca3HsoN18011S [M+2H*]?* m/z
found: 529.50; calc.:529.30

102: Ac-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-Arg-His-NH,: LR-ESI-MS Cs3HgN2401,S [M+2H*]?
m/z found: 647.50; calc.: 647.37; [M+3H*]3* m/z found: 432.10; calc.: 431.91

103: Ac-Arg-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-NHz: LR-ESI-MS CagH92N2201,S [M+2H*]?
m/z found: 607.60; calc.: 607.35; [M+3H*]3* m/z found: 405.50; calc.: 405.23

104:  Ac-Pro-Arg-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-NH2:  LR-ESI-MS  Cs4HooN23013S
[M+2H*]?* m/z found: 656.10; calc.: 655.88; [M+3H*]3* m/z found: 437.90; calc.:437.58

105: Ac-Pro-Arg-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-Arg-NH,:  LR-ESI-MS  CeoH111N27014S
[M+2H*]?* m/z found: 734.20; calc.: 733.93; [M+3H*]3* m/z found: 489.80; calc.: 489.62

106: Ac-Arg-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-Arg-His-NH2:  LR-ESI-MS  Ce1H111N29014S
[M+2H*]?* m/z found: 754.20, calc.: 753.93; [M+3H*]3* m/z found: 503.30; calc.: 502.95

107: Ac-Pro-Arg-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-Arg-His-NH;: LR-ESI-MS CssH118N30015S
[M+3H*]** m/z found: 535.60; calc.: 535.30; [M+4H*]* m/z found: 402.00; calc.: 401.73

108: Ac-Ser-Gly-Pro-Arg-Gly-Pro-Arg-Lys-Cys-Ala-Arg-Lys-Thr-Arg-His-Ala-Glu-NH;: LR-ESI-MS
C79H138N34022S [M+3H*]3* m/z found: 650.6; calc.: 650.01; [M+4H*]** m/z found: 488.10; calc.:

487.76
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7.3.2 Biological Assays

7.3.2.1 Biolayer Interferometry

BLI was carried out with the aid of Dr James Bennett and Dr Franziska Guenther at the Target
Discovery Institute, University of Oxford.

Full-length, recombinant human His6-USP7 was purchased from R&D Systems.

The direct interaction between peptides and USP7 was measured using a BLI Octet RED384
(FortéBio Inc., Menlo Park, CA). Anti-His (HIS2) biosensors (FortéBio Inc.) were coated in a
solution containing 50 pug/mL of his-tagged protein for 5 min at 25 °C. Peptides were made up
to 10 mM stock concentrations in DMSO and diluted to 1 and 10 uM in buffer. The peptides
were dispensed into alternate wells of a compound plate. Assays were performed at 25°C in
a volume of 60 ul in a buffer that was 25 mM HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP. A
duplicate set of sensors without protein was used as a background binding control.
Association of samples (1 and 10 uM) to coated and uncoated reference sensors was
measured over 120 seconds and dissociation over 240 seconds. Data analysis on the FortéBio
Octet RED96 instrument was performed using a double reference subtraction (sample and
sensor references) in the FortéBio data analysis software, which accounts for nonspecific

binding, background, and signal drift and minimizes well-based and sensor variability.
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