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Abstract

Abstract

Fibrotic diseases can be attributed to approximately 45% of deaths within western
developed countries. This category of disease can affect nearly every tissue in the
body, predominantly liver, kidney, and lung. The severity of fibrotic diseases is
widely recognised but currently there is no accepted effective disease modifying
treatment. There have been a number of potential drug targets identified in recent
years, including the enzyme autotaxin (ATX) and the RGD integrins, which are
known to play a key role in the pathogenesis. In collaboration with
GlaxoSmithKline, the projects detailed in this report were aimed to develop small
molecule inhibitors with druglike physicochemical properties for fibrosis drug

discovery.

Chapter 1 focusses on the secreted enzyme ATX, which is responsible for the
hydrolysis of lysophosphatidylcholine (LPC) to the bioactive lysophosphatidic acid
(LPA) and choline. The ATX-LPA signalling pathway is implicated in cell survival,
migration, and proliferation; thus, the inhibition of ATX is a recognised therapeutic
target for a number of diseases including fibrotic diseases, cancer, and inflammation,
amongst others. Many of the developed synthetic inhibitors for ATX have resembled
the lipid chemotype of the native ligand; however, a small number of inhibitors have
been described that deviate from this common scaffold. Herein, Chapter 1 details the
structure-activity relationship (SAR) exploration of a previously reported small
molecule ATX inhibitor through the design, synthesis, and biological evaluation of a

series of analogues. Furthermore, using enzyme kinetics studies it is shown that



Abstract

analogues of this chemotype are noncompetitive inhibitors, and using a crystal
structure with ATX the discrete binding mode was confirmed. This work has
provided valuable insight into the binding of this chemotype, which could aid the

design of novel ATX inhibitors with non-lipid-like scaffolds.

Chapter 2 describes a lead-optimisation project targeting the RGD subfamily of the
integrin receptors. The RGD integrins are recognised therapeutic targets for
thrombosis, fibrosis, and cancer, amongst others. Current inhibitors are designed to
mimic the tripeptide sequence of the natural ligands (arginine-glycine-aspartic acid);
however, the RGD-mimetic antagonists for one particular RGD integrin (oyp33) have
been shown to cause partial agonism, leading to the opposite pharmacological effect.
The challenge of obtaining oral activity and synthetic tractability with RGD-mimetic
molecules, along with the issues relating to pharmacology, has left integrin-
therapeutics in need of a new strategy. Recently, a new generation of inhibitor has
emerged that lacks the RGD-mimetic. The work detailed herein aimed to build on
this emerging area, with the design, synthesis, and biological evaluation of novel
small molecule inhibitors targeting the a,f3; integrin. These compounds are shown to
be accessed via synthetically divergent routes, allowing for the quick exploration of a
diverse set of potential lead compounds. Initial efforts led to the identification of
four promising lead-like inhibitors with pICsy values ranging from 4.1-5.5 for the
target integrin o,fs. Unfortunately, the initial hit compound, that the subsequent
compound design stemmed from, was later determined to be a false positive, and as a
result work on the project ceased. Thus, Chapter 2 details a project that was mis-led

due to false positive assay results.
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Chapter 1

Structure-activity Relationships of Small Molecule Autotaxin Inhibitors with a

Discrete Binding Site

This chapter is based on the published manuscript [ref 73]



Chapter 1: Introduction

1  Chapter 1: Structure-activity Relationships of Small Molecule Autotaxin

Inhibitors with a Discrete Binding Site

1.1 Introduction

1.1.1 Fibrotic Disease

Fibrotic diseases are estimated to attribute to 45% of deaths within western
developed countries.' The severity of this disease category is widely recognised but
currently there is no accepted effective disease modifying treatment.” Fibrosis
effects nearly every tissue in the body; the term “fibrosis” is used to describe a build-
up of excess fibrous connective tissue, either within an organ or tissue, as a
reparative response. The cells responsible for the production of this connective tissue
are fibroblasts and myofibroblasts.” Once activated, these cells will synthesise the
extracellular matrix and collagen, which are vital components in wound healing,
required to repair the structural framework of cells. The normal healing process can
evolve into a progressively irreversible fibrotic response if the tissue injury is severe
or repetitive or if the tissue repair response becomes dysregulated.” An example of a
fibrotic disease with a devastating prognosis is that associated with the lung:
idiopathic pulmonary fibrosis (IPF), the most common interstitial lung disease
(ILD).* IPF has a high mortality rate of 50% within 3-5 years after diagnosis and the
number of cases diagnosed is increasing each year.” Currently the estimated disease
prevalence in the European Union (EU) is 120,000 and an additional 40,000 new
cases are diagnosed each year.® These numbers highlight the growing need for new

therapeutic treatments in fibrotic diseases such as IPF.
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1.1.2 Autotaxin
Autotaxin (ATX) is a secreted glycoprotein phosphodiesterase belonging to the

ectonucleotide pyrophosphatase and phosphodiesterase family (ENPP). ATX is
around 100 kDa in size and was first isolated from melanoma cells in 1992.7 It
functions as a lysophospholipase D, mediating the hydrolysis of
lysophosphatidylcholine (LPC) 1.1 to the ubiquitous bioactive lipid mediator

lysophosphatidic acid (LPA) 1.2 and choline 1.3 (Scheme 1.1).°

Scheme 1.1. ATX-mediated hydrolysis of LPC releasing LPA. R group = fatty acid chain with

varying degrees of unsaturation.

o (] Q (]
J S J K
R O/\:/\O/F’\o/\/NMea R o/\:/\o/P\o@
OH ® OH

/\/NME3
1.1LPC HO 1.2 LPA
1.3

LPA 1.2 is the simplest glycerophospholipid; however, the length and saturation of
the phospholipid chain can vary. In terms of stereochemistry, it is the L-(R)-
enantiomer that is observed in vivo, but both the natural isomer and the unnatural D-
(S)-enantiomer display equal activity when tested in bioassays.” Phospholipid 1.2
acts on the LPA receptors; a series of G-protein coupled receptors (GPCRs), of
which six have been identified to date, termed LPA;4, with an additional three
pending the publication of evidence to verify their categorisation (GPR87, P2Y10,
and GPR35)."’ Upon binding, a series of intracellular signaling pathways are invoked
which could result in a range of cellular functions including differentiation,
migration, proliferation, and survival.'' Dysregulation of the ATX-LPA signaling
pathway is implicated in a variety of disease states and could lead to the development

of several diseases including vascularisation diseases, autoimmune diseases, cancer,
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fibrotic diseases, inflammation, and neurodegeneration, amongst others (Scheme
1.2)."*" Accordingly, the use of ATX inhibitors has been and continues to be an

attractive strategy for therapeutic intervention.'®

Scheme 1.2. Disease states via LPA action on the GPCRs LPA, . R group = fatty acid chain with

varying degrees of unsaturation.

)OI\ ﬁ P vascularisation diseases cancer
e
P.
R o/\:/\O 0® J PA, :|'> inflammation autoimmune diseases
OH L )
YT fibrotic diseases  neurodegeneration

1.1.3 Autotaxin Morphology
The structure of ATX has been studied extensively and the morphology of the active

site is well known. The importance of the two zinc ions located in the active site was
first reported by Gijsbers et al. in 2003." This work identified that these two ions,
along with a threonine (T209) residue, were responsible for the enzymatic activity. In
2011, the solved crystal structure of ATX was published simultaneously by two
groups, these reports furthered the understanding of active site by ascertaining a
hydrophobic pocket which accommodates the long alkyl chain of LPA 1.2.2%*' The
active site is accessed via a tunnel which is believed to assist in the selectivity of
ATX.* As well as the phosphodiesterase (PDE) domain where the catalytic site
resides, ATX consists of two N-terminal somatomedin B (SMB) domains, a
nuclease-like domain (NUC), and a lasso domain (Figure 1.1a).** The principle
domain arrangement of two SMB domaine, a PDE domain, and a NUC domain is
shared throughout the ENPP1-3 members of the ENPP family. The other four

members of this enzyme family, ENPP4-7, only have a PDE domain in common.>**
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A B Tunnel
... Hydrophobic
3, pocket
« PDE Domain
e Lasso Domain
* NUC Domain Zinc lon

------- "/Catalytic Site

Figure 1.1. Structural features of ATX. (a) ATX domains colour coded with the catalytic site
highlighted. Image created with ATX-LPA cocrystal (PDB 3NKN) using Discovery Studio

Visualiser.”” (b) Key features of the ATX active site “T-junction” with LPA 1.2 bound.

Analysis of crystal structures helped to identify these domains and revealed the high
conservation of this arrangement between species, suggesting that the conformation
plays a vital role in the enzyme activity.”* As state previously, the catalytic site is
accessed via a tunnel which runs between the hydrophobic pocket and SMBI,
forming a “T-junction” with the catalytic site (Figure 1.1b). The tunnel is
hypothesised to bind the LPA 1.2 produced and hold it in place for transport to the
activated GPCRs by ATX.*"** Although this shuttle mechanism has yet to be proven
experimentally, the low concentration of LPA 1.2 found in the plasma does support
this hypothesis of localised production. Furthermore, a B3 integrin produced on the
cell surface interacts with the SMB2 domain which may induce a conformational
change in the enzyme.*' A conformational change could then assist in the release of
LPA 1.2 at the target receptor. This idea of localised production of LPA 1.2 is further
supported by a flat surface around the channel entrance which would allow for the

close interfacing of the enzyme with the target receptor.
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1.1.4 ATX Inhibition Assays

There are a number of in vitro assays that are currently used to evaluate ATX
activity; these can be divided into two categories based on the type of substrate the
assay utilises (Table 1.2). The first category employs the natural ligand 1.1 and the
second uses unnatural ATX substrates. As depicted in Scheme 1, ATX hydrolyses
1.1 into 1.2 and 1.3, thus the enzyme activity can be determined by quantitative
measurement of these products using liquid chromatography-tandem mass
spectrometry (LCMS),*® radiometry,”’ colorimetry,”® or fluorimetry.'” An example of
a more classical method employs '*C labelled LPC 1.2 which when hydrolysed
produces a '*C LPA 1.1.” This radiolabelled product can then be isolated and the
enzyme activity quantified using radiometry. This assay has the advantage of high
sensitivity but is not amenable to high-throughput screening (HTS) which is often
required in the early stages of drug discovery. Another assay better suited to the
demands of HTS employs LCMS for the fast and accurate measurement of LPA 1.2
produced.” Using LCMS the ATX incubation mixture can be assayed and the LC
will separate the LPA 1.2 from LPC 1.1 which are then detected by tandem MS. This
process can be automated to streamline the screening of large compound libraries
against ATX. Of assays based on 1.1, a commonly used method measures the
production of 1.3 using an enzyme-coupled colorimetric assay”® — choline oxidase
converts 1.3 into betaine (1.4) and hydrogen peroxide, and then horseradish
peroxidase (HRP) utilises the hydrogen peroxide to oxidise a colouring substrate into

its chromophoric state (Scheme 1.3).
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Scheme 1.3. ATX-mediated choline release assay for ATX inhibition. R group = fatty acid chain with

varying degrees of unsaturation.

Q
& J\o . II?I’\O/\/NM93 4'—> JJ\ e

1.1 Ho/\/NMes
1.3
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Three exemplar colouring substrates used in this assay and the modes of detection
are detailed in Table 1.1. The choline release assay is a high throughput assay and
suited to the demands of HTS; however, there is a risk of false positives associated
with this assay as the molecules under analysis may inhibit the enzymes used in the
colouring reactions.”’ Thus, it is important to use control reactions to reveal any
interference. Accordingly, assays that employ synthetic substrates can appear to be
advantageous over the LPC choline release assay as they do not require the use of
these additional enzymes. There are a number of unnatural substrates widely used,
including thymidine 5’-mono-phosphate p-nitrophenyl ester (pNP-TMP) (1.5),°

Forster resonance energy transfer (FRET) ligand CPF4 (1.6),” the fluorogenic
substrate 3 (FS-3) (1.7),” and the fluorescence probe TokyoGreen m-thymidine
monophosphate (TG-mTMP) (1.8).>* CPF4 (1.6) produces fluorescence prior to
hydrolysis due to FRET. After hydrolysis the FRET pair is separated and thus the
fluorescence is quenched, providing a sensitive readout for ATX activity. Whereas
FS-3 (1.7) consists of an intramolecular quencher which is removed during

hydrolysis and thus the product becomes fluorescent.



Table 1.1. HRP colouring substrates.
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Substrate Structure Detection
2,2’-azinobis(3- o R Absorbance
045/ s, N= OH
ethylbenzothiazoline-6- \©: >=N s ”/
N o
sulfonic acid (ABTS) (1.9)
Homovanillic acid (HVA) HO. OH Fluorescence
O
(1.10) MeO
Amplex® red (1.11) Fluorescence

A particularly widely used method employs the unnatural substrate bis(p-

nitrophenyl) phosphate (bis-pNPP) (1.12).> ATX catalyses the hydrolysis of 1.12 to

release 4-nitrophenol 1.13 which, with an absorbance of 405 nm, is readily detected

using colorimetry (Scheme 1.4). The popularity of this assay can be attributed to the

low cost of this substrate and the direct readout the assay provides.” Table 1.2

provides a summary of the substrates for ATX-activity assays detailed in this section.

Scheme 1.4. ATX-mediated hydrolysis of bis-pNPP 1.12 releasing 4-nitrophenol 1.13.
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'IDI 405 nm
e HO
%o

1.12

1.13



Chapter 1: Introduction

Table 1.2. Summary of ATX activity assays. R group = fatty acid chain with varying degrees of

unsaturation.
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1.1.5 Inhibitors of Autotaxin

The first synthetic ATX inhibitors were reported in a 2006 patent detailing the use of
the lipid-like compounds to treat cancer.’® The majority of early ATX inhibitors were
analogues of the natural substrate LPC 1.1 or the product LPA 1.2, thus they
resembled lipids with a long lipophilic chain and a polar terminal group (Figure 1.2).
Inhibitor 1.14 was the most effective ATX inhibitor reported in this initial patent,
reported to have an ICsp of 252 nM (Bis-pNPP assay).’® Another study into
anticancer treatments reported an o-substituted methylene phosphonate 1.15
analogue of LPA 1.2 as an effective ATX inhibitor with an ICsy of 22 nM (FS3
assay).”’ Servier’s inhibitor $32826 1.16 is also an example of a lipid-like ATX
inhibitor, with an ICsy of 5.6 nM (LPC choline release assay) it was shown to be
effective, however the anilinic amide bond resulted in an undesirably short half-life
and as a result this compound was not suitable for use in animal models.”® Although
the lipid-like inhibitors exhibited nanomolar potency, their physicochemical
properties were not ideal for in vivo applications. The high lipophilicity and low

9

solubility of these compounds caused issues in testing,”” and could have caused

further difficulties in later stages of drug development such as formulation.

? 14 OH  Br OH
Me & S f H o pC
o ¥4 0o p° (el
16 Mok Me Som Me N 0
HO 5 o N

1.14 1.15 1.16
252 nM? 22 nMP 5.6 nM°®

Figure 1.2. Lipid-like ATX inhibitors. “Bis-pNPP assay. "FS3 assay. °LPC choline release assay.

Another class of lipid-like inhibitors featuring a piperidine or piperazine motif were
discovered by Pfizer and Merck KGA using compound library screening for ATX

inhibitors (Figure 1.3). Inhibitor PF-8380 (1.17) was reported by Pfizer* to have a
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low nanomolar ICsy of 1.7 nM whereas the Merck KGA compound 1.18 was quoted
as have <1 uM activity (both using the LPC choline release assay).”' Compound 1.17
has been reported to cause a >95% reduction of LPA 1.2 found in the air sac and
plasma of rats in vivo, when administered at an oral dose of 30 mg/kg.** Although
this is a very potent ATX inhibitor, at the time of this report no further progress of
this compound had been published. Another ATX inhibitor reported by Merck,
compound 1.19 (<1 puM ICsy, LPC choline release assay), included the
benzoxazolidinone motif present in 1.17 but the core and tail structures varied.** The
boronic acid based inhibitor HA155 (1.20) was reported to be a nanomolar inhibitor
of ATX but still resembled the lipid-like chemotype. The cocrystal of 1.20 with ATX
found that inhibitors of this particular class formed a reversible covalent bond

between the boronic acid and the catalytic threonine (T209).*!

Cl

FsWieaavstheWioasavs

1.17 1.18
1.7 nM3 <1 um@
O 9 o)

HN—/< s o
N
: HN | o)
ﬁi) N>= F\©§,S
H —
o N
cl NH, /B—OH
Y HO

1.19 1.20

<1 uM? 5.7 nM?2

Figure 1.3. Piperidine and piperazine lipid-like derivatives as ATX inhibitors. “LPC choline release

assay.

With respect to the endogenous ligand (1), it is perhaps unsurprising that many of the
synthetic ligands developed for ATX have resembled the lipid chemotype: an acidic

‘head’ group linked through a variety of ‘cores’ to a lipophilic ‘tail” (Figure 1.3:

10
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1.17,1.18, 1.19, and 1.20).43 However, a comparatively smaller number of inhibitors
have been described that deviate from this common scaffold, for example PAT-347
(1.21), reported by PharmAkea Therapeutics** ** (Figure 1.4). Crystal structures of
the lipid-based inhibitors with ATX have been reported previously, showing that
binding occurs within the catalytic site of ATX and thus these inhibitors compete for

the same region that the natural ligand is known to bind.”"*

In the recent report from
PharmAkea,* the authors observed the small molecule inhibitor 1.21 to be a potent
noncompetitive inhibitor of ATX, with a distinct mode of binding remote to the
catalytic site. This compound was noted to have a scaffold similar to our compound
of interest, the indole-derived inhibitor 1.22 originally reported by Amira
Pharmaceuticals.””* At the time of this report there was very little information
available about the activity of 1.22 and its binding mode. The patent in which 1.21
and related analogues are claimed report the ICsy values in <0.5 uM, >0.5 but <3
uM, or >3 uM categories;** similarly, the patents in which analogues of 1.22 are
reported also categorise the activities (ICsp: <300 nM, 0.3-1 uM, or >1 pM).*”*

From consideration of this data very little detailed SAR of these non-lipid-like ATX

inhibitors can be extracted.
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Figure 1.4. Indole derivative as ATX inhibitors. “LPC choline release assay.

More recently a series of non-zinc binding inhibitors of ATX have emerged in the

literature. These compounds are designed to bind in the tunnel and hydrophobic

11
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pocket of ATX, and therefore inhibit catalytic activity without occupying the
catalytic site. One of these non-zinc binding inhibitors is currently in phase 2a
clinical trials (FLORA; NCT02738801) for the treatment of idiopathic pulmonary
fibrosis (IPF): GLPG1690 (1.23) reported by Galapagos (Figure 1.5). Compound
1.23 was shown to be a potent ATX inhibitor and displayed efficacy in vivo using an
IPF model.”* *' Furthermore, the phase 1 study of this compound in healthy patients
had shown good pharmacokinetics, an excellent safety profile, and a good LPA

biomarker response.

OH

1.23
131 nM?

Figure 1.5. Non-zinc binding ATX inhibitor GLPG1690. “LPC choline release assay.

All of the ATX inhibitors developed thus far have displayed potency in vitro and
some in vivo, however at the time of this report only one compound had entered
clinical trials (1.23). As previously stated, the earlier lipid-like inhibitors are not
druglike in terms of their physicochemical properties, and this has limited the testing
in vivo. Thus it is important for the design of future ATX inhibitors to take into
consideration physicochemical properties and aim to develop compounds with the

necessary pharmacological properties for medicinal use.

12
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1.1.6 Physicochemical Properties of Drug Compounds

1.1.6.1 Determining Druglikeness
The most widely known rule of thumb when designing drug molecules is Lipinski's

“rule of five” reported in 2001.%

The rule provides a set of parameters used to
evaluate the druglikeness of a compound and determine how suitable it will be for
oral dosage. It provides guidelines for four parameters that should be followed to aid
the design of orally available drugs. The four parameters and guidelines are:
hydrogen bond donors (HBD) <5; hydrogen bond acceptors (HBA) <10; molecular
weight (MW) <500 Da, and the calculated distribution coefficient (clogP) <5.>* The
properties of the selected ATX inhibitors discussed previously are listed in Table 1.3,
with the properties outside Lipinski’s “rule of five” highlighted in red. These are the
physicochemical properties related to the pharmacokinetics of drug compounds
including its absorption, distribution, metabolism, elimination, and toxicity
(ADMET). The average lipophilicity of marketed drugs has not changed significantly

53
over several decades.

This demonstrates the fundamental importance of
lipophilicity in drug discovery and highlights the need to consider this property when
designing new compounds. As can been seen from the data in Table 1.3, the majority
of these exemplar ATX inhibitors have high molecular weights as well as high clogP
values, which are undesirable in potential drug molecules. These high values are
characteristics associated with compounds that demonstrate poor absorption due to

low aqueous solubility, which can lead to failure in the later stages of the drug

discovery process.

13
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Table 1.3. Physicochemical properties of exemplar ATX inhibitors evaluated using Lipinski’s
guidelines.

Inhibitor type Compound HBD HBA MW clogP?
Lipid-like 1.14 1 4 461 6.46
1.15 3 5 487 5.27
1.16 3 4 397 5.15
Lipid-like 1.17 1 5 478 3.64
(piperidine or
piperazine 1.18 3 5 471 2.05
based)
1.19 4 5 512 3.72
1.20 2 5 463 4.80
Indole-based 1.21 0 3 561 6.33
1.22° 1 4 399 3.87
Non-zinc 1.23 1 8 589 3.64
binding

“Calculated using JChem for Office (Excel).” bCompound of interest to this study.

There have been a number of developments on the guidelines originally set out by
Lipinski. In 2008 Gleeson defined that for the designing of druglike compounds MW
should be <400 and clogP <4.>® This was a conclusion drawn from the in vitro data
of 30,000 GlaxoSmithKline (GSK) compounds including: solubility, permeability,
bioavailability, plasma protein binding, volume of distribution, P-glycoprotein
efflux, cytochrome P450 and human Ether-a-go-go Related Gene (hERG)
inhibition.”> All but one of the previously discussed exemplar ATX inhibitors fail
when evaluated using Gleeson’s guidelines for druglikeness (Table 1.4). The one
exemplar that meets the criteria set by Gleeson is the indole-based inhibitor 1.22

from Amira Pharmaceuticals.

14
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Table 1.4. Physicochemical properties of exemplar ATX inhibitors evaluated using Gleeson’s
guidelines.

Inhibitor Compound HBD HBA MW clogP?
type
Lipid-like 1.14 1 4 461 6.46
1.15 3 5 487 5.27
1.16 3 4 397 5.15
Lipid-like 1.17 1 5 478 3.64
(piperidine or
piperazine 1.18 3 5 471 2.05
based)
1.19 4 5 512 3.72
1.20 2 5 463 4.80
Indole-based 1.21 0 3 561 6.33
1.22° 1 4 399 3.87
Non-zinc 1.23 1 8 589 3.64
binding

“Calculated using JChem for Office (Excel).” bCompound of interest to this study.

Further analysis of in vitro data by Hughes et al. using a set of compounds from
Pfizer found that toxicity issues were more prevalent in compounds with clogP >3
which again emphasised the need to design drugs with lower lipophilicity.’® Hughes
et al. demonstrated that the combination of high lipophilicity and lower topological
polar surface area (PSA) increased the promiscuity of compounds leading to more
off-target binding.’® This predicts a higher risk of toxicity in all but one of the
discussed ATX inhibitors as only compound 1.18 has the more favourable clogP <3.
In 2009 Macdonald and Ritchie determined that there is a correlation between the
number of aromatic rings in a compound and its physicochemical properties,
including the clogP value.”” Their analysis of 280 GSK compounds found that, as

compounds progress though the drug discovery pipeline, the average number of

15
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aromatic rings decreases from 3.3 in preclinical candidates to 2.3 at the proof of
concept stage.”’ Thus to design more druglike compounds with a higher chance of
becoming successful drugs, the number of aromatic rings should be limited. This
idea of using the number of aromatic rings as an indicator of druglikeness was
further developed within GSK and led to the “solubility forecast index” which later
became the “property forecast index” (PFI).”® Using a simple calculation (Equation
1) the risk factor of a compound could be predicted, with a value of >5 indicating

high risk ADMET properties.”®

PFI = clogD74 + #Ar (Eq.1)
When the PFI of the discussed exemplar ATX inhibitors are calculated, the more

current inhibitors are flagged as high risk compounds (Table 1.5).

Table 1.5. PFI of exemplar ATX inhibitors.

Inhibitor type Compound clogD;4 #Ar PFI

Lipid-like 1.14 3.83 0 3.8

1.15 2.88 0 2.9

1.16 2.78 1 3.8

Lipid-like 1.17 3.62 3 6.6

(piperidine or

piperazine 1.18 2.01 3 5.0
based)

1.19 3.71 4 7.7

1.20 4.78 3 7.8

Indole-based 1.21 2.88 4 6.9

1.22° 1.47 4 5.5

Non-zinc 1.23 2.88 4 6.9
binding

“Calculated using JChem for Office (Excel).” bCompound of interest to this study.
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1.1.6.2 Ligand Efficiency

Over the past three decades the average molecular mass of approved pharmaceuticals
has risen by only 50 Da whereas synthesised experimental compounds have risen by
over 100 Da.” As a result, current molecules that are being published are larger and
more lipophilic than approved oral drugs, characteristics which predict that these
compounds have a higher probability of failure during clinical development.®” This
inflation in physicochemical properties can be linked back to larger and more
lipophilic lead compounds, which during the lead optimisation process become larger
and more lipophilic still. Larger lead compounds are often a product of the HTS
detecting compounds with higher molecular weight and higher lipophilicity which
can produce a higher binding affinity.®’ To try and combat this, lead compounds can
be measured and ranked in order of their binding efficiency. There are a number of
ligand efficiency (LE) metrics available that use in vitro activity data in relation to
the physicochemical propertied to quantify how efficient the lead compound is in
binding. The initial metrics for LE were derived using Gibbs free energy and the
heavy atoms count (HAC) which provides a way to compare the average binding
energy per atom in a molecule (Equations 2 and 3).° Alternatively, a simpler

equation can be used (Equation 4), which is referred to as the ligand efficiency index

(LEI).
LE = (-2.303(RT/HAC)) x logK; (Eq.2)
LE = (1.37/HAC) x pICs (Eq.3)
LEI = pICso/HAC (Eq.4)
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Another metric often used is the lipophilic ligand efficiency (LLE) which combines
in vitro potency with the lipophilicity of a compound (Equation 5). Lipophilicity is
connected to a number of druglike properties including solubility and toxicity thus is

it important that the LLE is considered in the drug discovery process.®’
LLE = pICs — clogP (Eq.5)

As discussed previously, in the design of lead compounds lower MW and clogP are
desirable properties to allow for the addition of mass and lipophilicity during the
optimisation process.”’ Therefore, in the interest of producing drug candidates with a
suitable ADMET profile, the target compounds in this project were designed with the
aim of keeping MW <400 and clogP <4 to maintain leadlike qualities. Compounds
were also compared based on LEI and LLE in order to prioritise active lead
compounds and identify those which displayed both desirable physicochemical
properties and good binding affinities. The generally accepted guideline of LEI for
lead selection is >0.3, with the published average LEI of oral drugs at 0.45.%
Retrospective analysis of exemplar drugs by Abbot showed that as a compound
proceeds through the lead optimisation process each additional heavy atom added
will contribute 0.3 kcal/mol of binding efficiency.®® This validates the LEI value of
0.3 as a standard in medicinal chemistry and provides researchers with a benchmark
to maintain during the optimisation of candidate drug compounds. Using the same
calculations and reasoning, the ideal value for LLE is >5.> The LEI and LLE values

of the exemplar ATX inhibitors discussed in Section 1.1.4 are shown in Table 1.6.
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Table 1.6. LEI and LLE of exemplar ATX inhibitors.

Inhibitor Compound ICs HAC clogD7 4" LEI LLE
type

Lipid-like 1.14 252 nM 28 3.827 0.32 2.8
1.15 22 nM 28 2.881 0.37 4.8
1.16 5.6 nM 27 2.781 0.42 5.5
Lipid-like 1.17 1.7 nM 32 3.624 0.37 5.1
(piperidine
or 1.18 >1 uM 33 2.012 0.25° 4.0°
piperazine
based) 1.19 >1 uM 35 3.713 0.23° 2.3°
1.20 5.7 nM 33 4.783 0.34 3.5
Indole- 1.21 2nM 38 2.877 0.31 5.8
based
1.22° <300 nM 27 1.469 0.33¢ 5.1¢
Non-zinc 1.23 131 nM 42 2.883 0.22 4.0
binding

“Calculated using JChem for Office (Excel).™ "ICso 1 UM used in calculations. “Compound of
interest to this study. “ICso 300 nM used in calculations.

Although most of these compounds have the desired LEI values of >0.3, only four
examples have good LLE values (>5). This is a result of the high lipophilicity
associated with the lipid-like inhibitor chemotype. The two indole-based inhibitors
1.21 and 1.22, which are smaller with lower clogD74 than the more lipid-like

inhibitors, have excellent LLE.
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1.2 Project Aims

Compound 1.22, originally reported by Amira Pharmaceuticals, was recognised to be
an ATX inhibitor with a unique chemotype, but little detailed SAR was available
from the patent literature. As the majority of ATX inhibitors are lipid-like with
undesirable physicochemical properties, a further understanding of these indole-
based inhibitors could provide valuable insight into the development of novel, more
drug-like, ATX inhibitors. Using the limited data available, the key structural motifs
of 1.22 were suggested to be (i) the 6-Cl of the indole, (ii) the substitution of the
indole nitrogen, and (iii) the thiopyridine carboxylic acid (Figure 1.6). Our initial
objective was to probe this emerging SAR further, to test the observations made from
the patent data, and to more completely establish the contribution of each of these
principal structural motifs towards potency through the synthesis and biological

evaluation of a series of analogues.

Pyridine is more active

6-Cl important to activit
P 4 NN . o compared to phenyl
S __N, Effect of the linker group
A OH
| | unknown
N Z

Me
Small heterocycles and aromatic /43
groups favored Me/N\N/

Pyrazole appears optimal

Figure 1.6. SAR of indole 1.22 extracted from data reported by Amira Pharmaceuticals.*’*’

Furthermore, we aimed to identify the binding site for these analogues. During our
SAR investigation into inhibitor 1.22, a report from PharmAkea revealed the
cocrystal of ATX with 1.21 bound in a distinct binding site, remote to the catalytic
site.” Inhibitor 1.21 is structurally similar to our compound of interest, thus we set

out to explore whether 1.22 and analogues also bound in the remote binding site.
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1.3 Results and Discussion

1.3.1 Molecule Design

The first region of interest was the 6-Cl substitution of the indole ring. Analysis of
the patent data had suggested this was an important region of the molecule, present in
98% of the active compounds, with changes to substituent or position on the ring
having a direct effect on the activity observed. To explore this relationship in greater
depth, a series of compounds were designed with alternative chloro regiochemistry,
as well as removal or exchange of the chloro for alternative functional groups. Three
alternatives were chosen to determine the optimal size and nature of the substituent:
fluoro, methoxy, and methyl (Table 1.7).

Q,
OH

X=

Y /

N

ke

Table 1.7. Summary of analogues exploring 6-CL.

Compound R R’ X Y
1.22 6-Cl I-methylpyrazole N S
1.24 5-Cl I-methylpyrazole N S
1.25 4-Cl I-methylpyrazole N S
1.26 H I-methylpyrazole N S
1.27 6-F I-methylpyrazole N S
1.28 4-F I-methylpyrazole N S
1.29 6-Me I-methylpyrazole N S
1.30 4-Me I-methylpyrazole N S
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Compound R' R’ X Y
1.31 6-MeO I-methylpyrazole N S
1.32 4-MeO I-methylpyrazole N S
1.33 7-Cl H N S
1.34 6-Cl H N S
1.35 5-Cl H N S
1.36 4-Cl H N S
1.37 H H N S
1.38 6-F H N S
1.39 4-F H N S
1.40 6-Me H N S
1.41 4-Me H N S
1.42 6-MeO H N S
1.43 4-MeO H N S

The second region to be modified was at the N-1 position of the indole ring. The N-

methyl pyrazole was replaced with a phenyl ring, cyclopentyl, and methyl to explore

the tolerance of this region for a less polar aromatic ring as well as aliphatic groups.

It was also important to determine whether a substituent on the indole N was required

for activity. These analogues were made with and without the 6-Cl to further explore

the importance of the chloro substituent. Furthermore, they were synthesised as the

benzoic acids (X = CH) and as the pyridyl (X = N) analogues to provide further SAR

(Table 1.8).
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Table 1.8. Summary of analogues exploring indole N-substituent.

Compound R R’ X Y
1.44 6-Cl Me N S
1.45 6-Cl Cyclopentyl N S
1.46 6-Cl Ph N S
1.47 H Me N S
1.48 H Cyclopentyl N S
1.49 H Ph N S
1.50 4-Cl H CH S
1.51 6-Cl I-methylpyrazole CH S
1.52 6-Cl H CH S
1.53 6-Cl Me CH S
1.54 6-Cl Cyclopentyl CH S
1.55 6-Cl Ph CH S
1.56 H I-methylpyrazole CH S
1.57 H H CH S
1.58 H Me CH S
1.59 H Cyclopentyl CH S
1.60 H Ph CH S
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Finally, the thiopyridine carboxylic acid was modified, with changes made to the
linker and the nature of the aromatic ring. The previously reported data in the patent
literature contained little SAR around the linker area of the compound and therefore
we were interested in converting the thioether to an ether (Y = O) or methylene (Y =
CH;) linker, as well as exploring the difference between pyridyl and phenyl
analogues (Table 1.9). Unfortunately, efforts to synthesise the ether linked pyridyl
compounds were unsuccessful (see Section 1.3.7. for further details).

Q,
OH

X=

Y /

N

ke

Table 1.9. Summary of analogues exploring the acidic region.

Compound R R’ X Y
1.61 6-Cl I-methylpyrazole N CH,
1.62 6-Cl I-methylpyrazole C CH,
1.63 6-Cl I-methylpyrazole C O
1.64 6-Cl H C 0
1.65 H I-methylpyrazole N CH,
1.66 H I-methylpyrazole C CH,
1.67 H I-methylpyrazole C O
1.68 H H C 0

There were also a number of additional deletion analogues synthesised in order to

confirm the requirement of each motif. The indole was removed in the design of
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compound 1.69, the aromaticity of the acid was removed to form aliphatic acid
analogue 1.70, and finally the entire acid region was removed to give compound

1.72. A summary of the targets successfully synthesised is shown in Figure 1.7.
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Figure 1.7. Summary of analogues designed to explore SAR of 1.22.
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1.3.2 Biological Evaluation

1.3.2.1 Bis-pNPP Assay Results

To evaluate our compound library, the first screen was performed using the bis-pNPP
assay. This was selected based on its broad application throughout the ATX
literature.'® An initial screen was carried out using 30 uM of inhibitor allowing a
rapid evaluation of the compounds. The criteria of >60% inhibition was set for a
compound to be termed active and therefore progressed to further testing (Figure
1.8). Based on this initial survey of the activity of Amira compound 1.22 along with
the 49 analogues in the bis-pNPP assay, we identified 10 inhibitors, including the
patent compound 1.22. These 10 compounds were tested again in the bis-pNPP assay
using a concentration range of 30 nM — 30 puM inhibitor, to determine the 1Csy for

each of these compounds (Table 1.10).
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Figure 1.8. Bis-pNPP assay results, tested using 30 uM inhibitor with a >60% inhibition criterion.

% Inhibition

Average of n=2.

Table 1.10. Results from bis-pNPP assays.

Compound % inhibition at 30 pM* ICsy’
1.22 66 22 nM
1.26 100 6 UM
1.45 71 2 uM
1.50 63 >30 uM
1.53 92 100 nM
1.56 67 3uM
1.59 64 >30 uM
1.60 79 >30 uM
1.61 73 89 nM
1.62 72 33 nM

Average of n= 2. "10 point curves, n = >2.

The Amira ATX inhibitor 1.22 was found to have an ICsy of 22 nM, which was
consistent with the value of <300 nM claimed in the patent (LPC choline release
assay);""* however, the ICsq values observed in this set ranged from 22 nM to >30

uM. These results demonstrated that our first screen at an inhibitor concentration of
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30 uM had not been a reliable indicator of activity. Importantly, on further inspection
of the dose response curves (Figure 1.9), it was noted that when using the bis-pNPP
assay, compound 1.22 showed only 60% maximal inhibition of ATX (40%
hydrolysis of 1.12), indicating that this analogue was not fully inhibiting the ATX
hydrolysis of 1.12, potentially implying a discrete binding mode compared to that of

the artificial substrate.

1.22

120+
1004

Hydrolysis
(% Control)
[=2]

(=]

L

-11 -1I0 -IS) -8 -7 -6 -I5 -:4
Log Conc (M)

Figure 1.9. Testing of 1.22 in the bis-pNPP assay from 30 nM — 30 uM of inhibitor. Dashed line
represents 60% criteria of initial screen.

A further 20 analogues were tested in the bis-pNPP assay confirming that partial
inhibition was a consistent feature associated with this series (data not shown, see
SI). Although the bis-pNPP assay has many advantages, there are risks associated
with the use of unnatural substrates if the binding interactions with the target enzyme
are dissimilar to those of the natural substrate. There are a number of reported
examples where misleading results were observed when using ATX assays that
employ the unnatural ligands FS-3, CPF4, and pNP-TMP.*> ® ¢ The authors
concluded that the discrepancies in assay datasets were the result of the inhibitor
compounds and assay substrates binding to different regions of ATX. It has been
well documented that the active site of ATX features three key regions with which

small molecule inhibitors can interact: the catalytic site, the hydrophobic pocket, and
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the tunnel.** *" ®® Comparing the likely binding of the unnatural substrate 1.12 with
that of ATX in complex with 1.2, it is noted that while both bind at the catalytic site,
the acyl chain of 1.2 shows additional extensive interactions with the hydrophobic
pocket (Figure 1.10). This suggests that it is possible for small molecules to bind
outside the catalytic site without inhibiting the hydrolysis of 1.12, potentially

resulting in false negative results in the bis-pNPP ATX assay.

| Tunnel

Hydrophobic
pocket

Catalytic site

Figure 1.10. Three binding sites of ATX: Catalytic Site, Hydrophobic Pocket, and Tunnel. Complex
of LPA 14:0 1.2 (red) in mouse ATX (PDB 3NKN) with the docked position of bis-pNPP 1.12 (green)

overlaid. Docked using GOLD® and viewed using Discovery Studio Visualizer.*’

Indeed, the noncompetitive inhibitor 1.21 from PharmAkea, which shares a number
of structural similarities to 1.22, has been reported to bind an allosteric site within the
tunnel.** * The authors observed that 1.21 inhibited the hydrolysis of the natural
ligand 1.1 but not of the unnatural substrate 1.12, showing that an inhibitor binding
within the tunnel may not be detected using the bis-pNPP assay. Moreover, selected
steroid analogues have recently been shown to bind the same site, with the activity of
ATX in hydrolysing LPC allosterically inhibited but not its activity on pNP-TMP.®*

These reports led us to employ the natural substrate 1.1 in the LPC choline release
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assay to further evaluate our inhibitors, gain a more complete understanding of the

underlying SAR, and offer insight into potential binding modes.

1.3.2.2 LPC Choline Release Assay Results

Prior to testing the inhibition of ATX, a control reaction was run using three
exemplar compounds to ensure that there was no incompatibility with the two
coupling enzymes used in the assay: choline oxidase and HRP. Using choline
chloride as the substrate, no inhibition was observed (see SI). Testing proceeded with
an initial screen of all 50 compounds from 400 nM — 100 uM, 6 point curves, in
triplicate, to identify active inhibitors. From this dataset, compounds that exhibited
an ICso <1 uM were tested further across a concentration gradient of 0.3 nM — 10
uM, 10 point curves, n > 2, and the ICsy values were determined (compounds with
ICso >30 uM not shown, see SI). This assay provided us with robust inhibition data,
with the more potent compounds showing full inhibition of ATX. Of the 50
analogues described in the current study, only four had been previously reported by
Amira Pharmaceuticals (1.22, 1.51, 1.53, 1.55).*”* The ICs, values determined in
our LPC choline release assay were consistent with the values claimed in the patents

(Table 1.11).

Table 1.11. LPC assay results.

Compound ICso (LPC, nM)
1.22 4
1.24 258
1.26 1700
1.27 349
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Compound ICso (LPC, nM)
1.28 3500°
1.29 25
1.32 13000°
1.33 124
1.34 25
1.38 19000°
1.41 8200°
1.44 31
1.45 2800
1.46 -
1.51 11°
1.52 747
1.53 1200¢
1.54 27000°
1.55 81°
1.60 5800°
1.61 339
1.62 660
1.63 281
1.71 11000°

All tested from 0.3 nM — 10 puM, 10 point curves, n = 2. “Consistent with the value of < 300 nM

claimed in the patent, LPC assay. bIncomplete curve observed, data extrapolated using GraphPad

Prism to determine ICso. “Unable to determine ICsy due to solubility issues in the assay medium.

IConsistent with the value of >1 uM claimed in the patent, LPC assay.
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1.3.3 Enzyme Kinetic Studies

To explore the potential binding mode of this chemotype, enzyme kinetic studies
were carried out in the presence of four representative inhibitors: compound 1.22,
1.34, 1.53, and 1.55. ATX activity for varying substrate concentrations (1.1) was
measured in concentrations of each inhibitor. A mixed inhibition mathematical
model was fitted to the original data to determine the value of alpha; values of alpha

close to 1 indicate noncompetitive inhibition (Figure 1.11). 70

OLKM kcat
E + S ES — E + P
+ +
| I
Ki GKi
aKy
EIl ESI

Figure 1.11. The constant “alpha”. This defines the effect of an inhibitor binding has on the affinity of
the enzyme for the substrate, a value close to 1 is indicative of noncompetitive inhibition. E, enzyme;
S, substrate; P, product; I, inhibitor.

To graphically demonstrate the inhibition mode, we also present Lineweaver-Burk
double reciprocal plots (Figure 1.12). These studies show that as the inhibitor
concentration was increased, the Vuyax reduced but the Ky remained unchanged,
which is indicative of noncompetitive inhibition. Consistently, the values of alpha for
each of the compounds ranged between 0.6 and 2.6, characteristic of noncompetitive
inhibition. Thus, all four exemplar compounds are strongly noncompetitive
inhibitors. This data, along with the differences observed between the two ATX
inhibition assays used, suggests that this chemotype has a distinct binding mode,
remote to that of the catalytic site of ATX, similar to that reported for the three

noncompetitive PharmAkea compounds.** *
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Figure 1.12. Enzyme kinetic studies using compounds 1.22, 1.34, 1.53, and 1.55. Compound 1.22: o

= 0.8. Compound 1.34: o = 0.6. Compound 1.53: a = 2.6. Compound 1.55: a = 2.2. The data were

plotted and the values generated using GraphPad Prism 6 from nonlinear regression analysis to an

equation corresponding to the mixed inhibition model allowing the determination of alpha.
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1.3.4 Structure-activity Relationships
Using the results from the LPC assay the SAR around this chemotype was defined.

This has provided a better understanding of the features which contribute to its
potency. During our examination of the patent data, it became apparent that the 6-Cl
of compound 1.22 was of high importance to the potency. The deletion analogue
1.69, in which the indole was removed with a phenyl ring used as the core, had
resulted in a complete loss of activity (data not shown, see SI), thus confirming the
importance of the indole core. To investigate the SAR of the 6-Cl substitution on the
indole, a series of analogues were made varying the position of the chloro around the
benzenoid ring, as well as removing the substituent (Table 1.12). We also aimed to
explore the significance of the chloro by exchanging this for alternative

functionalities: F, OMe, and Me.

-—
N OH
R N\ Me o
N

Me
Table 1.12. SAR of indole ring.
Compound R IC5 (LPC)
1.22 6-Cl 4 nM
1.24 5-Cl 258 nM
1.25 4-Cl >30 M
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Table 1.12. Continued.

Compound R IC59 (LPC)
1.26 H 1700 nM
1.27 6-F 349 nM
1.28 4-F 3500 nM*
1.29 6-Me 25 M
1.30 4-Me 13000 nM*
1.31 6-OMe 124 nM
1.32 4-OMe >30 uM

“Incomplete curve observed, data extrapolated using GraphPad Prism to determine ICs.

The effect of this chloro on potency was apparent throughout our results, with its
presence increasing the potency in every example. It was also identified that the 6-
position of the indole ring was optimal for the chloro, with the other regioisomers
resulting in lowered or a complete loss of activity (Table 1.12). This can be noted in
the comparison of compounds 1.22, 1.24, and 1.25, with the movement of the chloro

substituent around the indole ring.

In order to rationalise the effect of the 6-Cl, docking studies were performed using
the apo form of the ATX enzyme (Figure 1.13). From this work it was proposed that
the 6-Cl projects into a nearby hydrophobic cleft (Leul60, Alal64, Trp207, Trpl161),

making a series of hydrophobic interactions (Figure 1.13B). The 6-Cl substituent is a
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vital motif for potency throughout this chemotype, therefore we hypothesise that the
hydrophobic interactions of this substituent with the hydrophobic cleft are key
contributors to the potency. It was possible to exchange the 6-Cl for alternative
substituents (F, 1.27; Me, 1.29; OMe, 1.31) and retain the activity, although the
chloro was optimal. Based on our in silico model, a conclusion was drawn that the 6-
ClI substituent provides the optimal size to fit within the hydrophobic pocket with a

larger (Me, 1.29) or smaller (F, 1.27) substituent resulting in a small loss of potency.

Figure 1.13. In silico studies created using co-crystal of ATX with 1.2 and 1.21 PDB 4ZG7. A:
Model of 1.53 (yellow) overlayed with cocrystal of 1.21 (coloured by atom type) and ATX, with 1.2
residing in the catalytic site and hydrophobic pocket. B: Model of ATX with 1.22 highlighting
possible interactions. C: Shift observed when 4-Cl substituted 1.25 is docked (yellow) vs. 6-Cl
substituted 1.22 (coloured by atom type). Docked using GOLD® and viewed using Discovery Studio

Visualizer.?

Moving these alternative substituents from the 6- to the 4-position of the indole
resulted in loss of activity, providing further support to the importance of the 6-

position. It was noted that with no substituent on the indole some activity was
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retained with an ICsp of 1700 nM observed for compound 1.26; however,
introduction of a substituent to the 4-position resulted in loss of activity (1.25, 1.30,
1.32), with the exception of the 4-F which is tolerated (1.28), showing that
substitution at this position prevents binding of these compounds. Using the in silico
model, it can be suggested that a clash between the 4-position substituents and a
nearby residue (Phel57) alters the binding of these analogues (Figure 1.13B). This
shift in the binding position (Figure 1.13C) caused by the clash with the protein
could explain the loss in potency observed when a substituent is introduced to the 4-

position.

