Investigation of LPA1 Receptor Antagonism/ATX Inhibition by a Scaffold
Hopping Approach and SAR Analysis

Diana Castagna
Thesis
February 2016

Investigation of LPA1 Receptor Antagonism/ATX Inhibition by a Scaffold
Hopping Approach and SAR Analysis

Thesis submitted to the University of Strathclyde in fulfilment of the requirements for
the degree of Doctor of Philosophy

By

Diana Castagna
February 2016

i

Declaration of Copyright

This thesis is a result of the author’s original research. It has been composed by the
author and has not been previously submitted for examination which has led to the
award of a degree.
The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50.
Due acknowledgement must always be made of the use of any material contained
in, or derived from, this thesis.

Signed:

Date: February 2016

ii

Publication List
1.

“Identification of a Novel Class of ATX Inhibitors Through Cross-Screening”:

Diana Castagna, Emma L. Duffy, Louise C. Young, John M. Pritchard, Simon J. F.
Macdonald, Craig Jamieson and Allan J. B. Watson, Med. Chem. Commun., 2015,
6, 1149-1155.
2.

“The Development of Autotaxin Inhibitors: An Overview of the Patent and

Primary Literature”: Diana Castagna, David Budd, Simon J. F. Macdonald, Craig
Jamieson

and

Allan

J.

B.

Watson,

J.

Med.

Chem.

DOI:10.102/acs.jmedchem.5b01599
3.

“Structure-Activity Relationships of Autotaxin Inhibitors”: Diana Castagna,

Lisa M. Miller, Emma L. Duffy, Frances M. Potjewyd, Louise, C. Young, John M.
Pritchard, Simon J. F. Macdonald, Craig Jamieson and Allan J. B. Watson,
Manuscript in Preparation.
4.

“A Scaffold Hopping Approach to Novel Autotaxin Inhibitors”: Emma L. Duffy,

Frances M. Potjewyd, Diana Castagna, Lisa M. Miller, Louise C. Young, John M.
Pritchard, Simon J. F. Macdonald, Craig Jamieson and Allan J. B. Watson,
Manuscript in Preparation.
5.

“A Quantitative Assessment of the Effect of Reaction Variables on

Racemization During Peptide Coupling of α–Amino Acids”: Diana Castagna, Amy
Ott, Craig Jamieson and Allan J. B. Watson, Manuscript in Preparation.

iii

Abstract
The Autotaxin-Lysophosphatidic acid (ATX-LPA) signalling pathway has been
implicated in a variety of human disease states including angiogenesis, autoimmune
diseases,

cancer,

fibrotic

disease,

inflammation,

neurodegeneration,

and

neuropathic pain, amongst others.
Two methods have been pursued in attempts to develop novel targets for this
disease state which include: Route A – the development of novel LPA1 receptor
antagonist, and Route B – the inhibition of the enzyme ATX required for the
production of LPA (Scheme 1). Both of these routes will be pursued within this study
with a view to developing novel targets for the inhibition of the LPA-ATX signalling
pathway.

Scheme 1: Proposed routes for the development of novel LPA-ATX inhibitors.

A small compound library was constructed to target Route A, where of the
compounds analysed none exhibited LPA1 receptor antagonism. Pleasingly, cross
screening against ATX inhibition revealed several hit compounds, indicating the
ability of cross-talk between these two signalling pathways.
In regards to the second route, an extensive compound library was built based on
the development of SAR surrounding a known potent ATX inhibitor by Amira
Pharmaceuticals. The designed compounds were screened using a dual assay
procedure (LPC and (bis-p-nitrophenyl)phosphate assay) which indicated a range of
active compounds, as well as indicating the complexity associated with the binding
mode of this particular motif.
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The top five causes for premature death in the UK can be attributed to cancer, heart
disease, stroke, respiratory disease, and liver disease.1 It has been proposed by the
Department of Health that the number of deaths associated with these diseases
could be dramatically reduced by earlier diagnosis, which could be achieved by
obtaining a more in-depth knowledge of the disease states and their associated
symptoms.1 Of the five most common causes of premature death, cancer is perhaps
the most studied, followed closely by respiratory diseases due to their high mortality
rates and the requirement for more efficacious and better tolerated therapies.
1.1

Cancer

Cancer is one of the leading causes of mortality with around 160,000 deaths each
year in the UK alone,2 and an estimated 8.2 million deaths worldwide, with an
expected increase in incidence of 70% in the next two decades.3 With more than
200 variants of cancer, where breast, prostate, lung, and bowel are the most
prevalent (Figure 1),3 the investigation into new therapeutic targets for the treatment
of cancer has become of pivotal importance. As a result, a substantial amount of
funding has been invested into the development of novel treatments to inhibit or
slow the progression of the disease. This can be seen by the dramatic increase in
funding associated with cancer research, which has increased from £257 million in
2002 to a current spending of over £500 million.4