The next region to be explored was the substitution on the indole nitrogen. In order
to establish whether the aromatic substituent was required for activity, and if the size
of the substituent was important, three alternative substituents were used in place of
the 1-methyl-pyrazole: methyl, cyclopentyl, and phenyl. Analogues with the
unsubstituted indole were also synthesised to determine whether any substituent at
this region was required for activity. Based on the patent data, the 1-methyl-pyrazole
is important for activity and removal of this substituent did result in a reduction in
potency; however, compound 1.34 with no decoration of the indole nitrogen, was a
potent compound with an ICsy of 25 nM. Further analogues exploring the substitution
of the indole nitrogen (methyl, cyclopentyl, phenyl) found that the 1-methyl-pyrazole
remained the most active (Table 1.13). Unfortunately, we were unable to determine
the 1Csp of compound 1.46 due to poor solubility in the assay medium observed
during the screening of this analogue. Our binding model had indicated possible n-n
interactions for the 1-methyl-pyrazole of 1.22 with nearby residues (Trp207:

pyrazole face to indole edge and Phe221: face to face). By changing the 1-methyl-
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pyrazole to an aliphatic substituent these interactions are lost, thus resulting in a loss
of activity. The methyl group of 1.44 was well tolerated, whereas the cyclopentyl
substituent of 1.45 was found to cause a large drop in potency. These results suggest
that the larger aliphatic substituent is detrimental, either through unfavourable
interactions or by clashing with the protein; however, we did not observe either from

consideration of our binding model.

/ N
S -—
N OH
\ Me o
N
cl \
R

Table 1.13. SAR of indole nitrogen substituent, with 6-Cl.

Compound R IC59 (LPC)
1.22 1-methyl-pyrazole 4 nM
1.34 H 25nM
1.44 Me 31 nM
1.45 cyclopentyl 2800 nM
1.46 Ph @

*Unable to determine due to solubility issues in the assay medium.

The relationship between the 1-methyl-pyrazole and the 6-Cl was highlighted by
altering the substitution of the indole nitrogen in a series of compounds that did not

feature the 6-Cl substitution. In this series of analogues (Table 1.14), the only
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compound to exhibit activity was that with the 1-methyl-pyrazole 1.26, which shows
that either the 6-Cl or the 1-methyl-pyrazole must be present for activity; however,

the 6-Cl substituent has the most profound effect on activity.

/\
S -—
N OH
\ Me o
N
\
R

Table 1.14. SAR of indole nitrogen substituent, without 6-Cl.

Compound R IC59 (LPC)
1.37 H >30 uM
1.26 1-methyl-pyrazole 1700 nM
1.47 Me >30 uM
1.48 cyclopentyl >30 uM
1.49 Ph >30 uM

This series of compounds was explored further via the synthesis of the analogous
series with the nitrogen removed from the pyridine ring, thus allowing for the SAR
of the pyridyl acid and the phenyl to be determined. The benzoic acid analogues
demonstrated the same SAR as the pyridyl sub-series, with the 1-methyl-pyrazole
(1.51) giving the best inhibition (Table 1.15). Fortunately, compound 1.55 showed
good solubility in the assay medium, allowing for the ICsy to be determined at 81

nM, unlike the pyridyl analogue 1.46 with which we had observed poor solubility
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during screening in the LPC assay. This set of analogues additionally supports our
observation from the data in Table 1.13; that it is beneficial to have a substituent of
aromatic nature on the indole nitrogen, and although a cyclopentyl is unfavorable

(1.54), smaller aliphatic groups can be tolerated (1.53).

S

OH
\ Me o
cl N

\
R

Table 1.15. SAR of indole nitrogen substituent in the benzoic acid analogues.

Compound R IC59 (LPC)
1.51 1-methyl-pyrazole 11 nM
1.52 H 747 nM
1.53 Me 1200 nM
1.54 cyclopentyl 27000 nM*
1.55 Ph 81 nM

“Incomplete curve observed, data extrapolated using GraphPad Prism to determine ICs.

The acidic group of this chemotype was also found to be vital for ATX activity, as
shown by the two deletion analogues in which the thioether linked pyridine was
removed (1.72) or exchanged for an aliphatic acid (1.70) which resulted in loss of
activity (Table 1.16). During the docking studies of 1.22, it was noted that both the
indole ring and the 1-methyl-pyrazole substituent could potentially contribute to

binding through ©-m interactions; however, with the pyridyl acid orientated towards
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the solvent it made no specific interactions with ATX, and only a potential H-
bonding interaction with a crystallographic water molecule was identified. The loss
of activity observed with 1.70 and 1.72 could indicate that the aromaticity is required
for additional interactions not identified in our docking study, or that the increased
number of rotatable bonds was unfavourable in the binding of this compound within
ATX. By comparing the benzoic acid compound 1.51 with the corresponding pyridyl
analogue 1.22 we observed no significant change in potency with removal of the
pyridyl nitrogen; however, by comparing matched pair examples with N-substituents
other than the 1-methyl-pyrazole, it can be noted that the pyridine in general

improves potency (Table 1.13 vs. Table 1.15).

a
NN
md
Table 1.16. SAR of the carboxylic acid region.
Compound R ICso (LPC)
=z
1.22 < o 4nM

N
- 0
1.51 @\(OH 11 nM
S
-1 4

OH
1.70 Y >30 uM
' (@]
H

1.72 >30 uM
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The thioether linker was then explored through replacement with an ether or a
methylene. Previous reports from the patent literature had disclosed no analogues
with the methylene, and only five with an ether linker, thus we sought to fill the SAR
gap with a set of analogues using an ether and methylene with both the pyridyl and
benzoic acids. A large drop in potency was observed as a result of changing the
thioether (1.22) to a methylene spacer (1.61). We also noted this trend in the benzoic
acid analogues with the thioether (1.51) being superior to an ether (1.63) or
methylene (1.62) linker, though both alternatives were tolerated (Table 1.17). Our
docking model provided little insight into the effects of changing the linker (Figure
1.14); thus we hypothesise that the longer bond lengths of the thioether are beneficial
to the binding of this chemotype. Furthermore, this subset again demonstrates the
importance of the 6-Cl for activity and the superiority of the pyridyl analogues over

the corresponding phenyl analogues.
X=N o
N Me o
R N

Table 1.17. SAR of the linker.

Compound R Y X ICs¢ (LPC)
1.22 Cl S N 4 nM
1.61 Cl CH; N 339 nM
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Compound R Y X ICso (LPC)
1.26 H S N 1700 nM
1.65 H CH» N >30 uM
1.51 Cl S CH 11 nM
1.62 Cl CH» CH 660 nM
1.63 Cl O CH 281 nM
1.56 H S CH >30 uM
1.66 H CH» CH >30 uM
1.67 H 0) CH >30 uM

Figure 1.14. Overlay comparing docking poses of different linker groups: Thioether 1.51 (yellow);

methylene 1.62 (blue); ether 1.63 (red).
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1.3.5 Crystallographic Data
In order to confirm the binding mode of this chemotype, 1.55 (ICsp = 81 +28 nM)

was co-crystallised with ATX and the structure of this complex determined to 2.4 A
resolution, PDB 5LQQ. After molecular replacement and model adjustment
difference, electron density in the tunnel close to the hydrophobic pocket could be
observed, and compound 1.55 could be modelled in the difference density map. The
docked position of 1.55 in our previously described in silico model with ATX
(Figure 1.13) was found to be consistent with the binding mode observed in the

cocrystal of 1.55 and ATX (Figure 1.15).

Figure 1.15. Crystal structure (PDB 5LQQ) vs docking model of 1.55 with ATX. Cocrystal structure
of 1.55 (coloured by atom type) overlayed with docking model of 1.55 (yellow). Docked using

GOLD® and viewed using Discovery Studio Visualizer” (see Section 1.5.6 for docking details).

The thioether, indole, and N-phenyl are very clear in the electron map; however, the
benzoic acid is not well resolved, possibly due to disorder (Figure 1.16D). This
structure allowed us to locate the binding mode of this chemotype and confirm a

number of key binding interactions (Figure 1.16).
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Figure 1.16. Crystallographic data of 1.55 with ATX. A: 1.55 bound within the tunnel, remote from
the catalytic site. B: Stick and ball model of 1.55. C: Ligand display for interaction and analysis
(LIDIA) graph of 1.55. D: Density map. Model and LIDIA graph built using COOT.”" Images created

using CCP4MG.”

Compound 1.55 binds in a very similar pose compared to the PharmAkea inhibitor
1.21 (PDB 4ZG7),** * which shares a number of structural similarities to analogue
1.55. The placement of the thioether and indole moieties is nearly identical in the two
structures, while the phenyl of 1.55 overlaps well with the cyclopropyl-dihydroindole
in 1.21. The 6-Cl substituent, shown to be vital for potency in our SAR studies,
resides in a hydrophobic cleft, resulting in a series of interactions to nearby residues
(Figure 1.13A). Both the indole ring and the N-phenyl substituent contribute to
binding with a number of n-n interactions; however, the benzoic acid (1.55) appears
to make few discernible interactions with ATX as it is orientated towards the solvent.
In the case of compound 1.21, however, the fluoro-benzoic acid makes interactions
with the main chain amide of Val278, a well-ordered glycerol molecule, and a

crystallographic water molecule (Figure 1.17A) and is thus very well defined in a
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single conformation in the electron density map. This is in sharp contrast to the
benzoic acid in 1.55 that is clearly disordered, which suggests that the fluoro
substituent of the benzoic acid ring may help to order it in a defined position within

the tunnel.

Figure 1.17. Further molecular modelling studies. A: Cocrystal of 1.21 with ATX (PDB 4ZG7)
potential interactions. B: Rotation of the thioether. Docked using GOLD® and viewed using

Discovery Studio Visualizer” (see Section 1.5.6 for docking details).

Alternatively, the presence of the phospholipid (1.2) in the structure of 1.21 bound to
ATX, but not present in our structure with 1.55, may help order this ring system.
Docking studies result in an excellent overlay of 1.55 with 1.21 as expected, but the
benzoic acid moiety was able to rotate around the thioether and project in a number
of different vectors (Figure 1.17B). The disorder observed of the benzoic acid in the
cocrystal structure of 1.55 with ATX supports the hypothesis that the thioether has

rotational freedom.

1.3.6 Physicochemical Properties

ATX inhibitors that resemble the natural ligand have high molecular weight (MW)
and high logD resulting in poor drug discovery potential. We were interested in the
Amira compound 1.22, not only due to its unique non-lipid chemotype, but also

because its lower MW and improved lipophilicity it is potentially a more druglike
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inhibitor. With this in mind, we evaluated some key physicochemical properties as
well as potency for a selected number of the analogues synthesised. Table 1.18
details the physicochemical properties of the analogues in which the indole nitrogen
substituent was varied (see SI for further properties measured). Compounds 1.22,
1.34, and 1.44 all showed good ligand efficiency in terms of both LEI and LLE;
however, the introduction of the pyrazole in compound 1.22 improves both potency

and LLE.

JN

S —
N N OH
Me o
N
Cl \
R

Table 1.18. Physicochemical properties of indole nitrogen substituent analogues.

Compound R MW  logD,.* (Sp"l\lll; (nl:;l’spil) PSA® ICs* LEI' LLE®
1.22 lpzzgéﬁ 399 2.70 377 23 76 40M 0.31 6
1.34 H 319 219 >395 11 69 25nM 0.36 5
1.44 Me 333 2.68 300 32 58 31 nM 0.34 5
1.45 cyclopentyl 386 4.05 336 290 58 2800 nM 0.21 1
1.46 Ph 395 4.30 485 155 58 b - -

*logD, Chrom log D at pH 7.4; °Chemiluminescent nitrogen detection (CLND) kinetic aqueous
solubility assay; ‘P, permeability pH 7.4 assay; dTopological polar surface area (PSA) determined

3 ¢ICsq in LPC choline release assay;  Ligand efficiency index, LEI = pICs/HA, where

using JChem.
HA denotes the number of non-hydrogen atoms; *Lipophilic ligand efficiency, LLE = pICso — logD.

"Unable to determine due to solubility issues in the assay medium.
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As expected, the compounds with the more lipophilic N-substituents, cyclopentyl
(1.45) and phenyl (1.46), had increased logD74, lowered PSA, and increased
permeability. All the analogues in this series had reasonable aqueous solubility when
measured using a high throughput screening solubility assay, including compound
1.46 with which we had observed poor solubility in the assay medium. By comparing
compounds 1.22 and 1.51 we were able to determine the effects that the pyridine ring

has on the physicochemical properties of this chemotype (Table 1.19).
S R —
Me g
cl N

Table 1.19. Physicochemical properties of benzoic acid vs. pyridyl.

Sol.” Papp’

Compound X MW  logD-4’ M) (m's™)

PSA‘ 1Cs¢ LEI'’ LLE®

1.22 N 399 2.70 377 23 76 4 nM 0.31 6

1.51 CH 398 3.36 556 64 63 11 nM 0.30 5

logD, Chrom log D at pH 7.4; °Chemiluminescent nitrogen detection (CLND) kinetic aqueous

solubility assay; ‘P, permeability pH 7.4 assay; dTopological polar surface area (PSA) determined

54 e

using JChem.** °ICs, in LPC choline release assay; ' Ligand efficiency index, LEI = pICs/HA, where

HA denotes the number of non-hydrogen atoms; éLipophilic ligand efficiency, LLE = pICso— logD.

Although the activities and the LEI values of these two analogues are comparable,
the lower logD7 4 of 1.22 improves the LLE, giving it an excellent LLE value of 6. At

first glance this can make 1.22 appear to be a more attractive molecule; however, the
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introduction of the pyridine increases the PSA and lowers permeability of 1.22 and

thus 1.51 is perhaps the more attractive analogue.

1.3.7 Synthesis
The known ATX inhibitor indole 1.22 along with analogues of Table 1.7, compounds

1.44-1.49, and 1.69-1.71 were synthesised by two other members of our research
group,’ full details of the preparation of these compounds can be found in our recent
report.”> An exemplar synthesis is shown in Scheme 1.4 with the preparation of 1.51.
Starting from the commercially available thiol, the required ketone was introduced
via an alkylation reaction to access 1.74. Initial syntheses followed the reported
Fischer indole protocols from the Amira Pharmaceuticals patents, which involved
refluxing in /BuOH for an extended period of time, and subsequent addition of two
acid catalysts: HCl and AcOH. However, in the exploration of this key step it was
discovered that a number of the Fischer indole reactions proceeded by refluxing the
ketone with the respective hydrazine hydrochloride in EtOH without an additional
acid catalyst. This provided a simpler method for the preparation of these indoles,
and the reactions proceeded with fewer unwanted byproducts, thus, easing the
purification process. The Fischer indole reaction to access the 6-Cl substituted
product also produces the unwanted 4-Cl, these were successfully separated on silica

to isolate the desired 6-Cl regioisomer 1.76 as the major product.

JfAnalogues of Table 1.7, 1.45-1.49, and 1.69-1.71 prepared by Dr Diana Castagna. Compound 1.44
was prepared by Dr Paloma Garcia.
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Scheme 1.5. Synthesis of the Compound 1.51."
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"Reagents and conditions: (a) chloroacetone, DIPEA, THF, reflux, 16 h, 83%; (b) EtOH, 3-
chlorophenylhydrazine hydrochloride, reflux, 16 h, 22% 1.76; (c) Herrmann’s catalyst, Mo(CO)s,
[rBu;PH]BF,, DBU, MeOH/MeCN, 70 °C, 16 h, 77%; (d) 4-bromo-1-methylpyrazole, K,CO3;, CuO,
pyridine, 150 °C, 48 h, 59%; (e) 2 M aq. NaOH, THF, RT, 3 h, 24%.

The next step employed a methoxycarbonylation reaction to form the ester
functionality and afford key intermediate 1.77. Introduction of the 1-methyl-pyrazole
substitution to the indole nitrogen in the penultimate step proved to be challenging,
requiring harsh conditions and long reaction times during which partial hydrolysis of
the ester occurred. As a result, the substitution reaction was often telescoped into the
final step to fully hydrolyse the ester and produce the desired acid. From
intermediate 1.76 a series of substitution reaction were carried out to investigate the
SAR associated with the substituent on the indole nitrogen. In place of the 1-methyl-
pyrazole three alternative substituents were used; methyl, cyclopentyl, and phenyl.
The aliphatic substituents were introduced by an alkylation reaction using the
corresponding alkyl halide and NaH. Following the alkylation step, hydrolysis of the
corresponding ester revealed the desired carboxylic acid. The phenyl substituent was

introduced using an alternative Ullmann coupling (see experimental section) to that
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used previously with the 1-methyl-pyrazole. Using these approaches, the analogues
1.50-1.60 were successfully synthesised.

The oxygen-linked benzoic acid subset was synthesised using the Fischer indole
reaction that was employed with previous analogues described in Scheme 1.4.
Unfortunately, efforts to synthesise the corresponding ether linked pyridyl

compounds were unsuccessful (Scheme 1.6).

Scheme 1.6. Attempted synthesis of ether linked pyridyl analogues.”

—
0 0 o o
o\ [
HO.__N, a HO.__N, b o_N N
| Xy YoH ——> | X7 DoMe ——> Me)l\/ | X7 Nome —HK> \/quMe
M
~ ~ 7 v 9
N
1.79 1.80 1.81

1.82

1.83 1.84

-
0
[3,]

"Reagents and conditions: (a) thionyl chloride, MeOH, reflux, 16 h, 53%,; (b) chloroacetone, K,COs,

acetone, reflux, 16 h, 87%; (c) chloroacetone, K,COs, acetone, reflux, 16 h, 34%.

A series of Fischer indole reactions were attempted using intermediate 1.81,
however, no desired product was observed. To determine whether the issue was with
the starting material 1.81, an alternative ketone was then employed (1.84) but again
the desired indole was not observed with the dealkyation product 1.83 being the
major species isolated from the attempted Fischer indole reaction. It was at this point
that the Fischer indole synthesis was determined to be an unsuitable method for the
synthesis of the ether linked pyridyl analogues and an alternative route were
investigated (Scheme 1.7). A literature search of indoles ether linked to pyridines

revealed sparse precedent for compound such as 1.82, 1.85 and 1.89. One example
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had been published by Ma and Ackermann,’* who report to have synthesised their
ether bond via a copper-catalysed arylation of phenols previously optimised by Maiti

and Buchwald.”

Scheme 1.7. Alternative route towards the synthesis of ether linked pyridyl analogues.”
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"Reagents and conditions: (a) 4-bromo-1-methylpyrazole, K,COj;, CuO, pyridine, 150 °C, 48 h, 42%;
(b) I, KOH, DMF, RT, 16 h, 49%.

Through the synthesis of iodo intermediate 1.88 it was hoped that a cross-coupling
would allow access to the desired ether linked pyridyl analogues. Unfortunately, this
route was not successful and as a result the ether linked pyridyl analogues were not

pursued any further (for attempted synthesis, see experimental section).

The Fischer indole synthesis was also attempted in the preparation of the methylene
linked analogues (reaction not shown); however, this reaction was also
unsuccessfully and an alternative synthetic strategy was employed. Using a two-step
alkylation with the corresponding aldehyde, the required methylene linked aryl was
introduced to the 3-position of the indole. Subsequent methoxycarbonylation,
followed by substitution of the indole nitrogen, and a final hydrolysis, afforded the

desired analogue 1.62 (Scheme 1.8).
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Scheme 1.8. Synthesis of methylene linked analogue 1.62.%
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"Reagents and conditions: (a)(i) 3-bromobenzaldehyde, DCM RT, 20 min (ii) Et;SiH, TFA, DCM RT,
1 h, 73%; (b) Herrmann’s catalyst, Mo(CO), [{Bu;PH]BF,, DBU, MeOH/MeCN (1:4), 70 °C, 16 h,
67%:; (c) 4-bromo-1-methylpyrazole, K,CO;, CuO, pyridine, 150 °C, 48 h; (d) 2 M aq. NaOH, THF,

RT, 4 h, 2% over 2 steps.

It was discovered that by reordering the synthetic steps and installing the 1-methyl-
pyrazole at an earlier stage, the N-substitution proceeded in a much improved yield
than the late stage introduction used in previous synthesis. This alternative route,
shown in Scheme 1.9, was then used to synthesise the remaining targets in this series
of methylene linked analogues. By employing the two-step alkylation to intermediate
1.72 using 6-bromopicolinaldehyde the desired methylene linker was afforded in

good yield.
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Scheme 1.9. Synthesis of methylene linked analogue 1.81.%
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"Reagents and conditions: (a) 4-bromo-1-methylpyrazole, K,CO;, CuO, pyridine, 150 °C, 48 h, 79%;
(b) (i) 6-bromopicolinaldehyde, DCM, RT, 20 min (ii) Et;SiH, TFA, DCM_RT, 1 h, 56%; (c)
Herrmann’s catalyst, Mo(CO)s, [fBus;PH]BF,, DBU, MeOH/MeCN (1:4), 70 °C, 16 h, 76%; (d) 2 M

aq. NaOH, THF, RT, 16 h, 48%.

From the bromo intermediate 1.94 the ester functionality was introduced via a
methoxycarbonylation reaction to give 1.95, followed by hydrolysis to reveal the
desired acid 1.61. This route also provided the deletion analogue 1.72, which did not

feature the thiopyridine carboxylic acid motif of the patent compound 1.22. This

analogue was tested to further explore the SAR.
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1.4 Conclusion

A series of analogues to explore the atypical ATX inhibitor 1.22, previously reported
by Amira Pharmaceuticals, were designed and synthesised. Through the biological
assessment of our compound library using two different ATX assays, we established
that some compounds inhibit hydrolysis of the natural substrate (LPC) but only
partially inhibit activity with an artificial substrate. This suggested a binding mode
outside of the orthosteric site which was further supported by kinetic studies and
identified this chemotype as noncompetitive ATX inhibitors. A crystal structure of
ATX bound to compound 1.21 confirmed that it binds within the tunnel, a recently

described allosteric binding site.

This work has shown the importance of cross screening with an assay that uses the
natural substrate to determine the true inhibitory activity of compounds for this
enzyme. Using our biochemical and structural data, we were able to identify key
SAR for this chemotype, in particular confirming the importance of the 6-Cl
substituent. Studies carried out in silico were successful in identifying a hydrophobic
cleft with which the 6-Cl can interact. These key interactions were later confirmed by

the crystal structure.

Through the measurement of the physicochemical properties, this chemotype is
shown to have consistently good aqueous solubility, with the more potent analogues
possessing excellent LLE. This work has provided a more detailed insight into the
SAR and binding mode of these small molecule ATX inhibitors, which could aid the

design of new novel ATX inhibitors with non-lipid-like scaffolds.
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1.5 Future Work

The SAR clearly identified the importance of the 6-Cl indole to the potency of this
chemotype. It was shown that this substituent, which has a van der Waals (VDW)
radius of 175 pm, was an ideal size for the binding, with the smaller fluoro (147 pm)
or the larger methyl (200 pm) causing a loss of activity. One analogue that was not
synthesised in this project was the 6-Br indole 1.96, which with a VDW radius of
185 pm would provide further information about the ideal size of the 6-position
substituent, Figure 1.18. Furthermore, it was found that the thioether linker was
superior to the ether or methylene. Two further analogues that could provide more
insight into the effect of the linker are the sulfoxide (1.97) or the sulfone (1.98).
Based on the in silico studies, the thioether did not take part in any binding
interactions; however, by oxidising the sulfur additional interactions could be

targeted through the oxygen(s).

Figure 1.18. Further analogues to expand the SAR of 1.22.

The assays used in this project tested the activity of the inhibitors against ATX in
vitro. Further cell based assays should be carried out to determine whether these
inhibitors show activity in vivo. Amira had reported that this chemotype showed

activity in a number of in vivo assays, but no results were disclosed, thus further
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screening using in vivo assays would provide valuable information for this

chemotype.

In the introduction to this chapter the similarities between the compound of interest
1.22 and the analogue 1.21 recently reported by PharmAkea were noted. These two
compounds share a number of structural similarities, thus it is perhaps unsurprising
that they are both non-competitive inhibitors, which bind within the tunnel region of
the ATX active site. PharmAkea also reported the compound 1.99, but this analogue
was found to bind within the hydrophobic pocket of ATX, Figure 1.19.* The
hydrophobic pocket of ATX is not observed in the other members of the enzyme
family, and thus inhibitors that bind to this region could provide better selectivity
profiles than those that bind the catalytic site or tunnel.”® Accordingly, an SAR
exploration of 1.99 could provide insight into why this analogue binds differently to
that of 1.22 and 1.21. Furthermore, this SAR could provide the information required
to design a potent and selective inhibitor of ATX with the good pharmacokinetic

properties associated with these small molecule chemotypes.

N—ona® O\ _ona*
O,
OH O
S
N=
Cl
Co- T 0
N cl N
N
N/N
e/
1

21 1.99
Figure 1.19. Comparison of tunnel binding compounds 1.21 and 1.22 vs. the hydrophobic pocket

binding compound 1.99.
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1.6 Experimental

1.6.1 General Techniques

All reagents and solvents were obtained from commercial suppliers and were used
without further purification unless otherwise stated. Purification was carried out

according to standard laboratory methods.”’

1.6.1.1 Purification of Solvents

1) All solvents used for dry reactions were obtained from a PureSolv SPS-
400-5 solvent purification system. These solvents were transferred to and
stored in a septum-sealed oven-dried flask over previously activated 4 A
molecular sieves and purged with and stored under nitrogen.
i1) Dichloromethane (DCM), ethyl acetate (EtOAc), methanol (MeOH),
petroleum ether 40-60°, and cyclohexane for purification purposes were
used as obtained from suppliers without further purification.
1.6.1.2 Purification of Starting Material
1) Bromocyclopentane was distilled over anhydrous calcium carbonate
under reduced pressure prior to use.
1.6.1.3 Experimental Details
1) Air-sensitive reactions were carried out using conventional glassware.
The glassware was oven-dried and purged with N, before use.
i) Purging refers to a vacuum/nitrogen-refilling procedure.
iii) Reactions were carried out at 0 °C using ice/water baths.
iv) Room temperature was generally ca. 18 °C.
V) Reactions were carried out at elevated temperatures using a temperature-

regulated hotplate/stirrer.
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1.6.1.4 Purification of Products

1) Thin layer chromatography was carried out using Merck silica plates
coated with fluorescent indicator UV254. These were analysed under 254
nm UV light or developed using potassium permanganate solution.

i) Silica chromatography was carried out using ZEOprep 60 HYD 40-63 pm
silica gel or IST Isolute Flash silica cartridges.

ii1) Reverse-phase HPLC purification was carried out using a Gilson 151
preparative HPLC using an Agilent Zorbax SB-C18 column at room
temperature. Purification was performed using a gradient method, eluting
with 5-80% MeCN/H,O over 15 minutes at a flow rate of 10 mL/min.
Fractions were collected automatically using a GX-271 liquid handler.

iv) Reverse-phase  ultra-performance liquid chromatography (UPLC)
purification was carried out using an Acquity UPLC CSH C18 column at
40 °C. Purification was performed using a gradient method, eluting with
5-97% MeCN/10 mM (NH4)HCOs3 in H,O.

V) Mass-directed automatic purification (MDAP) was carried out using a ZQ
MS using alternate-scan positive and negative electrospray and a summed
UV wavelength of 210-350 nm and an Xbridge C18 column (100 mm x
19 mm, 5 pm packing diameter, 20 mL/min flow rate) or Xbridge C18
column (150 mm x 30 mm, 5 pm packing diameter, 40 mL/min flow
rate). Purification was performed using a gradient method at room
temperature with the mobile phases as (A) 10 mM aqueous ammonium
bicarbonate solution, adjusted to pH 10 with 0.88 M aqueous ammonia

and (B) MeCN.
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1.6.1.5 Analysis of Products

1) Fourier Transformed Infra-Red (FTIR) spectra were obtained on one of
three machines: (a) Shimadzu IR Affinity-1 machine; (b) A2 Technologies
ATR spectrometer; (c¢) Agilent 5500a FTIR ATR.

i1) 'H, C, and "’F NMR spectra were obtained on a one of four Bruker NMR
spectrometers: (a) Advance III HD console, Ascend 500 MHz magnet,
BBO smart probe; (b) Advance III console, 400 MHz Ultrashield magnet,
Prodigy BBO probe, BB-H&F-D-05 Z; (c) Advance II console, 400 MHz
9.4 T Oxford unshielded magnet, BBFO-z-ATMA probe; (d) Advance III
console, 600 MHz 14.1 T Bruker Ultrashield magnet, TBI-z probe.
Chemical shifts are reported in ppm and coupling constants are reported in
Hz with CDCI; referenced at 7.26 (‘H) and 77.16 ppm ('°C), CO(CD5), at
2.05 ("H) and 29.84 ppm ("°C), and DMSO-d; at 2.50 (‘H) and 39.52 ppm
(*C), respectively.

i) High-resolution mass spectra (HRMS) were obtained through analysis at
the EPSRC National Mass Spectrometry Facility, University of Wales,
Swansea or on a Micromass Q-Tof Ultima hybrid quadrupole time-of-
flight mass spectrometer, with analytes separated on an Agilent 1100
Liquid Chromatograph equipped with a Phenomenex Luna CI18(2)
reversed phase column (100 mm x 2.1 mm, 3 um packing diameter). LC
conditions were 0.5 mL/min flow rate, 35 °C, injection volume 2-5 pL.
Gradient elution with (A) H,O containing 0.1% (v/v) formic acid and (B)
MeCN containing 0.1% (v/v) formic acid. Gradient conditions were

initially 5% B, increasing linearly to 100% B over 6 min, remaining at
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100% B for 2.5 min then decreasing linearly to 5% B over 1 min followed

by an equilibration period of 2.5 min prior to the next injection.

1.6.2 General Experimental Procedures

[¢]

(3-chlorophenyl)hydrazine S/Q
Br. S\)I\Me > -
EtOH, reflux N e
cl N

1.74 1.76

General Procedure A: Fischer Indole synthesis, for example the synthesis of 3-
((3-bromophenyl)thio)-6-chloro-2-methyl-1H-indole (1.76). Prepared according to
a modified version of the procedure described by Amira Pharmaceuticals.”* A
solution of (3-chlorophenyl)hydrazine hydrochloride (1.5 g, 8.18 mmol, 1 equiv.)
and 1-((3-bromophenyl)thio)propan-2-one (1.74) (2 g, 8.18 mmol, 1 equiv.) in EtOH
(40 mL, 0.2 M) was refluxed until the reaction was complete by TLC. The reaction
mixture was then allowed to return to room temperature, concentrated under vacuum,
and the residue purified using silica chromatography, eluting with 0-10%

EtOAc/cyclohexane, to afford the title compound as a cream amorphous solid (639

mg, 22%).

Herrmann's cat.
S/Q Mo(CO)s, DBU
. [tBusPHIBF 4 S
r -
AN Me > N\ y CO,Me
o N MeCN/MeOH (1:4) e

H cl N

H

70 °C
1.76 1.77

General Procedure B: Methoxycarbonylation. For example, the synthesis of
methyl  3-((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoate  (1.77).  trans-
Bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(II) (90 mg, 0.0959 mmol,
5 mol% was added to a solution of 3-((3-bromophenyl)thio)-6-chloro-2-methyl-1H-

indole (1.76) (639 mg, 1.81 mmol, 1 equiv.), Mo(CO)s (478 mg, 1.81 mmol, 1
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equiv.), [fBusPH]BF, (112 mg, 0.386 mmol, 20 mol%), and DBU (433 uL, 2.90
mmol, 1.6 equiv.) in MeCN/MeOH (20 mL, 1:4, 0.3 M). The reaction mixture was
heated to 70 °C for 16 h then allowed to return to room temperature, concentrated
under vacuum, and the residue purified using silica chromatography, eluting with 0-
20% EtOAc/petroleum ether, to afford the title compound as a brown solid (463 mg,

77%).

1-methyl-4-bromopyrazole COMe
s Cu0, K,COs4 N—wme
SN\ CO,Me > N
Me i A o
ridine, 150 °C
o NN i 7]
H -

N

1.77 Me/

1.78

z

General Procedure C: N-Arylation, for example the synthesis of methyl 3-((6-
chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)thio) benzoate
(1.78). Prepared according to a modified version of the procedure described by

. . -49
Amira Pharmaceuticals.*’

To a microwave vial was added methyl 3-((6-chloro-2-
methyl-1H-indol-3-yl)thio)benzoate (1.77) (100 mg, 0.302 mmol, 1 equiv.), CuO (48
mg, 0.604 mmol, 2 equiv.), K»CO3 (54 mg, 0.393 mmol, 1.3 equiv.), and 1-methyl-4-
bromopyrazole (94 puL, 0.906 mmol, 3 equiv.). The vial was then sealed and purged
with N, before the addition of pyridine (1 mL, 0.3 M). The reaction mixture was then
heated to 150 °C for 48 h. The reaction mixture was then allowed to return to room
temperature, diluted with EtOAc (15 mL), and washed with H,O (3 x 10 mL). The
organic layer was collected, dried (hydrophobic frit), concentrated under vacuum,
and the residue purified using silica chromatography, eluting with 50%

EtOAc/petroleum ether, to afford the title compound as a cream amorphous solid (74

mg, 59%).
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General Procedure D: Ester hydrolysis, for example the synthesis of 3-((6-
chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)thio)benzoic  acid
(1.51). To a round bottomed flask was added a solution of methyl 3-((6-chloro-2-
methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)thio)benzoate (1.78) (68 mg,
0.165 mmol, 1 equiv.) and 4 M aq. NaOH (1 mL) in THF (1 mL, 0.2 M) and the
reaction stirred at room temperature until complete by TLC. The reaction mixture
was then concentrated under vacuum to a residue that was purified using silica
chromatography, eluting with 10% MeOH/DCM, to afford the title compound as a

cream amorphous solid (16 mg, 24%).

S

S/Q NaH, Mel /QCO y
CO,Me ———» X N\ -Me
Of&m THF, 60 °C PN
N \
H

Me
1.100 1.101

General Procedure E: N-Alkylation of the indole. For example, the synthesis of
methyl 3-((1,2-dimethyl-1H-indol-3-yl)thio)benzoate (1.101). A solution of methyl
3-((2-methyl-1H-indol-3-yl)thio)benzoate (1.100) (200 mg, 0.673 mmol, 1 equiv.),
and NaH 60% w/w (54 mg, 1.35 mmol, 2 equiv.) in THF (3 mL, 0.2 M) was heated
to 60 °C for 1 h before adding Mel (84 pL, 1.35 mmol, 2 equiv.). The reaction
mixture was heated to 60 °C for 16 h then allowed to return to room temperature,

concentrated under vacuum, and the residue purified using silica chromatography,
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eluting with 10% EtOAc/petroleum ether, to afford the title compound as a pale

yellow amorphous solid (71 mg, 34%).

iodobenzene
Cul, Cs,COs, P
2 1,10-phenanthroline N\ COAH
COH > Me
A\ z N
Ve DMF, 110 ° c

1.52

1.55

Cl

General Procedure F: Ullmann coupling, for example the synthesis of 3-((6-
chloro-2-methyl-1-phenyl-1H-indol-3-yl)thio)benzoic acid (1.55). Prepared
according to a modified version of a literature procedure for an Ullmann coupling.”®
To a microwave vial was added 3-((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoic
acid (1.52) (65 mg, 0.205 mmol, 1 equiv.), iodobenzene (46 pL, 0.409 mmol, 2
equiv.), Cul (19 mg, 0.102 mmol, 0.5 equiv.), Cs,CO; (133 mg, 0.409 mmol, 2
equiv.), and 1,10-phenanthroline (37 mg, 0.205 mmol, 1 equiv.). The reaction vessel
was then sealed and purged with N, before addition of DMF (1 mL, 0.2 M). The
reaction was then heated to 110 °C for 48 h. The reaction mixture was then diluted
with H,O (15 mL) and extracted with EtOAc (3 x 10 mL). The combined organics
were dried (hydrophobic frit), and concentrated under vacuum to a residue that was
purified by reverse-phase HPLC to afford the title compound as a white amorphous

solid (11 mg, 14%).

mhﬂe i) 6-bromopyridine-2-carbaldehyde \N /
ii) Et3SiH, TFA Br
N ) Et3 . N\ e
h DCM N
~N
/' /T
Me /N/N
1.87 Me 1.102
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General Procedure G: Two-step alkylation. For example, the synthesis of 3-((6-
bromopyridin-2-yl)methyl)-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole
(1.102). 6-Bromopyridine-2-carbaldehyde (91 mg, 0.488 mmol, 1.03 equiv.) was
added to a solution of 2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.87) (100
mg, 0.474 mmol, 1 equiv.) in DCM (2 mL, 0.2 M) at 0 °C and stirred for 20 min.
Et;SiH (84 pL, 0.529 mmol, 1.1 equiv.) and TFA (47 pL, 0.610 mmol, 1.3 equiv.)
were then added to the reaction mixture and stirred for a further 1 h, during which the
reaction mixture was allowed to return to room temperature. The resulting solution
was then quenched with sat. aq. NaHCO; and extracted using DCM (20 mL). The
organic layer was collected, dried (hydrophobic frit), concentrated under vacuum,
and the residue purified using silica chromatography, eluting with 20-60%
EtOAc/petroleum ether, to afford the title compound as a yellow gum (158 mg,
87%).

1.6.3 Preparation of Compound 1.50-1.68, 1.72-1.95, and 1.100-1.109.
For preparation of compounds 1.22, 1.24-1.49, and 1.69-1.71 see Miller ez al.”

Synthesis of 3-((4-chloro-2-methyl-1H-indol-3-yl)thio)benzoic acid (1.50) and 3-
((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoic acid (1.52). Prepared according to
General Procedure A using (3-chlorophenyl)hydrazine hydrochloride (3.3 g, 18.6
mmol, 1 equiv.) and 1-((3-bromophenyl)thio)propan-2-one (1.74) (4.6 g, 18.6 mmol,
1 equiv.) in EtOH (90 mL, 0.2 M). Following aqueous work-up, the reaction mixture
was then used in the next step without further purification. The crude material was
used according to General Procedure B wusing trans-bis(acetato)bis[o-(di-o-
tolylphosphino)benzyl]dipalladium(II) (200 mg, 0.213 mmol, 1 mol%), Mo(CO)s

(4.9 g, 18.6 mmol, 1 equiv.), [tBusPH]BF,4 (1.08 g, 3.72 mmol, 20 mol%), and DBU
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(4.2 mL, 27.9 mmol, 1.5 equiv.) in MeCN/4 M aq. NaOH (60 mL, 1:4, 0.3 M). 1 g of
crude material was purified by MDAP to afford 3-((4-chloro-2-methyl-1H-indol-3-
yl)thio)benzoic acid (1.50) as a cream amorphous solid (100 mg, 2% over 2 steps)
and 3-((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoic acid (1.52) as a cream
amorphous solid (70 mg, 1% over 2 steps). 3-((4-Chloro-2-methyl-1H-indol-3-
yl)thio)benzoic acid (1.50): '"H NMR (400 MHz, CO(CDs),) &: 11.04 (br s, 1H),
7.80-7.69 (m, 2H), 7.40 (dd, J = 7.8, 1.0 Hz, 1H), 7.35-7.27 (m, 1H), 7.23 (d, J = 8.2
Hz, 1H), 7.13-6.98 (m, 2H), 2.53 (s, 3H). CO,H proton not observed. >*C NMR (101
MHz, CO(CD3),) 8: 167.9, 145.3, 143.0, 138.5, 132.3, 130.2, 129.6, 126.9, 126.7,
126.5, 125.8, 123.1, 122.3, 111.2, 97.7, 12.0. vmax (neat): 3410, 2869, 2658, 2543,
1681, 1569, 1537 cm™. HRMS: exact mass calculated for [M+H]" (C;¢H;3CINO,S)
m/z requires 318.0174, m/z found 318.0167. 3-((6-Chloro-2-methyl-1H-indol-3-
yl)thio)benzoic acid (1.52): '"H NMR (400 MHz, CO(CDs),) &: 10.84 (br s, 1H),
7.76-7.72 (m, 2H), 7.47 (d, J= 1.8 Hz, 1H), 7.40 (d, /= 8.4 Hz, 1H), 7.32 (app t, J =
7.5 Hz, 1H), 7.26-7.23 (m, 1H), 7.07 (dd, J = 8.4, 1.9 Hz, 1H), 2.53 (s, 3H). CO,H
proton not observed. >C NMR (101 MHz, CO(CDs),) &: 167.3, 144.3, 141.0, 137.4,
132.1, 130.5, 129.8, 129.7, 128.0, 127.2, 126.9, 121.5, 120.0, 112.1, 98.5, 12.0. Umax
(neat): 3385, 2850, 2665, 2549, 1667, 1591, 1570, 1539 cm™'. HRMS: exact mass
calculated for [M+H]" (C16H3CINO,S) m/z requires 318.0174, m/z found 318.0163.

Synthesis of 3-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-
yDthio)benzoic acid (1.51). Prepared according to General Procedure D using
methyl 3-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)thio)
benzoate (1.78) (68 mg, 0.165 mmol, 1 equiv.) and 4 M aq. NaOH (1 mL) in THF (1

mL, 0.2 M). Purified using silica chromatography, eluting with 10% MeOH/DCM, to
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afford the title compound as a cream amorphous solid (16 mg, 24%). 'H NMR (500
MHz, CO(CDs),): 6 11.29 (br s, 1H), 8.09 (s, 1H), 7.80 (s, 1H), 7.76 (d, J = 7.6 Hz,
1H), 7.72 (s, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.35 (app t, J = 7.7 Hz, 1H), 7.29 (d, J =
7.9 Hz, 1H), 7.22 (s, 1H), 7.14 (dd, J = 8.4, 1.7 Hz, 1H), 4.04 (s, 3H), 2.42 (s, 3H).
BC NMR (126 MHz, CO(CDs),): & 146.4, 140.4, 140.0, 137.2, 132.3, 130.8, 130.0,
129.2, 129.0, 128.8, 127.5, 127.2, 122.4, 120.3, 119.3, 111.4, 100.0, 39.9, 11.7. One
carbon not observed/coincident. L. (neat): 2920, 2848, 1718, 1571, 1537 em™.
HRMS: exact mass calculated for [M-H] (CH;sCIN3O,S) m/z requires 398.0548,
m/z found 398.0539.

Synthesis of 3-((6-chloro-1,2-dimethyl-1H-indol-3-yl)thio)benzoic acid (1.53).
Prepared according to General Procedure F using methyl 3-((6-chloro-2-methyl-1H-
indol-3-yl)thio)benzoate (1.77) (200 mg, 0.604 mmol, 1 equiv.), NaH 60% w/w (193
mg, 4.82 mmol, 8 equiv.) and Mel (150 pL, 2.41 mmol, 4 equiv.) in DMF (3 mL, 0.2
M). Following aqueous work-up, the reaction mixture was then used in the next step
without further purification. The crude material was used according to General
Procedure C using 4 M aq. NaOH (5 mL) in THF (3 mL, 0.2 M). Purified by reverse-
phase HPLC to afford the title compound as a cream amorphous solid (2 mg, 1%
over 2 steps). 'H NMR (400 MHz, CDCls) 8: 7.82-7.73 (m, 2H), 7.43 (d, J = 8.4 Hz,
1H), 7.35 (d, J= 1.7 Hz, 1H), 7.23 (app t, J = 7.7 Hz, 1H), 7.19-7.13 (m, 1H), 7.09
(dd, J = 8.4, 1.8 Hz, 1H), 3.75 (s, 3H), 2.51 (s, 3H). CO,H proton not observed. °C
NMR (151 MHz, CDCl;) &: 170.1, 144.0, 140.6, 137.7, 130.6, 129.8, 129.0, 128.2,
128.1, 127.2, 126.6, 121.4, 119.8, 109.5, 98.0, 30.7, 11.1. vmax (neat): 3436, 2900,
2651, 2543, 1679, 1574 cm’'. HRMS: exact mass calculated for [M-H]

(C17H13CINO;S) m/z requires 332.0330, m/z found 332.0324.
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Synthesis of 3-((6-chloro-1-cyclopentyl-2-methyl-1H-indol-3-yl)thio)benzoic acid
(1.54). Prepared according to General Procedure F using methyl 3-((6-chloro-2-
methyl-1H-indol-3-yl)thio)benzoate (1.77) (25 mg, 0.0755 mmol, 1 equiv.), NaH
60% w/w (24 mg, 0.602 mmol, 8 equiv.) and bromocyclopentane (32 pL, 0.301
mmol, 4 equiv.) in DMF (1 mL, 0.1 M). Following aqueous work-up, the reaction
mixture was then used in the next step without further purification. The crude
material was used according to General Procedure C using 4 M aq. NaOH (1 mL) in
THF (1 mL, 0.1 M). Purified using silica chromatography, eluting with 0-20%
EtOAc/petroleum ether, to afford the title compound as a pale yellow gum (2 mg, 7%
over 2 steps). 'H NMR (400 MHz, CO(CDs),) &: 7.78-7.69 (m, 2H), 7.59 (d, J= 1.7
Hz, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.32 (app t, J = 7.8 Hz, 1H), 7.21-7.18 (m, 1H),
7.09 (dd, J = 8.4, 1.8 Hz, 1H), 5.20-5.04 (m, 1H), 2.62 (s, 3H), 2.28-2.19 (m, 4H),
2.16-2.06 (m, 2H), 1.91-1.78 (m, 2H). CO,H proton not observed. *C NMR (151
MHz, CO(CDs),) o: 145.9, 141.1, 136.4, 130.6, 130.2, 130.0, 127.9, 127.4, 127.1,
121.6, 120.7, 112.4, 98.8, 584, 30.8, 25.8, 12.1. Two carbons not
observed/coincident. vy, (neat): 3406, 2924, 2872, 1716, 1608, 1593, 1577, 1534
cm”. HRMS: exact mass calculated for [M+H]" (CHz CINO,S) m/z requires
388.0945, m/z found 388.0948.

Synthesis of 3-((6-chloro-2-methyl-1-phenyl-1H-indol-3-yl)thio)benzoic acid
1.55). Prepared according to General Procedure F using 3-((6-chloro-2-methyl-1H-
indol-3-yl)thio)benzoic acid (1.52) (65 mg, 0.205 mmol, 1 equiv.), iodobenzene (46
pL, 0.409 mmol, 2 equiv.), Cul (19 mg, 0.102 mmol, 0.5 equiv.), Cs,CO; (133 mg,
0.409 mmol, 2 equiv.), and 1,10-phenanthroline (37 mg, 0.205 mmol, 1 equiv.) in

DMF (1 mL, 0.2 M). Purified by reverse-phase HPLC to afford the title compound as
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a white amorphous solid (11 mg, 14%). '"H NMR (400 MHz, CO(CD3),) &: 7.81 (dd,
J=24,1.1Hz, 1H), 7.77 (dt, J = 7.3, 1.5 Hz, 1H), 7.73-7.66 (m, 2H), 7.66-7.59 (m,
1H), 7.59-7.54 (m, 2H), 7.51(d, J = 8.4 Hz, 1H), 7.40-7.27 (m, 2H), 7.16 (dd, J = 8.4,
1.8 Hz, 1H), 7.13-7.08 (m, 1H), 2.41 (s, 3H). CO,H proton not observed. *C NMR
(101 MHz, CO(CDs),) 6: 165.7, 144.1, 139.0, 138.0, 136.3, 130.9, 129.5, 129.3,
128.6, 128.5, 127.4, 126.0, 125.7, 121.0, 119.0, 109.8, 99.0, 10.4. Two carbons not
observed/coincident. L.k (neat): 3058, 2978, 2924, 2658, 1690, 1593, 1577, 1536,
1502 cm™'. HRMS: exact mass calculated for [M-H] (C,H;sCINOS) m/z requires
394.0487, m/z found 394.0480.

Synthesis  of  3-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)thio)
benzoic acid (1.56). Prepared according to General Procedure D using methyl 3-((2-
methyl-1H-indol-3-yl)thio)benzoate (1.100) (202 mg, 0.680 mmol, 1 equiv.), 4-
bromo-1-methyl-1H-pyrazole (209 pL, 2.02 mmol, 3 equiv.), CuO (108 mg, 1.35
mmol, 2 equiv.), and K,CO; (122 mg, 0.884 mmol, 1.3 equiv.) in pyridine (2 mL, 0.3
M). Purified using reverse-phase HPLC to afford the title compound as a dark red
amorphous solid (22 mg, 9%). 'H NMR (400 MHz, CDCl;): § 8.33 (s, 1H), 7.81 (app
t,J=1.7 Hz, 1H), 7.72-7.69 (m, 1H), 7.52 (d, J= 7.8 Hz, 1H), 7.33 (dd, /= 4.8, 3.9
Hz, 1H), 7.21-7.19 (m, 2H), 7.16-7.12 (m, 2H), 3.86 (s, 3H), 2.51 (s, 3H). °C NMR
(126 MHz, CDCl3): & 166.9, 141.3, 140.3, 135.5, 130.6, 130.1, 129.8, 128.7, 126.6,
125.8, 122.3, 120.8, 118.8, 110.8, 98.7, 52.2, 12.1. Three carbons not
observed/coincident. vmax (neat): 3381, 3375, 1695, 1572, 1539 cm’'. HRMS: exact
mass calculated for [M-H] (CyHisN3O,S) m/z requires 362.0969, m/z found

362.0967.
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Synthesis of 3-((2-methyl-1H-indol-3-yl)thio)benzoic acid (1.57). Prepared
according to General Procedure C wusing methyl 3-((2-methyl-1H-indol-3-
yl)thio)benzoate (1.100) (100 mg, 0.337 mmol, 1 equiv.) and 2 M aq. NaOH (1 mL)
in THF (1 mL, 0.3 M). Purified by reverse-phase HPLC to afford the title compound
as a cream amorphous solid (71 mg, 74%). 'H NMR (400 MHz, CO(CDs),): & 10.71
(br s, 1H), 7.76 (app t, J = 1.5 Hz, 1H), 7.74-7.72 (m, 1H), 7.48-7.39 (m, 2H), 7.30
(app t, J = 7.7 Hz, 1H), 7.25-7.22 (m, 1H), 7.15-7.11 (m, 1H), 7.07-7.04 (m, 1H),
2.53 (s, 3H). One exchangeable proton not observed. "C NMR (101 MHz,
CO(CDs)): 6 167.4, 143.1, 141.6, 137.0, 132.1, 131.0, 130.4, 129.7, 127.1, 126.7,
122.7, 121.1, 118.8, 112.1, 97.9, 12.0. vmax (neat): 3390, 3057, 2885, 2654, 2546,
1686, 1570, 1543 cm™. HRMS: exact mass calculated for [M+H]" (C16H4sNO,S) m/z
requires 284.0740, m/z found 284.0740.

Synthesis of 3-((1,2-dimethyl-1H-indol-3-yl)thio)benzoic acid (1.58). Prepared
according to General Procedure C using methyl 3-((1,2-dimethyl-1H-indol-3-
yl)thio)benzoate (1.101) (54 mg, 0.174 mmol, 1 equiv.) and 2 M aq. NaOH (1 mL )
in THF (1 mL, 0.2 M). Purified by reverse-phase HPLC to afford the title compound
as a cream amorphous solid (31 mg, 60%). "H NMR (400 MHz, CDCls): & 7.84 (app
t, J = 1.5Hz, 1H), 7.76-7.74 (m, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.2 Hz,
1H), 7.25-7.11 (m, 4H), 3.79 (s, 3H), 2.53 (s, 3H). CO,H proton not observed. °C
NMR (101 MHz, CDCl): & 171.1, 143.2, 141.1, 137.3, 130.7, 129.8, 129.7, 128.9,
127.2, 126.4, 122.1, 120.8, 118.9, 109.3, 97.4, 30.6, 11.0. vmax (neat): 2922, 2546,
1680, 1572, 1521 cm™. HRMS: exact mass calculated for [M+H]" (C;7HsNO,S) m/z

requires 298.0896, m/z found 298.0893.
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Synthesis of 3-((1-cyclopentyl-2-methyl-1H-indol-3-yl)thio)benzoic acid (1.59).
Prepared according to General Procedure F using methyl 3-((2-methyl-1H-indol-3-
yl)thio)benzoate (1.100) (200 mg, 0.673 mmol, 1 equiv.), NaH 60% w/w (216 mg,
5.39 mmol, 8 equiv.), and bromocyclopentane (288 pL, 2.69 mmol, 4 equiv.) in
DMF (3 mL, 0.2 M). Following aqueous work-up, the reaction mixture was then
used in the next step without further purification. The crude material was used
according to General Procedure C using 4 M aq. NaOH (5 mL) in THF (3 mL, 0.2
M). Purified by reverse-phase HPLC to afford the title compound as a white
amorphous solid (15 mg, 6% over 2 steps). 'H NMR (400 MHz, CO(CD3),): & 7.78-
7.70 (m, 2H), 7.57 (d, J = 8.3 Hz, 1H), 7.49 (d, /= 7.5 Hz, 1H), 7.30 (app t, J = 7.7
Hz, 1H), 7.22-7.17 (m, 1H), 7.17-7.12 (m, 1H), 7.09-7.07 (m, 1H), 5.14-5.05 (m,
1H), 2.61 (s, 3H), 2.37-2.23 (m, 2H), 2.23-2.07 (m, 4H), 1.92-1.73 (m, 2H). CO,H
proton not observed. °C NMR (101 MHz, CO(CDs),): 8 167.2, 144.5, 141.6, 135.9,
132.1, 131.4, 130.4, 129.8, 127.2, 126.8, 122.3, 121.0, 119.5, 112.5, 97.9, 58.2, 30.6,
25.8, 11.7. vmax (neat): 3388, 2976, 2954, 2870, 2660, 2539, 1668, 1591, 1571, 1530
cm”. HRMS: exact mass calculated for [M-H] (C21H0NO,S) m/z requires 350.1220,
m/z found 350.1216.

Synthesis of 3-((2-methyl-1-phenyl-1H-indol-3-yl)thio)benzoic acid (1.60).
Prepared according to General Procedure B using methyl 3-((2-methyl-1H-indol-3-
yl)thio)benzoate (1.100) (127 mg, 0.428 mmol, 1 equiv.), iodobenzene (95 pL, 0.856
mmol, 2 equiv.), Cul (41 mg, 0.214 mmol, 0.5 equiv.), Cs;COs3 (279 mg, 0.856
mmol, 2 equiv.), and 1,10-phenanthroline (77 mg, 0.428 mmol, 1 equiv.) in DMF (1
mL, 0.4 M). Following aqueous work-up, the reaction mixture was then used in the

next step without further purification. The crude material was used according to

70



Chapter 1: Experimental

General Procedure C using 4 M aq. NaOH (1 mL) in THF (2 mL, 0.2 M). Purified by
reverse-phase HPLC to afford the title compound as a cream amorphous solid (14
mg, 9% over 2 steps). 'H NMR (400 MHz, CDCls): & 7.95-7.89 (m, 1H), 7.82-7.76
(m, 1H), 7.63-7.55 (m, 3H), 7.54-7.48 (m, 1H), 7.41 (dd, J = 8.3, 1.3 Hz, 2H), 7.29-
7.26 (m, 2H), 7.20-7.12 (m, 3H), 2.40 (s, 3H). CO,H proton not observed. °C NMR
(101 MHz, CDCl;): 5 143.4, 140.6, 138.2, 137.6, 130.8, 129.8, 129.6, 129.0, 128.6,
128.1, 127.4, 126.6, 122.6, 121.4, 118.8, 110.6, 99.5, 11.9. Two carbons not
observed/coincident. vyl (neat): 2917, 2852, 2651, 2536, 1679, 1597, 1571, 1530,
1501 ecm”. HRMS: exact mass calculated for [M-H] (Cy,H¢NO,S) m/z requires
358.0907, m/z found 358.0900.

Synthesis of 6-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-
y)methyl) picolinic acid (1.61). Prepared according to General Procedure C using
methyl  6-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)methyl)
picolinate (1.95) (50 mg, 0.126 mmol, 1 equiv.) and 2 M aq. NaOH (2 mL) in THF
(2 mL, 0.1 M). Purified by reverse-phase HPLC to afford the title compound as a
yellow oil (23 mg, 48%). '"H NMR (400 MHz, CO(CDs),): & 8.10-7.82 (m, 3H), 7.61
(s, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.52 (dd, J= 7.6, 1.0 Hz, 1H), 7.08 (d, J = 1.8 Hz,
1H), 7.01 (dd, J= 8.4, 1.9 Hz, 1H), 4.37 (s, 2H), 4.01 (s, 3H), 2.36 (s, 3H). CO,H
proton not observed. °C NMR (101 MHz, CO(CDs),): 8 165.3, 161.9, 147.1, 139.7,
139.6, 137.3, 137.1, 128.9, 127.7, 127.7, 127.5, 122.2, 120.9, 120.2, 119.9, 110.5,
110.4, 39.8, 33.4, 11.1. Umax (neat): 3097, 2922, 1716, 1684, 1670, 1610, 1588 cm™.
HRMS: exact mass calculated for [M+H]" (C50H3CIN4O,) m/z requires 383.1084,

m/z found 383.1084.
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Synthesis of 3-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-
yl)methyl) benzoic acid (1.62). Prepared according to General Procedure D using
methyl 3-((6-chloro-2-methyl-1H-indol-3-yl)methyl)benzoate (1.92) (345 mg, 1.10
mmol, 1 equiv.), 4-bromo-1-methyl-1H-pyrazole (227 pL, 2.20 mmol, 2 equiv.),
CuO (176 mg, 2.20 mmol, 2 equiv.), and K,CO;3; (197 mg, 1.43 mmol, 1.3 equiv.) in
pyridine (3 mL, 0.4 M). Following aqueous work-up, the reaction mixture was then
used in the next step without further purification. The crude material was used
according to General Procedure C using 2 M aq. NaOH (2 mL) in THF (2 mL, 0.5
M). Purified by reverse-phase HPLC to afford the title compound as a white
amorphous solid (5 mg, 1% over 2 steps). 'H NMR (400 MHz, CO(CD5s),): & 8.00-
7.94 (m, 2H), 7.85 (d, J= 7.6 Hz, 1H), 7.62 (s, 1H), 7.52 (dd, J = 7.7, 0.6 Hz, 1H),
7.45-7.36 (m, 2H), 7.08 (d, J = 1.7 Hz, 1H), 7.00 (dd, J = 8.4, 1.9 Hz, 1H), 4.21 (s,
2H), 4.01 (s, 3H), 2.32 (s, 3H). CO,H proton not observed. °C NMR (151 MHz,
CO(CDs3),): 6 167.7, 143.0, 139.6, 137.3, 136.6, 133.7, 131.6, 130.3, 129.4, 128.9,
128.1, 127.7, 127.6, 120.8, 120.1, 119.9, 111.7, 110.5, 39.8, 30.6, 11.1. vmax (neat):
2922, 2554, 2361, 2153, 1693, 1606, 1585 cm™. HRMS: exact mass calculated for
[M+H]" (C2;H9CIN30,) m/z requires 382.1131, m/z found 382.1134.

Synthesis of 3-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-
ylhoxy) benzoic acid (1.63). Prepared according to General Procedure E using (3-
chlorophenyl)hydrazine hydrochloride (1.9 g, 10.8 mmol, 1 equiv.) and ethyl 3-(2-
oxopropoxy)benzoate (1.103) (2.4 g, 10.8 mmol, 1 equiv.) in EtOH (50 mL, 0.2 M).
1 g of the crude material was then used according to General Procedure D using 4-
bromo-1-methyl-1H-pyrazole (940 pL, 9.10 mmol, 3 equiv.), CuO (1.4 g, 18.2

mmol, 6 equiv.), and K,CO; (1.6 g, 11.8 mmol, 4 equiv.) in pyridine (15 mL, 0.7 M).
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Following aqueous work-up, the reaction mixture was then used in the next step
without further purification. The crude material was used according to General
Procedure C using 2 M aq. NaOH (30 mL) in THF (15 mL, 0.7 M). Purified by
reverse-phase HPLC to afford the title compound as a cream amorphous solid (36
mg, 1% over 3 steps). 'H NMR (400 MHz, CO(CDs),): & 8.05 (s, 1H), 7.77-7.67 (m,
2H), 7.62 (dd, J = 2.6, 1.5 Hz, 1H), 7.45 (app t, /= 7.9 Hz, 1H), 7.26 (dd, J=8.3, 2.7
Hz, 1H), 7.24-7.16 (m, 2H), 7.03 (dd, J= 8.4, 1.9 Hz, 1H), 4.03 (s, 3H), 2.21 (s, 3H).
CO,H proton not observed. °C NMR (101 MHz, CO(CDs),): & 167.3, 160.0, 137.2,
137.0, 133.1, 131.1, 130.7, 129.4, 129.1, 128.3, 124.1, 121.3, 120.8, 120.4, 119.2,
118.6, 116.8, 111.0, 39.8, 9.5. Ly (neat): 3122, 2949, 2921, 1696, 1606, 1584 cm™.
HRMS: exact mass calculated for [M+H]" (C50H7CIN;03) m/z requires 384.0924,
m/z found 384.0926.

Synthesis of 3-((6-chloro-2-methyl-1H-indol-3-yl)oxy)benzoic acid (1.64).
Prepared according to General Procedure C using ethyl 3-((6-chloro-2-methyl-1H-
indol-3-yl)oxy)benzoate (1.104) (150 mg, 0.454 mmol, 1 equiv.) and 2 M aq. NaOH
(1 mL) in THF (1 mL, 0.4 M). Purified by reverse-phase HPLC to afford the title
compound as an orange amorphous solid (30 mg, 22%). 'H NMR (400 MHz,
CO(CDs)2): 6 9.95 (br s, 1H), 7.44-7.41 (m, 1H), 7.28 (dd, J = 2.5, 1.5 Hz, 1H), 7.16
(app t,J=7.9 Hz, 1H), 7.13 (d, /= 1.7 Hz, 1H), 6.94 (dd, J = 8.2, 2.6 Hz, 1H), 6.87
(d, J=8.4 Hz, 1H), 6.69 (dd, J = 8.4, 1.8 Hz, 1H), 2.05 (s, 3H). One exchangeable
proton not observed. >C NMR (101 MHz, CO(CDs),): 8 167.3, 160.4, 134.7, 133.2,
130.6, 130.4, 127.5, 126.9, 123.9, 120.7, 120.5, 118.4, 116.7, 112.0, 111.9, 10.1. Umax
(neat): 3327, 3071, 1690, 1601, 1585, 1520 cm™'. HRMS: exact mass calculated for

[M+H]" (C16H13CINO3) m/z requires 304.0549, m/z found 304.0544.
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Synthesis of 6-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)methyl)
picolinic acid (1.65). Prepared according to General Procedure C using methyl 6-((2-
methyl-1-(1-methyl-1H-pyrazol-4-yl)-1 H-indol-3-yl)methyl)picolinate (1.105) (50
mg, 0.139 mmol, 1 equiv.) and 2 M aq. NaOH (1 mL) in THF (1 mL, 0.1 M).
Purified by reverse-phase HPLC to afford the title compound as a green gum (21 mg,
44%). "H NMR (400 MHz, CDCl3): § 10.50 (br s, 1H), 8.15 (d, J= 7.6 Hz, 1H), 7.97
(app t,J=7.8 Hz, 1H), 7.66 (s, 1H), 7.59 (s, 1H), 7.50 (d, J= 7.9 Hz, 1H), 7.39 (d, J
=7.5Hz, 1H), 7.15 (d, J=3.6 Hz, 2H), 7.11 (dd, J = 7.7, 4.1 Hz, 1H), 4.53 (s, 2H),
4.06 (s, 3H), 2.28 (s, 3H). °C NMR (101 MHz, CDCL3): & 163.4, 159.8, 144.8, 142.1,
138.4, 137.0, 135.6, 128.3, 127.8, 127.7, 122.9, 122.3, 120.8, 120.2, 117.8, 110.2,
107.4, 39.7, 31.1, 11.0. vmax (neat): 3103, 2950, 1725, 1716, 1696, 1670, 1616, 1588
cm”. HRMS: exact mass calculated for [M-H] (C20H7N4O5) m/z requires 345.1357,
m/z found 345.1355.

Synthesis of 3-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)methyl)
benzoic acid (1.66). Prepared according to General Procedure C using methyl 3-((2-
methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-yl)methyl)benzoate (1.109) (100
mg, 0.278 mmol, 1 equiv.) and 2 M aq. NaOH (2 mL) in THF (2 mL, 0.1 M).
Purified by reverse-phase HPLC to afford the title compound as cream amorphous
solid (10 mg, 10%). '"H NMR (400 MHz, CO(CD3),): & 7.99 (s, 1H), 7.92 (s, 1H),
7.84 (d, J=17.7 Hz, 1H), 7.59 (d, /= 0.6 Hz, 1H), 7.53 (d, J= 7.6 Hz, 1H), 7.44 (d, J
=7.2 Hz, 1H), 7.38 (app t, /= 7.7 Hz, 1H), 7.14-6.95 (m, 3H), 4.21 (s, 2H), 4.01 (s,
3H), 2.33 (s, 3H). CO,H proton not observed. >°C NMR (151 MHz, CO(CD3),): &
143.4, 139.1, 137.3, 135.2, 133.8, 131.5, 130.3, 129.3, 129.0, 128.6, 128.0, 122.0,

120.7, 120.5, 118.8, 111.5, 110.6, 39.7, 30.8, 11.0. One carbon not
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observed/coincident. v, (neat): 3113, 3051, 2918, 2467, 1699, 1605, 1584 em™
HRMS: exact mass calculated for [M-H] (C,;H1sN30,) m/z requires 344.1405, m/z
found 344.1403.

Synthesis  of  3-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1 H-indol-3-yl)oxy)
benzoic acid (1.67). Prepared according to General Procedure D using ethyl 3-((2-
methyl-1H-indol-3-yl)oxy)benzoate (1.106) (94 mg, 0.319 mmol, 1 equiv.), 4-
bromo-1-methyl-1H-pyrazole (99 pL, 0.956 mmol, 3 equiv.), CuO (51 mg, 0.638
mmol, 2 equiv.), and K,COs (57 mg, 0.415 mmol, 1.3 equiv.) in pyridine (1 mL, 0.3
M). Following aqueous work-up, the reaction mixture was then used in the next step
without further purification. The crude material was used according to General
Procedure C using 2 M aq. NaOH (1 mL) in THF (1 mL, 0.3 M). Purified by reverse-
phase HPLC to afford the title compound as a brown oil (4 mg, 4% over 2 steps). 'H
NMR (400 MHz, CDCl3): 8 7.75-7.71 (m, 1H), 7.72-7.69 (m, 1H), 7.64 (s, 1H), 7.59
(s, 1H), 7.37 (app t, J= 7.9 Hz, 1H), 7.30-7.23 (m, 2H), 7.22-7.17 (m, 1H), 7.15-7.11
(m, 1H), 7.08-7.02 (m, 1H), 4.04 (s, 3H), 2.12 (s, 3H). CO,H proton not observed.
C NMR (101 MHz, CDCL): & 170.8, 159.4, 137.4, 136.0, 130.9, 130.8, 129.8,
127.7,127.2,123.7, 122.1, 121.0, 120.9, 120.3, 119.8, 117.2, 117.0, 110.3, 39.9, 9.6.
Lmax (neat): 3121, 3053, 2947, 1697, 1583 cm’'. HRMS: exact mass calculated for
[M+H]" (C20HsN303) m/z requires 348.1343, m/z found 348.1344.

Synthesis of 3-((2-methyl-1H-indol-3-yl)oxy)benzoic acid (1.68). Prepared
according to General Procedure C wusing ethyl 3-((2-methyl-1H-indol-3-
yl)oxy)benzoate (1.106) (50 mg, 0.169 mmol, 1 equiv.) and 1 M aq. NaOH (1 mL) in
THF (2 mL, 0.1 M). Purified by reverse-phase HPLC to afford the title compound as

a brown oil (8 mg, 18%). "H NMR (400 MHz, CDCl3): & 7.74-7.71 (m, 1H), 7.70-
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7.64 (m, 2H), 7.35 (app t, J = 7.9 Hz, 1H), 7.32-7.28 (m, 1H), 7.24-7.18 (m, 1H),
7.16-7.12 (m, 1H), 7.07-6.99 (m, 1H), 2.34 (s, 3H). NH and CO,H protons not
observed. °C NMR (101 MHz, CDCls): & 170.9, 159.5, 133.3, 130.7, 130.1, 129.7,
1243, 123.6, 122.0, 121.5, 120.9, 119.9, 117.2, 116.9, 111.0, 10.4. Lmax (neat): 3404,
2920, 2558, 1690, 1584, 1572 cm’'. HRMS: exact mass calculated for [M+H]"

(C16H14NO3) m/z requires 268.0968, m/z found 268.0971.

Synthesis of 6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.72).
Prepared according to General Procedure D using 6-chloro-2-methyl-1H-indole
(1.90) (300 mg, 1.81 mmol, 1 equiv.), 4-bromo-1-methyl-1H-pyrazole (224 uL, 2.17
mmol, 1.2 equiv.), CuO (290 mg, 3.62 mmol, 2 equiv.), and K,COs (325 mg, 2.36
mmol, 1.3 equiv.) in pyridine (3.5 mL, 0.5 M). Purified using silica chromatography,
eluting with 0-30% EtOAc/petroleum ether, to afford the title compound as a brown
amorphous solid (351 mg, 79%). '"H NMR (400 MHz, CDCls): & 7.56 (s, 1H), 7.50
(s, 1H), 7.42 (d, J = 8.3 Hz, 1H), 7.13-7.08 (m, 1H), 7.06 (dd, J = 8.3, 1.9 Hz, 1H),
6.33 (s, 1H), 4.01 (s, 3H), 2.27 (s, 3H). >C NMR (101 MHz, CDCl;): & 139.4, 138.6,
137.3, 127.5, 127.2, 126.8, 120.8, 120.5, 119.7, 110.1, 101.2, 39.8, 13.2. Umax (neat):
3119, 2943, 1715, 1676, 1607, 1580 cm™'. HRMS: exact mass calculated for [M+H]"
(C13H3CIN3) m/z requires 248.0763, m/z found 248.0766.

Synthesis of 1-((3-bromophenyl)thio)propan-2-one (1.74). A flask containing 3-
bromothiophenol (1.73) (273 pL, 2.65 mmol, 1 equiv.) in THF (15 mL, 0.2 M) was
cooled to 0 °C. DIPEA (2.3 mL, 13.2 mmol, 5 equiv.) was added portion wise and
allowed to stir for 30 min before the addition of chloroacetone (2.3 mL, 29.0 mmol,
11 equiv.). The reaction mixture was then allowed to warm to room temperature and

stirred for 16 h. The reaction mixture was concentrated under vacuum, diluted with
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EtOAc (30 mL) and washed with H,O (30 mL). The organic layer was collected,
dried (hydrophobic frit), and concentrated under vacuum. Purified using silica
chromatography, eluting with 0-40% EtOAc/petroleum ether, to afford the title
compound as a colourless oil (540 mg, 83%). '"H NMR (400 MHz, CDCls): & 7.45
(app t, J = 1.8 Hz, 1H), 7.33-7.29 (m, 1H), 7.24-7.20 (m, 1H), 7.13 (t, J = 7.9 Hz,
1H), 3.68 (s, 2H), 2.26 (s, 3H). °C NMR (101 MHz, CDCl;): & 202.8, 137.2, 131.6,
130.4, 129.8, 127.6, 122.9, 44.3, 28.1. Umay (neat): 3050, 1571, 1559 cm™. HRMS:
exact mass calculated for [M+H]™ (CoH,oBrOS) requires m/z 246.9609, found m/z

246.9601.

Synthesis of 3-((3-bromophenyl)thio)-6-chloro-2-methyl-1H-indole (1.76).
Prepared according to General Procedure A wusing (3-chlorophenyl)hydrazine
hydrochloride (1.5 g, 8.18 mmol, 1 equiv.) and 1-((3-bromophenyl)thio)propan-2-
one (1.74) (2 g, 8.18 mmol, 1 equiv.) in EtOH (40 mL, 0.2 M). Purified by silica
chromatography, eluting with 0-10% EtOAc/petroleum ether, to afford the title
compound as a cream amorphous solid (639 mg, 22%). 'H NMR (400 MHz,
CO(CDs3),) 6: 1097 (br s, 1H), 7.48 (d, J = 1.9 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H),
7.26-7.23 (m, 1H), 7.15 (app t, J = 7.9 Hz, 1H), 7.11 (app t, J = 1.8 Hz, 1H), 7.08
(dd, J = 8.4 Hz, 1H), 7.03-7.01 (m, 1H), 2.52 (s, 3H). >C NMR (101 MHz, CDCl;):
0 143.0, 142.8, 136.3, 132.2, 129.5, 127.3, 127.0, 125.4, 123.4, 122.4, 122.2, 121.8,
109.1, 97.8, 11.7. vmax (neat): 3409, 1573, 1557, 1536 cm’'. HRMS: exact mass
calculated for [M+H]" (C;5H,BrCINS) m/z requires 353.9534, m/z found 353.9529.

Synthesis of methyl 3-((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoate (1.77).
Prepared according to General Procedure B using trans-bis(acetato)bis[o-(di-o-

tolylphosphino)benzyl]dipalladium(II) (90 mg, 0.0959 mmol, 5 mol%), 3-((3-
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bromophenyl)thio)-6-chloro-2-methyl-1H-indole (1.76) (639 mg, 1.81 mmol, 1
equiv.), Mo(CO)s (478 mg, 1.81 mmol, 1 equiv.), [fBusPH]BF4 (112 mg, 0.386
mmol, 20 mol%), and DBU (433 pL, 2.90 mmol, 1.6 equiv.) in MeCN/MeOH (20
mL, 1:4, 0.3 M). Purified by column chromatography, eluting with 0-20%
EtOAc/petroleum ether, to afford the title compound as a cream amorphous solid
(463 mg, 77%). '"H NMR (400 MHz, CO(CD3),) &: 10.92 (br s, 1H), 7.73-7.66 (m,
2H), 7.47 (d, J= 1.8 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.34-7.30 (m, 1H), 7.25-7.18
(m, 1H), 7.07 (dd, J = 8.4, 1.9 Hz, 1H), 3.81 (s, 3H), 2.53 (s, 3H). °C NMR (101
MHz, CO(CD3),) 6: 166.8, 144.4, 141.2, 137.4, 131.9, 130.6, 130.0, 129.7, 128.1,
126.9, 126.6, 121.6, 120.0, 112.1, 98.4, 52.4, 12.0. vma (neat): 3405, 3321, 2950,
1699, 1621, 1591, 1575, 1539 cm’'. HRMS: exact mass calculated for [M+H]"
(C17H,5CINO;S) m/z requires 334.0476, m/z found 334.0474.

Synthesis of methyl 3-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-
indol-3-yl)thio)benzoate (1.78). Prepared according to General Procedure C using
methyl 3-((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoate (1.77) (100 mg, 0.302
mmol, 1 equiv.), CuO (48 mg, 0.604 mmol, 2 equiv.), K,COs (54 mg, 0.393 mmol,
1.3 equiv.), and I-methyl-4-bromopyrazole (94 pL, 0.906 mmol, 3 equiv.) in
pyridine (1 mL, 0.3 M). Purified using silica chromatography, eluting with 50%
EtOAc/petroleum ether, to afford the title compound as a cream amorphous solid (74
mg, 59%). 'H NMR (400 MHz, CDCl;): & 7.83-7.82 (m, 1H), 7.74-7.72 (m, 1H),
7.63 (s, 1H), 7.61 (s, 1H), 7.44 (d, J= 8.3 Hz, 1H), 7.23 (app t, J = 7.7 Hz, 1H), 7.19-
7.15 (m, 2H), 7.11 (dd, J = 8.4, 1.8 Hz, 1H), 4.05 (s, 3H), 3.87 (s, 3H), 2.38 (s, 3H).
C NMR (101 MHz, CDCls): & 166.9, 144.7, 139.7, 139.2, 137.2, 130.9, 130.1,

129.0, 128.7, 128.1, 127.7, 127.0, 126.2, 122.1, 119.8, 119.3, 110.6, 100.1, 52.4,
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40.0, 11.8. vmax (neat): 3057, 2985, 2945, 2920, 2883, 2848, 1710, 1606, 1570, 1539
cm”. HRMS: exact mass calculated for [M+H]" (CHoCIN;O,S) m/z requires

414.0850, m/z found 414.0851.

Synthesis of methyl 6-hydroxypicolinate (1.80). Thionyl chloride (1.2 mL, 15.8
mmol, 1.1 equiv.) was added to a solution of 6-hydroxypicolinic acid (1.79) (2 g,
14.4 mmol, 1 equiv.) in 70 mL MeOH (0.2 M) at 0 °C. The resulting solution was
then heated to reflux for 16 h, allowed to cool to room temperature, and then
concentrated under vacuum. The residue was dissolved in 50 mL DCM and washed
with 50 mL sat. ag. NaHCO;. The organic layer was collected, dried (hydrophobic
frit), then concentrated under vacuum to afford the title compound as a white solid
(1.16 g, 53%). "H NMR (400 MHz, CDCl3): § 11.22 (br s, 1H), 7.42 (dd, J= 9.2, 6.8
Hz, 1H), 6.94 (dd, J = 6.8, 1.0 Hz, 1H), 6.80 (dd, J = 9.2, 1.0 Hz, 1H), 3.92 (s, 3H).
PC NMR (101 MHz, CDCl3): § 163.2, 161.5, 139.7, 134.0, 127.0, 109.6, 53.3. Umax
(neat): 3028, 2947, 2360, 2158, 1734, 1649, 1604 cm'. HRMS: exact mass
calculated for [M+H+] (C7HgNO3) m/z requires 154.0499 m/z found 154.0495.

Synthesis of methyl 6-(2-oxopropoxy)picolinate (1.81). Chloroacetone (936 pL,
11.8 mmol, 1 equiv.) was added dropwise to a solution of methyl 6-
hydroxypicolinate (1.80) (1.8 g, 11.8 mmol, 1 equiv.) and K,COs (3.2 g, 23.5 mmol,
2 equiv.) in 60 mL acetone (0.2 M) at 0°C. The resulting reaction mixture was then
heated at reflux for 16 h. Purified using silica chromatography, eluting with 100%
EtOAc, to afford the title compound as a cream amorphous solid (2.15 g, 87%).'H
NMR (400 MHz, CDCl3): 8 7.76 — 7.71 (m, 2H), 7.07 (dd, J = 5.1, 4.0 Hz, 1H), 4.98
(s, 2H), 3.93 (s, 3H), 2.27 (s, 3H). °C NMR (126 MHz, CDCl;): & 204.0, 165.4,

162.2, 145.2, 139.8, 119.5, 115.4, 70.1, 52.7, 26.8. vmax (neat): 2953, 1728, 1595,
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1575 ecm”. HRMS: exact mass calculated for [M+H+] (C1oH2NO,) m/z requires
210.0761 m/z found 210.0760.

Attempted syntheses of methyl 6-((2-methyl-1H-indol-3-yl)oxy)picolinate (1.82).
Reaction 1:

Synthesis was first attempted according to General Procedure A using methyl 6-(2-
oxopropoxy)picolinate (1.81) (500 mg, 2.39 mmol, 1 equiv.) and phenylhydrazine
hydrogenchloride (349 mg, 2.39 mmol, 1 equiv.) in 10 mL EtOH (0.2 M) for 2 h,
however, no desired product was observed.

Reaction 2:

The reaction was then repeated following General Procedure A using methyl 6-(2-
oxopropoxy)picolinate (1.81) (200 mg, 0.957 mmol, 1 equiv.) and phenylhydrazine
hydrogenchloride (138 mg, 0.957 mmol, 1 equiv.) in 10 mL EtOH (0.1 M) for 16 h.
No desired product was observed, with methyl 6-hydroxypicolinate (1.80) isolated as
the major product (58 mg, 40%).

Reaction 3:

The reaction was then repeated following General Procedure A using methyl 6-(2-
oxopropoxy)picolinate (1.81) (200 mg, 0.957 mmol, 1 equiv.) and phenylhydrazine
hydrogenchloride (138 mg, 0.957 mmol, 1 equiv.) in 10 mL EtOH (0.1 M) for 2 h,
with additional 1 M HCI in ether (0.2 mL) and AcOH (0.2 mL), however, no desired
product was observed.

Reaction 4:

The reaction was then repeated following General Procedure A using methyl 6-(2-
oxopropoxy)picolinate (1.81) (200 mg, 0.957 mmol, 1 equiv.) and phenylhydrazine

hydrogenchloride (138 mg, 0.957 mmol, 1 equiv.) in 10 mL EtOH (0.1 M) for 2 h,
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with additional citric acid (18 mg, 0.096 mmol, 10 mol%) however, no desired
product was observed.

Synthesis of 1-((6-bromopyridin-2-yl)oxy)propan-2-one (1.84). NaH 60% w/w
(172 mg, 4.30 mmol, 1.5 equiv.) was added to a solution of 6-bromopyridin-2-ol
(1.83) (500 mg, 2.87 mmol, 1 equiv.) in 15 mL PhMe (0.2 M) at 0 °C then refluxed
for 1 h. Chloroacetone (228 pL, 2.87 mmol, 1 equiv.) was then added and the
reaction mixture was refluxed for a further 16 h. The reaction mixture was then
allowed to cool to room temperature, diluted with 20 mL EtOAc and washed with 2
x 20 mL H,O. The organic layer was collected, dried (hydrophobic frit), and
concentrated under vacuum. Purified using silica chromatography, eluting with 50-
100% EtOAc/petroleum ether, to afford the title compound as a pale brown
amorphous solid (227 mg, 34%)."H NMR (400 MHz, CDCls): & 7.36 (dd, J=9.7, 2.7
Hz, 1H), 7.27 (dd, J = 2.7, 0.4 Hz, 1H), 6.46 (d, J = 9.8 Hz, 1H), 4.65 (s, 2H), 2.24
(s, 3H). °C NMR (101 MHz, CDCl3): & 200.2, 160.7, 143.3, 138.0, 121.9, 98.0,
57.8, 27.6. Vmax (neat): 3039, 2937, 2158, 1967, 1728, 1666, 1587, 1527 cm’.
HRMS: exact mass calculated for [M+H+] (CsHoBrNO,) m/z requires 229.9811,
231.9791 m/z found 229.9814, 231.9789.

Attempted syntheses of 3-((6-bromopyridin-2-yl)oxy)-2-methyl-1H-indole (1.85).
Reaction 1:

Synthesis was first attempted according to General Procedure A using 1-((6-
bromopyridin-2-yl)oxy)propan-2-one (1.84) (217 mg, 0.943 mmol, 1 equiv.) and
phenylhydrazine hydrochloride (169 mg, 0.943 mmol, 1 equiv.) in 5 mL EtOH (0.2
M) for 2 h. No desired product was observed and further analysis by LCMS

identified 6-bromopyridin-2-ol (1.83) as the major product.
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Reaction 2:

A second reaction was trialled according to General Procedure A using 1-((6-
bromopyridin-2-yl)oxy)propan-2-one (1.84) (217 mg, 0.943 mmol, 1 equiv.) and
phenylhydrazine hydrochloride (169 mg, 0.943 mmol, 1 equiv.) in 5 mL EtOH (0.2
M) with additional 1 M HCI in ether (0.2 mL) and AcOH (0.2 mL), however, no

desired product was observed.

Synthesis of 2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.87). Prepared
according to General Procedure D using 2-methyl-1H-indole 1.86 (1 g, 7.63 mmol, 1
equiv.), 4-bromo-1-methyl-1H-pyrazole (1.2 mL, 11.4 mmol, 1.5 equiv.), CuO (1.2
g, 15.3 mmol, 2 equiv.), and K,COs (1.4 g, 9.92 mmol, 1.3 equiv.) in pyridine (10
mL, 0.8 M). Purified using silica chromatography, eluting with 0-30%
EtOAc/petroleum ether, to afford the title compound as a brown amorphous solid
(679 mg, 42%). '"H NMR (400 MHz, CDCls): & 7.58 (s, 1H), 7.57-7.52 (m, 1H), 7.50
(s, 1H), 7.17-7.07 (m, 3H), 6.37 (s, 1H), 4.01 (s, 3H), 2.31 (s, 3H). °C NMR (101
MHz, CDCls): & 138.9, 137.7, 137.4, 128.3, 127.4, 121.2, 120.3, 120.2, 119.7, 110.0,
101.2, 39.8, 13.3. Lmax (neat): 3114, 3051, 2984, 2941, 2919, 1612, 1586, 1560 cm™.
HRMS: exact mass calculated for [M+H]" (Ci3H4N3) m/z requires 212.1182, m/z
found 212.1182.

Synthesis of 3-iodo-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.88).
Iodine (341 mg, 1.34 mmol, 1.1 equiv.) was added to a solution of 2-methyl-1-(1-
methyl-1H-pyrazol-4-yl)-1H-indole (1.87) (300 mg, 1.22 mmol, 1 equiv) and KOH
(171 mg, 3.05 mmol, 2.5 equiv.) in 2 mL DMF (0.6 M) then stirred at room
temperature for 16 h. The resulting solution was diluted with 10 mL EtOAc and

washed with 10 mL conc. aq. Na;S,0s followed by 10 mL H,O. The organic layer
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was dried (hydrophobic frit) and concentrated under vacuum. The residue was then
triturated using hexane to afford a cream amorphous solid (225 mg, 49%), which was
used in the next step without further purification.

Attempted syntheses of methyl 6-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-
indol-3-yl)oxy)picolinate (1.89).

Reaction 1:

A flask containing 3-iodo-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.88)
(100 mg, 0.297 mmol, 1 equiv.), methyl 6-hydroxypicolinate (54 mg, 0.356 mmol,
1.2 equiv.), pyridine-2,6-dicarboxylic acid (4 mg, 0.030 mmol, 10 mol%), Cul (3 mg,
0.015 mmol, 5 mol%) and K3PO4 (126 mg, 0.594 mmol, 2 equiv.) in I mL DMSO
(0.3 M) was heated to 110 °C under nitrogen for 24 h, however, no reaction occurred
and only the starting materials remained.

Reaction 2:

A flask containing 3-iodo-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.88)
(100 mg, 0.297 mmol, 1 equiv.), methyl 6-hydroxypicolinate (54 mg, 0.356 mmol,
1.2 equiv.), pyridine-2,6-dicarboxylic acid (4 mg, 0.030 mmol, 10 mol%), Cul (56
mg, 0.297 mmol, 1 equiv.) and KsPO4 (126 mg, 0.594 mmol, 2 equiv.) in 1 mL
distilled DMF (0.3 M) was heated to 110 °C under nitrogen for 24 h, however, no
reaction occurred and only the starting materials remained.

Synthesis of 3-(3-bromobenzyl)-6-chloro-2-methyl-1H-indole (1.91). Prepared
according to General Procedure H using 3-bromobenzaldehyde (442 mg, 2.39 mmol,
1.1 equiv.), 6-chloro-2-methyl-1H-indole (1.90) (360 mg, 2.17 mmol, 1 equiv.),
Et;SiH (451 pL, 2.83 mmol, 1.3 equiv.), and TFA (249 uL, 3.26 mmol, 1.5 equiv.) in

DCM (10 mL, 0.2 M). Purified using silica chromatography, eluting with 0-5%
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EtOAc/petroleum ether, to afford the title compound as a white amorphous solid
(587 mg, 73%). 'H NMR (600 MHz, CO(CD;),): & 10.10 (br s, 1H), 7.38 (s, 1H),
7.34-7.28 (m, 3H), 7.23 (d, J = 7.7 Hz, 1H), 7.18 (app t, J = 7.8 Hz, 1H), 6.93 (dd, J
= 8.5, 1.8 Hz, 1H), 4.06 (s, 2H), 2.42 (s, 3H). °C NMR (151 MHz, CO(CDs),): &
145.7, 134.5, 131.9, 131.0, 129.5, 128.3, 128.1, 126.8, 122.8, 119.9, 119.7, 111.1,
110.2, 30.0, 11.6. One carbon not observed/coincident. Lyax (neat): 3409, 3053,
2911, 2850, 1692, 1613, 1593, 1567 cm™'. HRMS: exact mass calculated for [M+H]"
(C16H14BrCIN) m/z requires 337.9948, m/z found 337.9947.

Synthesis of methyl 3-((6-chloro-2-methyl-1H-indol-3-yl)methyl)benzoate (1.92).
Prepared according to General Procedure G using trans-bis(acetato)bis[o-(di-o-
tolylphosphino)benzyl] dipalladium(II) (77 mg, 0.0821 mmol, 5 mol%), 3-(3-
bromobenzyl)-6-chloro-2-methyl-1H-indole (1.91) (551 mg, 1.65 mmol, 1 equiv.),
Mo(CO)s (436 mg, 1.65 mmol, 1 equiv.), [/BusPHIBFs (96 mg, 0.330 mmol, 20
mol%), and DBU (370 pL, 2.48 mmol, 1.5 equiv.) in MeCN/MeOH (10 mL, 1:4, 0.2
M). Purified using silica chromatography, eluting with 0-15% EtOAc/petroleum
ether, to afford the title compound as a pale yellow amorphous solid (348 mg, 67%).
'H NMR (400 MHz, CO(CDs),): 8 10.11 (br s, 1H), 7.89 (s, 1H), 7.81-7.78 (m, 1H),
7.53-7.44 (m, 1H), 7.37 (app t, J = 7.7 Hz, 1H), 7.33-7.28 (m, 2H), 6.91 (dd, J = 8.4,
1.9 Hz, 1H), 4.13 (s, 2H), 3.83 (s, 3H), 2.43 (s, 3H). °C NMR (101 MHz,
CO(CDs)y): 6 167.3, 143.5, 137.2, 134.4, 133.8, 131.2, 129.9, 129.3, 128.4, 127.7,
126.8, 119.9, 119.8, 111.2, 110.6, 52.2, 30.3, 11.7. vmax (neat): 3328, 2945, 2896,
1705, 1621, 1608 cm™. HRMS: exact mass calculated for [M+H]" (C;sH,7CINO,)

m/z requires 316.0913, m/z found 316.0914.
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Synthesis of 3-((6-bromopyridin-2-yl)methyl)-6-chloro-2-methyl-1-(1-methyl-
1H-pyrazol-4-yl)-1H-indole (1.94). Prepared according to General Procedure H
using 6-bromopyridine-2-carbaldehyde (91 mg, 0.489 mmol, 1.2 equiv.), 6-chloro-2-
methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indole (1.72) (100 mg, 0.406 mmol, 1
equiv.), Et;SiH (84 pL, 0.529 mmol, 1.3 equiv.), and TFA (47 pL, 0.610 mmol, 1.5
equiv.) in DCM (2 mL, 0.2 M). Purified using silica chromatography, eluting with 0-
50% EtOAc/petroleum ether, to afford the title compound as a yellow oil (94 mg,
56%). 'H NMR (400 MHz, CO(CD5s),): & 7.96 (s, 1H), 7.60 (s, 1H), 7.57 (app t, J =
7.7 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.22 (d, J = 7.2 Hz,
1H), 7.08 (d, J = 1.6 Hz, 1H), 7.02 (dd, J = 8.4, 1.9 Hz, 1H), 4.23 (s, 2H), 4.01 (s,
3H), 2.33 (s, 3H). °C NMR (101 MHz, CDCls): § 163.8, 141.9, 140.4, 139.5, 137.3,
137.1, 128.9, 127.6, 126.2, 122.4, 120.8, 120.2, 119.9, 110.5, 110.3, 39.8, 33.5, 11.1.
One carbon not observed/coincident. L. (neat): 3114, 2921, 1612, 1582, 1554 em’™
HRMS: exact mass calculated for [M+H]" (C19H;7BrCIN,) m/z requires 417.0297,
m/z found 417.0294.

Synthesis of methyl 6-((6-chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-
indol-3-yl)methyl)picolinate (1.95). Prepared according to General Procedure G
using trans-bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(Il) (9 mg,
0.00959 mmol, 5 mol%), 3-((6-bromopyridin-2-yl)methyl)-6-chloro-2-methyl-1-(1-
methyl-1H-pyrazol-4-yl)-1H-indole (1.94) (84 mg, 0.202 mmol, 1 equiv.), Mo(CO)s
(53 mg, 0.202 mmol, 1 equiv.), [fBusPH]BF, (12 mg, 0.0414 mmol, 20 mol%), and
DBU (45 pL, 0.303 mmol, 1.5 equiv.) in MeCN/MeOH (2.5 mL, 1:4, 0.1 M).
Purified using silica chromatography, eluting with 50-70% EtOAc/petroleum ether,

to afford the title compound as a cream amorphous solid (61 mg, 76%). '"H NMR
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(400 MHz, CO(CDs),): 6 7.96 (s, 1H), 7.88 (dd, J= 7.7, 1.0 Hz, 1H), 7.80 (app t, J =
7.7 Hz, 1H), 7.60 (s, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.40 (dd, J = 7.8, 1.0 Hz, 1H),
7.07 (d, J = 1.7 Hz, 1H), 7.00 (dd, J = 8.4, 1.9 Hz, 1H), 4.32 (s, 2H), 4.01 (s, 3H),
3.93 (s, 3H), 2.36 (s, 3H). °C NMR (151 MHz, CO(CD;),): & 166.5, 162.6, 148.6,
139.5, 138.4, 137.3, 137.0, 128.9, 127.7, 127.6, 126.5, 123.2, 120.8, 120.4, 119.9,
110.7, 110.4, 52.6, 39.8, 34.0, 11.1. vmax (neat): 3086, 3057, 2950, 2917, 2855, 1712,
1610, 1593, 1584 cm™. HRMS: exact mass calculated for [M+H]" (C5 HyoCIN4O5)
m/z requires 397.1240, m/z found 397.1236.

Synthesis of methyl 3-((2-methyl-1H-indol-3-yl)thio)benzoate (1.100). Prepared
according to General Procedure G using trans-bis(acetato)bis[o-(di-o-
tolylphosphino)benzyl]dipalladium(Il) (183 mg, 0.195 mmol, 5 mol%), 3-((3-
bromophenyl)thio)-2-methyl-1H-indole (1.107) (1.2 g, 3.77 mmol, 1 equiv.),
Mo(CO)s (995 mg, 3.77 mmol, 1 equiv.), [tBusPH]BF,s (219 mg, 0.754 mmol, 20
mol%), and DBU (844 pL, 5.66 mmol, 1.5 equiv.) in MeCN/MeOH (20 mL, 1:4, 0.2
M) to afford the title compound as a brown amorphous solid (1.03 g, 92%). 'H NMR
(500 MHz, CDCl5): 6 8.49 (br s, 1H), 7.81 (s, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.51 (d,
J=17.8 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.22-7.09 (m, 4H), 3.86 (s, 3H), 2.50 (s,
3H). °C NMR (126 MHz, CDCl3): § 166.9, 141.4, 140.4, 135.6, 130.6, 130.1, 129.8,
128.7, 126.6, 125.8, 122.2, 120.8, 118.8, 110.8, 52.1, 29.1, 12.1. Umax (neat): 3327,
2850, 1710 cm™. HRMS: exact mass calculated for [M-H] (C;7H4sNO,S) m/z

requires 296.0751, m/z found 296.0753.

Synthesis of methyl 3-((1,2-dimethyl-1H-indol-3-yl)thio)benzoate (1.101).
Prepared according to General Procedure F using methyl 3-((2-methyl-1H-indol-3-

yl)thio)benzoate (1.100) (200 mg, 0.673 mmol, 1 equiv.), NaH 60% w/w (54 mg,
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1.35 mmol, 2 equiv.), and Mel (84 puL, 1.35 mmol, 2 equiv.) in THF (3 mL, 0.2 M).
Purified using silica chromatography, eluting with 10% EtOAc/petroleum ether, to
afford the title compound as a pale yellow amorphous solid (71 mg, 34%). '"H NMR
(500 MHz, CDCls3): & 7.87 (s, 1H), 7.74 (dd, J = 7.6, 1.2 Hz, 1H), 7.59 (d, J = 7.8
Hz, 1H), 7.38 (d, J = 8.2 Hz, 1H), 7.28 (app t, J = 7.1 Hz, 1H), 7.24-7.11 (m, 3H),
3.90 (s, 3H), 3.79 (s, 3H), 2.56 (s, 3H). °C NMR (126 MHz, CDCL): & 166.9, 143.1,
140.8, 137.3, 130.7, 129.9, 129.6, 128.8, 126.7, 125.8, 122.0, 120.7, 118.9, 109.3,
97.5,52.2, 30.5, 11.0. vmax (neat): 2949, 1722, 1572, 1527 cm™'. HRMS: exact mass
calculated for [M+H]" (C1sH;sNO,S) m/z requires 312.1053, m/z found 312.1055.

Synthesis of 3-((6-bromopyridin-2-yl)methyl)-2-methyl-1-(1-methyl-1H-pyrazol-
4-yl)-1H-indole (1.102). Prepared according to General Procedure H using 6-
bromopyridine-2-carbaldehyde (91 mg, 0.489 mmol, 1.03 equiv.), 2-methyl-1-(1-
methyl-1H-pyrazol-4-yl)-1H-indole (1.87) (100 mg, 0.474 mmol, 1 equiv.), Et;SiH
(84 pL, 0.529 mmol, 1.1 equiv.), and TFA (47 puL, 0.610 mmol, 1.3 equiv.) in DCM
(2 mL, 0.2 M). Purified using silica chromatography, eluting with 20-60%
EtOAc/petroleum ether, to afford the title compound as a yellow gum (158 mg,
85%). 'H NMR (400 MHz, CDCls): & 7.58 (s, 1H), 7.52 (s, 1H), 7.44 (dd, J = 6.6,
1.5 Hz, 1H), 7.34 (app t, J= 7.7 Hz, 1H), 7.27 (d, J = 8.7 Hz, 1H), 7.19-7.05 (m, 3H),
6.98 (dd, J=7.5, 0.7 Hz, 1H), 4.29 (s, 2H), 4.01 (s, 3H), 2.27 (s, 3H). >C NMR (101
MHz, CDCls): 8 163.2, 141.3, 138.9, 138.3, 137.5, 135.2, 128.0, 127.5, 125.4, 121.7,
121.2, 120.3, 120.2, 118.2, 110.0, 109.1, 39.8, 33.2, 11.1. vmax (neat): 3114, 3051,
2921, 1616, 1582, 1554 cm’. HRMS: exact mass calculated for [M+H]"

(C19H3BrNy) m/z requires 383.0689, m/z found 383.0686.
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Synthesis of ethyl 3-(2-oxopropoxy)benzoate (1.103). Chloroacetone (2.4 mL, 30.1
mmol, 1 equiv.) was added to a stirred suspension of ethyl 3-hydroxybenzoate (5 g,
30.1 mmol, 1 equiv.) and K,CO; (8.3 g, 60.2 mmol, 2 equiv.) in acetone (150 mL,
0.2 M). The reaction mixture was heated to 60 °C for 16 h then allowed to return to
room temperature and concentrated under vacuum. The residue was then dissolved in
EtOAc (100 mL) and washed with H,O (100 mL), followed by 4 M aq. NaOH (100
mL). The organic layer was collected, dried (hydrophobic frit), and concentrated
under vacuum. Purified using silica chromatography, eluting with 10%
EtOAc/petroleum ether, to afford the title compound as a yellow liquid (3.7 g, 55%).
'H NMR (500 MHz, CDCls): § 7.70-7.68 (m, 1H), 7.53 (dd, J = 2.6, 1.4 Hz, 1H),
7.37 (app t, J = 8.0 Hz, 1H), 7.10 (dd, J = 8.2, 2.7, 1H), 4.60 (s, 2H), 4.37 (q, J = 7.1
Hz, 2H), 2.29 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H). °C NMR (126 MHz, CDCL): &
205.0, 166.3, 157.8, 132.3, 129.8, 123.1, 119.8, 115.0, 73.2, 61.3, 26.8, 14.4. Umax
(neat): 2980, 2906, 1714, 1585 cm’'. HRMS: exact mass calculated for [M+H]"
(C12H504) m/z requires 223.0965, m/z found 223.0966.

Synthesis of ethyl 3-((6-chloro-2-methyl-1H-indol-3-yl)oxy)benzoate (1.104).
Prepared according to General Procedure A wusing (3-chlorophenyl)hydrazine
hydrochloride (1.6 g, 9.01 mmol, 1 equiv.) and ethyl 3-(2-oxopropoxy)benzoate
(1.103) (2 g, 9.01 mmol, 1 equiv.) in ZBuOH (90 mL, 0.1 M) with additional 1 M
HCl in Et,O (27 mL) and AcOH (10 mL). Purified by silica chromatography, eluting
with 10% EtOAc/petroleum ether, to afford the title compound as a pale brown
amorphous solid (845 mg, 28%). "H NMR (600 MHz, CDCLs): & 7.72-7.65 (m, 2H),
7.62 (dd, J= 2.5, 1.6 Hz, 1H), 7.31 (app t, J = 8.0 Hz, 1H), 7.29 (d, J = 1.6 Hz, 1H),

7.13 (d, J = 8.4 Hz, 1H), 7.10 (dd, J = 8.3, 2.6 Hz, 1H), 6.98 (dd, J = 8.4, 1.8 Hz,
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1H), 4.34 (q, J = 7.1 Hz, 2H), 2.32 (s, 3H), 1.36 (t, J = 7.1 Hz, 3H). NH proton not
observed. °C NMR (151 MHz, CDCL): & 166.4, 159.2, 133.6, 132.2, 129.6, 129.4,
127.9, 125.1, 123.1, 120.7, 120.3, 119.8, 118.2, 116.6, 111.0, 61.2, 14.4, 10.4. Umax
(neat): 3350, 2982, 1713, 1701, 1585 cm’. HRMS: exact mass calculated for
[M+H]" (C15H7CINO3) m/z requires 332.0862, m/z found 332.0867.

Synthesis of methyl 6-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-
y)methyl)picolinate (1.105). Prepared according to General Procedure G using
trans-bis(acetato)bis[o-(di-o-tolylphosphino)benzyl] dipalladium(Il) (17 mg, 0.0181
mmol, 5 mol%), 3-((6-bromopyridin-2-yl)methyl)-2-methyl-1-(1-methyl-1H-
pyrazol-4-yl)-1H-indole (1.102) (140 mg, 0.367 mmol, 1 equiv.), Mo(CO)s (97 mg,
0.367 mmol, 1 equiv.), [/BusPH|BF4 (21 mg, 0.0724 mmol, 20 mol%), and DBU (82
pL, 0.550 mmol, 1.5 equiv.) in MeCN/MeOH (2.5 mL, 1:4, 0.1 M). Purified using
silica chromatography, eluting with 50-100% EtOAc/petroleum ether, to afford the
title compound as a yellow oil (55 mg, 42%). '"H NMR (400 MHz, CDCls): & 7.94 (d,
J=17.6 Hz, 1H), 7.62 (app t, J = 7.8 Hz, 1H), 7.59 (s, 1H), 7.53 (s, 1H), 7.42 (d, J =
7.4 Hz, 1H), 7.22-7.04 (m, 4H), 4.44 (s, 2H), 4.04 (s, 3H), 4.02 (s, 3H), 2.27 (s, 3H).
BC NMR (101 MHz, CDCL): & 166.2, 162.2, 147.4, 138.4, 137.5, 135.2, 128.1,
127.5, 125.9, 122.8, 121.7, 120.4, 120.2, 118.3, 110.0, 109.3, 53.1, 39.9, 33.6, 11.1.
One carbon not observed/coincident. v (neat): 3118, 3090, 3001, 2943, 2919,
2855, 1716, 1617, 1591 cm’. HRMS: exact mass calculated for [M+H]"
(C21H21N4O3) m/z requires 361.1659, m/z found 361.1660.

Synthesis of ethyl 3-((2-methyl-1H-indol-3-yl)oxy)benzoate (1.106). Prepared
according to General Procedure A using phenylhydrazine hydrochloride (653 mg,

4.50 mmol, 1 equiv.) and ethyl 3-(2-oxopropoxy)benzoate (1.103) (1 g, 4.50 mmo, 1
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equiv.) in tBuOH (45 mL, 0.1 M) with additional 1 M HCI in Et,0 (14 mL) and
AcOH (14 mL). Purified by reverse-phase HPLC to afford the title compound as a
pale brown amorphous solid (167 mg, 12%). '"H NMR (500 MHz, CDCls): & 7.91 (s,
1H), 7.79-7.71 (m, 2H), 7.34 (app t, J = 8.2 Hz, 1H), 7.28 (app t, J = 7.6 Hz, 2H),
7.20-7.12 (m, 2H), 7.06 (app t, J = 7.5 Hz, 1H), 4.39 (q, J = 7.1 Hz, 2H), 2.29 (s,
3H), 1.40 (t, J = 7.1 Hz, 3H). °C NMR (126 MHz, CDCl;): & 166.6, 159.4, 133.2,
132.0, 130.0, 129.5, 124.4, 122.9, 121.7, 121.5, 119.8, 119.7, 117.1, 116.6, 111.0,
61.2, 14.4, 10.1. Uy (neat): 3370, 2980, 1715, 1697, 1620, 1584 cm™. HRMS: exact
mass calculated for [M+H]" (CigHi;sNOs) m/z requires 296.1281, m/z found
296.1284.

Synthesis of 3-((3-bromophenyl)thio)-2-methyl-1H-indole (1.107). Prepared
according to General Procedure E using phenylhydrazine hydrochloride (592 mg,
4.08 mmol, 1 equiv.) and 1-((3-bromophenyl)thio)propan-2-one (1.74) (1 g, 4.08
mmol, 1 equiv.) in EtOH (20 mL, 0.2 M). Purified using silica chromatography,
eluting with 0-10% EtOAc/petroleum ether, to afford the title compound as a brown
oil (1.2 g, 92%). "H NMR (400 MHz, CDCl3): & 8.30 (br s, 1H), 7.52 (d, J= 7.8 Hz,
1H), 7.36 (d, J = 8.0 Hz, 1H), 7.23-7.19 (m, 1H), 7.18-7.11 (m, 3H), 7.00 (app t, J =
8.1 Hz, 1H), 6.98-6.92 (m, 1H), 2.52 (s, 3H). °C NMR (101 MHz, CDCL): & 142.1,
141.5, 135.6, 130.1, 127.9, 127.7, 124.1, 123.0, 122.5, 121.0, 118.9, 110.9, 98.5,
12.3. One carbon not observed/coincident. L. (neat): 3392, 3055, 2980, 1573, 1556
cm’. HRMS: exact mass calculated for [M+H]  (C;sH;3sBrNS) m/z requires
319.9925, m/z found 319.9931.

Synthesis of 3-(3-bromobenzyl)-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-

indole (1.108). Prepared according to General Procedure H wusing 2-
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bromobenzaldehyde (90 mg, 0.486 mmol, 1.02 equiv.), 2-methyl-1-(1-methyl-1H-
pyrazol-4-yl)-1H-indole (1.87) (100 mg, 0.474 mmol, 1 equiv.), Et;SiH (84 uL,
0.529 mmol, 1.1 equiv.), and TFA (47 pL, 0.610 mmol, 1.3 equiv.) in DCM (2 mL,
0.2 M). Purified using silica chromatography, eluting with 20-50% EtOAc/petroleum
ether, to afford the title compound as a yellow gum (165 mg, 89%). '"H NMR (400
MHz, CDCL): & 7.60 (s, 1H), 7.53 (s, 1H), 7.46-7.38 (m, 2H), 7.30 (d, J = 7.8 Hz,
1H), 7.21-7.04 (m, 5H), 4.09 (s, 2H), 4.02 (s, 3H), 2.26 (s, 3H). °C NMR (101 MHz,
CDCls): 6 144.1, 138.3, 137.5, 134.6, 131.4, 130.0, 129.1, 128.1, 127.6, 127.1,
122.6, 121.5, 120.4, 120.0, 118.2, 110.5, 109.9, 39.8, 30.3, 11.1. Lmax (neat): 3116,
3053, 2986, 2941, 2919, 1614, 1582, 1569 cm™'. HRMS: exact mass calculated for
[M+H]" (C20HoBrN3) m/z requires 382.0736, m/z found 382.0737.

Synthesis of methyl 3-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-
yl)methyl)benzoate (1.109). Prepared according to General Procedure G using
trans-bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(Il) (19 mg, 0.0202
mmol, 5 mol%), 3-(3-bromobenzyl)-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-
indole (1.108) (150 mg, 0.395 mmol, 1 equiv.), Mo(CO)s (104 mg, 0.395 mmol,
lequiv.), [tBusPH]BF4 (23 mg, 0.0793 mmol, 20 mol%), and DBU (88 pL, 0.593
mmol, 1.5 equiv.) in MeCN/MeOH (2.5 mL, 1:4, 0.2 M). Purified using silica
chromatography, eluting with 50-70% EtOAc/petroleum ether, to afford the title
compound as a yellow oil (111 mg, 78%). '"H NMR (400 MHz, CDCls): & 7.99 (s,
1H), 7.85 (d, /= 7.8 Hz, 1H), 7.59 (s, 1H), 7.53 (s, 1H), 7.41 (app t, J = 8.0 Hz, 2H),
7.31 (app t, J = 7.7 Hz, 1H), 7.18-7.01 (m, 3H), 4.16 (s, 2H), 4.01 (s, 3H), 3.90 (s,
3H), 2.27 (s, 3H). °C NMR (101 MHz, CDCl;): & 167.4, 142.1, 138.3, 137.5, 134.5,

133.1, 130.3, 129.6, 128.6, 128.1, 127.6, 127.3, 121.5, 120.4, 120.0, 118.2, 110.8,
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109.9, 52.2, 39.8, 30.6, 11.1. vmax (neat): 3116, 3051, 2949, 2919, 1718, 1608, 1584
cm’. HRMS: exact mass calculated for [M+H]" (CyHyN30,) m/z requires

360.1707, m/z found 360.1705.

1.6.4 Bis-pNPP Inhibition Assay.

Molecules were tested for their ability to inhibit autotaxin activity using the
Autotaxin Inhibitor Screening Kit (Cayman Chemical) with modifications to the
manufacturer’s protocol. Briefly, in a 96 well plate 20 ng/mL autotaxin was
incubated with 1 mM bis-pNPP at 30 °C for 30 min in 50 mM Tris-HCI buffer (pH
8.5) containing 10 mM CacCl, and 0.02% triton X. Liberated bis-p-nitrophenol was
measured using a Wallac Victor2 1420 multilabel counter (Perkin Elmer,
Beaconsfield, UK) in absorbance mode at 405 nm. The background was determined
by incubating bis-pNPP in the absence of enzyme. Activity of the compounds was
determined by subtracting the average background optical density from all results
and expressing the compound activity as a percentage of the enzyme-substrate
reaction in the absence of compound. Compounds were screened against autotaxin at
a single concentration or using a dose response curve. Single concentration screens
were carried out at an inhibitor concentration of 30 puM; samples which showed
inhibition of 60% or greater were considered to be active and progressed to further
testing. Dose response curves were performed in the concentration range of 30 nM to
30 uM, or 2 nM to 50 uM, ten point curves. Compounds which showed inhibition of
less than 60% at 30 uM or a ICsg value greater than 30 uM were considered inactive.
Data was expressed as mean £ SEM, plotted, and the 1Csy values were calculated
using Graph Pad Prism version 6.00 for Windows, GraphPad Software, La Jolla

California USA, www.graphpad.com.
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1.6.5 LPC Choline Release Assay.
All biochemical studies were performed with human ATX (hATX). ATX lysoPLD

activity was measured by choline release from LPC. 20 nM ATX (prepared from
HEK 293 Flp-In cells, see SI) was incubated with 150 pM LPC(18:1) in a final
volume of 100 pL buffer containing 50 mM Tris pH 7.4, 0.01% Triton X-100, 50
mM CaCl,, 1 Unit mL™ choline oxidase, 2 Unit mL™" HRP, 2 mM homovanilic acid
(HVA). The relative amount of released choline was measured by HVA fluorescence
in a 96-well plate (Corning). Fluorescent intensity was determined at Aex/Aem =
320/450 nm every 30 seconds for 90 minutes with a Fluorostar plate reader (BMG
Labtech). All compounds were screened initially from 400 nM to 100 pM, n = 3, and
categorised into one of four ICs, categories: (i) <1 puM; (ii) 1-10 uM; (iii) 10-20 pM;
(iv) >30 uM. Further screening of active compounds was then carried out from 0.5
nM to 10 uM, n > 2. Data analysis was performed using GraphPad Prism version
6.00 for Windows, GraphPad Software, La Jolla California USA,

www.graphpad.com

1.6.6 Molecular Modeling.

GOLD® software version 5.4.1 was used for the docking studies of analogues with
double mutant hATX (PDB 4ZG7, cocrystal of 1.21 with ATX). Starting with the
energy minimised structure of the inhibitor (minimised using the MM2 calculation,
Chem3D Pro software version 13.0.2.3021) the GOLD wizard was used to carry out
the molecular modelling. The binding site was defined to within 7 A of the
PharmAkea analogue 1.21 and the docking was carried out using the slow method
and the top poses were examined further visually. The docking solutions were

viewed using Discovery Studio Visualizer” with the protein surface coloured by
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hydrophobicity. By comparing the docking solutions to the binding mode of 1.21, the
pose of the inhibitor which gave the best overlay was selected for the basis of our

docking model.
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2 Chapter 2: Lead Optimisation of Small Molecule Non-RGD-mimetic

Inhibitors for Integrin Targets

2.1 Introduction

2.1.1 Integrins

Integrins are heterodimeric cell adhesion receptors that mediate the attachment of
cells to the extracellular matrix (ECM) and are vital in cell to cell interactions.”
These receptors were named “integrins” to represent the important role that they play
in maintaining the integrity of the cytoskeletal-ECM linkage."” By recognising
binding motifs in ECM proteins, integrins enable adhesion, migration, and
proliferation of cells in their biological environment. At the time of this report, there
are 24 known integrins in humans, each of which is composed of two non-covalently
associated subunits: an o domain and a 3 domain (Figure 2.1).” These domains exist
solely as dimeric species at the cell surface; there is an excess of the [ subunit found
within the cell, and the availability of a subunit counterparts determines the number

of receptors that move to the cell surface.*'

Figure 2.1. Illustrative representation of an RGD integrin: a domain (blue), B domain (yellow).
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The o domain has an al head positioned on a seven-bladed (3-propeller which is
supported by the leg structure; this is composed of a thigh, a calf-1 (C1), and a calf-2
domain (C2). Similarly, the § domain features a I domain at its head, as well as a
hybrid domain (H) and a plexin-sempahorin-integrin (PSI) domain, which are
supported by a leg consisting of four cysteine-rich epidermal growth factor (EGF)
repeats.” The al and BI domains contain the cations found within the aptly named
metal-ion-dependent adhesion site (MIDAS): it is at the interface of these two
domains that ligand binding takes place.” The integrin receptors have flexible
structures with a number of different conformations; the three main conformations
are inactive, extended, and ligand occupied (Figure 2.2), which can be recognised by

the conformation of the receptor.*

A B C D

L |

Figure 2.2. RGD integrin conformations: o domain (blue), 3 domain (yellow), and ligand (orange).
A: Bent, inactive; B: Extended, closed headpiece conformation; C: Extended, open headpiece
conformation; D: Ligand bound, open headpiece conformation. Based on previously reported

structural information.®

The conformational changes can be caused by “inside-out” signalling, during which

proteins within the cell bind to the transmembrane base of the B domain and induce

184

the change in conformation outside the cell.”™ Alternatively, “outside-in” signalling
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occurs when the integrin ectodomain interacts with a ligand, allowing the cell to
sense and react to the extracellular environment.* In the inactive state the integrin is
bent over towards the membrane and has a low affinity for ligands (Figure 2.2A);
however, when the receptor extends out from the cell surface (Figure 2.2B), and the
B H domain undergoes concomitant conformational change (Figure 2.2C), the
receptor is primed and thus the integrin is activated. It is during this activated state
that the ligands can bind to the open headpiece; however, there is evidence that
integrins can bind ligands while in the bent, or partially bent, conformations.**® A
recent report, using biostructural studies of o,fB3 in complex with a physiologic
ligand, has shown that key n-m interactions with Tyr122 of the B3 subdomain may be
central to interacting with the inactive integrin without inducing any conformational
changes in the receptor.”” The inhibition of integrins can be achieved by preventing
the activation of the receptor or by blocking the binding site, with the latter being the
more common approach.® Each integrin recognises a specific type of ECM protein,
thus the integrin family can be categorised into subsets based on the endogenous
ligand; (i) leukocyte, (ii) collagen, (iii) tripeptide arginine-glycine-aspartic acid
(RGD), or (iv) laminin (Figure 2.3).

Collagen receptors

a2z al0
al all

B2
allb
B3 el aD

RGD 5 a5 a9 e

receptors ¥
a

86 a8 al Leukocyte — specific
receptors

aX

B8 Y

a3 o7 i

ab
Ba

Laminin receptors

Figure 2.3. Integrin family, categorised by ligand type.
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The RGD receptors are of particular therapeutic interest, with implications in
thrombosis, fibrosis, and cancer, among other disease classes.®® Accordingly, this
class of receptor is, and has been, an active area for the development of novel

medicines.

2.1.2 Inhibition of the RGD-binding Integrins

As discussed previously, integrins are known to enable adhesion, migration, and
proliferation of cells in their biological environment and as a result they have been
recognised as targets for a number of disease states. The therapeutic targets

associated with the RGD integrins are summarised in Table 2.1.

Table 2.1. RGD integrin therapeutic targets

Integrin Therapeutic Target
obPs Thrombolytic disorders
oBi Fibrosis
oBs3 Cancer, brittle bones
o Ps Cancer, brittle bones
oyBe Fibrosis
o Fibrosis
asP Angiogenesis, infectious disorders
agP Kidney disease

In the 1990s the first successful RGD integrin inhibitors were approved to reduce the
risk of ischaemic events in patients undergoing percutaneous coronary intervention
and those with acute coronary syndromes.* These pioneering inhibitors targeted the
platelet o[ integrin, also known as glycoprotein receptor (GP)-IIb/Illa, an
important target for the prevention of clot formation. This receptor is expressed
uniquely on the surface of platelets and megakaryocytes, a type of platelet-producing

cell in the bone marrow.” The three approved inhibitors are the antibody fragment

91,92 93,94 95,96
b

abciximab and two small-molecule inhibitors eptifibatide, and tirofiban
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(for a recent review see King et al.’’). Although successful, these intravenously
administered inhibitors are restricted to high-risk patients. Attempts to develop
inhibitors for oral dosing were able to overcome the physicochemical challenges
allied to zwitterionic compounds but there were issues related to pharmacology, with
some orally-active antagonists of o, [3; associated with a 30-35% increase in the risk
of death due to partial agonism causing the opposite pharmacological effect.”®” Over
eight million people have been treated using o,[3; antagonists,'” and to date oy [3;
remains to be the only RGD integrin for which pharmaceutical agents have been
approved. The current clinical progress of selected RGD drugs is summarised in

Table 2.2 (for a recent review of integrin-based therapeutics see Ley et al.”).

Table 2.2: Summary of RGD integrin inhibitors

Target Therapeutic Target
Name Structure MW*  clogP®  PSA‘
Integrin(s) (Stage)
Abciximab®** Antibody fragment o3 Thrombosis - - -
(ReoPro)
(Approved)
Eptifibatide®*** 0 o Thrombosis 832 -5.06 328
(Integrilin) o o N
HLN N (Approved)
0O, NH " o]
NH (e} N
HoN N/\/\INH 0@
H
O;X /S/\:/NH
° O/i\rxm2
Tirofiban’*® . odf s Thrombosis 441 0.598 112
(Aggrastat) ) W \@\ih(f\gsu
(Approved)
OH
Etaracizumab'**' Monoclonal antibody oBs Melanoma (Phase II), - - -
03
solid tumors (Phase 1)
MK0429'0+100 PMe o3 Prostate cancer 440 -0.307 111
. o @N a.fs (Phase I),
(L-000845704) NS NJ(N R osteoporosis (Phase II)
@/\/\ L/ N com

100



Table 2.2. Continued.

Chapter 2: Introduction

Therapeutic Target

Name Structure Target MW*  clogP®  PSA‘
t
Integrin(s) (Stage)
Cilengitide'"" . ? a.PBs Glioblastoma (Phase III) 589 -3.68 240
HLN OH a\,BS
O _NH HHN o (15[31
NH ‘.
O
iPr
110 2
JSM6427+ R P oPs Age-related - - -
Rl A H\DWO HN R®
LA Hoj\>”’/ macular
o
degeneration
(Phase I)
Volociximab''" Monoclonal antibody asPi Solid tumors - - -

112

(Phase I)

*Molecular weight (MW); "Calculated logP (clogP); “Topological polar surface area (PSA). Properties determined using JChem

for Office (Excel).”* # R groups not disclosed.

From consideration of the structures in Table 2.2, it can be noted that the non-peptide

small-molecule inhibitors still retain RGD mimetics (or KGD) and thus resemble the

native ligands of these integrins (Figure 2.4).

Figure 2.4. RGD peptide sequence.

It is understood that in the binding of the RGD sequence the acid coordinates with

the Mg** and the arginine group resides in a narrow cleft on the  domain forming

salt bridges with Asp150 and Asp218;'"> RGD-mimetic inhibitors are designed to

make the same interactions as the native ligand. Although these zwitterionic

peptidomimetics provide potency, they often suffer from sub-optimal in vivo
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pharmacokinetic profiles due to their high MW, high PSA, low clogP, and, in some
cases, high conformational flexibility. Furthermore, the use of oral RGD-mimetic
O35 inhibitors has led to a major issue in relation to pharmacology, as the
compounds also have the potential to activate the receptor.'”* The approved 0Ouf3;
inhibitors discussed previously have been reported to also cause partial agonism, and
as a result cause the opposite pharmacological effect.'”''® This reported partial
agonism is a result of allosteric changes upon binding, which prime the receptor. A
preclinical study by Reynold et al. found that the o .3, antagonist cilengitide may
promote tumor growth in vitro;'"” however, these results are highly debated, with

many clinical trials of cilengitide indicating no safety signal.'"®

One RGD-mimetic small molecule antagonist of o, [3; that does not induce receptor
priming upon binding is UR-2922 (2.1), which is the active form of the prodrug UR-
3216 (2.2) (Figure 2.5). This antagonist, developed by Ube, has been shown to bind
tightly to resting platelets, with a Ki of <1 nM. The excellent potency, along with
slow dissociation and rapid clearance of the unbound drug, is advantageous for oral
dosing of this antagonist."'”'* Although 2.1 has the RGD-mimetic of the typical
RGD integrin antagonist, no partial agonism of the a;,[3; receptor has been reported
as a result of it binding. Modelling studies carried out by Cox et al. suggested that
this analogue does not interact with the MIDAS, and thus does not activate the
receptor.®® Instead of interacting with the cation, the authors propose that the
carboxyl group of 2.1 forms an H-bond with Tyr166 and a salt bridge with Argl65.
This proposed alternative binding of the acidic motif, along with additional -7
interactions with Phe160, would distinguish this RGD-mimetic inhibitor from the

compounds described in Table 2.2; however, it is surprising that an RGD-mimetic
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inhibitor would bind via an alternative binding mode, and no biostructural evidence

was reported to support the author’s hypothesis.

HOL ~
HN N
O O
(0] o o]
HN\)I\ \)I\
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Y = _>—OH '\Of\ _>—oa
z N N
SSV4 ~. /
7 N 7 N
O,N OoN

2.1 (UR-2922) 2.2 (UR-3216)
ICs0 = 31 £3 nM MW: 564; clogP: 1.45; PSA: 195 A

MW: 520; clogP: -0.69; PSA: 202 A

Figure 2.5. o,,3; antagonist 2.1 and the prodrug form 2.2. ICs, for inhibition of ADP-induced

aggregation of platelets (human).''*'?

A potential approach to avoid this unwanted activation of oy,3; is to design
inhibitors that block the binding site without forming the interactions made by the
native RGD sequence. Thus the design of non-RGD-mimetic inhibitors could
identify effective small-molecule antagonists that do not activate the integrin. This is
a particularly promising strategy for integrin therapeutics targeting the RGD
subfamily as the increase in mortality associated with the failed attempts at oral oy, [3,
antagonists has been attributed to the ability of RGD-mimetic inhibitors to prime the
receptor.”” Furthermore, the development of non-RGD-mimetic inhibitors could
lead to a more synthetically tractable series, that could provide easier explorations of
SAR. By avoiding the RGD-mimetic, compounds may also have the potential to
possess more favorable physicochemical properties, and therefore improved

pharmacokinetic profiles.
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2.1.3 Emergence of Non-RGD-mimetic Inhibitors

2.1.3.1 ounP3s Non-RGD-mimetic Inhibitors
The first non-RGD-mimetic inhibitor of a,,[3; was identified in 2008 by Blue et al.

using a medium throughput screen (MTS) of 33,264 small molecules.”” This
inhibitor, termed RUC-1 (2.3, IC,, = 9.7 £1 uM), was reported to be effective and
selective at ay,[; with no activity observed at the related integrin a,f3;, Figure 2.6.
Through docking studies, 2.3 was determined to interact only with the o, domain
and not with the [3; subunit, thus explaining the specificity over a,f3,displayed by this
inhibitor. The authors also reported that this compound did not show any agonism of
the integrin and hypothesised that the lack of interactions with the MIDAS metal ion
may be the reason for this. Mutagenesis studies were carried out which supported the
proposed binding mode.'"” Subsequently, the cocrystal structure of 2.3 with oy,
confirmed that the binding site was localised to the o, domain and provided further

insight into this small molecule inhibitor.'*’

This crystal structure revealed that 2.3
binds to the closed conformation of the integrin headpiece and does not result in any
priming of the receptor (PDB 3NIF). This is in contrast to RGD-mimetic antagonists,
which have been shown to activate oy, resulting in partial agonism.'*'"" The
Coller group were able to develop 2.3 further, through structure-based design, and
produce an analogue with approximately 100-fold higher affinity, termed RUC-2
(2.4, IC5, = 95 +5 nM), Figure 2.6."** This more potent analogue was cocrystallised
with ay,f3;, but no density for the metal ion at the MIDAS was observed (PDB
3T3M). It was noted that 2.4 had the same binding interactions as 2.3 but with

additional interactions in the ; I domain. The primary amine of 2.4 was discovered

to compete with the Mg”* for interactions with the carboxyl oxygen of Glu220; thus,
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in high enough concentration, 2.4 displaced the metal ion of the MIDAS, explaining
its absence from the cocrystal. Furthermore, the authors report that 2.4 does not
activate the integrin upon binding, thus preventing any unwanted signaling. This
compound is the first in a novel class of integrin antagonists termed ‘“ion
displacement ligands” by the developers of 2.4.'” In 2014 the Coller group reported
the SAR surrounding the optimisation of 2.4."” Two analogues were disclosed:
RUC-3 (2.5) and RUC-4 (2.6), and the results of their docking studies compared with
the binding of 2.4 suggested that additional water-mediated interactions of the
nitrogen atoms with the receptor were responsible for the differences in the potencies
observed, Figure 2.6. Unfortunately, 2.5 was found to be unstable in solution (DMSO
or aqueous), and as a result was deprioritised. Through the ADMET profiling of 2.4
and 2.6, it was found that 2.6 had a modest microsomal stability profile (23.2
uL/min/mg, human) whereas 2.4 was highly resistant (-1.16 yL/min/mg, human).
Incorporation of a nitrogen into the aromatic ring at the core to give 2.6 increased the
aqueous solubility (thermodynamic solubility at pH 7.4: 2.4 28.0 ug/mL; 2.6 239.5
ug/mL) and maintained the potency. This chemotype was recently patented,"® and

further research is underway for the development of the more water soluble 2.6

towards a pre-hospital treatment of myocardial infraction.'”’

105



Chapter 2: Introduction

NN s NN S
T L0
N N o
! [
NH

2.3 (RUC-1) 2.4 (RUC-2)
|C50 =9.7 +1 HM ICSO =95+5nM
MW: 265; clogP: 1.25; PSA: 65 A MW: 385; clogP: 0.72; PSA: 122 A
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Figure 2.6. RUC-1 (2.3),* RUC-2 (2.4),"” RUC-3 (2.5), and RUC-4 (2.6)* from the Coller group.

ICy, for inhibition of ADP-induced aggregation of platelets (human).

Based on the unique binding mode of 2.3 and 2.4, Negri et al. carried out a structure-
based virtual screen with the aim of identifying new small molecule antagonists of
oP5."* Over 2.5 million “lead-like” compounds of the ZINC database'” were
screened, and then five potential antagonists were selected from the top 500 scoring
compounds. The ligands were selected based on the interactions observed during
modelling, diversity of chemotype, and their commercial availability. Of the five
compounds purchased (termed MSSM-1-5), four were successfully tested for
biological activity against ay,[3;, and two were found to show micromolar inhibition
of oy,B; including MSSM-1 (2.7), Figure 2.7. These novel inhibitors were also found
to show specificity for their desired integrin over o35, and no undesired priming of
the receptor was observed. In 2015 a second virtual screen of antagonists for o3
was reported by Wang et al.”’ This work combined the structure-based in silico
screen with a ligand-based pharmacophore screen of over 7.3 million “drug-like”
compounds from the ZINC database. Their campaign identified 11 commercially

available compounds, which were obtained and tested for their inhibitory effect
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against platelet aggregation. Three compounds were found to exhibit micromolar
activity, with compound 2.8 displaying the highest potency, Figure 2.7. Wang et al.
also comment that this potential antagonist is predicted to have good solubility,
permeability, ADMET properties, and low toxicity in vivo. This is perhaps surprising
as the basic 4-aminopyridine motif will increase the polarity of 2.8, thus lowering the
permeability of this inhibitor; however, no measured permeability or
pharmacokinetics were reported. With few non-RGD-mimetic inhibitors known in
the literature, broad in silico screening appears to be a valuable tool for identifying

novel scaffolds, but it is limited by the database(s) used.

NH, HN
[Sen A e
HaNT N 0
2.7

. 2.8
IC50 =12 +1 uM ICs50 =20 +4 uM
MW: 347; clogP: 2.52; PSA: 142 A MW: 343; clogP: 0.03; PSA: 103 A

Figure 2.7. a,,f; inhibitors identified by virtual screening. ICs, for inhibition of ADP-induced

aggregation of platelets (human).'? %

A more recent report from Polishchuk er al. used quantitative structure—activity
relationship (QSAR) and pharmacophore models to screen a number of databases for
novel oy, antagonists, but no hit compounds were identified.””' The authors
concluded that this was the result of the low number of zwitterionic compounds
available in the commercial libraries used for their screen. Thus, the group used their
models to design focused libraries of novel compounds, which were screened to
identify ligands that could bind either the open or the closed form of the allbf3
receptor. In order to model ligands for the open form, the RGD-mimetic inhibitor

Tirofiban was used, whereas the closed form analogues were based on 2.4. The
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virtual hit compounds were synthesised and through biological screening, one low
nanomolar inhibitor for the closed receptor was successfully identified (compound
2.9). Docking studies carried out using compound 2.9 showed a similar binding
mode to that of 2.4, but this analogue showed superior levels of potency with an ICy,
of 11 nM, Figure 2.8. A key feature of their model for a closed form binder was a
distance of 15.8 A between two positively charged centers. The authors later
confirmed this hypothesis using a series of analogues in which this distance was
varied.”> This study showed that shortening the compound by one carbon
(compound 2.10) caused a greater than 100-fold decrease in potency, and
lengthening by one carbon (compound 2.11) was also unfavorable, resulting in

micromolar inhibition, Figure 2.8.

2.9, n=2,ICs9=11+1 nM; MW: 316; clogP: -0.95; PSA: 118 A
2.10, n =1, ICsp = 150 £25 nM; MW: 302; clogP: -1.19; PSA: 118 A
2.11,n =3, ICsy = 1.4 £0.17 pM; MW: 330; clogP: -0.91; PSA: 118 A

Figure 2.8. 0,35 non-RGD-mimetic inhibitors designed from 2.4. ICs, for inhibition of ADP-induced

aggregation of platelets (human)."*"'*

2.1.3.2 oyB3 Non-RGD-mimetic Inhibitors

To the best of the author’s knowledge, the first example of a non-RGD-mimetic
inhibitor of an RGD integrin was reported by Dayma et al. in 2006."® This work
utilised common feature pharmacophore models, which were derived from known
ayBs inhibitors. Two databases were screened (NCI2000 and Chemical Diversity)
using the pharmacophore model, to give over 400 compounds. Hit compounds were
then filtered by physicochemical properties, structural diversity, and commercially

availability, to give 29 potential antagonists, which were obtained for further
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investigation. Through in vitro evaluation, four compounds were found to inhibit
ayfB3, including the non-RGD-mimetic compound 2.12, Figure 2.9. The authors
recognised the novelty of this inhibitor and carried out a small SAR study, which
identified inhibitor 2.13 with a 800-fold higher affinity than the initial hit 2.12. This
subnanomolar non-RGD-mimetic o,f3 inhibitor was shown to have low cytotoxicity,
and therefore the authors suggest this inhibitor has potential for the development of a
noncytotoxic anticancer therapy. The 2-imino-rhodanine motifs at the core of 17 and
18 are often identified as screening hits, and thus are recognised pan-assay
interference compounds (PAINS); therefore, these inhibitors may be unsuitable for

further development.'**

OMe
“’®’<o MeO )
e
HO. s /</ S/<NMe oH
NMe = o
EtO =
o) Cl 0]

2.12 2.13
IC59 = 240 NM IC50 = 0.03 nM
MW: 398; clogP: 3.54; PSA: 102 A MW: 433; clogP: 3.56; PSA: 91 A

Figure 2.9. o,B; inhibitors identified by Dayam et al. 1Csy for inhibition of o,B;.receptor binding

133
assay.

This work was closely followed by a report from Zhou ef al. in which a number of
small molecule inhibitors of o,fB3; that lacked the aspartic acid mimetic were
discovered.””” By using a crystal structure of a,f3 in complex with an RGD ligand
(PDB 1L5G, Xiong et al.'”), this group carried out a virtual screen of 88,695
commercially available organic compounds. A rigorous triage of docking results was
used to successfully identify 50 potential inhibitors for biological testing. From the
compounds that were selected for testing, seven were found to have inhibitory

activity with an ICsp of <200 uM. The most potent of the hit compounds was
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inhibitor 2.14 with an ICso = 38.5 £1.7 uM, which was progressed onto further
testing in vitro and found to effectively inhibit cell migration and angiogenesis,
Figure 2.10. Zhou et al. went on to explore this non-RGD-mimetic small molecule
further through the synthesis of a series of analogues, which led to the identification
of another inhibitor of similar potency, compound 2.15 (ICso = 33.5 +3.1 uM),
Figure 2.10. Docking studies of this compound identified that, in the most
energetically favorable binding pose, the biguanide group can interact with a number
of residues in the MIDAS through a series of H-bonds. This predicts that inhibitors
of this chemotype will interact with the receptor through a significantly different
binding mode than that of the more classic RGD-mimetic inhibitors, which is
surprising as the biguanide might be expected to mimic the arginine. Unfortunately,
no further structural information was obtained, and thus the alternative binding mode
of these compounds remains unconfirmed. The authors do not report whether these
non-RGD-mimetic compounds are both antagonists and/or partial agonists of the
receptor; nevertheless, both inhibitor 2.14 and 2.15 having the low molecular weight

of 246 Da makes the ligand efficiency of these compounds high.

H H H o H
cl N\"/N\H/NH2 cl N\n/N\"/NHZ
D/ NH NH NH  NH
cl

2.14 cl 215
ICg5q9 = 38.5 £1.7 uM IC50 = 33.5 3.1 uM
MW: 246; clogP: 1.93; PSA: 101 A MW: 246; clogP: 1.93; PSA: 101 A

Figure 2.10. o,f; inhibitors identified by Zhou et al. I1Csy for inhibition of a,B;.mediated cell

adhesion.'®

Another series of small molecule non-RGD-mimetic a,f3 inhibitors was reported by
Elliot ef al. in 2009."*° This group had taken an alternative strategy and designed a

series of novel inhibitors without the arginine motif. Their approach began with the
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screening of low molecular weight carboxylic acids and acid isosteres, from which
they identified the hit compound 2.16, Figure 2.11. This initial hit had a promising
ICs of 800 nM, thus demonstrating that it is possible to achieve good affinity with
ayBs using a non-RGD-mimetic chemotype, but the authors do not report any details
of the assay used. Through exploration of the SAR, Elliot ef al. were able to improve
this potency with the development of lead compound 2.17 with an ICsy of 11 nM;
however, the compound had limited permeability (0.021 x 10° cm s™") and the authors
comment that there was only modest selectivity for o,f3 over am,P;. Based on
analysis of previously reported crystal structures of these two integrins (PDB 1L5G
vs. 1TY7) and modelling studies, the authors hypothesised that altering the ortho
position of the sulfonamide could improve the selectivity. Through the synthesis of
further ortho substituted analogues compound 2.18 was discovered, with an ICsy of
700 nM and a >130-fold selectivity for their desired target a,33 over amyB3. This work
shows that it is possible to design nanomolar inhibitors of a,f3; without the use of an

RGD-mimetic, although the PSA values of these inhibitors are high.

o;s Me o>: o>:3
Me Me Me Me
2.16 217 218
ICs0 = 800 nM ICs0 of 11 NM ICsg of 700 nM

MW: 328; clogP: 1.06; PSA: 115 A MW: 394; clogP: 1.16; PSA: 133 A MW: 368; clogP: 0.35; PSA: 138 A

Figure 2.11. a,f; inhibitors identified by Elliot ef al."*® Assay protocol not reported.

2.1.3.3 aspi Non-RGD-mimetic Inhibitors

In 2007 a patent by AstraZeneca was reported claiming a series of small molecule
inhibitors of the RGD integrin aspi.">’ The majority of compounds covered by the

patent had the RGD-mimetics, but there were a small number of inhibitors claimed
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which did not fit this chemotype; for example, compound 2.19 which lacks the
arginine mimetic, Figure 2.12. This inhibitor was reported to have an ICsy of 4 uM in
a cell adhesion assay and an ICsp of 466 nM wusing a second
electrochemiluminescence ligand binding assay. Thus showing that this compound
was able to inhibit asB; in vitro, however, no in vivo data was reported. Although
2.19 is a non-RGD-mimetic inhibitor, this compound is quite large and lipophilic,
with the high MW of 545 Da and high clogP of 5.44. Based on these
physicochemical properties 2.19 might be predicted to suffer from poor ADMET;

however, no measured pharmacokinetics were disclosed.

Cl
219

IC5q = 466 NM?; IC5q = 4 pMP
MW: 545; clogP: 5.44; PSA: 99 A

Figure 2.12. asf, inhibitor 2.19 reported by AstraZeneca.”’ Electrochemiluminescence ligand

binding assay. "Cell adhesion assay.

More recently, another non-RGD-mimetic inhibitor of asB; was reported by Kang

P8 Termed IPS-05002, compound 2.20 was identified by a screen of a

and Kim.
phytochemical compound library wusing a ProteoChip-based protein-protein
interaction assay for asf; antagonists. This compound showed micromolar inhibition
of asP; in a cell proliferation assay and a cell migration assay, Figure 2.13.
Furthermore, the authors report that this antagonist inhibits cell adhesion and tubular
network formation, and thus 2.20 may inhibit angiogenesis. This experimental
evidence shows the potential for this novel small molecule to be developed into a

potent antagonist; however, the complex structure may limit an SAR exploration of

this scaffold if the synthetic route is not amenable to diversification.
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2.20 (IPS-05002)
ICs0 = 20.5 +0.56 pM?; IC5q = 15.52 uMP
MW: 422; clogP: 2.58; PSA: 88 A

Figure 2.13. asp; inhibitor 2.20."*® *Cell proliferation assay. °Cell migration assay.
g p y g

In summary, the RGD integrins are recognised therapeutic targets. Numerous RGD
inhibitors have been evaluated clinically for a range of therapeutic indications. For
example o, 3+/a,fs inhibitor cilengitide alone has been studied in at least 35 clinical
trials with issues appearing to be efficacy rather than safety. To date however,
inhibitors have been approved for only one integrin from this class namely
intravenous oy, ;. Safety issues were seen with oral ay,[3; inhibitors and ascribed to
conformational changes in the receptor upon binding. The emergence of small
molecule non-RGD-mimetic inhibitors has led to the discovery of new chemotypes
with the promise of much increased synthetic tractability, which inhibit the RGD
integrins, without — in the case of ay,f3; - the activation of the receptor, but the
development of an efficacious, safe drug from this new generation of inhibitors is yet
to be achieved. Initial compounds were identified using MTS and virtual screening,
however, biostructural information on the non-RGD-mimetic inhibitors bound to the
receptor, along with advancements in the understanding of the unwanted integrin
priming, has provided clues to the rational design of novel non-RGD-mimetic
compounds. This new generation of RGD-integrin antagonists could lead to the
development of a safe and efficacious oral dosing o, [3; inhibitor, and help realise the

potential of the RGD integrins as therapeutic targets.
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2.2 Project Aims

As discussed previously, the design of non-RGD-mimetic inhibitors for RGD
integrins has led to the development of potent inhibitors without the unwanted
priming of the integrin receptor. This strategy has been successfully applied to the
integrin oupPs to produce low nM inhibitors with favourable physicochemical
properties. We aimed to use the information available from the current literature to
aid the design of non-RGD-mimetic inhibitors for the a,p; integrin. RUC-2 (2.4) has
been shown to have a specificity for am,B3 over a3, which can be explained by the
piperazine motif being too large to bind within the active site of the latter, Figure
2.14A. By overlaying the crystal structures of a3 and a3 a key difference in the
position of the acidic residues was noted, Figure 2.14B. By targeting this alternative

acidic residue it was hoped that specificity for o3 over a3 could be realised.

Figure 2.14. A: 2.4 docked within o,; with the protein clash highlighted. B: Crystal structures

overlays of aypB; and a,f; with the different acidic residues highlighted.*

This structural information provided a starting point for the design of novel a3 non-

RGD-mimetic inhibitors. The reported cocrystal of 2.4 with a3 revealed that the

¥ Docking carried out by Dr Sandeep Pal, GSK
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primary amine of this inhibitor, and analogues thereof, displaces the metal ion found
within the B; domain during binding. Thus, we sought out to design new small
molecule non-RGD-mimetic inhibitors of ayf3; by maintaining the 2-amino-N-
phenylacetamide of 2.4 to bind within the B3 domain, but altering the remaining

structure to interact with the o, domain over oy, Figure 2.15

HN/\
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2.4 (96 nM, 0,||bB3)

Figure 2.15. Design of novel non-RGD-mimetic o,; inhibitors from 2.4.

Compounds were designed to include a second basic centre on the molecule, which
was intending to interact with the acidic residues within the binding site. The design
template, Figure 2.16, also aimed to explore different heterocycles, which would

project the basic nitrogen in different vectors.

Cyclic system
Ph and heterocycles

Saturated/unsaturated e Y = \-..  2-amino-N-phenylacetamine
GHet—% “_  of RUC-2 maintained
LY A

HZN_/ o}

W)
NH,

Basic nitrogen K
Varying length and vector

Figure 2.16. Molecule design of novel a,f; inhibitors.

It was hoped that using this design template a lead molecule would be identified,
which could then be optimised further. Compounds were also designed with the
physicochemical properties in mind. By maintaining a low MW and avoiding any
zwitterionic compounds, it was hoped that any lead compounds identified would

possess good druglike properties.
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2.3 Results and Discussion

2.3.1 Biological Evaluation

2.3.1.1 Cell Assay

The cell adhesion assay was carried out in house at GSK using the previously
reported protocol."”” An assay plate is coated with a known ligand for the integrin
being tested against. Once coated, labelled cells are added to the plate and incubated
for a set time to allow the cells to adhere to the receptors. The cells are pre-labelled
with a fluorescent marker for the adhesion to be measured. The plate is then washed
to remove any un-adhered cells and the adhered cells quantified by measuring the
fluorescence. For the screening of compounds in a dose-response mode, a set
concentration of potential inhibitor is added to the plate concurrently with the
labelled cells. Inhibition can then be determined by measuring the fluorescence of
any adhered cells after the plate is washed. The concentration range of the cell assay

used in this project allowed for the measurement of pICsy values >5.0.

High [I] Low [I]
é
Inactive
Incubatlon Wash Measure Active
—
Dose response

Labelled cell

Potential inhibitor

Integrin coating

Figure 2.17. Schematic representation of cell adhesion assay. [I] = inhibitor concentration.

2.3.1.2 Fluorophore Probe Assay
At the time of this report, the fluorophore probe (FP) assay employed at GSK had not

yet been published and thus the details are not disclosed herein; however, a brief

overview is provided for the readers understanding. The integrin required for the
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assay is added to a plate containing the compounds being assayed. After a set time of
incubation to allow binding, the FP is added and the assay mixture is incubated again
during which time the probe will compete with the inhibitor for the receptors. The
quantity of bound FP is then measured, and thus the inhibition can be determined.
The concentration range of the FP assay used in this project allowed for the

measurement of pICsy values >4.0.

2.3.2 Structure-activity Relationships

The first series of compounds were simple six membered heterocycles, and one
phenyl, that featured the aniline motif. Initial compounds were designed with an
aniline in the meta position as in silico work had predicted this to be the best vector
for the basic group to target the acidic residue. Although one para amine was also
included as the model predicted this position to be able to form similar interactions to

that of the meta, Figure 2.18.

Figure 2.18 In silico study of 2.21 (left) and 2.25 (right). Docked and visualised using LiveDesign.'*

A set of a seven analogues were synthesised to explore this hypothesis.
Unfortunately, this template was unsuccessful with these first analogues showing no

activity at our target integrin, Table 2.3.
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/O\ i
NH
R N)I\/ 2

H

Table 2.3. Initial aniline analogues. NT = not tested.

Cell Assay FP Assay

Compound R

apr  oPs  oPs api aPs  ofs  ofs  avps

221 |\ <49 <49 <49 45 <40 <40 41 4.2
HoN N//<

2.22 NI\ <48 <48 <48 <39 <39 <39 <39 <39
H,N /,’
N\

2.23 | . <50 <50 <50 49 <41 <41 <41 <41
H,N .
NN

2.24 |l <50 <50 <50 <41 <4l <41 <41 <41
H,N .
HoN N

2.25 Nl/ , <49 <49 <49 <39 <39 <39 <39 <39

2.26 <50 NT <50 <41 <41 <41 <41 <41

2.27 <49 NT <49 <40 <40 <40 <40 <40

To explore a wide area of chemical space, some more elaborate heterocycles were
evaluated using the in silico studies. The imidazopyridine amine 2.28 was predicted
to form a bidentate interaction with a nearby acidic residue in the docking model,
Figure 2.19. Unfortunately, no activity was observed when this analogue was tested
in either the cell assay or the FP assay, Table 2.4. Two different
tetrahydronaphthyridine compounds (2.35 and 2.36) were found to show off-target

micromolar activity, but no inhibition of the integrin of interest, o3, was observed.
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Figure 2.19 In silico study of 2.28 (left) and 2.32 (right). Docked and visualised using LiveDesign.'*’

I
J: :L NH
R N)k/ 2
H

Table 2.4. Further heterocycles. NT = not tested.

Cell Assay FP Assay

ofr  ofs  aPs oafi oPs afs  afs  avPs

Compound R

=

2.28 IJ\ <50 <50 <50 <41 <41 <41 <41 <41
HoN X
NT X

2.29 _ <5.0 <50 <50 43 <41 <41 <41 <41
Me’ ’

z
4
z

/

N

X
2.30 @\ <50 NT <50 46 <4l <41 <41 <41
HN
2.31 O <50 <50 <50 47 41 45 <4l <4l
RN

’

Lo
2.33 m <50 <50 <50 44 <41 <41 <41 <41
NS =
N
/N N\ M
A
P
N
N
A
=

<50 <50 <50 43 <41 <41 <41 <41

N
2.35 m <50 <50 <50 52 <40 48 46 45
H

s
4
e

7

e

H
N M

2.36 QIJ/\ <50 <50 <50 <41 <41 <41 <41 <41

X
2.32 HC(J\ <50 <50 <50 45 <41 43 <41 42
N

119



Chapter 2: Results and Discussion

It was hypothesised that anilines and tetrahydronaphthyridines lacked the flexibility,
or the correct length, to reach the acidic residue; therefore, two compounds were
designed with the amine homologated by one carbon. Based on molecular modelling,
these compounds were further elaborated to target a nearby tyrosine within the

binding pocket, Figure 2.20.

Figure 2.20 In silico study of 2.37 and 2.38. Docked and visualised using LiveDesign.'*’

It was suggested that an ortho methyl group could increase the dihedral angle of the
biphenyl bond and aid the potential n-n (face:face) interactions of the tolyl ring with
Tyr178. A substructure search of the Cambridge Structural Database (CSD),'*! using
the molecular geometry database Mogul,'** demonstrates the effect of an ortho
substituent on the torsion angle of a biphenyl bond. Figure 2.21 shows that in a
biphenyl system without an ortho substituent there is a large population of near

planar molecules with a torsion angle close to 0 ° or 180 °.

2000 -

£ 1500 - O
-

[T,

o H

5 1000

]

: ®
2 500

90 135 180

Torsion Angle

Figure 2.21. Torsion angle of biphenyl substructure, unsubstituted ortho positions.
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Whereas if the biphenyl features an ortho substituent, for the CDS search a carbon
based substituent was used, there is an effect on the torsion angle and the molecules

no longer exist in a near planar geometry, Figure 2.22.

1200 -
£ 1000 - O
55 800 - RaC
S 600 - O
o)
£ 400 -
2 200 -
O .

45 90 135 180
Torsion Angle

Figure 2.22. Torsion angle of biphenyl substructure with ortho carbon based substituent.

Two regioisomers with an ortho methyl were successfully synthesised (Table 2.5)

and both analogues displayed inhibition of a,f3;.

I
J:j\ NH
R N)I\/ 2
H

Table 2.5. Homologation of the amine.

Cell Assay FP Assay
Compound R

of  oapfs  aPfs opr afs afs  afs  avPs

Me
2.37 HzNV@; 52 <49 <49 63 55 58 <40 <40

’

2.38 Hsz@x <5.0 <50 52 5.7 4.9 52 4.5 4.8

Me

Assay results from December 2015 and January 2016 testing.

Comparison of the activity profiles of compound 2.37 and 2.38 revealed that the
regiochemistry had an effect on the selectivity observed between the five different

integrins. Analogue 2.37, with the 1,3,6-substitution pattern, had increased activity at
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ayP3 and was more selective over integrins a,f¢ and o,Bs when compared to the 1,2,3-

isomer 2.38, Figure 2.23.

O avpl
B avB3
L] avBs

avp6
O avB8

A 100

50

1.00E-008
1.00E-007
1.00E-006
1.00E-005
1.00E-004

o 2]
- (=3
& 9
w )
o (=]
o (=}
- <

1.00E-008
1.00E-007
1.00E-006
1.00E-005
1.00E-004
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w w
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Figure 2.23. FP assay results for A: 2.37 and B: 2.38. Plotted as % response vs. inhibitor

concentration (M). Assay results from December 2015 and January 2016 testing. Data visualised

using Spotfire.'*’

The initial hit compounds were investigated further with the synthesis of the
compounds detailed in Table 2.6. The desmethyl analogue 2.39 showed that removal
of the ortho group resulted in loss of activity at o,fs, and further supported the
hypothesis of the dihedral angle being important in the binding of these compounds.
Removal of this substituent had no significant effect on the other four integrins,
which suggested that this ortho position is important for targeting a3 and could
influence the selective profile as shown in analogues 2.37 and 2.38. The amine was
then homologated further to produce analogue 2.40, however, this resulted in the loss
of activity at all integrins in the assay screen. The effect of two ortho methyls was
tested with compound 2.41, but the assay results showed that this was not tolerated
and no activity was observed at a,f;. By introducing a pyridine ring, there were no
significant changes to the activities observed with compound 2.42. The ortho N-
oxide of 2.43 was found to show similar activities as the ortho methyl analogue 2.38,
this demonstrated that an ortho substituent other than a methyl maybe used for

activity at a,p3. To explore the effect of the ortho substituent further, the amine was
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moved to this position to give compound 2.44. This resulted in a pICsy of 5.0 for

ayf3, giving a similar activity to that of the ortho methyl compounds.

I
J:j\ NH
R N)I\/ 2
H

Table 2.6. SAR exploration of compounds 2.37 and 2.38.

Cell Assa FP Assa
Compound R e y
of;  ofs  aPfs  aPi aPfs afs afs  avPs
2.39 Hsz©\f <50 <50 <50 52 <41 47 44 46
2.40 HZN/\/O,\’ <50 <50 <50 <41 <41 <41 <41 <41
Me
HoN ’
2.41 . <50 <50 <50 44 <40 42 <40 <40
Me
X
2.42 ", IN/ , <50 <50 <50 50 <41 49 43 41
|\
2.43 HN o< <50 <50 <50 52 41 50 43 42
0b
NH,
2.44 <50 <50 <50 6.0 5.0 6.0 5.2 4.8

Based on the result of compound 2.44, it appeared that the benzylic amine was not

targeting our desired acidic residues, and that the activity observed was a result of the

biphenyl orientation. Thus, a further series of analogues of the original hit compound

2.37 were designed to give insight into the binding of this compound and elucidate
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which motifs were important for activity at a,fB3. Unsurprisingly, analogue 2.45 in
which both amines were acylated resulted in loss of activity. By only acylating the
benzylic amine (2.48), or by changing the same amine to an alcohol (2.46), we
observed loss of activity. This showed that this molecule had little tolerance for
changes to this region, a hypothesis which is further supported by analogues 2.49 and
2.50. The o-tolyl analogue 2.51 was synthesised to determine whether the ortho
methyl alone would provide potency, however, this compound and related analogues
(2.52 and 2.53) were found to be inactive. The indanamine 2.54 was designed to
explore the effect of tethering the amine to the ortho methyl; however, it was found
that the constrained system was unfavourable for binding.

o) o] o)
H
N NH,
Me N N R N
H H \ﬂ/ H
o}

Me

2.45

Table 2.7. Further SAR of compounds 2.37 and 2.38. NT = not tested.

Cell Assay FP Assay
Compound R

of;  ofs  aPfs  aPr afs afs  afs  avPs

Me
2.46 Hov@ <50 NT <50 <41 <41 <41 <41 <41

Me
2.47 /@ <50 NT <50 <40 <40 <40 <40 <40
NC

Me
Me H\/@<
2.48 Y /
o]

<50 NT <50 <41 <41 <41 <41 <41
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Table 2.7. Continued.

Cell Assay FP Assay
Compound R

of;  oafs  aPfs  afr afs afs  afs  avPs

2.49 <50 NT <50 <41 <41 <41 <41 <41

2.50 <50 NT <50 <41 <41 <41 <41 <41

2.52 <50 NT <50 <41 <41 <41 <41 <41

2.53 <49 NT <49 <40 <40 <40 <40 <40

2.54 <50 NT <50 <41 <41 <41 <41 <41

Me
L
AN P
Me
HZN/\(:E\
Me
2.51 @ <5.0 NT <50 <41 <41 <41 <41 <4.1
Cr
HZN\éD,\(

After no progress was made in the exploration of the initial hit compounds 2.37 and
2.38, attentions were turned to the ortho amine analogue 2.44. A set of nine
compounds were designed and synthesised to investigate the scope for diversification
in this region of the molecule. The alcohol 2.55 was designed to test whether the
amine functionality of 2.44 was essential for activity, or if an alternative hydrogen
bond donor would be suitable. Methylation of the amine to give analogue 2.56 was
carried out to investigate the tolerance for alteration to this region of the molecule.
The remaining six analogues were designed to give a diverse set of compounds to
explore a range of different possible interactions. The initial hit compound 2.44 had

been determined to have a pICsy of 5 against a,f3 in the FP assay, but the series of
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diverse analogues were all inactive, Table 2.8. This series of analogues suggested
that any change to the amine, even a minor addition such as the methylation 2.56,

was unfavourable.

Table 2.8. Exploration of the ortho position. NT = not tested.

Cell Assay FP Assay
Compound R
of;  oafs  aPfs  oPr afs afs  afs  avPs
2.55 Ho” < <50 NT <50 <41 <41 <41 <41 <41
2.56 Mo <50 NT <50 <41 <41 <41 <41 <41

N

2.57 H <50 NT <5.0 <41 <41 <41 <41 <41
N

2.58 H <50 NT <50 <41 <41 <41 <41 <41

2.59 YOS 61t NT <50 <4l <4l <4l <4l <4l
2.60 O T S0 NT <50 <l <hl <l <4l <
2.61 NS 500 NT <500 <41 <41 <41 <41 <4l
2.62 HO T S0 NT <50 <ad <Al <4l <4l <4l

*Compound 2.59 was retested and found to be inactive in the a,B; cell assay. Further testing to

obtain a correct value has not yet taken place.
After a series of inactive results, it was decided to retest two hit compounds to

confirm that the activities observed previously were reproducible. Compound 2.37
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was resynthesised, retested, and found to be inactive, Table 2.9. This analogue was
tested further as the HCI salt and also determined to be inactive. A retest of the
original sample of 2.44 was attempted but could not be carried out due to solubility

issues.'

Table 2.9. Retest of hit compounds. NT = not tested.

Cell Assa FP Assa
Compound R v y

aof; ofs ops o aPs oPs  ops  avPs

M 1% screen® 52 <49 <49 6.3 5.5 5.8 <4.0 <4.0
2.37 HN L

Retest” <50 NT <50 <41 <41 <41 <41 <41

NH; 1*screen® <5.0 <5.0 <50 6.0 50 6.0 5.2 4.8
2.44 O\{
{ Retest® NT NT NT NT NT NT NT NT

’

“Assay results from December 2015 and January 2016 testing. "Retest September 2016. ‘Retest not

possible due to solubility issues.

These results were disappointing, but were consistent with the inactive results
observed for the analogues described in Tables 2.7 and 2.8. Based on the retest
results and the large number of inactive analogues, it was concluded that the initial
assays results were false positives. It was unclear whether any of the pICsy values
obtained for the compounds synthesised throughout this project were correct, and
therefore the synthetic work on this project ceased. As the biological evaluation of
these compounds was carried out in house at GSK, it was not within the power of the

author to investigate the assay issues.

¥ Initially, compound 2.44 was tested in the assay without issue; however, upon retesting of the sample, it was observed that
the compound had poor solubility in the assay medium.
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2.3.3 Synthesis

In order to allow quick access to a range of structurally diverse compounds in the
initial search for a hit compound, it was important to identify a key intermediate that
was synthetically tractable and would allow synthetic divergence. Through the
retrosynthetic analysis of the target chemotype, the boronic ester compound 2.64 was
identified, Scheme 2.1. The formation of a biphenyl C-C bond using the Suzuki-
Miyaura cross-coupling is a well precedented, robust reaction, and along with the
vast availability of commercial coupling partners, this was the ideal intermediate to

access compounds fitting the desired template.

Scheme 2.1. Retrosynthetic analysis.

/== D\
4 AN . ;
G Het- PinB PinB:
‘\u}’ ' o — o —
H2N HN—<¥ HN~:I—<i NH;
NH NHBoc

2
2.63 2.64
Key intermediate

Intermediate 2.63 was easily accessed in two steps from the commercially available
nitro 2.65, Scheme 2.2. Starting with a hydrogenation to reduce the nitro group and
afford the required aniline, followed by a subsequent amide coupling with tert-
butyloxycarbonyl (Boc) protected glycine allowed for the key intermediate to be
quickly and efficiently synthesised. Furthermore, this route was found to be

amenable to gram scale, providing a robust route to larger quantities of 2.63.

Scheme 2.2. Synthesis of key intermediate 2.63.
PinB NO PinB NH, PinB ” NrBee
2.64 2.63

2.65
"Reagents and conditions: (a) 10 wt. % Pd-C, H,, EtOH, RT, 16 h, 66%; (b) N-Boc glycine, HATU,

2

DIPEA, DMF, RT, 16 h, 61%.
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With the key intermediate 2.63 in hand, synthesis then focused on the formation of
the biphenyl bond. Initial reactions involving the coupling of aryl halides (for
example 2.66) that featured the primary aniline were found to be unsuccessful. A
number of different reaction protocols were trialled, but without success. It was
found that by protecting the aniline with a Boc group, then carrying out the Suzuki-
Miyaura cross-coupling at the reduced temperature of 50 °C, the reaction proceeded
well with minimal deprotection of the aniline, Scheme 2.3. Once the cross-coupling
was complete, the reaction mixtures were often telescoped into the final deprotection
step to access the desired primary amines, for example compound 2.21. This strategy
was used to avoid any loss of product that had partially deprotected during the

previous cross-coupling step.

Scheme 2.3. Synthesis of compound 2.21.%

/
=z =z b, c H
| —8 | — X N
~ ~ H,NT N \n/\NHZ
HyN N Br BocHN N Br o

2.66 2.67 2.21

"Reagents and conditions: (a) Boc,O, Et;N, DMAP, DCM, RT, 16 h (b) 2.63, K;PO, 2'-
(dimethylamino)-2-biphenylyl-palladium(I)  chloride  dinorbornylphosphine  complex, 1,4-
dioxane:H,O (4:1), 50 °C, 16 h; (c) TFA, DCM, RT, 16 h, 6% over 3 steps.

The imidazopyridine amine heterocycle was synthesised from the commercially
available diamine 2.68 and chloroacetal. This was followed by a Boc protection to
afford the bromo coupling partner 2.69, which was then coupled to the Bpin key
intermediate 2.63 used previously; however, it was observed that the reaction did not
proceed at 50 °C and required the elevated temperature of 90 °C, Scheme 2.4. A final

deprotection then afforded the desired compound 2.28.
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Scheme 2.4. Synthesis of compound 2.28."

NH, NHBoc NH;
H,N ab N cd N A
2 o > <\/\ D &:N > N
N
N g A e \n/\NHz
(o]
2.68 2.69 2.28

"Reagents and conditions: (a) chloroacetal, NaHCO;, EtOH, reflux, 16 h, 55%; (b) Boc,O, Et;N,
DMAP, DCM, RT, 16 h, 48%; (c) 2.63, K;PO,, 2'-(dimethylamino)-2-biphenylyl-palladium(II)
chloride dinorbornylphosphine complex, 1,4-dioxane:H,O (4:1), 90 °C, 16 h; (d) TFA, DCM, RT, 16

h, 26% over 2 steps.

The saturated diamine analogue 2.31 was accessed using a Chan-Lam cross-coupling
between the key intermediate 2.63 and Boc-protected piperazine, Scheme 2.5.
Attempts were made to synthesis further saturated analogues; however, the cross-
coupling of other diamines were not successful (data not shown). As analogue 2.31
was inactive in the biological evaluation, further saturated analogues were not
pursued further. This decision was further supported by the in silico work, which

suggested that it was beneficial to have a biphenyl structure that could form m-n

interactions with the nearby aryl residues.

Scheme 2.5. Synthesis of compound 2.31.%

BocN/\‘ y HN/ﬁ |
B°°N/ﬁ a N N I k/N N
K/NH — k/ Y\NHBOC \H/\NHZ
o o
2.70 2.71 2.31

"Reagents and conditions: (a) 2.63, Cu(OAc),, KOAc, MeCN, 60 °C, 16 h, 45% (b) TFA, DCM, 16 h,

RT, 17%.

Tetrahydronapthyridine analogues were accessed using a hydrogenation of the
naphthyridine motif. Reduction of the distal ring proceeded well under one

atmosphere of hydrogen using Pd-C, Scheme 2.6.
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Scheme 2.6. Synthesis of compound 2.35.%

4 ‘ =z
XX H H
| a S AN N _bc x> N
P — N7 N Y\NHBOC N7 N \n/\NHZ
N N Br 3 H 8

2.72 2.73 2.35
"Reagents and conditions: (a) 2.63, K3PO,, 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex, 1,4-dioxane:H,O (4:1), 50 °C, 16 h; (b) 10 wt. % Pd-C, H,, EtOH; (¢)
TFA, DCM, 39% over 2 steps.

During the in silico studies, it had been noted that a substituent ortho to the biphenyl
bond could benefit binding by increasing the dihedral angle, positioning one
aromatic ring to make m-m (face:face) interactions with a nearby tyrosine residue.
One such analogue designed to fit this binding mode was compound 2.37. This was
synthesised from the commercially available nitrile in three steps, Scheme 2.7. The
cross-coupling proceeded well to afford compound 2.75, which was then used in a

hydrogenation to reduce the nitrile and access the desired benzylic amine.

Scheme 2.7. Synthesis of compound 2.37.%

Me
a
— NC
NC Br
2.74

Me Me

N b.c o HN ‘ N
Y\NHBOC 2 \n/\NHZ
o o

2.75 2.37

"Reagents and conditions: (a) 2.63, K3PO,, 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex, 1,4-dioxane:H,0 (4:1), 50 °C, 16 h, 58%; (b) H-cube, Raney-Ni, 2 M
NH; MeOH, 0.02 M, 50 °C, 1 mL/min, two cycles; (¢) TFA, DCM, RT, 16 h, 37% over 2 steps.

To test whether the ortho substituent in 2.37 was required, the desmethyl analogue
2.39 was also synthesised. The cross-coupling of 2.76 with 2.63 afforded the
aldehyde intermediate 2.77, from which the protected amine (2.78) was accessed by

forming the N-sulfinyl imine, followed by a reduction using NaBH4, Scheme 2.8.
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This route provided a robust way to form the protected amine from the aldehyde and
was used throughout this project. A final deprotection using TFA successfully

removed both protecting groups to reveal the desired amines of compound 2.39.

Scheme 2.8. Synthesis of compound 2.39."

a H
2o 0 O N ){
O e ’v o
! M o
2.76

2.77 2. 78

B

2.39
"Reagents and conditions: (a) 2.63, K;POy, 2'-(dimethylamino)-2-biphenylyl-palladium(IT) chloride

dinorbornylphosphine complex, 1,4-dioxane:H,0 (4:1), 50 °C, 16 h, 80%; (b) tert-butanesulfinamide,
PPTS, MgSO,4, DCM, RT, 16 h; (c) NaBH,, MeOH, RT, 2 h, 87% over 2 steps; (d) TFA, DCM, RT,
16 h, 78%.

An alternative approach was used to form the homologated analogue 2.40, Scheme
2.9. Using a Mitsunobu reaction, alcohol 2.79 was successfully converted into the
phthalimide protected amine 2.80. Unfortunately, attempts to cross-couple 2.80 with
the key intermediate 2.63 were unsuccessful. To mitigate this issue, the phthalimide
protecting group was exchanged for a Boc group to form 2.81. Using this alternative
protecting group, the cross-coupling proceeded well and, following deprotection, the

desired compound was accessed.
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Scheme 2.9. Synthesis of compound 2.40."

2 > _Vb‘ c /\Q\
BocHN Br
HO' Br

PhthN Br
2.79 2.80 2.81

ld, e
SOy
N
H,N \H/\NHz
1

2.40
"Reagents and conditions: (a) DIAD, PPhs, phthalimide, THF, 0 °C-RT, 16 h, 31%; (b) H,NNH,.H,0,

EtOH, 60 °C, 1 h, 99%; (c) Boc,O, Et:N, DMAP, DCM, RT, 16 h, 64%; (d) 2.63, K;PO,,
Pd(dppf)CL-DCM, H,0, THF, 50 °C, 16 h; (¢) TFA, DCM, RT, 16 h, 89% over 2 steps.

The bis-methyl analogue was synthesised starting with a formylation of 2,6-dimethyl
bromobenzene to form the required aldehyde 2.83. This intermediate was
successfully coupled and then converted to protected amine using the N-sulfinyl
imine procedure discussed previously. From intermediate 2.85 a deprotection

afforded the desired compound 2.41, Scheme 2.10.
Scheme 2.10. Synthesis of compound 2.41."

Me Me Me
a b ) N
—> 0 — O \H/\NHBOC
Br Br
M o}
Me H  Me H ©

2.82 2.83 2.84
lc d

Me Me
H
e s LY
O Y\NHZ ﬁ/ \n/\NHBoc
Me o ) Me 0
2.41 2.85

"Reagents and conditions: (a) TiCly, dichloro methyl ether, DCM, -78 °C-RT, 4 h, 73%; (b) 2.63,
K;PO,, 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride dinorbornylphosphine complex, 1,4-
dioxane:H,O (4:1), 50 °C, 16 h; (c) tert-butanesulfinamide, PPTS, MgSO,, DCM, RT, 16 h; (d)

NaBH,4, MeOH, RT, 2 h, 32% over 3 steps; (¢) TFA, DCM, RT, 16 h, 44%.
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Oxidation of the pyridine to form the N-oxide was achieved using m-CPBA, Scheme
2.11, during which the sulfinamide was also oxidised to the sulfonamide. In the final
step, TFA was unsuccessful in the deprotection of both amines; therefore,
trifluoromethane sulfonic acid was used to cleave the sulfonamide of 2.89 and reveal

the desired amine.

Scheme 2.11. Synthesis of compound 2.43."

=z =z
T e oK s L'y q
o e N Y\NHBOC ﬁ/ SN \n/\NHBoc
H H (0] e} [e}
2.86
d

2.87 2.88
lc‘

H
N
\H/\NHBoc
o}

=z

N <2 PN
\n/\NH2 /S/ ®N
A |
(o] o) (e}

"Reagents and conditions: (a) 2.63, KsPO4, Pd(dppf)Cl,:DCM, H,0, THF, 50 °C, 16 h 97%; (b) tert-
butanesulfinamide, PPTS, MgSO,, DCM, RT, 16 h; (¢) NaBH,4, MeOH, RT, 2 h, 59% over 2 steps;
(d) m-CPBA, DCM, RT 16 h; (¢) TfOH, DCM, RT, 3 h, 20% over 2 steps.

In order to acylate the benzylic amine over the aliphatic amine, an orthogonal
protecting group strategy was employed, Scheme 2.12. A reductive amination of
aldehyde 2.92 with allylic amine afforded intermediate 2.93, which allowed the
benzylic amine to be deprotected with the Boc group remaining intact, 2.94. This
was followed by an acylation and final deprotection to access 2.48. An additional
analogue was also accessed using this route by removing the Boc group of 2.93 to

afford the alkylated benzylic amine compound 2.49.
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Scheme 2.12. Synthesis of compounds 2.48 and 2.49."
Y©/Me a ﬁMe b O Me !
o > 5 - —> o N
Br NHBoc
H H ohS
2.90 2.91

Me
H

|O H H H
d N O N
AN O N\"/\NHZ - A O \n/\NHBoc
o) 0

2.49 2,93

Me

Me
H H H
N O N f,g HaN_ O N
\n/ \n/\NHz —~ \H/\NHBoc
o] o} o}

2.48 294

"Reagents and conditions: (a) AICl;, Br,, DCM, 0-40 °C, 16 h, 47%; (b) 2.63, K3PO,,
Pd(dppf)Cl,-DCM, H,0, THF, 50 °C, 16 h, 94%; (c) prop-2-en-1-amine, MgSO,4, NaBH,, THF, RT,
16 h, 37%; (d) TFA, DCM, RT 16 h, 85%; (e) Wilkinson’s catalyst, MeCN:H,0, (15:85), reflux, 1 h,

45%; (f) Ac,0, pyridine, DCM, RT 16 h; (g) TFA, DCM, RT 16 h, 90% over 2 steps.

The indanamine analogue 2.54 was successfully synthesised from the 4-
bromoindanone, Scheme 2.13.. The initial strategy towards 2.54 attempted to form
the N-sulfinyl imine of 2.95 using Ti(OiPr)s, however, this was not successful and
thus the alternative route via the oxime was employed. By converting the ketone to
the oxime, followed by a reduction, the indanamine was afforded. This was

subsequently Boc protected and coupled with intermediate 2.63, followed by a global

deprotection to afford the desired compound 2.54.
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Scheme 2.13. Synthesis of compound 2.54."

JOH
o N BocHN
H
a b, c d, e ‘ N
R — —> HyN . Y\NHZ
(7
Br Br Br
2.95 2.96 2.97 2.54

"Reagents and conditions: (a) H,NOH.HCI, NaOAc, MeOH, RT, 16 h, 98%; (b) Zn, AcOH, RT, 16 h,
74%:; (c) Boc,0, Et;N, DMAP, DCM, RT, 16 h, 81%; (d) 2.63, K;PO,, Pd(dppf)Cl,-DCM, H,0, THF,

50 °C, 16 h; (e) TFA, DCM, RT, 16 h, 36% over 2 steps.

The last series of compounds to be synthesised explored the benzylic amine in the
ortho position, Scheme 2.14. By carrying out a small reductive amination array using

aldehyde 2.99, seven diverse amines were successfully accessed, Table 2.10.

Scheme 2.14. Synthesis of compounds 2.56 — 2.62."

o 0] NR'R?
s e O
H a b, c H
N )
— \n/\NHBoc N NH
: o AN
o)
2.98 2.99 2.56-2.62

"Reagents and conditions: (a) 2.63, K3PO,, Pd(dppf)Cl,-DCM, H,0, THF, 50 °C, 16 h, 98%; (b)

amine, MgSQO,, NaBH,4, THF, RT, 16 h; (c) TFA, DCM, RT.

SN

Table 2.10. Yields of compounds 2.56-2.62.

R Reductive amination Deprotection
H

X Me

Telescoped 21% over 2 steps
2.56
H\/O
= 82% 46%
2.57
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R Reductive amination Deprotection
oY
= 75% 35%
2.58
N
BN
ove 65% 60%
2.59
S
v _N
< \) 38% 81%
2.60
H
SN,
Telescoped 16% over 2 steps
2.61
(\NH
N
= \) Telescoped 2% over 2 steps
2.62
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2.4 Conclusion

A series of non-RGD-mimetic compounds were designed and synthesised to target the RGD
integrin oyfB3. In silico studies had suggested a simple biaryl scaffold with two
primary amines: one to displace the Mg ion and the second to interact with the
target acidic residue. Two early hit compounds had proposed that the inclusion of a
substituent ortho to the biphenyl bond favoured the binding, potentially through
alternating the dihedral angle to aid m-m interactions with the residues within the
binding site. Further exploration of the two initial hits led to the identification of a
total of four promising lead-like inhibitors with pICsy values ranging from 4.1-5.5 for

the target integrin o3, Table 2.11.
21
R NJ\/ N2
H

Table 2.11. Four potential a,f; inhibitors identified.

Cell Assay FP Assay

Compound R

ofi ops  aPs aBy o3 aBs o avfs
Me

2.37 HZNVQ; 52 <5 <5 6.3 5.5 5.8 <4 <4
2.38 HszQ,\’ <5 <5 52 5.7 4.9 52 4.5 4.8

Me

| A
2.43 HoN @N/, L <5 <5 <5 52 4.1 5.0 4.3 4.2

0b

NH,

2.44 Oﬁ <5 <5 <5 6.0 5.0 6.0 52 4.2

Assay results from December 2015 and January 2016 testing.
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Unfortunately, the initial hit compound 2.37 (pICso = 5.5), which had informed the
subsequent compound design, was determined to be a false positive. After
resynthesizing the original hit compound, the retest confirmed the false positive
result, and thus work on the project ceased. At the time of this report, it was yet to be
confirmed whether the other three o,f; inhibitors (2.38, 2.43, 2.44) had also been

false positives.

Robust biological screening is essential for any medicinal chemistry project,
especially at the lead optimisation stage when the micromolar, or even millimolar,
activities being measured are often at the limit of the assay concentration range. This
project is an example of mis-led compound design due to false positive assay results.
Although all testing was carried out in duplicate, the retest suggested that there was
an issue in the FP assays ran during December 2015 and January 2016. As the issue
did not come to light until some months later (August 2016), there was a significant
amount of time and effort put into the design and synthesis of inactive compounds.
The remaining time was used for retesting to confirm the false positives, thus the

synthesis of new analogues was not possible.

This project has enabled the chemistry for the synthesis of a number of novel,
valuable intermediates; furthermore, the diversity that can be achieved from these
intermediates using a few simple synthetic steps has been demonstrated. Although
the majority of compounds synthesised were inactive, these results provide
information towards the development of non-RGD-mimetic inhibitors for the a,f3;

receptor and other members of the RGD subfamily.
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2.5 Future Work

Before any work can continue in this current project, it is imperative that reliable
assays are set up for the evaluation of potential inhibitors. Once a robust assay is
available, a full retest of the compounds detailed in this report should be carried out
to determine whether any show antagonism of the a,fB3 receptor. If no hits were
identified from the retesting of the compounds, then it would be the author’s
recommendation to start the compound design from the beginning with the known
anbPs inhibitor 2.4. This non-RGD-mimetic inhibitor has been shown to be inactive
against the integrin a,f3; nevertheless, through the synthesis and testing of a series of
deletion analogues, valuable SAR for binding within the alpha domain could be
determined, Figure 2.21. By exploring the heterocyclic portion of this molecule that
has been shown to bind within the alpha domain, it may be possible to change the

selectivity for a3 to o Ps.

HN
/ﬁ
-
o HN
RUC-2 (2.4) 4<;

Figure 2.24. Deletion analogues of RUC-2 (2.4).

HoN NYS HZNWS
| / oy
z N\N o z N\N 0
o) HN{ HN4<;
NH, NH
NH

2.100 2.101

2
2

Perhaps a more logical strategy would be to start with a known non-RGD-mimetic
inhibitor of the target integrin, ayfB3. To date there are no crystal structures of these
compounds (a selection of these inhibitors is shown in Figure 2.25) in complex with
the receptor reported, but these small molecules could provide excellent starting
points for the development of novel non-RGD-mimetic inhibitors of oyf3;. For
example, compound 2.13, which has been shown to have an excellent subnanomolar

ICso of 0.03 nM, but the 2-imino rhodanine is a recognised PAINS motif. To
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determine whether this activity is a false positive or due to the promiscuity of the

PAINS, a series of compounds with the core of 2.13 changed to alternative

heterocycles could be synthesised and tested. With an ICsg of 0.03 nM, there is room

to lose some potency when searching for an analogue that avoids the use of the 2-

imino rhodanine.

OMe N
MeO. 74
3/< OH
NMe

Cl o

2.13 2.15
ICs0 = 0.03 nM ICsp = 33.5 3.1 pM

Cl

H H
cl N\"/N\H/NH2
NH NH

CO,H
N/ \ H\)\
\ N
i NS
X
Me o] O;s

Me’ Me

217
ICsp of 11 M

MW: 433; clogP: 3.56; PSA: 91 A MW: 246; clogP: 1.93; PSA: 101 A MW: 394; clogP: 1.16; PSA: 133 A

Figure 2.25. Non-RGD-mimetic inhibitors of o,3.
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2.6 Experimental

2.6.1 General Techniques
All reagents and solvents were obtained from commercial suppliers and were used
without further purification unless otherwise stated. Purification was carried out

according to standard laboratory methods.”’

2.6.2 Purification of Solvents

1) All solvents used for dry reactions were obtained from a PureSolv SPS-
400-5 solvent purification system. These solvents were transferred to and
stored in a septum-sealed oven-dried flask over previously activated 4 A
molecular sieves and purged with and stored under nitrogen.

i) Dichloromethane (DCM), ethyl acetate (EtOAc), methanol (MeOH),
petroleum ether 40-60°, methyl zert-butyl ether (MTBE), and cyclohexane
for purification purposes were used as obtained from suppliers without

further purification.

2.6.3 Experimental Details
1) Air-sensitive reactions were carried out using conventional glassware.
The glassware was oven-dried and purged with N, before use.
i) Purging refers to a vacuum/nitrogen-refilling procedure.

iii) Reactions were carried out at -78 °C using dry ice/acetone baths.

iv) Reactions were carried out at 0 °C using ice/water baths.
V) Room temperature was generally ca. 18 °C.
vi) Reactions were carried out at elevated temperatures using a temperature-

regulated hotplate/stirrer.

2.6.4 Purification of Products

1) Thin layer chromatography (TLC) was carried out using Merck silica

plates coated with fluorescent indicator UV254. These were analysed
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under 254 nm UV light or developed using potassium permanganate
solution.

i) Silica chromatography was carried out using ZEOprep 60 HYD 40-63 pm
silica gel or IST Isolute Flash silica cartridges.

iii) Reverse-phase flash chromatography was carried out using IST Isolute
C18 cartridges.

iv) Reverse-phase HPLC purification was carried out using a Gilson 151
preparative HPLC using an Agilent Zorbax SB-C18 column at room
temperature. Purification was performed using a gradient method, eluting
with 5-80% MeCN/H,O over 15 minutes at a flow rate of 10 mL/min.
Fractions were collected automatically using a GX-271 liquid handler.

V) Mass-directed automatic purification (MDAP) was carried out using a ZQ
MS using alternate-scan positive and negative electrospray and a summed
UV wavelength of 210-350 nm and an Xbridge C18 column (100 mm x
19 mm, 5 pm packing diameter, 20 mL/min flow rate) or Xbridge C18
column (150 mm x 30 mm, 5 pm packing diameter, 40 mL/min flow
rate). Purification was performed using a gradient method at room
temperature with the mobile phases as (A) 10 mM aqueous ammonium
bicarbonate solution, adjusted to pH 10 with 0.88 M aqueous ammonia

and (B) MeCN.

2.6.5 Analysis of Products

1) Fourier Transformed Infra-Red (FTIR) spectra were obtained on one of
three machines: (a) Shimadzu IR Affinity-1 machine; (b) A2 Technologies

ATR spectrometer; (c) Agilent 5500a FTIR ATR.
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i1) 'H, C, and F NMR spectra were obtained on a one of four Bruker
NMR spectrometers: (a) Advance III HD console, Ascend 500 MHz
magnet, BBO smart probe; (b) Advance III console, 400 MHz Ultrashield
magnet, Prodigy BBO probe, BB-H&F-D-05 Z; (c) Advance II console,
400 MHz 9.4 T Oxford unshielded magnet, BBFO-z-ATMA probe; (d)
Advance III console, 600 MHz 14.1 T Bruker Ultrashield magnet, TBI-z
probe. Chemical shifts are reported in ppm and coupling constants are
reported in Hz with CDCl; referenced at 7.26 (‘H) and 77.16 ppm (°C),
CO(CD3), at 2.05 (‘H) and 29.84 ppm (°C), CD;OD at 3.31 (‘H) and
49.00 ppm (°C), and DMSO-ds at 2.50 ('H) and 39.52 ppm (“°C),
respectively.

iii) High-resolution mass spectra (HRMS) were obtained through analysis at
the EPSRC National Mass Spectrometry Facility, University of Wales,
Swansea or at the University of Glasgow using a Bruker Compass

DataAnalysis 4.0.

2.7 General Experimental Procedures

Boc-glycine

HATU, DIPEA 0
/©\ = O\ )I\/NHBOC
PinB NH, DMF PinB N
2.64 2.63

General Procedure A: Amidation, for example the preparation of zert-butyl (2-
0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)

carbamate (2.63). A solution of Boc-glycine (6.16 g, 35.1 mmol, 1.1 equiv.),
DIPEA (11.16 mL, 63.9 mmol, 2 equiv.), and HATU (14.58 g, 38.3 mmol, 1.2

equiv.) in 50 mL DMF was stirred at room temperature for 10 min before the
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addition of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (2.64) (7.00 g,
32.0 mmol, 1 equiv.) as a solution in 10 mL DMF to give a final DMF volume of 60
mL (0.5 M). The resulting solution was then stirred at room temperature for 16 h.
The reaction mixture was diluted with 100 mL EtOAc and washed with sat. aq.
NaHCO; (100 mL) then H,O (2 x 100 mL). The organic layer was collected, dried
(hydrophobic frit), and then concentrated under reduced pressure to afford a yellow
oil. Purified using silica chromatography, eluting with 0-80% MTBE/cyclohexane, to

afford the title compound as a cream solid (8.00 g, 61%).

Boc,0, Et3N
AN DMAP | X o)
| — Z JI\ J<
Br N NH, DCM Br N ” (o)
2.66 2.67

General Procedure B: Boc-protection of amine, for example the preparation of
tert-butyl (6-bromopyridin-2-yl)carbamate (2.67). A solution of 6-bromopyridin-
2-amine (2.66) (200 mg, 1.156 mmol, 1 equiv.), Boc,O (295 pL, 1.272 mmol, 1.1
equiv.), EtsN (193 pL, 1.387 mmol, 1.2 equiv.), and DMAP (28 mg, 0.231 mmol, 20
mol%) in 10 mL DCM (0.1 M) was stirred at room temperature overnight. The
reaction mixture was diluted with 20 mL DCM and washed with brine (2 x 20 mL).
The organic layer was collected, dried (hydrophobic frit), and then concentrated
under reduced pressure to afford a yellow oil. The residue was loaded onto a plug of
silica, eluted with 0-50% EtOAc/cyclohexane, to afford a colourless oil that was used

in the next step without further purification (79 mg, 25%).
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tert-butyl (2-bromopyridin-4-yl)carbamate

o]
(0] Pd cat., K3POy4 BocHN )I\ NHB
JI\/NHBOC =0 x N ATEee
PinB N | H

H 1,4-dioxane:H,0 _N

2.63 2.102

General Procedure C: Suzuki cross-coupling using 2'-(dimethylamino)-2-
biphenylyl-palladium(II) chloride dinorbornylphosphine complex, for example
the preparation of zert-butyl N-({[3-(4-{[(tert-butoxy)carbonyl]amino}pyridin-2-
yD)phenyl] carbamoyl}methyl)carbamate (2.102). A reaction vial containing fert-
butyl (2-bromopyridin-4-yl)carbamate (100 mg, 0.366 mmol, 1 equiv.), tert-butyl (2-
ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino) ethyl)
carbamate (2.63) (165 mg, 0.439 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-
biphenylyl-palladium(II) chloride dinorbornylphosphine complex (10 mg, 0.018
mmol, 5 mol%) and K;PO4 (311 mg, 1.465 mmol, 4 equiv.) was purged with
nitrogen followed by the addition of 1.875 mL 1,4-dioxane:H,O (4:1, 0.2 M). The
reaction mixture was then heated at 50 °C for 16 h after which the reaction was
allowed to return to RT, diluted with EtOAc (50 mL) and washed with sat. aq.
NaHCO; (2 x 50 mL). The organic layer was collected, dried using a hydrophobic
frit and concentrated under reduced pressure to a yellow oil. Purified using silica
chromatography, eluting with 0-70% EtOAc/cyclohexane, to afford the title

compound as a colourless oil (61 mg, 35%).

BocHN N JI\/NHBOC | N JI\/

N N

2.102

General Procedure D: Boc deprotection, for example the preparation of 2-

amino-N-(3-(4-aminopyridin-2-yl)phenyl)acetamide (2.24). A solution of fert-
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butyl N-({[3-(4-{[(tert-butoxy)carbonyl]amino } pyridin-2-yl)phenyl|carbamoyl}
methyl)carbamate (2.102) (47 mg, 0.106 mmol, 1 equiv.) in 0.5 mL TFA and 1 mL
DCM was stirred at RT for 16 h. The reaction was then concentrated under
compressed air. Purified by revere-phase column chromatography, eluting with 5-

35% MeCN/H,0 (high pH method), to afford the title compound as a white solid (4

mg, 16%).
o] Raney-Ni o]
NC O NHB H O
HJI\/ ocC 2 HN ”J‘I\/NHBOC
NH3/MeOH
Me 50 oC Me
2.75 2.103

General Procedure E: Nitrile reduction, for example the preparation of terrs-
butyl  (2-((5'-(aminomethyl)-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)
carbamate (2.103). A solution of tert-butyl (2-((5'-cyano-2'-methyl-[1,1'-biphenyl]-
3-yl)amino)-2-oxoethyl)carbamate (2.75) (100 mg, 0.274 mmol, 1 equiv.) in 2 M
NH; in MeOH (14 mL) was reduced using an H-cube fitted with a Raney Nickel
CatCart THS 01112 (750 mg, 8.75 mmol) CatCart. The solution was passed through
at 1 mL/min using full H mode and heating at 50 °C to afford approx. 50%
conversion by LCMS. The solution was then passed through a second time using the
same conditions to reach full conversion. The solution was then concentrated under

reduced pressure and used in the next step without further purification.

(0] (0]
Pd-C, H H
/N | N\ H)I\/NHBOC 2 N N\ NJI\/NHBOC
H
A - EtOH P>

2.73 2.104

General Procedure F: Hydrogenation of naphthyridine distal ring, for example

the preparation of tert-butyl (2-oxo-2-((3-(5,6,7,8-tetrahydro-1,8-naphthyridin-
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2-yl)phenyl)amino)ethyl)carbamate (2.104). A solution of tert-butyl (2-((3-(1,8-
naphthyridin-2-yl)phenyl)amino)-2-oxoethyl)carbamate (2.73) (100 mg, 0.265 mmol,
1 equiv.) and 10 wt. % Pd-C (56 mg, 0.053 mmol, 20 mol%) in 2 mL EtOH (0.1 M)
was stirred under 1 atmosphere of hydrogen for 16 h. The reaction mixture was then
filtered through celite, eluting with MeOH, and the filtrate concentrated under
reduced pressure to afford the title compound which was used in the next step
without further purification.

tert-butylsulfinamide
J\/NHBOC MgSO,, PPTS

(0]
||
o/ \{/ N O HJI\/NHBOC
DCM

2.77 2.105

General Procedure G: N-Sulfinyl imine formation, for example the preparation
of tert-butyl (E)-(2-((3'-(((zert-butylsulfinyl)imino)methyl)-[1,1'-biphenyl]-3-
yl)amino)-2-oxoethyl)carbamate (2.105). A solution of tert-butyl (2-((3'-formyl-
[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.77) (228 mg, 0.644 mmol, 1.5
equiv.), tert-butanesulfinamide (52 mg, 0.429 mmol, 1 equiv), MgSO, (515 mg,
4.290 mmol, 10 equiv.), and pyridinium p-toluenesulfonate (PPTS) (5 mg, 0.002
mmol, 0.5 mol%) was stirred at room temperature. Once the imine formation was
complete by TLC, the reaction mixture was filtered, and the filtrate concentrated
under reduced pressure. The residue was washed through a plug of silica, eluting
with 50% EtOAc/petroleum ether, to afford the title compound which was used

without further purification.
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0 o O o}
NaBH
NHBoc 4 N SN J\/NHBOC

0
S\
N7 N N
YO e T

2.105 2.78

General Procedure H: Reduction using NaBHy, for example the preparation of
tert-butyl (2-((3'-(((tert-butylsulfinyl)amino)methyl)-[1,1'-biphenyl]-3-yl)amino)-
2-oxoethyl)carbamate (2.78). NaBH4 (49 mg, 1.287 mmol, 3 equiv.) was added
slowly to a solution of fert-butyl (E)-(2-((3'-(((fert-butylsulfinyl)imino)methyl)-[1,1'-
biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.105) (196 mg, 0.429 mmol, 1 equiv.)
in 5 mL MeOH (0.1 M). The reaction mixture was stirred at room temperature for 2
h and then diluted with 10 mL EtOAc and washed with H,O (2 x 10 mL). The
organic layer was dried using a hydrophobic frit and then concentrated under reduced
pressure. The residue was purified by silica chromatography, eluting with 50-100%
EtOAc/petroleum ether, to afford the title compound as a cream solid (171 mg, 87%

over 2 steps).

/@\ tert-butyl (2-bromobenzyl)carbamate  BocHN o
Pd(dppf)Cl,'DCM, K3POy4, H,O O NHBoc
PinB )I\/ > )I\/

N
THF, 50 °C

2.106

General Procedure I: Suzuki cross-coupling using Pd(dppf)Cl,-DCM, for
example the preparation of tert-butyl (3'-(2-((tert-
butoxycarbonyl)amino)acetamido)-[1,1'-biphenyl]-2-yl)methyl)carbamate

(2.106). A round bottomed flask containing tert-butyl (2-bromobenzyl)carbamate
(180 mg, 0.545 mmol, 1 equiv.), fert-butyl (2-oxo0-2-((3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl)amino) ethyl) carbamate (2.63) (307 mg, 0.818 mmol, 1.5
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equiv.), Pd(dppf)Cl,-DCM (18 mg, 0.022 mmol, 4 mol%), and K;PO, (347 mg,
1.635 mmol, 3 equiv.) was sealed with a suba seal, purged with nitrogen, followed by
the addition of 3 mL THF (0.3 M) and H,O (49 uL, 2.725 mmol, 5 equiv.). The
reaction mixture was then heated at 50 °C for 16 h after which the reaction was
allowed to return to RT, diluted with EtOAc (20 mL) and washed with sat. aq.
NaHCO; (2 x 20 mL). The organic layer was collected, dried using a hydrophobic
frit, and concentrated under reduced pressure. Purified using silica chromatography,

eluting with 0-50% EtOAc/cyclohexane, to afford the title compound as a colourless

oil (246 mg, 99%).

o -2-en-1-amin O Q

prop-2-en-1-amine

NHB

O/ O NJI\/NHBOC MgSO4, NaBH4 HN O H)I\/ 0C
|O H >

Me THF |

2.92 293

Me

General Procedure J: Reductive amination, for example the preparation of ters-
butyl (2-((5'-((allylamino)methyl)-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.93). A flask containing fert-butyl (2-((5'-formyl-2'-methyl-
[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.92) (640 mg, 1.739 mmol, 1
equiv.), prop-2-en-1-amine (156 pL, 2.087 mmol, 1.2 equiv.), and MgSO4 (2 g,
17.390 mmol, 10 equiv.) in 10 mL THF (0.2 M) was stirred at room temperature for
2 h. Once the aldehyde was consumed, NaBH,4 (198 mg, 5.217 mmol, 3 equiv.) was
added and the reaction mixture was stirred at room temperature for a further 16 h.
The reaction was then quenched with 20 mL H,O, basified with sat. agq. NaHCO;3,
and extracted using EtOAc (2 x 30 mL). The organics were collected, dried using a

hydrophobic frit, then concentrated under reduced pressure. Purified by silica
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chromatography, eluting with 40-100% EtOAc/petroleum ether, to afford the title

compound as a cream solid (266 mg, 37%).

-

J\/NHBOC Ac,0, pyridine HN Nk/NHBOC

Me DCM Me (@) Me
2.107 2.108

General Procedure K: Acylation of amine, for example the preparation of zert-
butyl (2-((5'-(acetamidomethyl)-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.108). A solution of fert-butyl (2-((5'-(aminomethyl)-2'-
methyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.107) (37 mg, 0.100
mmol, 1 equiv.), Ac,O (11 pL, 0.120 mmol, 1.2 equiv.), and pyridine (10 pL, 0.120
mmol, 1.2 equiv.) in I mL DCM (0.1 M) was stirred at room temperature for 16 h.
The reaction mixture was then diluted with 10 mL DCM and washed with 1 M agq.
HCI (2 x 10 mL). The organic layer was collected, dried using a hydrophobic frit,
and concentrated under reduced pressure to afford the title compound which was

used in the next step without further purification.

2.8 Synthesis of compounds 2.21-2.64, 2.69, 2.71, 2.73, 2.75, 2.77, 2.78, 2.80,
2.83, 2.85, 2.87, 2.88, 2.91-2.94, 2.98, 2.99, 2.102, 2.106, and 2.109-2.119.
Synthesis of 2-amino-/V-(3-(6-aminopyridin-2-yl)phenyl)acetamide (2.21). fert-
Butyl (6-bromopyridin-2-yl)carbamate was prepared according to general procedure
B using 6-bromopyridin-2-amine (2.66) (200 mg, 1.156 mmol, 1 equiv.), Boc,O (295
pL, 1.272 mmol, 1.1 equiv.), EtzN (193 pL, 1.387 mmol, 1.2 equiv.), and DMAP (28
mg, 0.231 mmol, 20 mol%) in 10 mL DCM (0.1 M). The residue was loaded onto a

plug of silica, eluted with 0-50% EtOAc/cyclohexane, to afford tert-butyl (6-
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bromopyridin-2-yl)carbamate (2.67) as a colourless oil that was used in the next step
without further purification. The next step was carried out according to General
Procedure C using tert-butyl (2-ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino)ethyl) carbamate (2.63) (129 mg, 0.343 mmol, 1.2 equiv.), fert-
butyl (6-bromopyridin-2-yl)carbamate (2.67) (78 mg, 0.286 mmol, 1 equiv.), KsPO4
(242 mg, 1.142 mmol, 4 equiv.), and 2'-(dimethylamino)-2-biphenylyl-palladium(II)
chloride dinorbornylphosphine complex (8 mg, 0.014 mmol, 5 mol%) in 2.5 mL 1,4-
dioxane:H,O (4:1, 0.1 M). Following aqueous work-up, the residue obtained was
used according to General Procedure D in 0.5 mL TFA and 1 mL DCM. Once the
Boc deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified using the MDAP, LpH method, to afford the title
compound as a yellow oil (18 mg, 6% over 3 steps). 'H NMR (400 MHz, CD;OD): &
8.34 (br. s, 2H), 8.07 (s, 1H), 7.69 — 7.53 (m, 3H), 7.42 (t,J= 7.9 Hz, 1H), 7.01 (d, J
= 7.4 Hz, 1H), 6.60 (d, J = 8.3 Hz, 1H), 3.91 — 3.83 (m, 2H). CH,NH, protons not
observed. ’C NMR (101 MHz, CD;0D): § 167.5, 160.5, 155.6, 141.2, 140.4, 139.5,
130.3, 124.2, 121.4, 119.6, 111.4, 109.5, 42.3. vmax (neat): 3507, 3300, 3088, 1668,
1616, 1569 cm™. HRMS: exact mass calculated for [M+H]" (C;3H;sN4O) m/z
requires 243.1246, m/z found 243.1247.

Synthesis of 2-amino-N-(3-(2-aminopyridin-4-yl)phenyl)acetamide  (2.22).
Prepared according to General Procedure C using fert-butyl (2-oxo-2-((3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate (2.63) (165 mg,
0.439 mmol, 1.2 equiv.), tert-butyl (4-bromopyridin-2-yl)carbamate (100 mg, 0.366
mmol, 1 equiv.), KsPO4 (311 mg, 1.465 mmol, 4 equiv.), and 2'-(dimethylamino)-2-

biphenylyl-palladium(II) chloride dinorbornylphosphine complex (10 mg, 0.018
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mmol, 5 mol%) in 2.5 mL 1,4-dioxane:H,O (4:1, 0.1 M). Following aqueous work-
up, the residue was used according to General Procedure D in 0.5 mL TFA and 1 mL
DCM. Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated under reduced pressure and purified using the MDAP, HpH method, to
afford the title compound as a colourless oil (44 mg, 49% over 2 steps). 'H NMR
(400 MHz, CD;0OD): & 7.98 — 7.88 (m, 2H), 7.62 — 7.55 (m, 1H), 7.45 — 7.33 (m,
2H), 6.85 (dd, J = 5.5, 1.6 Hz, 1H), 6.81 (s, 1H), 3.45 (s, 2H). Exchangeable protons
not observed. °C NMR (101 MHz, CD;OD): § 173.5, 161.4, 151.7, 148.4, 140.7,
140.2, 130.5, 123.5, 121.4, 119.3, 112.5, 107.6, 45.6. vmax (neat): 3386, 3325, 3204,
3081, 2915, 1688, 1647, 1606, 1539 cm™'. HRMS: exact mass calculated for [M+H]"
(C13H5N4O) m/z requires 243.1240, m/z found 243.1243.

Synthesis of 2-amino-N-(3-(5-aminopyridin-3-yl)phenyl)acetamide  (2.23).
Prepared according to General Procedure D using tert-butyl N-({[3-(5-{[(tert-
butoxy)carbonyl]amino} pyridin-3-yl)phenyl]carbamoyl} methyl)carbamate  (2.109)
(66 mg, 0.149 mmol, 1 equiv.) in 0.5 mL TFA and 1 mL DCM. Purified by revere-
phase chromatography, eluting with 5-35% MeCN/H,O (HpH method), to afford the
title compound as a white solid (21 mg, 58%). 'H NMR (400 MHz, CD;OD): § 8.02
(s, 1H), 7.95 (s, 1H), 7.88 (s, 1H), 7.57 (d, /= 8.0 Hz, 1H), 7.45 — 7.36 (m, 1H), 7.35
— 7.24 (m, 2H), 3.46 (s, 2H). Exchangeable protons not observed. °C NMR (101
MHz, CDs;OD): ¢ 173.4, 146.5, 140.2, 140.1, 138.6, 136.8, 136.2, 130.6, 123.8,
121.0, 120.6, 119.5, 45.6. vmax (neat): 3417, 3359, 3302, 3205, 3026, 1680, 1630,
1612, 1597, 1561 cm™. HRMS: exact mass calculated for [M+H]" (C,3H;sN40) m/z

requires 243.1240, m/z found 243.1243.
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Synthesis of 2-amino-N-(3-(4-aminopyridin-2-yl)phenyl)acetamide (2.24).
Prepared according to General Procedure D using tert-butyl N-({[3-(4-{[(tert-
butoxy)carbonyl]amino} pyridin-2-yl)phenyl]carbamoyl} methyl)carbamate  (2.102)
(47 mg, 0.106 mmol, 1 equiv.) in 0.5 mL TFA and 1 mL DCM. Purified by revere-
phase column chromatography, eluting with 5-35% MeCN/H,O (HpH method), to
afford the title compound as a white solid (4 mg, 16%). 'H NMR (400 MHz,
CD;0OD): & 8.04 (d, J=5.8 Hz, 1H), 7.98 (s, 1H), 7.65 (d, J= 8.1 Hz, 1H), 7.51 (d, J
= 7.8 Hz, 1H), 7.40 (t, J = 7.9 Hz, 1H), 6.94 (d, J = 2.2 Hz, 1H), 6.56 (dd, J = 5.8,
2.2 Hz, 1H), 3.46 (s, 2H). Exchangeable protons not observed. BC NMR (101 MHz,
CD;OD): & 173.2, 158.7, 157.7, 149.5, 141.8, 139.9, 130.1, 123.9, 121.4, 119.7,
109.2, 107.8, 45.6. vmax (neat): 3445, 3376, 3307, 3233, 3194, 1649, 1641, 1597,
1558 cm™. HRMS: exact mass calculated for [M+H]" (C13HisN4O) m/z requires
243.1246, m/z found 243.1249.

Synthesis of 2-amino-N-(3-(6-aminopyridin-3-yl)phenyl)acetamide (2.25).
Prepared according to General Procedure C using fert-butyl (2-oxo-2-((3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate (2.63) (165 mg,
0.439 mmol, 1.2 equiv.), tert-butyl (5-bromopyridin-2-yl)carbamate (100 mg, 0.366
mmol, 1 equiv.), KsPO4 (311 mg, 1.465 mmol, 4 equiv.), and 2'-(dimethylamino)-2-
biphenylyl-palladium(IT) chloride dinorbornylphosphine complex (10 mg, 0.018
mmol, 5 mol%) in 2.5 mL 1,4-dioxane:H,O (4:1, 0.1 M). Following aqueous work-
up, the residue was used according to General Procedure D in 0.5 mL TFA and 1 mL
DCM. Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated under reduced pressure and purified by MDAP, HpH method, to afford

the title compound as a yellow glass (29 mg, 33% over 2 steps). 'H NMR (400 MHz,
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CD;0OD): 6 8.15 (d,J=2.4 Hz, 1H), 7.78 (s, 1H), 7.73 (dd, J= 8.7, 2.5 Hz, 1H), 7.49
(d, J = 8.0 Hz, 1H), 7.35 (app. t, J = 7.9 Hz, 1H), 7.30 — 7.21 (m, 1H), 6.66 (d, J =
8.7 Hz, 1H), 3.49 (s, 2H). Exchangeable protons not observed. >°C NMR (101 MHz,
CD;OD): & 172.7, 160.2, 145.9, 140.2, 140.1, 137.9, 130.5, 127.1, 122.8, 1194,
118.5, 110.3, 45.3. vmax (neat): 3399, 3261, 3146, 2915, 1660, 1608, 1526 cm™.
HRMS: exact mass calculated for [M+H]" (C13H;sN4O) m/z requires 243.1240, m/z
found 243.1243.

Synthesis of 2-amino-N-(3-(2-aminopyrimidin-4-yl)phenyl)acetamide (2.26).
Prepared according to General Procedure C using 4-bromopyrimidin-2-amine (100
mg, 0.575 mmol, 1 equiv.), fert-butyl (2-oxo0-2-((3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)amino)ethyl) carbamate (2.63) (259 mg, 0.690 mmol, 1.2
equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex (16 mg, 0.029 mmol, 5 mol%), and K5;PO4 (488 mg,
2.299 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,O (4:1, 0.2 M) at the elevated
temperature of 90 °C for 16 h. Following aqueous work-up, the residue was using
according to General Procedure D using 0.5 mL TFA and 1 mL DCM. Once the Boc
deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by MDAP, HpH method, to afford the title compound
as a white solid (33 mg, 24% over 2 steps). 'H NMR (400 MHz, CD;0OD): & 8.28 —
8.23 (m, J = 3.9 Hz, 2H), 7.73 (dd, J = 7.8, 1.0 Hz, 1H), 7.68 (dd, J = 8.1, 1.2 Hz,
1H), 7.40 (app. t, J = 7.9 Hz, 1H), 7.05 (d, J = 5.3 Hz, 1H), 3.46 (s, 2H).
Exchangeable protons not observed. BC NMR (101 MHz, CD;0D): 6 173.2, 166.6,
164.9, 159.6, 140.1, 139.2, 130.3, 123.8, 123.1, 119.6, 107.9, 45.5. Umax (neat): 3352,

3298, 3207, 3138, 2911, 2437, 1658, 1612, 1556 cm™'. HRMS: exact mass calculated
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for [M+H]" (C12H4N50) m/z requires 244.1193, m/z found 244.1195.

Synthesis of 2-amino-/N-(3'-amino-[1,1'-biphenyl]-3-yl)acetamide (2.27). Prepared
according to General Procedure C using tert-butyl (3-bromophenyl)carbamate (100
mg, 0.367 mmol, 1 equiv.), fert-butyl (2-oxo0-2-((3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)amino) ethyl)carbamate (2.63) (166 mg, 0.441 mmol, 1.2
equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex (10 mg, 0.018 mmol, 5 mol%), and K3;PO4 (312 mg,
1.470 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,O (4:1, 0.1 M). Following aqueous
work-up, the residue was used according to General Procedure D in 0.5 mL TFA and
I mL DCM. Once the Boc deprotection was complete by TLC, the reaction mixture
was concentrated under reduced pressure and purified by MDAP, using the HpH
method, to afford the title compound (64 mg, 72% over 2 steps). 'H NMR (400 MHz,
CD;0OD): & 7.80 (s, 1H), 7.50 (dd, J = 5.6, 3.7 Hz, 1H), 7.36 — 7.25 (m, 2H), 7.14
(app. t, J=7.8 Hz, 1H), 6.96 (s, 1H), 6.91 (ddd, J= 7.6, 1.7, 1.0 Hz, 1H), 6.70 (ddd,
J=179,2.3,0.9 Hz, 1H), 3.42 (s, 2H). Exchangeable protons not observed. BC NMR
(101 MHz, CD;0D): 6 173.4, 149.1, 143.7, 143.0, 139.8, 130.5, 130.1, 123.8, 119.7,
119.6, 118.0, 115.8, 115.0, 45.6. vmax (neat): 3430, 3339, 2973, 2930, 1673, 1599,
1580, 1532 cm™. HRMS: exact mass calculated for [M+H]" (C4sH ¢N3O) m/z
requires 242.1288, m/z found 242.1289.

Preparation of  2-amino-N-(3-(8-aminoimidazo[1,2-a]pyridin-6-yl)phenyl)
acetamide (2.28). Prepared according to General Procedure C using tert-butyl (2-
ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)
carbamate (2.63) (130 mg, 0.346 mmol, 1.2 equiv.), tert-butyl (6-bromoimidazo[1,2-

a]pyridin-8-yl)carbamate (2.69) (90 mg, 0.288 mmol, 1 equiv.), KsPO4 (245 mg,
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1.153 mmol, 4 equiv.), and 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex (8 mg, 0.014 mmol, 5 mol%) in 2.5 mL 1,4-
dioxane:H,O (4:1, 0.1 M) at an elevated temperature of 90 °C for 16 h. Following
aqueous work-up, the residue was used according to General Procedure D in 0.5 mL
TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the reaction
was then concentrated under reduced pressure and purified by MDAP, HpH method,
to afford the title compound as a yellow oil (21 mg, 26% over 2 steps). 'H NMR (400
MHz, CD;0D): 6 8.03 (d, /= 1.5 Hz, 1H), 7.88 (d, /= 10.3 Hz, 1H), 7.76 (d, /= 1.2
Hz, 1H), 7.58 — 7.49 (m, 1H), 7.47 (d, J = 1.2 Hz, 1H), 7.42 — 7.29 (m, 2H), 6.70 (d,
J = 1.5 Hz, 1H), 3.46 (s, 2H). Exchangeable protons not observed. °C NMR (101
MHz, CD;OD): 6 173.4, 142.9, 140.3, 140.1, 137.4, 132.1, 130.4, 129.6, 123.7,
120.2, 119.5, 115.5, 114.5, 104.2, 45.7. vmax (neat): 3218, 2997, 2980, 1727, 1677,
1604, 1537 cm™. HRMS: exact mass calculated for [M+H]" (C;sH;¢NsO) m/z
requires 282.1355, m/z found 282.1354.

Synthesis of 2-amino-N-(3-(2-methylpyridin-4-yl)phenyl)acetamide (2.29).
Prepared according to General Procedure D using tert-butyl (2-((3-(2-methylpyridin-
4-yl)phenyl)amino)-2-oxoethyl)carbamate (2.111) (44 mg, 0.129 mmol, 1 equiv.) in
0.5 mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the
reaction mixture was concentrated under reduced pressure and purified by MDAP,
using the HpH method, to afford the title compound as a colourless gum (16 mg,
50% yield). '"H NMR (400 MHz, CD;OD): § 8.42 (d, J = 5.3 Hz, 1H), 8.02 (s, 1H),
7.64 — 7.57 (m, 1H), 7.53 (s, 1H), 7.48 — 7.42 (m, 3H), 3.47 (s, 2H), 2.58 (s, 3H).
Exchangeable protons not observed. BC NMR (101 MHz, CD;0D): 6 173.5, 159.8,

150.8, 149.8, 140.4, 139.8, 130.8, 123.7, 122.6, 121.7, 120.3, 119.4, 45.6, 23.9. Umax
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(neat): 3259, 3050, 2900, 1673, 1600, 1548, 1537 cm”'. HRMS: exact mass
calculated for [M+H]" (C14H¢N30) m/z requires 242.1288, m/z found 242.1289.
Synthesis of 2-amino-VN-(3-(pyridin-3-yl)phenyl)acetamide (2.30). Prepared
according to General Procedure C using 3-bromopyridine (62 pL, 0.633 mmol, 1
equiv.), tert-butyl (2-0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino)ethyl)carbamate (2.63) (286 mg, 0.760 mmol, 1.2 equiv.), 2'-
(dimethylamino)-2-biphenylyl-palladium(II) chloride dinorbornylphosphine complex
(17.74 mg, 0.032 mmol, 5 mol%), and KsPO4 (537 mg, 2.53 mmol, 4 equiv.) in 2.5
mL 1,4-dioxane:H,O (4:1, 0.2 M). Following aqueous work-up, the residue was used
according to General Procedure D in 0.5 mL TFA and 1 mL DCM. Once the Boc
deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by MDAP, HpH method, to afford the title compound
as a white solid (71 mg, 49% over 2 steps). 'H NMR (400 MHz, CD;OD): & 8.75
(dd, J=2.3,0.7 Hz, 1H), 8.49 (dd, J=4.9, 1.6 Hz, 1H), 8.06 — 7.97 (m, 1H), 7.92 (s,
1H), 7.63 — 7.55 (m, 1H), 7.50 — 7.45 (m, 1H), 7.41 (app. t, J = 7.8 Hz, 1H), 7.37 —
7.32 (m, 1H), 3.46 (s, 2H). Exchangeable protons not observed. >’C NMR (101 MHz,
CDs;OD): & 173.4, 148.9, 148.3, 140.4, 139.2, 138.2, 136.4, 130.8, 125.4, 123.7,
120.8, 119.4, 45.6. vmax (neat): 3356, 3302, 2963, 2932, 2908, 1686, 1673, 1606,
1598, 1566, 1530 cm™'. HRMS: exact mass calculated for [M+H]" (C;3H4N30) m/z
requires 228.1131, m/z found 228.1133.

Synthesis of 2-amino-/N-(3-(piperazin-1-yl)phenyl)acetamide (2.31). Prepared
according to General Procedure D using fert-butyl 4-(3-(2-((fert-butoxycarbonyl)
amino)acetamido)phenyl)piperazine-1-carboxylate (48 mg, 0.110 mmol, 1 equiv.) in

0.5 mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the
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reaction was concentrated under reduced pressure and purified by reverse phase
column chromatography, eluting with 5-30% HpH method, to afford the title
compound as a yellow oil (4 mg, 17% yield). '"H NMR (400 MHz, CD;OD): § 7.30
(s, 1H), 7.18 (app. t, J = 8.1 Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.73 (d, J = 8.6 Hz,
2H), 3.40 (s, 2H), 3.21 — 3.09 (m, 4H), 3.02 — 2.91 (m, 4H). Three exchangeable
protons not observed. °C NMR (101 MHz, CD;OD): § 173.4, 153.8, 140.3, 130.3,
113.5, 112.8, 109.3, 51.1, 46.5, 45.7. vmax (neat): 3406, 3000, 2842, 1668, 1604,
1563, 1500 cm™. HRMS: exact mass calculated for [M+H]" (C2HoN4O) m/z
requires 235.1553, m/z found 235.1555.

Synthesis of 2-amino-N-(3-(5,6,7,8-tetrahydro-1,7-naphthyridin-2-
yD)phenyl)acetamide (2.32). Prepared according to General Procedure C using fert-
butyl 2-bromo-5,6-dihydro-1,7-naphthyridine-7(8 H)-carboxylate (100 mg, 0.319
mmol, 1 equiv.), tert-butyl (2-oxo-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino)ethyl)carbamate (2.63) (144 mg, 0.383 mmol, 1.2 equiv.), 2'-
(dimethylamino)-2-biphenylyl-palladium(II) chloride dinorbornylphosphine complex
(8.95 mg, 0.016 mmol, 5 mol%), and K5PO4 (271 mg, 1.277 mmol, 4 equiv.) in 2.5
mL 1,4-dioxane:H,O (4:1, 0.1 M). Following aqueous work-up, the residue was used
according to General Procedure D in 0.5 mL TFA and 1 mL DCM. Once the Boc
deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by MDAP, HpH method, to afford the title compound
as a colourless oil (18 mg, 20% over 2 steps). 'H NMR (400 MHz, CD;0D): § 8.15
(s, 1H), 7.65 (d, J = 8.0 Hz, 2H), 7.58 (s, 2H), 7.40 (app. t, J = 7.9 Hz, 1H), 4.05 (s,
2H), 3.45 (s, 2H), 3.11 (t, J = 5.9 Hz, 2H), 2.88 (t, J = 5.9 Hz, 2H). Exchangeable

protons not observed. °C NMR (101 MHz, CD;OD): § 173.4, 156.0, 155.9, 141.3,
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140.0, 139.4, 130.6, 130.2, 123.7, 121.4, 120.2, 119.6, 50.9, 45.6, 43.8, 28.6. Umax
(neat): 3272, 2924, 2839, 1667, 1593, 1567, 1558, 1537 cm™'. HRMS: exact mass
calculated for [M+H]" (C16HsN4O) m/z requires 283.1553, m/z found 283.1556.
Synthesis of /N-(3-(1,8-naphthyridin-2-yl)phenyl)-2-aminoacetamide (2.33).
Prepared according to General Procedure D using tert-butyl (2-((3-(1,8-naphthyridin-
2-yl)phenyl)amino)-2-oxoethyl)carbamate (2.73) (100 mg, 0.264 mmol, 1 equiv.) in
0.5 mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the
reaction was concentrated under reduced pressure and purified by MDAP, HpH
method, to afford the title compound as a cream solid (35 mg, 47%). "H NMR (400
MHz, CDs;0D): 6 9.06 (br. s, 1H), 8.52 — 8.34 (m, 3H), 8.13 (d, J= 8.5 Hz, 1H), 8.01
(d, J=17.8 Hz, 1H), 7.81 (d, J = 8.1 Hz, 1H), 7.66 — 7.56 (m, J = 7.9, 4.1 Hz, 1H),
7.50 (t, J = 7.9 Hz, 1H), 3.56 (br. s, 2H). Exchangeable protons not observed. °C
NMR (101 MHz, CDs;0D): 6 172.4, 161.5, 156.6, 154.8, 140.5, 140.3, 139.8, 139.1,
130.5, 124.7, 123.6, 123.5, 122.8, 121.3, 120.3, 45.2. vmax (neat): 3300, 3050, 1675,
1604, 1539 cm™. HRMS: exact mass calculated for [M+H]" (C¢HsN4sO) m/z
requires 279.1240, m/z found 279.1244.

Synthesis of 2-amino-N-(3-(2-methyl-1,8-naphthyridin-3-yl)phenyl)acetamide
(2.34). Prepared according to General Procedure D using tert-butyl (2-((3-(2-methyl-
1,8-naphthyridin-3-yl)phenyl)amino)-2-oxoethyl)carbamate (2.112) (100 mg, 0.255
mmol, 1 equiv.) in 0.5 mL TFA and 1 mL DCM. Once the Boc deprotection was
complete by TLC, the reaction mixture was concentrated under reduced pressure and
purified by MDAP, using the LpH method, to afford the title compound as a cream
solid (20 mg, 26%). 'H NMR (400 MHz, CD;0D): § 9.09 — 8.98 (m, 1H), 8.40 (dd, J

= 8.1, 1.7 Hz, 1H), 8.33 (br. s, 2H), 8.19 (s, 1H), 7.78 (s, 1H), 7.68 — 7.56 (m, 2H),
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7.48 (app. t, J = 7.9 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 3.92 (s, 2H), 2.67 (s, J = 8.6
Hz, 3H). One exchangeable proton not observed. °C NMR (101 MHz, CD;0D): &
166.2, 162.6, 155.6, 154.4, 140.9, 139.5, 139.0, 138.7, 138.2, 130.5, 126.4, 123.4,
122.9, 121.8, 120.6, 42.3, 24.7. vmax (neat): 2913, 2703, 1708, 1692, 1586, 1569 cm
' HRMS: exact mass calculated for [M+H]" (C17H7N40) m/z requires 293.1397, m/z
found 293.1401.

Synthesis of 2-amino-N-(3-(5,6,7,8-tetrahydro-1,8-naphthyridin-2-
yD)phenyl)acetamide (2.35). Prepared according to General Procedure F using fert-
butyl (2-((3-(1,8-naphthyridin-2-yl)phenyl)amino)-2-oxoethyl)carbamate (2.73) (100
mg, 0.265 mmol, 1 equiv.) and 10 wt. % Pd-C (56 mg, 0.053 mmol, 20 mol%) in 2
mL EtOH (0.1 M). The residue was then used according to General Procedure D in 1
mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the
reaction mixture was concentrated under reduced pressure and purified by reverse-
phase HPLC to afford the title compound as a cream solid (29 mg, 39% over 2
steps). 'H NMR (400 MHz, CD;0D): § 8.06 (s, J = 1.8 Hz, 1H), 7.80 — 7.65 (m, 2H),
7.59 —7.45 (m, 2H), 7.00 (d, J = 7.5 Hz, 1H), 3.92 (s, 2H), 3.65 — 3.48 (m, 2H), 2.89
(t, J = 6.1 Hz, 2H), 2.00 (dd, J = 6.4, 5.3 Hz, 2H). Exchangeable protons not
observed. ?C NMR (101 MHz, CD;0D): § 166.0, 153.2, 146.1, 142.7, 140.3, 134.3,
131.2, 124.0, 123.1, 122.3, 1194, 111.4, 42.4, 42.2, 26.6, 20.4. vmax (neat): 3250,
3081, 2950, 1668, 1651, 1558 cm’'. HRMS: exact mass calculated for [M+H]"
(C16H19N4O) m/z requires 283.1553, m/z found 283.1555.

Synthesis of 2-amino-N-(3-(2-methyl-5,6,7,8-tetrahydro-1,8-naphthyridin-3-
yD)phenyl) acetamide (2.36). Prepared according to General Procedure F using fert-

butyl  (2-((3-(2-methyl-1,8-naphthyridin-3-yl)phenyl)amino)-2-oxoethyl)carbamate
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(2.112) (91 mg, 0.232 mmol, 1 equiv.) and 10 wt. % Pd-C (49 mg, 0.046 mmol, 20
mol%) in 2 mL EtOH (0.1 M). The residue was then used according to General
Procedure D in 1 mL TFA and 1 mL DCM. Once the Boc deprotection was complete
by TLC, the reaction mixture was concentrated under reduced pressure and purified
by reverse-phase HPLC to afford the title compound as a cream solid (30 mg, 43%
over 2 steps). 'H NMR (500 MHz, CD;0D): § 7.68 (s, 1H), 7.60 (s, 1H), 7.56 (dd, J
= 8.2, 1.0 Hz, 1H), 7.45 (app. t, J = 7.9 Hz, 1H), 7.12 (d, J = 7.7 Hz, 1H), 3.88 (s,
2H), 3.58 — 3.49 (m, 2H), 2.86 (t, J = 6.1 Hz, 2H), 2.41 (s, 3H), 2.05 — 1.95 (m, 2H).
Exchangeable protons not observed. BC NMR (101 MHz, CD;0D): 6 165.8, 152.1,
143.9, 142.8, 139.7, 138.5, 130.6, 126.3, 125.9, 121.7, 120.7, 120.5, 42.2, 42.2, 26.3,
20.6, 17.5. vmax (neat): 3071, 2950, 1662, 1565 cm™'. HRMS: exact mass calculated
for [M+H]" (C17H21N40) m/z requires 297.1710, m/z found 297.1711.

Synthesis of 2-amino-NV-(5'-(aminomethyl)-2'-methyl-[1,1'-biphenyl]-3-
yDacetamide (2.37). Prepared according to General Procedure E using fert-butyl (2-
((5'-cyano-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.75) (100
mg, 0.274 mmol, 1 equiv.). After concentration under reduced pressure, the residue
was then used according to General Procedure D in 0.5 mL TFA and 2 mL DCM.
Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated and purified by MDAP, HpH method, to afford the title compound as a
yellow oil (27 mg, 37% over 2 steps). 'H NMR (400 MHz, CD;0D): & 7.60 (s, 1H),
7.53 (d, J=8.1 Hz, 1H), 7.37 (app. t, /= 7.9 Hz, 1H), 7.25 (s, 2H), 7.21 (s, 1H), 7.05
(d, J=7.6 Hz, 1H), 3.85 (s, 2H), 3.44 (s, 2H), 2.24 (s, 3H). Exchangeable protons
not observed. °C NMR (101 MHz, CD;0D): & 173.5, 143.9, 143.2, 139.4, 138.9,

135.6, 131.7, 130.0, 129.7, 127.8, 126.0, 121.8, 119.5, 45.8, 45.6, 20.2. Umax (neat):
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3284, 3051, 2993, 2902, 2839, 1682, 1667, 1606, 1587, 1558, 1539 cm™. HRMS:
exact mass calculated for [M+H]" (CisH20N30) m/z requires 270.1601, m/z found
270.1605.

Synthesis of 2-amino-NV-(3'-(aminomethyl)-2'-methyl-[1,1'-biphenyl]-3-
yDacetamide (2.38). Prepared according to General Procedure E using fert-butyl (2-
((3'-cyano-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.113) (100
mg, 0.274 mmol, 1 equiv.). After concentration under reduced pressure, the residue
was then used according to General Procedure D in 0.5 mL TFA and 2 mL DCM.
Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated and purified by MDAP, HpH method, to afford the title compound as a
colourless oil (21 mg, 29% over 2 steps). 'H NMR (400 MHz, CD;OD): § 7.59 —
7.50 (m, 2H), 7.40 — 7.28 (m, 2H), 7.22 (app. t,J = 7.6 Hz, 1H), 7.11 (d, J = 7.6 Hz,
1H), 7.00 (d, J = 7.7 Hz, 1H), 3.90 (s, 2H), 3.43 (br. s, 2H), 2.21 (s, 3H).
Exchangeable protons not observed. BC NMR (101 MHz, CD;0D): 6 173.5, 144.4,
143.9, 141.0, 139.4, 134.2, 129.8, 129.6, 128.0, 126.8, 126.2, 122.0, 119.5, 45.7,
44.3, 16.2. vmax (neat): 3263, 2915, 1675, 1584, 1558, 1539 cm’'. HRMS: exact mass
calculated for [M+H]" (C16H20N30) m/z requires 270.1601, m/z found 270.1603.
Synthesis of 2-amino-/N-(3'-(aminomethyl)-[1,1'-biphenyl]-3-yl)acetamide (2.39).
Prepared according to General Procedure D using fert-butyl (2-((3'-(((tert-
butylsulfinyl)amino)methyl)-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl) carbamate
(2.78) (165 mg, 0.359 mmol, 1 equiv.) in I mL TFA and 1 mL DCM. Once the Boc
deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by reverse-phase HPLC to afford the title compound as

a colourless oil (71 mg, 78%). '"H NMR (400 MHz, CD;OD): & 7.94 (s, 1H), 7.73 (s,
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1H), 7.66 (d, J = 7.8 Hz, 1H), 7.63 — 7.56 (m, 1H), 7.53 (t, J = 7.7 Hz, 1H), 7.47 —
7.39 (m, 3H), 4.20 (s, 2H), 3.91 (s, 2H), 3.35 (s, 2H). Three exchangeable protons
not observed. °C NMR (101 MHz, CD;0D): § 165.7, 143.0, 142.5, 139.8, 135.2,
130.8, 130.6, 129.1, 128.7, 128.7, 124.2, 120.2, 119.6, 44.3, 42.2. vmax (neat): 3042,
1670, 1616, 1616, 1567, 1506 cm’'. HRMS: exact mass calculated for [M+H]"
(Ci5sH1sN30) m/z requires 256.1450, m/z found 256.1444.

Synthesis of 2-amino-/N-(3'-(2-aminoethyl)-[1,1'-biphenyl]-3-yl)acetamide (2.40).
A solution of 2-(3-bromophenethyl)isoindoline-1,3-dione (2.80) (500 mg, 1.515
mmol, 1 equiv.) and H,NNH,.H,O (440 pL, 9.091 mmol, 6 equiv.) in 6 mL EtOH
(0.2 M) was stirred at 60 °C for 1 h then allowed to return to room temperature. The
reaction mixture was filtered and the white precipitate washed with EtOH. The
filtrate was then concentrated and purified by trituration in EtOH to afford 2-(3-
bromophenyl)ethan-1-amine (901 mg, 99%), which was used in the next step without
further purification. Prepared according to General Procedure B using 2-(3-
bromophenyl)ethan-1-amine (296 mg, 1.48 mmol, 1 equiv.), EtzN (206 pL, 1.48
mmol, 1 equiv.), and Boc,0O (323 mg, 1.48 mmol, 1 equiv.) in 5 mL THF (0.3 M).
The reaction mixture was diluted with 20 mL EtOAc and washed with 1 M aq. HCI
(2 x 20 mL). The organic layer was collected, dried using a hydrophobic frit, and
concentrated  under  reduced  pressure to  afford  tert-butyl  (3-
bromophenethyl)carbamate as a colourless oil (282 mg, 64%), which was used
without further purification. The residue was used according to General Procedure I
using fert-butyl (3-bromophenethyl)carbamate (106 mg, 0.355 mmol, 1 equiv.), fert-
butyl (2-0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)

ethyl) carbamate (2.63) (200 mg, 0.532 mmol, 1.5 equiv.), Pd(dppf)Cl,-DCM (11
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mg, 0.014 mmol, 4 mol%), and KsPO4 (226 mg, 1.065 mmol, 3 equiv.) in 2 mL THF
(0.2 M) and H,O (32 puL, 1.775 mmol, 5 equiv.). The residue was loaded onto a plug
of silica and eluted with 40% EtOAc/cyclohexane, then concentrated under reduced
pressure. The residue was used according to General Procedure D in 1 mL TFA and
I mL DCM. Once the Boc deprotection was complete by TLC, the reaction mixture
was concentrated under reduced pressure and purified by reverse-phase HPLC to
afford the title compound as a colourless oil (81 mg, 89% over 2 steps). '"H NMR
(400 MHz, CDs0OD): ¢ 7.81 (s, 1H), 7.50 (s, 1H), 7.43 (d, J = 7.9 Hz, 2H), 7.38 —
7.24 (m, 3H), 7.20 (d, J = 6.8 Hz, 1H), 3.86 (s, 2H), 3.21 — 3.08 (m, 2H), 2.97 (t, J =
7.0 Hz, 2H). Exchangeable protons not observed. BC NMR (101 MHz, CD;OD): &
165.7, 142.9, 142.6, 139.6, 138.6, 130.4, 128.9, 128.4, 126.8, 124.2, 120.0, 119.6,
42.1, 41.8, 34.5. One carbon not observed/coincident. L. (neat): 3036, 1662, 1608,
1569 cm™. HRMS: exact mass calculated for [M+H]" (C1sH20N30) m/z requires
270.1601, m/z found 270.1603.

Synthesis of 2-amino-/N-(3'-(aminomethyl)-2',6'-dimethyl-[1,1'-biphenyl]-3-
ylDacetamide (2.41). Prepared according to General Procedure D using fert-butyl (2-
((3'-(((tert-butylsulfinyl)amino)methyl)-2',6'-dimethyl-[ 1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.85) (100 mg, 0.207 mmol, 1 equiv.) in 1 mL TFA and 1 mL
DCM. Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated under reduced pressure and purified by reverse-phase HPLC to afford
the title compound as a yellow oil (26 mg, 44%). 'H NMR (400 MHz, CD;0D): &
7.59 (dd, J=8.2, 1.1 Hz, 1H), 7.49 — 7.39 (m, 2H), 7.30 (d, /= 7.8 Hz, 1H), 7.21 (d,
J=7.9 Hz, 1H), 6.87 (d, J=17.5 Hz, 1H), 4.17 (s, 2H), 3.87 (s, 2H), 3.35 (br. s, 2H),

2.07 (s, 3H), 2.01 (s, 3H). Three exchangeable protons not observed. ?C NMR (101
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MHz, CDs;OD): ¢ 165.6, 144.0, 143.0, 139.8, 138.6, 135.9, 130.5, 130.4, 129.6,
128.9, 126.2, 121.4, 119.5, 42.2, 42.1, 21.1, 16.8. vmax (neat): 2980, 1664, 1623,
1567 cm™. HRMS: exact mass calculated for [M+Na]" (C17H,;N3ONa) m/z requires
306.1577, m/z found 306.1578.

Synthesis of 2-amino-N-(3-(6-(aminomethyl)pyridin-2-yl)phenyl)acetamide
(2.42). Prepared according to General Procedure D using tert-butyl (2-((3-(6-(((tert-
butylsulfinyl)amino)methyl)pyridin-2-yl)phenyl)amino)-2-oxoethyl)carbamate (2.88)
(50 mg, 0.109 mmol, 1 equiv.) in 1 mL TFA and 1 mL DCM. Once the Boc
deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by SCX to afford the title compound as a colourless oil
(3 mg, 11%). "H NMR (500 MHz, CD;0D): § 8.34 (s, 1H), 7.85 (t, J = 7.6 Hz, 1H),
7.80 (d, J=7.7 Hz, 1H), 7.76 (d, /= 7.9 Hz, 1H), 7.65 (d, J= 8.0 Hz, 1H), 7.44 (t, J
= 7.9 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 4.06 (s, 2H), 3.47 (s, 2H). Exchangeable
protons not observed. >°C NMR (101 MHz, CD;OD): § 173.6, 160.0, 157.8, 141.2,
140.1, 139.2, 130.3, 123.8, 121.6, 121.5, 120.4, 119.6, 46.8, 45.7. Lmax (neat): 3403,
3250, 3100, 1670, 1577 cm’'. HRMS: exact mass calculated for [M+Na]"
(C14H16N4NaO) m/z requires 279.1216, m/z found 279.1207.

Synthesis of 2-(3-(2-aminoacetamido)phenyl)-6-(aminomethyl)pyridine 1-oxide
(2.43). m-CPBA (47 mg, 0.272 mmol, 2.5 equiv.) was added to a solution of tert-
butyl (E)-(2-((3-(6-(((tert-butylsulfinyl)imino)methyl)pyridin-2-yl)phenyl) amino)-2-
oxoethyl)carbamate (2.88) (50 mg, 0.109 mmol, 1 equiv.) in 3 mL DCM (0.03 M)
and the resulting solution stirred at room temperature for 16 h. The reaction mixture
was diluted with 20 mL MeOH, silica added, and then concentrated under reduced

pressure. The silica was loaded onto a column and eluted with 0-5% MeOH/DCM to

166



Chapter 2: Experimental

afford 2-(3-(2-((tert-butoxycarbonyl)amino)acetamido)phenyl)-6-(((1,1-
dimethylethyl)sulfonamido)methyl)pyridine 1-oxide (2.89) which was used without
further purification. The residue was used according to General Procedure D using 2-
(3-(2-((tert-butoxycarbonyl)amino)acetamido)phenyl)-6-(((1,1-dimethylethyl)
sulfonamido) methyl) pyridine 1-oxide (2.89) (54 mg, 0.109 mmol, 1 equiv.) in 1 mL
TfOH and 1 mL DCM. Once the deprotection was complete by TLC, the reaction
was concentrated under reduced pressure and purified by reverse-phase HPLC to
afford the title compound as a colourless gum (6 mg, 20% over 2 steps). 'H NMR
(400 MHz, CDs0OD): 6 8.12 (t, J = 1.8 Hz, 1H), 7.74 (dd, J= 7.7, 2.3 Hz, 1H), 7.70
(ddd, J = 17.8, 3.5, 1.7 Hz, 2H), 7.64 (d, J = 7.7 Hz, 1H), 7.62 — 7.57 (m, 1H), 7.51
(app. t, J = 7.9 Hz, 1H), 4.40 (s, 2H), 3.89 (s, 2H). Exchangeable protons not
observed. ?C NMR (101 MHz, CD;0OD): § 165.8, 150.8, 145.1, 139.4, 134.1, 130.2,
129.7, 129.2, 128.0, 126.6, 122.3, 121.8, 42.2, 41.2. vmax (neat): 3280, 3202, 3038,
1673, 1621, 1590, 1563, 1537 cm’'. HRMS: exact mass calculated for [M+Na]"
(C14H16N4NaO,) m/z requires 295.1165, m/z found 295.1161.

Synthesis of  2-amino-N-(2'-(aminomethyl)-[1,1'-biphenyl]-3-yl)acetamide
bis(2,2,2-trifluoroacetate) (2.44). Prepared according to General Procedure D using
tert-butyl ((3'-(2-((tert-butoxycarbonyl)amino)acetamido)-[ 1, 1'-biphenyl]-2-
yl)methyl)carbamate (2.106) (228 mg, 0.501 mmol, 1 equiv.) in 1 mL TFA and 1 mL
DCM. Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated under reduced pressure and purified by reverse-phase column
chromatography, eluting with 100% H,O, to afford the title compound as a
colourless oil (213 mg, 88%). '"H NMR (500 MHz, CD;0D): § 8.35 (br. s, 1H), 7.66

(s, 1H), 7.59 (dd, J = 11.6, 4.8 Hz, 2H), 7.51 — 7.42 (m, 3H), 7.38 — 7.32 (m, 1H),
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7.13 (d, J = 7.6 Hz, 1H), 4.12 (s, 2H), 3.91 (s, 2H). Four exchangeable protons not
observed. ’C NMR (101 MHz, CD;0OD): § 165.9, 143.3, 141.9, 139.4, 131.9, 131.6,
130.4, 130.0, 129.8, 129.5, 126.3, 122.0, 120.3, 42.2, 41.4. vmax (neat): 3354, 3271,
3057, 1670, 1590, 1558, 1534, 1496, 1478 cm™. HRMS: exact mass calculated for
[M+H]" (C15sHsN30) m/z requires 256.1444, m/z found 256.1441.

Synthesis of 2-acetamido-/V-(5'-(acetamidomethyl)-2'-methyl-[1,1'-biphenyl]-3-
yDacetamide (2.45). Prepared according to General Procedure K using N-(5'-
(acetamidomethyl)-2'-methyl-[ 1,1'-biphenyl]-3-yl)-2-aminoacetamide (2.48) (10 mg,
0.032 mmol, 1 equiv.), Ac;O (5 pL, 0.048 mmol, 1.5 equiv.), and pyridine (4 pL,
0.048 mmol, 1.5 equiv.) in 0.5 mL DCM (0.1 M). The reaction mixture was diluted
with DCM and washed with 1 M aq. HCI, the organic layer was dried using a
hydrophobic frit and concentrated under reduced pressure to afford the title
compound as a white solid (5 mg, 48%). '"H NMR (500 MHz, CD;0D): & 7.57 — 7.48
(m, 2H), 7.36 (t, J = 8.0 Hz, 1H), 7.23 (d, /= 7.7 Hz, 1H), 7.17 (d, J = 7.8 Hz, 1H),
7.12 (s, 1H), 7.04 (s, 1H), 4.34 (s, 2H), 4.01 (s, 2H), 2.22 (s, 3H), 2.04 (s, 3H), 1.97
(s, 3H). Exchangeable protons not observed. >C NMR (126 MHz, CD;OD): & 173.9,
173.1, 169.8, 143.9, 143.1, 139.4, 137.4, 135.3, 131.6, 129.9, 129.7, 127.7, 126.0,
122.0, 119.8, 44.1, 43.9, 22.5, 22.4, 20.2. vmax (neat): 3412, 3325, 3289, 3066, 2924,
2880, 2408, 1634, 1591, 1539, 1504 cm’'. HRMS: exact mass calculated for
[M+Na]" (C20H23N3NaO3) m/z requires 376.1632, m/z found 376.1627.

Synthesis of 2-amino-N-(5'-(hydroxymethyl)-2'-methyl-[1,1'-biphenyl]-3-
ylDacetamide (2.46). Prepared according to General Procedure D using fert-butyl (2-
((5'-(hydroxymethyl)-2'-methyl-[ 1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate

(2.114) (87 mg, 0.235 mmol, 1 equiv.) in 1 mL TFA and 1 mL DCM. Once the Boc
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deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by silica chromatography, eluting with 0-10%
MeOH/DCM, to afford the title compound as a colourless oil (54 mg, 85%). 'H
NMR (500 MHz, CD;0D): 6 7.61 — 7.52 (m, 2H), 7.37 (app. t, J = 7.8 Hz, 1H), 7.23
(s, 2H), 7.18 (s, 1H), 7.06 (d, J = 7.5 Hz, 1H), 4.59 (s, 2H), 3.72 (s, 2H), 2.22 (s, 3H).
Exchangeable protons not observed. °C NMR (126 MHz, CD;OD): & 144.2, 142.8,
140.2, 139.1, 135.3, 131.4, 129.8, 129.3, 127.3, 126.3, 121.8, 119.5, 65.0, 49.8, 20.2.
One carbon not observed/coincident. v (neat): 3312, 2919, 2852, 1668, 1616,
1567 cm™”. HRMS: exact mass calculated for [M+H]" (C16H9N,0,) m/z requires
271.1441, m/z found 271.1445.

Synthesis of  2-amino-/NV-(5'-cyano-2'-methyl-[1,1'-biphenyl]-3-yl)acetamide
(2.47). Prepared according to General Procedure D using fert-butyl (2-((5'-cyano-2'-
methyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.75) (150 mg, 0.411
mmol, 1 equiv.) in 1 mL TFA and 2 mL DCM. Once the Boc deprotection was
complete by TLC, the reaction mixture was concentrated under reduced pressure and
purified by silica chromatography, eluting with 0-10% MeOH/DCM, to afford the
title compound as a cream solid (95 mg, 61%). '"H NMR (400 MHz, CDCls): § 9.51
(br. s, 1H), 7.62 (s, 1H), 7.58 (d, J = 8.1 Hz, 1H), 7.55 — 7.47 (m, 2H), 7.42 — 7.31
(m, 2H), 7.01 (d, J = 7.3 Hz, 1H), 3.51 (s, 2H), 2.33 (s, 3H). Two exchangeable
protons not observed. °C NMR (101 MHz, CDCl): & 171.0, 142.8, 141.6, 140.5,
137.9, 133.2, 131.2, 130.9, 129.2, 124.7, 120.0, 119.1, 118.8, 109.7, 45.2, 21.0. Umax
(neat): 3278, 3055, 2958, 2924, 2228, 1670, 1606, 1590, 1528 cm™'. HRMS: exact
mass calculated for [M+Na]® (C;¢H;sN3NaO) m/z requires 288.1107, m/z found

288.1098.
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Synthesis of N-(5'-(acetamidomethyl)-2'-methyl-[1,1'-biphenyl]-3-yl)-2-
aminoacetamide (2.48). Prepared according to General Procedure K using tert-butyl
(2-((5'-(aminomethyl)-2'-methyl-[ 1, 1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate

(2.94) (37 mg, 0.100 mmol, 1 equiv.), Ac;O (11 pL, 0.120 mmol, 1.2 equiv.), and
pyridine (10 pL, 0.120 mmol, 1.2 equiv.) in 1 mL DCM (0.1 M). Following aqueous
work-up, the residue was used according to General procedure D in 1 mL TFA and 1
mL DCM. Once the Boc deprotection was complete by TLC, the reaction mixture
was concentrated under reduced pressure and purified by silica chromatography,
eluting with 0-10% MeOH/DCM, to afford the title compound as a brown oil (28
mg, 90% over 2 steps). 'H NMR (400 MHz, CD;0D): § 7.62 — 7.52 (m, 2H), 7.38
(app. t,J=8.1 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 7.17 (dd, J= 7.8, 1.7 Hz, 1H), 7.11
(s, IH), 7.06 (d, J= 7.6 Hz, 1H), 4.34 (s, 2H), 3.87 (s, 2H), 2.21 (s, 3H), 1.97 (s, 3H).
Exchangeable protons not observed. BC NMR (101 MHz, CD;0D): 6 173.2, 165.6,
144.1, 142.9, 139.1, 137.5, 135.2, 131.6, 129.8, 129.8, 127.8, 126.3, 121.6, 119.4,
43.9,42.2,22.6,20.2. Umax (neat): 3278, 3088, 2956, 1763, 1675, 1565 cm™ . HRMS:
exact mass calculated for [M+H]" (C1sH22N30,) m/z requires 312.1707, m/z found

312.1709.

Synthesis of  N-(5'-((allylamino)methyl)-2'-methyl-[1,1'-biphenyl]-3-yl)-2-
aminoacetamide (2.49). Prepared according to General Procedure D using tert-butyl
(2-((5'-((allylamino)methyl)-2'-methyl-[ 1,1'-biphenyl]-3-yl)amino)-2-

oxoethyl)carbamate (2.93) (100 mg, 0.244 mmol, 1 equiv.) in 1 mL TFA and 1 mL
DCM. Once the Boc deprotection was complete by TLC, the reaction mixture was
concentrated under reduced pressure and purified by reverse-phase column

chromatography, eluting with 100% H,O, to afford the title compound as a yellow oil
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(64 mg, 85%). 'H NMR (400 MHz, CD;0D): § 7.62 — 7.51 (m, 2H), 7.35 (app. t, J =
7.9 Hz, 1H), 7.25 — 7.18 (m, 2H), 7.17 (s, 1H), 7.06 — 7.01 (m, 1H), 6.00 — 5.83 (m,
1H), 5.26 — 5.06 (m, 2H), 3.70 (br. s, 2H), 3.40 (d, J = 7.9 Hz, 2H), 3.22 (dt, J= 6.3,
1.3 Hz, 2H), 2.23 (s, 3H). Exchangeable protons not observed. BC NMR (101 MHz,
CDs;OD): & 173.6, 144.0, 143.0, 139.4, 138.0, 137.0, 135.2, 131.5, 130.9, 129.7,
128.7, 126.0, 121.8, 119.4, 117.5, 53.2, 52.2, 45.7, 20.3. vma (neat): 3276, 3071,
2976, 2921, 1670, 1608, 1588, 1534 cm™'. HRMS: exact mass calculated for [M+H]"

(C19H24N30) m/z requires 310.1914, m/z found 310.1913.

Synthesis of 2-amino-NV-(4'-(aminomethyl)-2'-methyl-[1,1'-biphenyl]-3-
yDacetamide (2.50). Prepared according to General Procedure B using (4-bromo-3-
methylphenyl)methanamine (211 mg, 1.055 mmol, 1 equiv.), Boc,O (253 mg, 1.160
mmol, 1.1 equiv.), and Et;N (293 pL, 2.110 mmol, 2 equiv.) in 5 mL DCM (0.2 M).
Following aqueous work-up, the residue was used in the next step according to
General Procedure I using tert-butyl (4-bromo-3-methylbenzyl)carbamate (316 mg,
1.055 mmol, 1 equiv.), tert-butyl (2-ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)amino) ethyl) carbamate (2.63) (595 mg, 1.582 mmol, 1.5
equiv.), Pd(dppf)Cl,-DCM (34 mg, 0.042 mmol, 4 mol%), and K;PO, (671 mg,
3.165 mmol, 3 equiv.) in 4 mL THF (0.3 M) and H,O (95 pL, 5.275 mmol, 5 equiv.).
The crude material was loaded onto a plug of silica and eluted with 60%
EtOAc/petroleum ether, to afford tert-butyl ((3'-(2-((tert-
butoxycarbonyl)amino)acetamido)-2-methyl-[1,1'-biphenyl]-4-yl)methyl)carbamate

which was used in the next step without further purification. The residue was then
used according to General Procedure D in 1 mL TFA and 1 mL DCM. Once the Boc

deprotection was complete by TLC, the reaction was concentrated and purified by
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reverse-phase HPLC to afford the title compound as a cream solid (29 mg, 10% over
2 steps). '"H NMR (400 MHz, CD;OD): § 7.62 (t, J = 1.8 Hz, 1H), 7.57 — 7.50 (m,
1H), 7.43 — 7.35 (m, 2H), 7.34 — 7.24 (m, 2H), 7.07 — 7.01 (m, 1H), 4.10 (s, 2H),
3.63 (s, 2H), 2.29 (s, 3H). Exchangeable protons not observed. °C NMR (101 MHz,
CDs;OD): & 170.1, 143.7, 143.3, 139.4, 137.4, 134.3, 131.8, 131.3, 129.9, 127.2,
126.0, 121.6, 119.7, 44.3, 44.1, 20.5. vmax (neat): 2926, 1670, 1616, 1591, 1565,
1558 cm™. HRMS: exact mass calculated for [M+Na]" (C1¢HoN3NaO) m/z requires

292.1420, m/z found 292.1413.

Synthesis of 2-amino-N-(2'-methyl-[1,1'-biphenyl]-3-yl)acetamide  (2.51).
Prepared according to General Procedure [ wusing tert-butyl (2-((3-
bromophenyl)amino)-2-oxoethyl)carbamate (2.115) (100 mg, 0.305 mmol, 1 equiv.),
o-tolylboronic acid (62 mg, 0.457 mmol, 1.5 equiv.), Pd(dppf)Cl,-DCM (10 mg,
0.012 mmol, 4 mol%), and K3;PO4 (194 mg, 0.915 mmol, 3 equiv.) in 2 mL THF (0.2
M) and H,O (27 pL, 1.525 mmol, 5 equiv.). The crude material was loaded onto a
plug of silica and eluted with 40% EtOAc/cyclohexane, then concentrated under
reduced pressure. The residue was used according to General Procedure D in 1 mL
TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the reaction
mixture was concentrated under reduced pressure and purified by reverse-phase
HPLC to afford the title compound as a white solid (50 mg, 68% over 2 steps). 'H
NMR (500 MHz, CD;0D): § 7.59 — 7.53 (m, 2H), 7.38 (t, J = 8.2 Hz, 1H), 7.28 —
7.18 (m, 3H), 7.16 (d, J= 7.0 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 3.87 (s, 2H), 2.23 (s,
3H). Exchangeable protons not observed. °C NMR (101 MHz, CD;0D): & 165.5,
144.3, 142.8, 139.0, 136.2, 131.3, 130.5, 129.8, 128.5, 126.8, 126.4, 121.7, 119.4,

42.2, 20.5. Lmay (neat): 3453, 3364, 3267, 3058, 2973, 2926, 1675, 1590, 1539 cm™,
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HRMS: exact mass calculated for [M+H]" (C;5H;7N,0) m/z requires 241.1335, m/z
found 241.1336.

Synthesis of 2-amino-N-(2'-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)acetamide
(2.52). Prepared according to General Procedure 1 using tert-butyl (2-((3-
bromophenyl)amino)-2-oxoethyl)carbamate (2.115) (100 mg, 0.305 mmol, 1 equiv.),
4.4,5,5-tetramethyl-2-(2-(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (124 mg,
0.457 mmol, 1.5 equiv.), Pd(dppf)Cl,-DCM (10 mg, 0.012 mmol, 4 mol%), and
K3PO4 (194 mg, 0.915 mmol, 3 equiv.) in 2 mL THF (0.2 M) and H,O (27 pL, 1.525
mmol, 5 equiv.). The crude material was loaded onto a plug of silica and eluted with
40% EtOAc/cyclohexane, then concentrated under reduced pressure. The residue was
used according to General Procedure D in 1 mL TFA and 1 mL DCM. Once the Boc
deprotection was complete by TLC, the reaction mixture was concentrated under
reduced pressure and purified by reverse-phase HPLC to afford the title compound as
a white solid (9 mg, 10% over 2 steps). 'H NMR (500 MHz, CD;0D): & 7.77 (d, J =
7.9 Hz, 1H), 7.69 — 7.61 (m, 2H), 7.59 (s, 1H), 7.55 (app. t, J = 7.7 Hz, 1H), 7.41 —
7.32 (m, 2H), 7.07 (d, J = 7.6 Hz, 1H), 3.86 (s, 2H). Exchangeable protons not
observed. °C NMR (101 MHz, CDCl;): § 170.6, 141.0, 140.8, 137.3, 132.2, 131.4,
128.6, 127.6, 126.2, 126.1, 125.0, 120.1, 118.8, 45.1. CF; carbon not observed. "°F
NMR (471 MHz, CD;OD): & -58.11. vmax (neat): 3429, 3362, 3274, 3071, 1670,
1606, 1591, 1565, 1539 cm’. HRMS: exact mass calculated for [M+H]"
(Ci5sH14F3N20) m/z requires 295.1053, m/z found 295.1055.

Synthesis of N-([1,1'-biphenyl]-3-yl)-2-aminoacetamide (2.53). Prepared
according to General Procedure I using fert-butyl (2-((3-bromophenyl)amino)-2-

oxoethyl)carbamate (2.115) (100 mg, 0.305 mmol, 1 equiv.), phenylboronic acid
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pinacol ester (93 mg, 0.457 mmol, 1.5 equiv.), Pd(dppf)Cl,-DCM (10 mg, 0.012
mmol, 4 mol%), and K;PO4 (194 mg, 0.915 mmol, 3 equiv.) in 2 mL THF (0.2 M)
and H,O (27 pL, 1.525 mmol, 5 equiv.). The crude material was loaded onto a plug
of silica and eluted with 40% EtOAc/cyclohexane, then concentrated under reduced
pressure. The residue was used according to General Procedure D in 1 mL TFA and
I mL DCM. Once the Boc deprotection was complete by TLC, the reaction mixture
was concentrated under reduced pressure and purified by reverse-phase HPLC to
afford the title compound as a white solid (30 mg, 44% over 2 steps). 'H NMR (400
MHz, CDCl;): 6 9.46 (br. s, 1H), 7.82 (s, 1H), 7.69 — 7.54 (m, 3H), 7.48 — 7.37 (m,
3H), 7.37 — 7.30 (m, 2H), 3.49 (s, 2H). Two exchangeable protons not observed. °C
NMR (101 MHz, CDCL): 8 171.0, 142.2, 140.9, 138.2, 129.5, 128.9, 127.6, 127.3,
123.1, 118.5, 118.3, 45.3. vmax (neat): 3380, 3297, 3055, 2924, 1658, 1601, 1526,
1508 cm™. HRMS: exact mass calculated for [M+H]" (C14HisN,O) m/z requires
227.1179, m/z found 227.1177.

Synthesis of 2-amino-N-(3-(1-amino-2,3-dihydro-1H-inden-4-
yD)phenyl)acetamide (2.54). Prepared according to General Procedure I using fert-
butyl (4-bromo-2,3-dihydro-1H-inden-1-yl)carbamate (2.97) (180 mg, 0.577 mmol, 1
equiv.), tert-butyl (2-0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino) ethyl) carbamate (2.63) (325 mg, 0.865 mmol, 1.5 equiv.),
Pd(dppf)Cl,-DCM (19 mg, 0.023 mmol, 4 mol%), and KsPO4 (367 mg, 1.731 mmol,
3 equiv.) in 2 mL THF (0.3 M) and H,O (52 uL, 2.885 mmol, 5 equiv.). The crude
material was loaded onto a plug of silica and eluted with 60% EtOAc/petroleum
ether, to afford fert-butyl (2-((3-(1-((tert-butoxycarbonyl)amino)-2,3-dihydro-1H-

inden-4-yl)phenyl)amino)-2-oxoethyl)carbamate which was used in the next step
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without further purification. The residue was then used according to General
Procedure D in 1 mL TFA and 1 mL DCM. Once the Boc deprotection was complete
by TLC, the reaction was concentrated and purified by reverse-phase HPLC to afford
the title compound as a cream solid (58 mg, 36% over 2 steps). 'H NMR (400 MHz,
CDs;0OD): 6 7.72 (s, 1H), 7.54 (ddd, J = 16.5, 7.8, 1.3 Hz, 1H), 7.41 — 7.32 (m, 2H),
7.28 (app. t,J = 7.5 Hz, 1H), 7.22 (d, J= 7.1 Hz, 1H), 7.15 (d, J = 7.6 Hz, 1H), 4.37
(t, J=7.3 Hz, 1H), 3.42 (s, 2H), 3.04 — 2.94 (m, 1H), 2.94 — 2.79 (m, 1H), 2.52 —
2.36 (m, 1H), 1.76 — 1.63 (m, 1H). Exchangeable protons not observed. >’C NMR
(101 MHz, CD;0D): 6 173.6, 148.3, 143.0, 142.0, 139.4, 130.3, 129.8, 128.7, 128.2,
125.3, 123.7, 121.2, 119.6, 57.9, 45.7, 36.8, 31.0. vma (neat): 3347, 2919, 2852,
1675, 1584, 1558, 1539 cm’'. HRMS: exact mass calculated for [M+Na]"
(C17H19N3NaO) m/z requires 304.1420, m/z found 304.1415.

Synthesis of 2-amino-N-(2'-(hydroxymethyl)-[1,1'-biphenyl]-3-yl)acetamide
(2.55). Prepared according to General Procedure H using tert-butyl (2-((2'-formyl-
[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.99) (60 mg, 0.169 mmol, 1
equiv.) and NaBH4 (19 mg, 0.508 mmol, 3 equiv.) in 2 mL MeOH (0.1 M).Following
aqueous work-up, the residue was used according to General Procedure D in 0.5 mL
TFA and 0.5 mL DCM. Once the Boc deprotection was complete by TLC, the
reaction mixture was concentrated under reduced pressure and purified by silica
chromatography, eluting with 10% MeOH/DCM, to afford the title compound as a
cream solid (30 mg, 69% over 2 steps). 'H NMR (500 MHz, CD;0D): & 7.62 — 7.55
(m, 3H), 7.40 — 7.35 (m, 2H), 7.32 (app. td, J = 7.5, 1.3 Hz, 1H), 7.24 (dd, J = 7.5,
1.2 Hz, 1H), 7.10 (d, J = 7.6 Hz, 1H), 4.53 (s, 2H), 3.43 (s, 2H). Exchangeable

protons not observed. >°C NMR (101 MHz, CD;OD): § 173.5, 143.0, 142.2, 139.6,
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139.4, 130.7, 129.7, 129.4, 128.7, 128.3, 126.1, 121.9, 119.8, 62.8, 45.6. vmax (neat):
3276, 2922, 2854, 1670, 1653, 1603, 1590, 1539 cm™'. HRMS: exact mass calculated

for [M+Na]" (C15HsNNaO,) m/z requires 279.1104, m/z found 279.1103.

Synthesis of 2-amino-N-(2'-((methylamino)methyl)-[1,1'-biphenyl]-3-
yDacetamide bis(2,2,2-trifluoroacetate) (2.56). Prepared according to General
Procedure J using tert-butyl  (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.99) (300 mg, 0.847 mmol, 1 equiv.), 33 wt. % methylamine
(95 mg, 1.017 mmol, 1.2 equiv.), MgSO4 (305 mg, 2.541 mmol, 3 equiv.), and
NaCNBH; (103 mg, 1.694 mmol, 2 equiv.) in 4 mL DCM (0.2 M). Following
aqueous work-up, the residue was used according to General procedure D using 1
mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the
reaction mixture was concentrated under reduced pressure and purified by reverse-
phase HPLC to afford the title compound as a colourless gum (89 mg, 21% over 2
steps). 'H NMR (500 MHz, CD;0D): § 7.69 (s, J = 1.7 Hz, 1H), 7.62 — 7.59 (m, 1H),
7.56 — 7.44 (m, 4H), 7.41 — 7.36 (m, 1H), 7.13 (d, J = 7.6 Hz, 1H), 4.22 (s, 2H), 3.90
(s, 2H), 2.59 (s, 3H). Exchangeable protons not observed. °C NMR (101 MHz,
CDs;0OD): & 166.0, 144.0, 141.8, 139.4, 131.8, 130.6, 130.1, 129.7, 126.5, 122.2,
120.5, 50.7, 42.2, 33.4. Two carbons not observed/coincident. Lmax (neat): 2991,
1779, 1668, 1617, 1565 cm’'. HRMS: exact mass calculated for [M+H]"

(C16H20N30) m/z requires 270.1601, m/z found 270.1594.

Synthesis of 2-amino-/N-(2'-(((cyclohexylmethyl)amino)methyl)-[1,1'-biphenyl]-
3-yD)acetamide (2.57). Prepared according to General Procedure D using tert-butyl

(2-((2'-(((cyclohexylmethyl)amino)methyl)-[ 1,1'-biphenyl]-3-yl)amino)-2-
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oxoethyl)carbamate (2.116) (84 mg, 0.186 mmol, 1 equiv.) in 0.5 mL TFA and 0.5
mL DCM. Purified by silica chromatography, eluting with 0-10% MeOH/DCM, to
afford the title compound as a yellow oil (30 mg, 46%). 'H NMR (400 MHz,
CDs;OD): 6 7.71 (s, 1H), 7.57 — 7.50 (m, 2H), 7.47 — 7.36 (m, 3H), 7.33 — 7.27 (m,
1H), 7.10 (d, J = 7.6 Hz, 1H), 3.97 (s, 2H), 3.53 (s, 2H), 2.42 (d, J = 6.9 Hz, 2H),
1.76 — 1.58 (m, 3H), 1.58 — 1.48 (m, 2H), 1.49 — 1.31 (m, J = 14.8, 7.5, 3.6 Hz, 1H),
1.23 — 1.02 (m, 3H), 0.88 — 0.72 (m, 2H). Exchangeable protons not observed. °C
NMR (101 MHz, CD;OD): 6 172.0, 143.5, 142.5, 139.8, 134.4, 131.4, 130.9, 130.3,
129.4,129.2, 126.0, 121.9, 120.0, 55.6, 50.8, 44.9, 37.0, 31.8, 27.3, 26.8. Umax (neat):
3276, 3058, 2924, 2852, 1670, 1591, 1558 cm™'. HRMS: exact mass calculated for

[M+H]" (C22H30N30) m/z requires 352.2383, m/z found 352.2370.

Synthesis of 2-amino-N-(2’-((benzylamino)methyl)-[1,1’-biphenyl]-3-
ylDacetamide (2.58). Prepared according to General Procedure D using fert-butyl (2-
((2’-((benzylamino)methyl)-[1,1’-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate

(2.117) (86 mg, 0.193 mmol, 1 equiv.) in 0.5 mL TFA and 0.5 mL DCM. Purified by
silica chromatography, eluting with 0-10% MeOH/DCM, to afford the title
compound as a yellow oil (23 mg, 35%). 'H NMR (400 MHz, CD;OD): § 7.63 —
7.54 (m, 2H), 7.48 (dd, J = 7.4, 1.3 Hz, 1H), 7.39 — 7.28 (m, 3H), 7.27 — 7.15 (m,
4H), 7.12 — 7.08 (m, 2H), 7.03 (d, J = 7.6 Hz, 1H), 3.72 (s, 2H), 3.56 (s, 2H), 3.43 (s,
2H). Exchangeable protons not observed. °C NMR (101 MHz, CD;OD): § 173.5,
143.2, 143.1, 140.3, 139.7, 137.9, 131.0, 130.7, 130.0, 129.4, 128.8, 128.3, 128.1,
125.8, 121.6, 119.7, 53.8, 51.2, 45.6. One carbon not observed/coincident. Lmax

(neat): 3285, 3058, 3027, 2919, 2852, 1670, 1601, 1590, 1532 cm™'. HRMS: exact
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mass calculated for [M+H]" (C2H24N30) m/z requires 346.1914, m/z found

346.1910.

Synthesis of 2-amino-N-(2'-(((2-methoxyethyl)amino)methyl)-[1,1'-biphenyl]-3-
yDacetamide (2.59). Prepared according to General Procedure D using fert-butyl (2-
((2'-(((2-methoxyethyl)amino)methyl)-[ 1,1'-biphenyl]-3-yl)amino)-2-

oxoethyl)carbamate (2.118) (70 mg, 0.169 mmol, 1 equiv.) in 0.5 mL TFA and 0.5
mL DCM. Purified by silica chromatography eluting with 10% MeOH/DCM to
afford the title compound as a colourless gum (32 mg, 60%). 'H NMR (400 MHz,
CDCl): 6 9.42 (br. s, 1H), 7.71 (ddd, J = 8.1, 2.1, 0.9 Hz, 1H), 7.53 (s, 1H), 7.46
(dd, J=17.5, 1.1 Hz, 1H), 7.40 — 7.27 (m, 3H), 7.26 — 7.21 (m, 1H), 7.13 — 7.07 (m,
1H), 3.74 (s, 2H), 3.46 (s, 2H), 3.40 (d, J = 5.1 Hz, 2H), 3.28 (s, 3H), 2.67 (d,J=5.3
Hz, 2H). Three exchangeable protons not observed. °C NMR (101 MHz, CDCl5): &
170.9, 142.1, 141.4, 137.6, 130.1, 129.2, 128.9, 127.7, 127.0, 125.0, 120.2, 118.3,
72.0, 58.8, 51.3, 48.7, 45.3. Once carbon not observed/coincident. Lm,x (neat): 3280,
3058, 2919, 2854, 1670, 1610, 1590, 1532 cm™'. HRMS: exact mass calculated for

[M+Na]" (C1sH23N3NaO,) m/z requires 336.1682, m/z found 336.1668.

Synthesis of 2-amino-N-(2'-(morpholinomethyl)-[1,1'-biphenyl]-3-yl)acetamide
(2.60). Prepared according to General Procedure D using fert-butyl (2-((2'-
(morpholinomethyl)-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.119) (38
mg, 0.089 mmol, 1 equiv.) in 0.5 mL TFA and 0.5 mL DCM. Purified by silica
chromatography, eluting with 10-20% MeOH/DCM, to afford the title compound as
a white solid (24 mg, 81%). 'H NMR (400 MHz, CDCls): & 9.43 (br s, 1H), 7.74 —

7.66 (m, 1H), 7.62 (app. t, J = 1.8 Hz, 1H), 7.52 — 7.46 (m, 1H), 7.36 (app. t, J = 7.9
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Hz, 1H), 7.33 — 7.26 (m, 3H), 7.17 — 7.10 (m, 1H), 4.88 (br s, 1H), 3.69 — 3.59 (m,
4H), 3.49 (s, J = 1.5 Hz, 2H), 3.40 (s, 2H), 2.43 — 2.29 (m, 4H). One exchangeable
proton not observed. °C NMR (101 MHz, CDCL): & 170.8, 142.5, 142.4, 137.4,
135.4, 130.2, 130.2, 128.7, 127.3, 127.1, 125.5, 120.7, 118.1, 67.3, 60.4, 53.4, 45.3.
Umax (neat): 3375, 2956, 2932, 2855, 2813, 1668, 1584, 1558 cm™'. HRMS: exact
mass calculated for [M+H]™ (C19H24N30,) m/z requires 326.1863, m/z found

326.1849.

Synthesis of 2-amino-V-(2'-(((2-aminoethyl)amino)methyl)-[1,1'-biphenyl]-3-
yDacetamide tris(2,2,2-trifluoroacetate) (2.61). Prepared according to General
Procedure J using tert-butyl  (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.99) (300 mg, 0.847 mmol, 1 equiv.), ethane-1,2-diamine (68
pL, 1.017 mmol, 1.2 equiv.), MgSO4 (305 mg, 2.541 mmol, 3 equiv.), and
NaCNBH; (103 mg, 1.694 mmol, 2 equiv.) in 4 mL DCM (0.2 M). Following
aqueous work-up, the residue was used according to General procedure D using 1
mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC, the
reaction mixture was concentrated under reduced pressure and purified by reverse-
phase HPLC to afford the title compound as a colourless gum (85 mg, 16% over 2
steps). 'H NMR (500 MHz, CD;0D): & 7.74 (s, 1H), 7.69 (m, 1H), 7.54 — 7.49 (m,
2H), 7.49 — 7.46 (m, 2H), 7.40 — 7.37 (m, 1H), 7.16 — 7.12 (m, 1H), 4.31 (s, 2H),
3.90 (s, 2H), 3.29 (s, 4H). Four exchangeable protons not observed. >C NMR (101
MHz, CD;0OD): 6 166.1, 144.0, 141.7, 139.2, 131.8, 130.9, 130.8, 130.7, 129.8,
129.7, 126.7, 122.4, 120.6, 45.5, 42.2, 36.7, 29.0. vmax (neat): 3406, 3019, 1668,
1565, 1504 cm™. HRMS: exact mass calculated for [M+H]" (C,7H23N40) m/z

requires 299.1866, m/z found 299.1857.
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Synthesis of 2-amino-N-(2'-(piperazin-1-ylmethyl)-[1,1'-biphenyl]-3-
yDacetamide bis(2,2,2-trifluoroacetate) (2.62). Prepared according to General
Procedure J using tert-butyl  (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.99) (300 mg, 0.847 mmol, 1 equiv.), tert-butyl piperazine-1-
carboxylate (189 mg, 1.017 mmol, 1.2 equiv.), MgSO4 (305 mg, 2.541 mmol, 3
equiv.), and NaCNBH; (103 mg, 1.694 mmol, 2 equiv.) in 4 mL DCM (0.2 M).
Following aqueous work-up, the residue was used according to General procedure D
using | mL TFA and 1 mL DCM. Once the Boc deprotection was complete by TLC,
the reaction mixture was concentrated under reduced pressure and purified by
reverse-phase HPLC to afford the title compound as a colourless gum (10 mg, 2%
over 2 steps). '"H NMR (500 MHz, CD;0D): & 7.67 (s, 1H), 7.60 — 7.55 (m, 1H),
7.50 (d, J = 8.2 Hz, 1H), 7.46 — 7.39 (m, 3H), 7.33 — 7.27 (m, 1H), 7.14 (d, J = 7.5
Hz, 1H), 3.93 — 3.81 (m, J = 5.4 Hz, 4H), 3.23 (br. s, 4H), 2.81 (br. s, 4H).
Exchangeable protons not observed. °C NMR (101 MHz, CO(CHs),): & 163.6,
144.1, 142.8, 139.0, 131.5, 131.0, 129.5, 129.0, 128.7, 128.4, 125.7, 122.2, 119.2,
60.0, 50.9, 49.7, 43.8. Umax (neat): 3397, 3313, 3017, 1670, 1567 cm™ . HRMS: exact
mass calculated for [M+H]" (C1oH2sN4O) m/z requires 325.2023, m/z found

325.2012.

Synthesis of tert-butyl (2-ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yD)phenyl) amino)ethyl)carbamate (2.63). Prepared according to General Procedure
A using Boc-glycine (6.16 g, 35.1 mmol, 1.1 equiv.), DIPEA (11.16 mL, 63.9 mmol,
2 equiv.), and HATU (14.58 g, 38.3 mmol, 1.2 equiv.) in 50 mL DMF was stirred at
room temperature for 10 min before the addition of 3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)aniline (2.64) (7.00 g, 32.0 mmol, 1 equiv.) as a solution in 10 mL

180



Chapter 2: Experimental

DMF to give a final DMF volume of 60 mL (0.5 M). Purified using silica
chromatography, eluting with 0-80% MTBE/cyclohexane, to afford the title
compound as a cream solid (8.00 g, 61%). 'H NMR (400 MHz, CDCl;): & 8.28 (br. s,
1H), 7.84 (d, J= 8.0 Hz, 1H), 7.68 (s, 1H), 7.54 (d, /= 7.3 Hz, 1H), 7.33 (app. t, J =
7.7 Hz, 1H), 5.40 (s, 1H), 3.94 (d, J = 5.2 Hz, 2H), 1.46 (s, 9H), 1.32 (s, 12H). °C
NMR (101 MHz, CDCls): 6 167.9, 156.4, 137.1, 131.0, 128.7, 126.1, 123.3, 84.1,
80.7, 45.4, 28.4, 25.0. One carbon not observed/coincident. ''B NMR (128 MHz,
CDCl3): & 31.33. vmax (neat): 3419, 3337, 2978, 2924, 1706, 1679, 1613, 1558 cm’".
HRMS: exact mass calculated for [M+H]" (C1oH20BN,Os) m/z requires 399.2062,
m/z found 399.2059.

Synthesis of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (2.64). A
solution of 4.,4,5,5-tetramethyl-2-(3-nitrophenyl)-1,3,2-dioxaborolane (2.65) (1 g,
4.010 mmol, 1 equiv.) and 10 wt. % Pd-C (427 mg, 0.401 mmol, 10 mol%) in 20 mL
EtOH (0.2 M) was stirred under an atmosphere of hydrogen (excess) for 16 h. The
resulting solution was then filtered through celite, eluting with DCM for 3 column
volumes. The filtrate was collected and concentrated under reduced pressure to a
colourless oil. Purified using silica chromatography, eluting with 0-50%
MTBE/cyclohexane, to afford the title compound as a white solid (581 mg, 66%). 'H
NMR (400 MHz, CDCl3): 6 7.37 — 7.31 (m, 1H), 7.31 — 7.24 (m, 2H), 6.92 (ddd, J =
7.9, 2.5, 1.2 Hz, 1H), 1.43 (s, 12H). NH, protons not observed. °C NMR (101 MHz,
CDCl;): & 1452, 1289, 125.6, 121.6, 118.5, 83.9, 25.0. One carbon not
observed/coincident. ''B NMR (128 MHz, CDCl3): & 30.91. Lmax (neat): 3460, 3370,
2980, 1628, 1600, 1578 cm’. HRMS: exact mass calculated for [M+H]"

(C12H19BNOy) m/z requires 220.1503, m/z found 220.1501.
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Synthesis of tert-butyl (6-bromoimidazo[1,2-a|pyridin-8-yl)carbamate (2.69).
Prepared according to General Procedure B using 6-bromoimidazo[1,2-a]pyridin-8-
amine (2.110) (200 mg, 0.943 mmol, 1 equiv.), Boc,O (241 pL, 1.038 mmol, 1.1
equiv.), DMAP (23 mg, 0.189 mmol, 20 mol%), and Et;N (171 pL, 1.226 mmol, 1.3
equiv.) in 10 mL DCM (0.1 M). Purified by silica chromatography, eluting with 0-
50% EtOAc/cyclohexane, to afford the title compound as a colourless oil (142 mg,
48%). 'H NMR (400 MHz, CDCl3): & 7.92 — 7.87 (m, 3H), 7.48 (dd, J=4.2, 1.2 Hz,
2H), 1.52 (s, 9H). >C NMR (101 MHz, CDCL): § 152.4, 137.8, 132.5, 128.3, 119.2,
113.8, 111.5, 108.2, 81.7, 28.3. vmax (neat): 3181, 3118, 3043, 2980, 2930, 2772,
1725, 1627, 1537 cm™'. HRMS: exact mass calculated for [M+H]™ (C2H;sBrN;0,)
m/z requires 314.0322, m/z found 314.0324.

Synthesis of tert-butyl 4-(3-(2-((tert-butoxycarbonyl)amino)acetamido)phenyl)
piperazine-1-carboxylate (2.71). A solution of tert-butyl piperazine-1-carboxylate
(2.70) (99 mg, 0.532 mmol, 2 equiv.), tert-butyl (2-oxo0-2-((3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate (2.63) (100 mg, 0.266 mmol,
1 equiv.), copper (II) acetate (48 mg, 0.266 mmol, 1 equiv.), and KOAc (52.2 mg,
0.532 mmol, 2 equiv.) in I mL MeCN (0.3 M) was heated at 60 °C for 16 h. The
reaction mixture was allowed to return to room temperature, diluted with 50 mL
EtOAc and washed with sat. ag. NaHCO;3 (2 x 50 mL). The organic layer was
collected, dried using a hydrophobic frit, and then concentrated under reduced
pressure. Purified by reverse phase column chromatography, eluting with 40-95%
HpH method, to afford the title compound as a grey solid (52 mg, 45%). '"H NMR
(400 MHz, CDCls): 6 8.29 (s, 1H), 7.29 (s, 1H), 7.17 (app. t, J = 8.1 Hz, 1H), 6.86

(d, J= 7.5 Hz, 1H), 6.65 (dd, J = 8.2, 1.7 Hz, 1H), 5.44 (br. s, 1H), 3.90 (d, J = 5.8
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Hz, 2H), 3.62 — 3.49 (m, 4H), 3.17 — 3.05 (m, 4H), 1.47 (s, 9H), 1.46 (s, 9H). °C
NMR (101 MHz, CDCl3): & 168.0, 156.6, 154.8, 152.0, 138.6, 129.6, 112.6, 111.7,
108.3, 80.8, 80.0, 49.3, 45.7, 43.6, 28.6, 28.4. vmax (neat): 3415, 3298, 3002, 2974,
2930, 2861, 1682, 1621, 1589, 1558 cm™'. HRMS: exact mass calculated for [M+H]"
(C2H35N4Os) m/z requires 435.2602, m/z found 435.2602.

Synthesis of tert-butyl (2-((3-(1,8-naphthyridin-2-yl)phenyl)amino)-2-oxoethyl)
carbamate (2.73). Prepared according to General Procedure C using 2-bromo-1,8-
naphthyridine (2.72) (93 mg, 0.443 mmol, 1 equiv.), tert-butyl (2-oxo-2-((3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl) carbamate (2.63) (200 mg,
0.532 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex (12 mg, 0.022 mmol, 5 mol%), and K5;PO4 (376 mg,
1.772 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,O (4:1, 0.2 M). Purified using
reverse-phase chromatography, eluting with 20-70% HpH method, to afford the title
compound as a cream solid (134 mg, 78%). '"H NMR (400 MHz, CDCls): & 9.14 (dd,
J=42,2.0 Hz, 1H), 8.47 (br. s, 1H), 8.38 (t, /= 1.8 Hz, 1H), 8.26 (d, J = 8.5 Hz,
1H), 8.21 (dd, J = 8.1, 2.0 Hz, 1H), 8.04 — 7.95 (m, 2H), 7.90 (d, J = 7.8 Hz, 1H),
7.53 —7.42 (m, 2H), 5.56 (t, J= 5.8 Hz, 1H), 4.04 (d, J = 6.1 Hz, 2H), 1.50 (s, 9H).
BC NMR (101 MHz, CDCl): & 168.5, 159.8, 156.1, 154.0, 139.2, 138.5, 138.0,
137.0, 129.7, 123.8, 122.1, 122.0, 119.9, 119.4, 80.8, 45.6, 28.5. Two carbons not
observed/coincident. L. (neat): 3198, 360, 3012, 2969, 2924, 1711, 1670, 1604,
1539, 1506 cm”. HRMS: exact mass calculated for [M+H]™ (CH3N4O3) m/z
requires 379.1765, m/z found 379.1763.

Synthesis of fert-butyl (2-((5'-cyano-2'-methyl-[1,1'-biphenyl]|-3-yl)amino)-2-

oxoethyl) carbamate (2.75). Prepared according to General Procedure C using 3-
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bromo-4-methylbenzonitrile (2.74) (100 mg, 0.510 mmol, 1 equiv.), tert-butyl (2-
ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)
carbamate (2.63) (230 mg, 0.612 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-
biphenylyl-palladium(IT) chloride dinorbornylphosphine complex (14 mg, 0.026
mmol, 5 mol%), and KsPO4 (433 mg, 2.040 mmol, 4 equiv.) in 2.5 mL 14-
dioxane:H,O (4:1, 0.2 M). Purified by reverse-phase column chromatography,
eluting with 40-90% HpH method, to afford the title compound as a colourless oil
(108 mg, 58%). '"H NMR (400 MHz, CDCLs): & 8.58 (br. s, 1H), 7.57 — 7.41 (m, 4H),
7.35 (app. t, J = 8.2 Hz, 2H), 6.99 (d, J = 7.6 Hz, 1H), 5.47 (t, J= 5.7 Hz, 1H), 3.96
(d, J= 5.8 Hz, 2H), 2.30 (s, 3H), 1.45 (s, 9H). °C NMR (101 MHz, CDCl;): 5 168.2,
156.7, 142.7, 141.6, 140.5, 137.9, 133.2, 131.3, 130.9, 129.2, 125.0, 120.6, 119.3,
119.0, 109.8, 80.9, 45.7, 28.4, 20.9. vmax (neat): 3343, 3309, 2978, 2930, 2227, 1690,
1682, 1613, 1591, 1539, 1517, 1506 cm™'. HRMS: exact mass calculated for [M+H]"
(C21H24N303) m/z requires 366.1812, m/z found 366.1812.

Synthesis of tert-butyl (2-((3'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.77). Prepared according to General Procedure C using 3-
bromobenzaldehyde (2.76) (82 mg, 0.443 mmol, 1 equiv.), tert-butyl (2-oxo-2-((3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate ~ (2.63)
(200 mg, 0.532 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II)
chloride dinorbornylphosphine complex (12 mg, 0.022 mmol, 5 mol%), and K3;PO,
(376 mg, 1.772 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,0 (4:1, 0.2 M). Purified by
silica chromatography, eluting with 10-40% EtOAc/petroleum ether, to afford the
title compound as a brown oil (125 mg, 80%). "H NMR (400 MHz, CDCls): & 10.08

(s, 1H), 8.30 (br. s, 1H), 8.08 (s, 1H), 7.92 — 7.80 (m, 3H), 7.60 (app. t, J = 7.7 Hz,
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1H), 7.50 (d, J = 8.1 Hz, 1H), 7.45 — 7.35 (m, 2H), 5.27 (br. s, 1H), 3.96 (d, J = 6.0
Hz, 2H), 1.24 (s, 9H). °C NMR (101 MHz, CDCl3): & 192.4, 168.1, 141.8, 140.8,
138.3, 137.1, 133.3, 129.8, 129.7, 128.9, 128.5, 123.4, 119.6, 118.8, 45.9, 28.4. Two
carbons not observed/coincident. vy, (neat): 3310, 2978, 2934, 1683, 1599, 1539,
1521 cm™. HRMS: exact mass calculated for [M+Na]" (C20H22N2NaOg) m/z requires
377.1472, m/z found 377.1457.

tert-Butyl (2-((3'-(((tert-butylsulfinyl)amino)methyl)-[1,1'-biphenyl]-3-yl)amino)-
2-oxoethyl) carbamate (2.78). Prepared according to General Procedure G using
tert-butyl  (2-((3'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.77)
(228 mg, 0.644 mmol, 1.5 equiv.), tert-butanesulfinamide (52 mg, 0.429 mmol, 1
equiv.), MgSOy4 (515 mg, 4.290 mmol, 10 equiv.), and PPTS (5 mg, 0.002 mmol, 0.5
mol%). The residue was washed through a plug of silica, eluting with 50%
EtOAc/petroleum ether, to afford the desired imine which was used without further
purification. The residue was used according to General Procedure H using NaBHy4
(49 mg, 1.287 mmol, 3 equiv.) in 5 mL MeOH (0.1 M). Purified by silica
chromatography, eluting with 50-100% EtOAc/petroleum ether, to afford the title
compound as a cream solid (171 mg, 87% over 2 steps). 'H NMR (400 MHz,
CDCls): 6 8.69 (br. s, 1H), 7.72 (s, 1H), 7.59 — 7.47 (m, 2H), 7.47 — 7.42 (m, 1H),
7.39 —7.26 (m, 4H), 5.54 (s, 1H), 4.37 (dd, J = 13.8, 4.9 Hz, 1H), 4.27 (dd, J = 13.8,
7.4 Hz, 1H), 3.96 (d, J = 5.8 Hz, 2H), 3.78 (s, 1H), 1.44 (s, 9H), 1.25 (s, 9H). °C
NMR (101 MHz, CDCl): & 168.3, 141.7, 141.2, 139.1, 138.3, 129.5, 129.2, 127.4,
127.2, 126.6, 123.2, 119.1, 118.8, 80.7, 56.2, 49.7, 45.6, 28.4, 22.9. One carbon not

observed/coincident. L.k (neat): 3281, 2976, 2928, 2867, 1683, 1610, 1558, 1539,
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1517 cm”. HRMS: exact mass calculated for [M+Na]® (CasH33:N3NaO4S) m/z
requires 482.2084, m/z found 482.2080.

Synthesis of 2-(3-bromophenethyl)isoindoline-1,3-dione (2.80). A Round
bottomed flask containing 2-(3-bromophenyl)ethan-1-o0l (2.79) (2.5 g, 12.438 mmol,
1 equiv.), PPh; (3.9 g, 14.925 mmol, 1.2 equiv.), and phthalimide (2.0 g, 13.682
mmol, 1.1 equiv.) in 60 mL THF (0.2 M) was cooled to 0 °C followed by the
addition of DIAD (2.9 mL, 14.925 mmol, 1.2 equiv.). The reaction mixture was then
allowed to return to room temperature and stirred for 16 h. The resulting solution was
then diluted with 50 mL EtOAc and washed with sat. aq. NaCl (2 x 50 mL). The
organic layer was collected, dried using a hydrophobic frit, and concentrated under
reduced pressure. Purified by silica chromatography, eluting with 0-10%
EtOAc/petroleum ether, followed by trituration from Et,O to afford the title
compound as a white solid (1.26 g, 31%). 'H NMR (400 MHz, CDCls): & 7.87 — 7.80
(m, 2H), 7.75 - 7.68 (m, 2H), 7.41 (s, 1H), 7.35 (dt, /= 7.5, 1.7 Hz, 1H), 7.22 — 7.12
(m, 2H), 3.96 — 3.86 (m, 2H), 3.02 — 2.88 (m, J = 8.6, 6.9 Hz, 2H). >°C NMR (101
MHz, CDCls): 8 168.2, 140.4, 134.2, 132.2, 132.1, 130.3, 130.0, 127.6, 123.4, 122.7,
39.1, 34.4. U (neat): 3462, 3055, 2988, 2949, 1768, 1705, 1619, 1597, 1569 cm’.
HRMS: exact mass calculated for [M+Na]® (C;sH;2NNaO,Br) m/z requires
351.9944, m/z found 351.9955.

Synthesis of 3-bromo-2,4-dimethylbenzaldehyde (2.83). A round bottomed flask
containing TiCly (1.20 mL, 10.811 mmol, 2 equiv.) and dichloromethyl methyl ether
(0.54 mL, 5.946 mmol, 1.1 equiv.) in 10 mL DCM was cooled to -78 °C before the
dropwise addition of 2-bromo-1,3-dimethylbenzene (2.82) (0.72 mL, 5.405 mmol, 1

equiv.). The red reaction mixture was allowed to warm to room temperature and the
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resulting black solution was then stirred for a further 4 h at room temperature. The
reaction mixture was then poured into 50 mL ice water and extracted with DCM (2 x
20 mL). The organic layers were combined, dried using a hydrophobic frit, and
concentrated under reduced pressure. The residue was then purified by silica
chromatography, eluting with 0-10% EtOAc/petroleum ether, to afford the title
compound as a white solid (840 mg, 73%). '"H NMR (500 MHz, CDCls): & 10.22 (s,
1H), 7.67 (d, J = 7.8 Hz, 1H), 7.26 (d, J= 7.8 Hz, 1H), 2.78 (s, 3H), 2.50 (s, 3H). °C
NMR (101 MHz, CDCl): & 191.8, 145.1, 140.7, 133.8, 130.5, 130.3, 128.5, 25.1,
18.8. Lmax (neat): 3328, 2922, 2980, 2628, 1679, 1640, 1591, 1554 cm™. HRMS:
Unable to obtain exact mass due to instability of compound.

Synthesis of fert-butyl (2-((3'-(((fert-butylsulfinyl)amino)methyl)-2',6'-dimethyl-
[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.85). Prepared according to
General Procedure C using 3-bromo-2,4-dimethylbenzaldehyde (2.83) (142 mg,
0.665 mmol, 1 equiv.), tert-butyl (2-ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate (2.63) (300 mg, 0.798 mmol, 1.2
equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex (18 mg, 0.033 mmol, 5 mol%), and K5PO4 (563 mg,
2.660 mmol, 4 equiv.) in 4.25 mL 1,4-dioxane:H,O (4:1, 0.2 M). Purified by silica
chromatography, eluting with 10-50% EtOAc/petroleum ether, to afford tert-butyl
(2-((3'-formyl-2',6'-dimethyl-[ 1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate
(2.84) (130 mg, 0.340 mmol), which was used in the next step without further
purification. The residue was used according to General Procedure G using fert-
butanesulfinamide (27 mg, 0.227 mmol, 1 equiv.), MgSO4 (408 mg, 3.400 mmol, 10

equiv.), and PPTS (3 mg, 0.011 mmol, 5 mol%) in 2 mL DCM (0.2 M). Once the
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imine formation was complete by TLC, the reaction mixture was filtered and the
filtrate concentrated under reduced pressure. The residue was then used according to
General Procedure H using NaBH4 (26 mg, 0.681 mmol, 3 equiv.) in 3 mL MeOH
(0.1 M). Purified by silica chromatography, eluting with 50-100% EtOAc/petroleum
ether, to afford the title compound as a yellow oil (104 mg, 32% over 3 steps). 'H
NMR (400 MHz, CDCls): 6 7.56 (dd, J = 13.4, 5.0 Hz, 1H), 7.34 — 7.25 (m, 2H),
7.19 =712 (m, 1H), 7.02 (d, J = 7.8 Hz, 1H), 6.80 (app. t, J = 8.6 Hz, 1H), 5.71 (br.
s, 1H), 4.34 —4.26 (m, 1H), 4.21 — 4.10 (m, 1H), 4.00 (s, 2H), 3.92 (br. s, 2H), 1.95
(s, 6H), 1.20 (s, 9H), 1.18 (s, 9H). >C NMR (101 MHz, CDCl3): § 168.2, 156.5,
142.3, 141.9, 138.3, 136.0, 134.8, 133.7, 129.1, 128.2, 127.2, 124.9, 120.3, 118.2,
80.2, 56.0, 55.3, 48.1, 28.4, 22.8, 22.2, 21.0. vmax (neat): 3235, 2960, 2926, 2868,
1688, 1614, 1590, 1558 cm’'. HRMS: exact mass calculated for [M+Na]"
(C26H37N3NaO4S) m/z requires 510.2397, m/z found 510.2379.

Synthesis of tert-butyl (2-((3-(6-formylpyridin-2-yl)phenyl)amino)-2-
oxoethyl)carbamate (2.87). Prepared according to General Procedure I using 6-
bromopicolinaldehyde (2.86) (88 mg, 0.472 mmol, 1 equiv.), tert-butyl (2-oxo-2-((3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino) ethyl) carbamate (2.63)
(266 mg, 0.707 mmol, 1.5 equiv.), Pd(dppf)Cl,-DCM (15 mg, 0.019 mmol, 4 mol%),
and K3;PO4 (300 mg, 1.416 mmol, 3 equiv.) in 2 mL THF (0.2 M) and H,O (43 uL,
2.360 mmol, 5 equiv.). Purified by silica chromatography, eluting with 20-80%
EtOAc/petroleum ether, to afford the title compound as a colourless oil (163 mg,
97%). '"H NMR (500 MHz, CDCl;): § 10.03 (s, 1H), 8.99 (br. s, 1H), 8.22 (s, 1H),
7.79 (br. s, 3H), 7.70 (d, J = 7.6 Hz, 1H), 7.60 (d, J = 7.3 Hz, 1H), 7.32 (app. t, J =

7.8 Hz, 1H), 5.83 (s, 1H), 4.01 (s, 2H), 1.43 (s, 9H). °*C NMR (101 MHz, CDCl;): &
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194.0, 168.3, 157.4, 152.8, 139.0, 138.4, 138.0, 129.8, 124.8, 123.1, 121.3, 120.2,
118.7, 81.0, 28.4, 25.0. One carbon not observed/coincident. Ly« (neat): 3312, 2978,
2934, 1707, 1675, 1612, 1590, 1550, 1539 cm™'. HRMS: exact mass calculated for
[M+Na]" (C1oH21N3NaOy) m/z requires 378.1424, m/z found 378.1418.

Synthesis of tert-butyl (2-((3-(6-(((zert-butylsulfinyl)amino)methyl)pyridin-2-
yl)phenyl)amino)-2-oxoethyl)carbamate (2.88). Prepared according to General
Procedure G using fert-butyl (2-((3-(6-formylpyridin-2-yl)phenyl)amino)-2-
oxoethyl)carbamate (2.87) (150 mg, 0.422 mmol, 1 equiv.), tert-butanesulfinamide
(77 mg, 0.634 mmol, 1.5 equiv.), MgSO4 (506 mg, 4.220 mmol, 10 equiv.), and
PPTS (6 mg, 0.021 mmol, 5 mol%). Once the imine formation was complete by
TLC, the reaction mixture was filtered, and the filtrate concentrated under reduced
pressure. The residue was washed through a plug of silica, eluting with 50%
EtOAc/petroleum ether, to afford tert-butyl (E)-(2-((3-(6-(((tert-
butylsulfinyl)imino)methyl)pyridin-2-yl)phenyl)amino)-2-oxoethyl)carbamate which
was used without further purification. The residue was used according to General
Procedure H using tert-butyl (E)-(2-((3-(6-(((tert-
butylsulfinyl)imino)methyl)pyridin-2-yl)phenyl)amino)-2-oxoethyl)carbamate (193
mg, 0.422 mmol, 1 equiv.) and NaBH,; (48 mg, 1.266 mmol, 3 equiv.) in 2 mL
MeOH (0.2 M). Purified by silica chromatography, eluting with 50-100%
EtOAc/petroleum ether, to afford the title compound as a colourless oil (114 mg,
59% over 2 steps). 'H NMR (400 MHz, CDCl;): & 8.87 (br. s, 1H), 8.04 (s, 1H), 7.74
—7.58 (m, 3H), 7.54 (d, J = 7.7 Hz, 1H), 7.33 (app. t, J = 7.9 Hz, 1H), 7.22 (d, J =
7.5 Hz, 1H), 5.60 (s, 1H), 4.74 (t, /= 5.8 Hz, 1H), 4.53 — 4.36 (m, 2H), 3.95 (d, J =

4.1 Hz, 2H), 1.45 (s, 9H), 1.28 (s, 9H). °C NMR (101 MHz, CDCl;): & 168.2, 157.4,
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156.2, 139.7, 138.4, 137.6, 129.4, 122.7, 120.8, 120.7, 119.3, 118.5, 80.5, 56.4, 49.9,
45.3, 28.5, 22.9. One carbon not observed/coincident. L. (neat): 3403, 3256, 2970,
2930, 1683, 1614, 1588, 1575, 1558 cm™'. HRMS: exact mass calculated for [M+H]"
(C23H32N4NaO4S) m/z requires 483.2036, m/z found 483.2020.

Synthesis of 3-bromo-4-methylbenzaldehyde (2.91). A solution of 4-
methylbenzaldehyde (2.90) (4.9 g, 41.7 mmol, 1 equiv.) in 40 mL DCM (1 M) was
cooled to 0 °C, followed by the slow addition of AICIl; (6.6 g, 50.0 mmol, 1.2
equiv.). The resulting solution was heated to 40 °C for 30 min, then allowed to return
to room temperature before cooling to 0 °C followed by the slow addition of Br, (2.6
mL, 50.0 mmol, 1.2 equiv.). The reaction mixture was allowed to return to room
temperature, stirred for 16 h, then quenched with 80 mL ice water. The reaction
mixture was then basified using sat. aq. NaHCO; and extracted with DCM (2 x 50
mL). Purified by silica chromatography, eluting with 0-10% EtOAc/petroleum ether,
to afford the title compound as a cream solid (3.9 g, 47%). '"H NMR (400 MHz,
CDCl): 8 9.90 (s, 1H), 8.02 (s, 1H), 7.70 (dd, J= 7.7, 1.5 Hz, 1H), 7.39 (d, J= 7.8
Hz, 1H), 2.47 (s, 3H). °C NMR (101 MHz, CDCls): § 190.6, 145.3, 136.0, 133.6,
131.5, 128.5, 125.8, 23.6. vmax (neat): 3084, 3064, 2978, 2956, 2922, 2848, 2654,
2584, 1675, 1603, 1563 cm™'. HRMS: Unable to obtain exact mass due to instability
of compound.

Synthesis of tert-butyl (2-((5'-formyl-2'-methyl-[1,1'-biphenyl]|-3-yl)amino)-2-
oxoethyl)carbamate (2.92). Prepared according to General Procedure I using 3-
bromo-4-methylbenzaldehyde (2.91) (745.0 mg, 3.747 mmol, 1 equiv.), tert-butyl (2-
ox0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino) ethyl)

carbamate (2.63) (2.1 g, 5.620 mmol, 1.5 equiv.), Pd(dppf)CL,-DCM (122 mg, 0.150
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mmol, 4 mol%), and K;PO4 (2.4 g, 11.241 mmol, 3 equiv.) in 20 mL THF (0.2 M)
and H,O (337 uL, 18.735 mmol, 5 equiv.). Purified by silica chromatography,
eluting with 0-50% EtOAc/petroleum ether, to afford the title compound as a yellow
oil (1.3 g, 94%). 'H NMR (400 MHz, CDCls): & 9.99 (s, 1H), 8.29 (br. s, 1H), 7.77
(dd, J=17.8, 1.8 Hz, 1H), 7.71 (d, J = 1.7 Hz, 1H), 7.54 (s, 1H), 7.50 (d, J = 8.2 Hz,
1H), 7.44 — 7.33 (m, 2H), 7.07 (d, J = 7.6 Hz, 1H), 5.27 (s, 1H), 3.95 (d, J = 6.0 Hz,
2H), 2.35 (s, 3H), 1.47 (s, 9H). °C NMR (101 MHz, CDCl;): & 192.1, 168.0, 143.2,
142.3, 141.5, 137.7, 134.6, 131.4, 131.3, 129.2, 128.5, 125.3, 120.7, 119.0, 81.1,
45.9, 28.4, 21.1. One carbon not observed/coincident. L. (neat): 3405, 3312, 2978,
2932, 1683, 1606, 1591, 1550, 1539, 1517 cm™'. HRMS: exact mass calculated for
[M+Na]" (C2;H24N2NaOy) m/z requires 391.1628, m/z found 391.1621.

Synthesis of tert-butyl (2-((5'-((allylamino)methyl)-2'-methyl-[1,1'-biphenyl]-3-
yl)amino)-2-oxoethyl)carbamate (2.93). Prepared according to General Procedure J
using tert-butyl (2-((5'-formyl-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.92) (640 mg, 1.739 mmol, 1 equiv.), prop-2-en-1-amine (156
pL, 2.087 mmol, 1.2 equiv.), MgSO4 (2 g, 17.390 mmol, 10 equiv.), and NaBH4 (198
mg, 5.217 mmol, 3 equiv.) in 10 mL THF (0.2 M). Purified by silica
chromatography, eluting with 40-100% EtOAc/petroleum ether, to afford the title
compound as a cream solid (266 mg, 37%). "H NMR (400 MHz, CDCl;): & 8.65 (br.
s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.43 (s, 1H), 7.30 (app. t, J = 7.8 Hz, 1H), 7.24 —
7.17 (m, 2H), 7.15 (s, 1H), 7.04 (d, /= 7.6 Hz, 1H), 6.01 — 5.84 (m, 1H), 5.60 (t, J =
5.2 Hz, 1H), 5.25 - 5.08 (m, 2H), 3.93 (d, J = 5.6 Hz, 2H), 3.79 (s, 2H), 3.30 (d, J =
6.1 Hz, 2H), 2.45 (br. s, 1H), 2.22 (s, 3H), 1.44 (s, 9H). °C NMR (101 MHz,

CDCl3): 6 168.1, 156.7, 142.7, 141.5, 137.5, 136.9, 136.1, 134.4, 130.6, 129.8, 128.8,
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127.5, 125.4, 120.9, 118.6, 116.9, 80.7, 52.7, 51.7, 45.5, 28.4, 20.2. vmax (neat):
3405, 3297, 3073, 2978, 2926, 1675, 1612, 1591, 1554, 1539 cm™. HRMS: exact
mass calculated for [M+H]™ (Cx4H3N303) m/z requires 410.2438, m/z found

410.2427.

Synthesis of tert-butyl (2-((5'-(aminomethyl)-2'-methyl-[1,1'-biphenyl]-3-
yl)amino)-2-oxoethyl)carbamate (2.94). A solution of tert-butyl (2-((5'-
((allylamino)methyl)-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate

(2.93) (100 mg, 0.244 mmol, 1 equiv.) and Wilkinson’s catalyst (22 mg, 0.024 mmol,
10 mol%) in 4 mL MeCN:H,0 (15:85, 0.1 M) was refluxed for 1 h. The reaction was
then allowed to return to room temperature, diluted with EtOAc, and washed with
sat. aq. NaHCO;. The organic layer was collected, dried using a hydrophobic frit,
and concentrated under reduced pressure. Purified by silica chromatography, eluting
with 0-20% MeOH/DCM, to afford the title compound as a yellow oil (41 mg, 45%).
'H NMR (400 MHz, CDCls): & 8.75 (br. s, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.42 (s,
1H), 7.31 = 7.27 (m, 1H), 7.21 — 7.14 (m, 2H), 7.12 (s, 1H), 7.01 (d, /= 7.6 Hz, 1H),
5.58 (s, 1H), 3.92 (d, J = 4.4 Hz, 2H), 3.84 (s, 2H), 3.14 (br. s, 2H), 2.20 (s, 3H),
1.42 (s, 9H). °C NMR (101 MHz, CDCLs): & 168.2, 156.7, 142.6, 141.7, 138.8,
137.6, 134.4, 130.8, 129.0, 128.8, 126.6, 125.3, 120.8, 118.6, 80.7, 45.6, 45.4, 28.4,
20.2. vmax (neat): 3295, 2975, 2922, 2854, 1675, 1612, 1590, 1539, 1504 cm'.
HRMS: exact mass calculated for [M+Na]™ (C,;H»7N3NaO3) m/z requires 392.1945,

m/z found 392.1927.

Synthesis of zert-butyl (4-bromo-2,3-dihydro-1H-inden-1-yl)carbamate (2.98). A

round bottomed flask containing 4-bromo-2,3-dihydro-1H-inden-1-one (2.95) (400
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mg, 1.914 mmol, 1 equiv.), H,NOH.HCI (528 mg, 7.655 mmol, 4 equiv.), and
NaOAc (628 mg, 7.655 mmol, 4 equiv.) in 10 mL MeOH (0.2 M) was stirred at room
temperature for 16 h. The reaction mixture was then concentrated under reduced
pressure, redissolved in 20 mL DCM, and washed with 20 mL sat. aq. NaHCOs. The
organic layer was collected, dried using a hydrophobic frit, and concentrated under
reduced pressure to afford 4-bromo-2,3-dihydro-1H-inden-1-one oxime (2.96) as a
white solid (426 mg, 98%) which was used in the next step without further
purification. A round bottomed flask containing 4-bromo-2,3-dihydro-1H-inden-1-
one oxime (2.96) (426 mg, 1.885 mmol, 1 equiv.) and Zn dust (429 mg, 6.5975
mmol, 3.5 equiv.) in 10 mL AcOH (0.2 M) was stirred at room temperature for 16 h.
The resulting reaction mixture was then filtered through a plug of celite, washing
with MeOH, and the filtrate was concentrated under reduced pressure to afford 4-
bromo-2,3-dihydro-1H-inden-1-amine (157 mg, 74%) which was used in the next
step without further purification. The residue was used according to General
Procedure B using Boc,0 (178 mg, 0.818 mmol, 1.1 equiv.) and Et;N (207 pL, 1.488
mmol, 2 equiv.) in 6 mL DCM (0.1 M). Purified by silica chromatography, eluting
with 50% EtOAc/petroleum ether, to afford the title compound as a cream solid (189
mg, 81%). '"H NMR (400 MHz, CO(CDs),): & 7.40 (d, J = 7.9 Hz, 1H), 7.27 (d, J =
7.4 Hz, 1H), 7.14 (app. t, J = 7.7 Hz, 1H), 6.33 (br. s, 1H), 5.28 — 5.15 (m, 1H), 3.04
—2.93 (m, 1H), 2.88 — 2.72 (m, 1H), 2.56 — 2.44 (m, 1H), 1.98 — 1.86 (m, 1H), 1.44
(s, 9H). °C NMR (101 MHz, CO(CDs),): & 148.1, 144.0, 131.2, 129.6, 124.1, 120.4,
78.9, 57.5, 33.0, 32.0, 28.6. Once carbon not observed/coincident. Lm,x (neat): 2952,
2915, 2870, 1727, 1683, 1515, 1459 cm’'. HRMS: exact mass calculated for

[M+Na]" (C14H1sNNaO,Br) m/z requires 334.0413, m/z found 334.0408.
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Synthesis of tert-butyl (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.99). Prepared according to General Procedure I using 2-
bromobenzaldehyde (2.98) (1.0 g, 5.405 mmol, 1 equiv.), fert-butyl (2-oxo-2-((3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino) ethyl) carbamate (2.63)
(3.0 g, 8.108 mmol, 1.5 equiv.), Pd(dppf)Cl,-DCM (176.0 mg, 0.216 mmol, 4 mol%),
and K;PO4 (3.4 g, 16.215 mmol, 3 equiv.) in 30 mL THF (0.2 M) and H,O (486 uL,
27.025 mmol, 5 equiv.). Purified by silica chromatography, eluting with 20-60%
EtOAc/petroleum ether, to afford the title compound as a yellow oil (1.87 g, 98%).'H
NMR (400 MHz, CDCls): 6 9.94 (s, J = 0.6 Hz, 1H), 8.76 (br. s, 1H), 7.98 (dd, J =
7.8, 1.2 Hz, 1H), 7.65 — 7.55 (m, J = 7.6, 1.5 Hz, 3H), 7.46 (app. t, J = 7.6 Hz, 1H),
7.41 —7.32 (m, 2H), 7.07 (d, J = 7.6 Hz, 1H), 5.59 (t, /= 5.7 Hz, 1H), 3.97 (d, J =
5.6 Hz, 2H), 1.43 (s, 9H). >C NMR (101 MHz, CDCl3): & 192.5, 168.3, 156.8, 145.5,
138.7, 138.0, 133.8, 133.7, 130.8, 129.1, 128.0, 127.7, 126.3, 121.5, 119.7, 80.8,
45.5, 28.4. Uy (neat): 3306, 3060, 2978, 2934, 1690, 1681, 1593, 1550, 1517 cm’.
HRMS: exact mass calculated for [M+Na]™ (C20H22N>NaOg) m/z requires 377.1472,
m/z found 377.1462.

Synthesis of tert-butyl N-({[3-(4-{[(fert-butoxy)carbonyl]amino}pyridin-2-
yphenyl] carbamoyl}methyl)carbamate (2.102). Prepared according to General
Procedure C using tert-butyl (2-bromopyridin-4-yl)carbamate (100 mg, 0.366 mmol,
1 equiv.), fert-butyl (2-0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino) ethyl) carbamate (2.63) (165 mg, 0.439 mmol, 1.2 equiv.), 2'-
(dimethylamino)-2-biphenylyl-palladium(II) chloride dinorbornylphosphine complex
(10.26 mg, 0.018 mmol, 5 mol%), and K;PO4 (311 mg, 1.465 mmol, 4 equiv.) in

1.875 mL 1,4-dioxane:H,O (4:1, 0.2 M). Purified using silica chromatography,
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eluting with 0-70% EtOAc/cyclohexane, to afford the title compound as a colourless
oil (61 mg, 35%). 'H NMR (400 MHz, CDCl;): & 8.47 (d, J = 5.6 Hz, 1H), 8.39 (br.
s, 1H), 7.95 (s, 1H), 7.73 — 7.59 (m, 3H), 7.40 — 7.30 (m, 2H), 7.09 (s, 1H), 5.48 (br.
s, 1H), 3.94 (d, J = 5.9 Hz, 2H), 1.54 (s, 9H), 1.47 (s, 9H). °C NMR (101 MHz,
CDCl5): 6 168.2, 157.9, 152.2, 150.5, 146.7, 140.3, 138.0, 129.5, 123.3, 120.9, 118.6,
111.4, 109.6, 81.8, 80.9, 45.6, 28.5, 28.4. One carbon not observed/coincident. Lmax
(neat): 3283, 2974, 2930, 1680, 1582, 1515 cm™'. HRMS: exact mass calculated for
[M+H]" (C23H31N4Os) m/z requires 443.2289, m/z found 443.2283.

Synthesis of zert-butyl ((3'-(2-((zert-butoxycarbonyl)amino)acetamido)-[1,1'-
biphenyl]-2-yl)methyl)carbamate (2.106). Prepared according to General
Procedure I using fert-butyl (2-bromobenzyl)carbamate (180 mg, 0.545 mmol, 1
equiv.), tert-butyl (2-0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino) ethyl) carbamate (2.63) (307 mg, 0.818 mmol, 1.5 equiv.),
Pd(dppf)Cl,-DCM (18 mg, 0.022 mmol, 4 mol%), and K3PO4 (347 mg, 1.635 mmol,
3 equiv.) in 3 mL THF (0.3 M) and H,O (49 pL, 2.725 mmol, 5 equiv.). Purified
using silica chromatography, eluting with 0-50% EtOAc/cyclohexane, to afford the
title compound as a colourless oil (246 mg, 99%). 'H NMR (400 MHz, CDCl;): &
8.52 (br. s, 1H), 7.52 — 7.39 (m, 3H), 7.37 — 7.28 (m, 3H), 7.20 (dd, J = 7.4, 1.3 Hz,
1H), 7.02 (d, J = 7.5 Hz, 1H), 5.46 (s, 1H), 4.93 (s, 1H), 4.24 (d, J = 5.3 Hz, 2H),
3.94 (d, J = 4.8 Hz, 2H), 1.45 (s, 9H), 1.42 (s, 9H). °C NMR (101 MHz, CDCL): &
168.1, 156.1, 141.7, 141.0, 137.5, 136.4, 130.1, 129.1, 128.5, 128.0, 127.3, 125.3,
120.9, 118.9, 80.8, 79.5, 45.5, 42.5, 28.5, 28.4. One carbon not observed/coincident.
Umax (neat): 3312, 2978, 2932, 1681, 1614, 1591, 1513 cm’'. HRMS: exact mass

calculated for [M+Na]" (C2sH33N3NaOs) m/z requires 478.2312, m/z found 478.2293.
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Synthesis of tert-butyl N-({|3-(5-{[(tert-butoxy) carbonyl]lamino}pyridin-3-
yDphenyl] carbamoyl}methyl)carbamate (2.109). Prepared according to General
Procedure C using tert-butyl (5-bromopyridin-3-yl)carbamate (100 mg, 0.366 mmol,
1 equiv.), fert-butyl (2-0x0-2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amino)ethyl)carbamate (2.63) (165 mg, 0.439 mmol, 1.2 equiv.), 2'-
(dimethylamino)-2-biphenylyl-palladium(II) chloride dinorbornylphosphine complex
(10 mg, 0.018 mmol, 5 mol%), and K;PO4 (311 mg, 1.465 mmol, 4 equiv.) in 1.875
mL 1,4-dioxane:H,O (4:1, 0.2 M). Purified on using silica chromatography, eluting
with 0-70% EtOAc/cyclohexane, to afford the title compound as a white solid (93
mg, 53%). '"H NMR (400 MHz, CD;0D): & 8.55 (d, J = 2.2 Hz, 1H), 8.40 (d, J=1.9
Hz, 1H), 8.20 (s, 1H), 7.87 (s, 1H), 7.61 (d, J= 7.9 Hz, 1H), 7.44 (t,J = 7.8 Hz, 1H),
7.37 (d, J= 7.7 Hz, 1H), 3.89 (s, 2H), 1.54 (s, 9H), 1.47 (s, 9H). Three exchangeable
protons not observed. °C NMR (101 MHz, CD;OD): & 170.8, 155.0, 142.0, 140.4,
139.4, 139.3, 138.4, 138.3, 130.7, 125.3, 123.9, 121.1, 119.8, 81.7, 80.8, 45.1, 28.7,
28.6. One carbon not observed/coincident. Lmax (neat): 3283, 2974, 2930, 1686,
1677, 1593, 1543, 1535 cm’. HRMS: exact mass calculated for [M+H]"
(C23H31N4Os) m/z requires 443.2289, m/z found 443.2281.

Synthesis of 6-bromoimidazo[1,2-a]pyridin-8-amine (2.110). Prepared according
to the literature procedure.'** A solution of 5-bromopyridine-2,3-diamine (2.68) (1 g,
5.32 mmol, 1 equiv.), sodium bicarbonate (894 mg, 10.64 mmol, 2 equiv.), and
chloroacetal (844 pL, 13.30 mmol, 2.5 equiv.) in 20 mL EtOH (0.3 M) was heated at
reflux for 16 h. The reaction mixture was allowed to return to room temperature and
then concentrated under reduced pressure. The residue was dissolved in 50 mL DCM

and washed with H,O (2 x 50 mL). The organic layer was dried using a hydrophobic
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frit and then concentrated under reduced pressure. Precipitation from DCM afforded
462 mg of the desired product. The filtrated was purified by column
chromatography, eluting with 0-50% EtOAc/cyclohexane, to afford a further 162 mg
of the desired product. The two batches were combined to give a total yield of 624
mg (55%) of the title compound as a cream solid. "H NMR (400 MHz, CDCls): &
7.73 (d, J=1.6 Hz, 1H), 7.49 (d, /= 1.2 Hz, 1H), 7.46 (d, J= 1.2 Hz, 1H), 6.40 (d, J
= 1.6 Hz, 1H), 4.62 (br. s, 2H). °C NMR (101 MHz, CDCls): § 138.3, 136.3, 132.4,
115.9, 113.7, 108.4, 105.5. Umay (neat): 3401, 3295, 3161, 3092, 3047, 1644 cm™,
HRMS: exact mass calculated for [M+H]" (C;H;BrN3) m/z requires 213.9797, m/z
found 213.9796.

Synthesis of tert-butyl (2-((3-(2-methylpyridin-4-yl)phenyl)amino)-2-oxoethyl)
carbamate (2.111). Prepared according to General Procedure C using 4-bromo-2-
methylpyridine (69 pL, 0.581 mmol, 1 equiv.), tert-butyl (2-oxo-2-((3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate (2.63) (262 mg,
0.698 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II) chloride
dinorbornylphosphine complex (16 mg, 0.029 mmol, 5 mol%), and K3;PO4 (494 mg,
2.325 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,O (4:1, 0.2 M). Purified by reverse-
phase column chromatography, eluting with 10-55% HpH method, to afford the title
compound as a colourless oil (134 mg, 67%). '"H NMR (400 MHz, CDCl;): & 8.88
(br. s, 1H), 8.47 (d, J = 5.2 Hz, 1H), 7.86 (s, 1H), 7.49 (d, J = 7.7 Hz, 1H), 7.38 —
7.27 (m, 3H), 7.23 (dd, J = 5.2, 1.5 Hz, 1H), 5.66 (s, 1H), 3.98 (d, J = 5.8 Hz, 2H),
2.56 (s, 3H), 1.46 (s, 9H). °C NMR (101 MHz, CDCl): § 168.4, 158.9, 156.8,
149.5, 148.4, 139.3, 138.6, 129.7, 123.0, 121.3, 120.4, 119.0, 118.6, 80.8, 45.6, 28.4,

24.5. Umax (neat): 3285, 3002, 2974, 2928, 1686, 1677, 1602, 1547, 1535 cm™,

197



Chapter 2: Experimental

HRMS: exact mass calculated for [M+Na]™ (C19H23N3NaO3) m/z requires 364.1632,
m/z found 364.1620.

Synthesis of tert-butyl (2-((3-(2-methyl-1,8-naphthyridin-3-yl)phenyl)amino)-2-
oxoethyl)carbamate (2.112). Prepared according to General Procedure C using 3-
bromo-2-methyl-1,8-naphthyridine (99 mg, 0.443 mmol, 1 equiv.), fert-butyl (2-oxo-
2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate
(2.63) (200 mg, 0.532 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-biphenylyl-
palladium(II) chloride dinorbornylphosphine complex (12 mg, 0.022 mmol, 5
mol%), and K3PO4 (376 mg, 1.772 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,O (4:1,
0.2 M). Purified by reverse-phase column chromatography, eluting with 20-70%
HpH method, to afford the title compound as a colourless glass (142 mg, 82% yield).
'H NMR (400 MHz, CDCl3): § 9.08 (dd, J = 4.3, 2.0 Hz, 1H), 8.58 (br. s, 1H), 8.15
(dd, /= 8.1, 1.9 Hz, 1H), 7.97 (s, 1H), 7.64 (s, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.48 —
7.37 (m, 2H), 7.14 (d, /= 7.6 Hz, 1H), 5.40 (br. s, 1H), 3.99 (d, J = 6.0 Hz, 2H), 2.69
(s, 3H), 1.47 (s, 9H). °C NMR (101 MHz, CDCL): & 168.5, 161.5, 156.7, 155.1,
153.4, 139.8, 138.3, 137.0, 136.7, 129.3, 125.1, 122.0, 121.3, 120.8, 120.2, 119.7,
80.6, 45.6, 28.4, 24.9. Ly (neat): 3278, 2976, 2930, 1681, 1614, 1591, 1554 cm™.
HRMS: exact mass calculated for [M+H]" (C5,H2sN4O3) m/z requires 393.1921, m/z
found 393.1914.

Synthesis of tert-butyl (2-((3'-cyano-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.113). Prepared according to General Procedure C using 3-
bromo-2-methylbenzonitrile (100 mg, 0.510 mmol, 1 equiv.), fert-butyl (2-oxo0-2-((3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amino)ethyl)carbamate ~ (2.63)

(230 mg, 0.612 mmol, 1.2 equiv.), 2'-(dimethylamino)-2-biphenylyl-palladium(II)
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chloride dinorbornylphosphine complex (14 mg, 0.026 mmol, 5 mol%), and K3;PO,
(433 mg, 2.040 mmol, 4 equiv.) in 2.5 mL 1,4-dioxane:H,0 (4:1, 0.2 M). Purified by
reverse-phase column chromatography, eluting with 40-90% HpH method, to afford
the title compound as a colourless oil (111 mg, 60%). "H NMR (400 MHz, CDCLs): &
8.67 (br. s, 1H), 7.59 (dd, J= 7.7, 1.3 Hz, 1H), 7.55 - 7.45 (m, 2H), 7.39 (dd, J=7.7,
1.3 Hz, 1H), 7.33 (app. t, J = 7.9 Hz, 1H), 7.29 (d, /= 7.5 Hz, 1H), 6.98 (d, J = 7.6
Hz, 1H), 5.54 (t, /= 5.7 Hz, 1H), 3.96 (d, J = 5.8 Hz, 2H), 2.41 (s, 3H), 1.44 (s, 9H).
BC NMR (101 MHz, CDCL): & 168.2, 156.7, 142.9, 140.9, 139.5, 137.9, 134.1,
131.9, 129.1, 126.3, 125.1, 120.6, 119.2, 118.5, 113.8, 80.8, 45.6, 28.4, 19.0. Umax
(neat): 3304, 2973, 2928, 2223, 1719, 1686, 1671, 1612, 1591, 1543, 1509 cm'.
HRMS: exact mass calculated for [M+H]" (C,1H4N303) m/z requires 366.1812, m/z
found 366.1812.

Synthesis of tert-butyl (2-((5'-(hydroxymethyl)-2'-methyl-[1,1'-biphenyl]-3-
yl)amino)-2-oxoethyl)carbamate (2.114). Prepared according to General Procedure
H  using  tert-butyl  (2-((5'-formyl-2'-methyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.92) (110 mg, 0.299 mmol, 1 equiv.) and NaBH4 (34 mg,
0.897 mmol, 3 equiv.) in 4 mL MeOH (0.1 M). Purified by silica chromatography,
eluting with 20-60% EtOAc/petroleum ether, to afford the title compound as a
colourless oil (106 mg, 96%). '"H NMR (500 MHz, CDCl;): & 8.62 (br. s, 1H), 7.46
(d, J=7.8 Hz, 1H), 7.39 (s, 1H), 7.27 (app. t, J = 7.7 Hz, 1H), 7.23 — 7.16 (m, 2H),
7.15 (s, 1H), 7.01 (d, J= 7.4 Hz, 1H), 5.55 (t, /= 5.2 Hz, 1H), 4.63 (s, 2H), 3.90 (d, J
= 3.4 Hz, 2H), 2.61 (br. s, J=7.9 Hz, 1H), 2.21 (s, 3H), 1.43 (s, 9H). °C NMR (126
MHz, CDCls): 8 168.2, 156.7, 142.6, 141.5, 138.6, 137.5, 134.8, 130.6, 128.8, 128.6,

126.3, 125.4, 120.9, 118.6, 80.8, 65.1, 45.4, 28.4, 20.2. vmax (neat): 3405, 3297,
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2976, 2926, 1673, 1612, 1591 cm’'. HRMS: exact mass calculated for [M+Na]"
(C21H26N2NaOy) m/z requires 393.1785, m/z found 393.1777.

Synthesis of tert-butyl (2-((3-bromophenyl)amino)-2-oxoethyl)carbamate
(2.115). Prepared according to General Procedure A using Boc-glycine (2.2 g,
12.791 mmol, 1.1 equiv.), DIPEA (4.1 mL, 23.256 mmol, 2 equiv.), HATU (5.3 g,
13.953 mmol, 1.2 equiv.), and 3-bromoaniline (1.3 mL, 11.628 mmol, 1 equiv.) in 25
mL DMF (0.5 M). Purified using silica chromatography, eluting with 0-40%
EtOAc/petroleum ether, to afford the title compound as a white solid (3.8 g, 98%).
'H NMR (500 MHz, CDCls): & 8.29 (br. s, 1H), 7.77 (s, 1H), 7.41 (d, J = 8.0 Hz,
1H), 7.24 (d, J = 8.2 Hz, 1H), 7.18 (app. t, J = 8.0 Hz, 1H), 5.24 (br. s, 1H), 3.92 (d,
J = 6.0 Hz, 2H), 1.49 (s, 9H). >C NMR (101 MHz, CDCl3): & 167.4, 138.2, 129.8,
127.0, 122.3, 122.2, 117.8, 80.6, 45.3, 27.8. One carbon not observed/coincident.
Umax (n€at): 3250, 3194, 3131, 3062, 2973, 2939, 1709, 1668, 1608, 1591, 1541 cm’".
HRMS: exact mass calculated for [M+Na]® (C;3H;7NoNaOsBr) m/z requires
351.0315, m/z found 351.0298.

Synthesis  of  tert-butyl  (2-((2'-(((cyclohexylmethyl)amino)methyl)-[1,1'-
biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.116). Prepared according to
General Procedure J using tert-butyl (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.99) (100 mg, 0.282 mmol, 1 equiv.), cyclohexylmethanamine
(44 pL, 0.338 mmol, 1.2 equiv.), MgSO4 (102 mg, 0.846 mmol, 3 equiv.), and
NaCNBH3; (36 mg, 0.564 mmol, 2 equiv.) in 2 mL DCM (0.2 M). Purified by silica
chromatography, eluting with 50-100% EtOAc/petroleum ether, to afford the title
compound as a cream solid (104 mg, 82%). "H NMR (400 MHz, CDCl;): & 8.32 (br.

s, 1H), 7.57 (d, J= 8.1 Hz, 1H), 7.51 — 7.42 (m, 2H), 7.38 — 7.27 (m, 3H), 7.21 (dd, J
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= 7.4, 1.5 Hz, 1H), 7.13 (d, J = 7.6 Hz, 1H), 5.34 (br. s, 1H), 3.93 (d, J = 5.9 Hz,
2H), 3.70 (s, 2H), 2.31 (d, J = 6.6 Hz, 2H), 1.70 — 1.57 (m, 6H), 1.47 (s, 9H), 1.22 —
1.06 (m, 3H), 0.89 — 0.71 (m, 2H). One exchangeable proton not observed. >C NMR
(101 MHz, CDCl3): & 167.9, 142.3, 141.3, 137.9, 137.5, 130.1, 129.3, 129.0, 127.8,
127.6, 127.0, 125.4, 120.6, 118.7, 81.0, 56.4, 51.8, 45.8, 37.9, 31.5, 28.4, 26.8, 26.2.
Lmax (neat): 3304, 3060, 3004, 2978, 2922, 2852, 1675, 1614, 1591, 1554 cm’".
HRMS: exact mass calculated for [M+H]" (C,7H3sN303) m/z requires 452.2908, m/z

found 452.2899.

Synthesis  of  fert-butyl  (2-((2’-((benzylamino)methyl)-[1,1’-biphenyl]-3-
yl)amino)-2-oxoethyl)carbamate (2.117). Prepared according to General Procedure
J using tert-butyl (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate
(2.99) (100 mg, 0.282 mmol, 1 equiv.), benzylamine (37 pL, 0.338 mmol, 1.2
equiv.), MgSO4 (102 mg, 0.846 mmol, 3 equiv.), and NaCNBH; (36 mg, 0.564
mmol, 2 equiv.) in 2 mL DCM (0.2 M). Purified by silica chromatography, eluting
with 50-70% EtOAc/petroleum ether, to afford the title compound as a cream solid
(94 mg, 75%). '"H NMR (400 MHz, CDCl;): & 8.24 (br. s, 1H), 7.59 (d, J = 8.0 Hz,
1H), 7.53 — 7.45 (m, 2H), 7.41 — 7.29 (m, 4H), 7.28 — 7.20 (m, 5H), 7.13 (d, /= 7.6
Hz, 1H), 5.30 (br. s, 1H), 3.94 (d, J = 5.9 Hz, 2H), 3.78 (s, 2H), 3.71 (s, 2H), 1.49 (s,
9H). *C NMR (101 MHz, CDCLs): § 167.9, 142.1, 141.5, 139.8, 137.5, 137.1, 130.2,
129.6, 129.1, 128.5, 128.3, 127.8, 127.3, 127.1, 125.4, 120.7, 118.8, 80.9, 53.3, 50.8,
45.7, 28.4. One carbon not observed/coincident. L.y (neat): 3299, 3060, 3027, 2976,
2854, 1675, 1614, 1591 cm’'. HRMS: exact mass calculated for [M+H]"

(C27H32N303) m/z requires 446.2438, m/z found 446.2425.
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Synthesis of zert-butyl (2-((2'-(((2-methoxyethyl)amino)methyl)-[1,1'-biphenyl]-
3-yl)amino)-2-oxoethyl)carbamate (2.118). Prepared according to General
Procedure J using tert-butyl  (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-
oxoethyl)carbamate (2.99) (100 mg, 0.282 mmol, 1 equiv.), 2-methoxyethan-1-amine
(25 mg, 0.339 mmol, 1.2 equiv.), MgSO4 (101 mg, 0.846 mmol, 3 equiv.), and
NaCNBH3; (35 mg, 0.564 mmol, 2 equiv.) in 1 mL DCM (0.3 M). Purified by silica
chromatography, eluting with 0-10% MeOH/DCM, to afford the title compound as a
colourless oil (76 mg, 65%). '"H NMR (400 MHz, CDCls): & 8.67 (br. s, 1H), 7.66 (d,
J = 8.1 Hz, 1H), 7.49 (s, 1H), 7.45 (dd, J = 7.5, 1.3 Hz, 1H), 7.38 — 7.19 (m, 4H),
7.08 (d, J= 7.6 Hz, 1H), 5.54 (t, J = 5.5 Hz, 1H), 3.92 (d, J = 5.4 Hz, 2H), 3.72 (s,
2H), 3.51 — 3.35 (m, 2H), 3.29 (s, 3H), 2.76 — 2.63 (m, 2H), 2.25 (br. s, 1H), 1.45 (s,
9H). C NMR (101 MHz, CDCl3): & 168.0, 156.6, 141.9, 141.4, 137.7, 137.1, 130.1,
129.4, 129.0, 127.8, 127.2, 125.2, 120.7, 118.8, 80.6, 71.7, 58.7, 51.2, 48.5, 45.3,
28.4. vmax (neat): 3312, 3058, 2976, 2930, 2889, 2822, 1679, 1614, 1591, 1543, 1524
cm”’. HRMS: exact mass calculated for [M+H]" (CisH2N30,) m/z requires

314.1863, m/z found 314.1849.

Synthesis of zert-butyl (2-((2'-(morpholinomethyl)-[1,1'-biphenyl]|-3-yl)amino)-2-
oxoethyl)carbamate (2.119). Prepared according to General Procedure J using tert-
butyl (2-((2'-formyl-[1,1'-biphenyl]-3-yl)amino)-2-oxoethyl)carbamate (2.99) (100
mg, 0.282 mmol, 1 equiv.), morpholine (29 pL, 0.338 mmol, 1.2 equiv.), MgSO4
(102 mg, 0.846 mmol, 3 equiv.), and NaCNBHj3; (36 mg, 0.564 mmol, 2 equiv.) in 2
mL DCM (0.2 M). Purified by silica chromatography, eluting with 50-80%
EtOAc/petroleum ether, to afford the title compound as a colourless oil (45 mg,

38%). '"H NMR (400 MHz, CDCls): & 8.17 (br. s, 1H), 7.58 — 7.48 (m, 3H), 7.39 —
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7.27 (m, 3H), 7.25 — 7.22 (m, 1H), 7.15 (d, J= 7.5 Hz, 1H), 5.22 (br. s, 1H), 3.93 (d,
J = 6.0 Hz, 2H), 3.65 (br. s, 4H), 3.42 (s, 2H), 2.36 (br. s, 4H), 1.47 (s, 9H). °C
NMR (101 MHz, CDCl5): 6 167.9, 142.5, 142.3, 137.2, 130.2, 128.7, 127.5, 127.1,
125.9, 121.1, 118.6, 67.1, 60.3, 53.4, 459, 29.8, 28.4. Two carbons not
observed/coincident. L.k (neat): 3395, 3295, 2960, 2926, 2854, 2811, 1675, 1614,
1591, 1539 cm”. HRMS: exact mass calculated for [M+H]™ (CxH3N304) m/z

requires 426.2387, m/z found 426.2367.
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