Death Rate (Millions)

Cancer Death Rates
2
1.6
1.2
0.8
0.4
0

Cancer Type

Figure 1: Six most common cancer cases worldwide in 2014, data obtained from the
National Cancer Institute (NCRI).
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1.1.1

Disease Progression

The general disease progression associated with cancers stems from the mutation
of cells, which will in turn increase their likelihood of proliferation, survival, invasion,
and metastasis in an abnormal way.5 The increased proliferation of abnormal cells
will then lead to the formation of outgrowths of cells, also known as tumours. There
are a number of different carcinogens which have been implicated in the
development of cancerous tissue which include cigarette smoking, radiation,
chemicals, and viruses; however, it should be noted that cancer development is a
complex process with many factors to be considered.5
1.2

Respiratory Disorders

In addition to cancer, another disease state which has developed increased interest
is respiratory disorders. These are a class of disorders which affect the organs and
tissue that make gas exchange possible. There is a wide range of common
disorders which can be classified by this term. One such class of diseases is known
as interstitial lung diseases (ILDs). This refers to inflammation of the interstitium
(tissue surrounding and separating the alveoli) of the lungs. The causes associated
with ILD are thought to involve over-stimulation of the normal wound healing
process when damage occurs. However, when there is no outside stimulus, ILDs
can still occur and this is classed as idiopathic interstitial lung disease, where
idiopathic signifies that the cause is unknown. There are seven distinct disorders
associated with ILD which are; (i) idiopathic pulmonary fibrosis (IPF) (47-64% of
ILDs), (ii) nonspecific interstitial pneumonia (14-36%), (iii) cryptogenic organising
pneumonia

(4-12%),

(iv)

respiratory

bronchial

interstitial

pneumonia,

(v)

desquamative interstitial pneumonia (10-17%), (vi) acute interstitial pneumonia
(<2%), and (vii) lymphoid intestinal pneumonia (<2%).6 ILDs are becoming an
increasing problem: 2006 ILDs cost the NHS over £6.6 billion and accounted for 1 in
5 deaths in the UK.7
1.2.1

Idiopathic Pulmonary Fibrosis: Disease Background

IPF is a chronic, progressive and potentially fatal lung disease.8,9 IPF affects around
13-20 per 100,000 people,9 and is becoming increasingly common, with an
additional 5,000 cases reported each year in the UK alone. IPF exhibits a higher
mortality rate than most cancers, as illustrated in Figure 2, where only lung and
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pancreatic cancer have a lower five year survival rate.10 Once diagnosed, sufferers
on average have a survival of around 3-5 years.8 IPF seems to have no specific
demographic, however, it has been found to be prevalent in the older generation
(median age range of 55-75 years) with a slight predominance in males.6,9 Some
research has suggested there may be environmental factors which could attribute to
the onset of IPF. These include cigarette smoking, drug/environmental factors,
occupational exposure (from metal and wood dusts), viral infections (such as
Epstein-Barr virus, hepatitis C, and gastroesophageal reflux disease),6 and genetic
transmission.9

5-yr Survival Rate %

Survival Rate of Comon Cancers Compared to IPF
100
90
80
70
60
50
40
30
20
10
0

Cancer Type

Figure 2: 5-year survival rate of a range of cancers compared to IPF. Statistics obtained
from the US National Cancer Institute.

1.2.2

11

Pathogenesis of IPF

The causes behind IPF are not yet fully understood, however, it is believed to be
connected to the abnormal behaviour of the alveolar epithelial cells (AECs) following
lung injury. This promotes migration, proliferation, and activation of mesenchymal
cells which can differentiate into connective tissue and fibroblasts, the latter of which
are responsible for the production of extracellular matrix (ECM) molecules and
collagen.9,12 The overstimulation of AECs results in the accumulation of ECM
molecules, and it is the excessive production of these fibroblasts which cause
irreversible damage and destruction of the lung through hardening and scarring of
the lung tissue between the alveoli, honeycombing on the surface of the lung tissue,
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loss of function of the capillary unit, impaired gas exchange, and finally, can lead to
respiratory failure causing death.9,13
1.2.3

Proposed Mechanism of IPF

The extent of the role that AECs have within IPF remains unknown, however, it has
been proven that those suffering from IPF have a reduced number of Type I AECs
and hyperplasic and elongated Type II epithelial cells, as evidenced through lung
biopsies.9 The process by which IPF proceeds is not fully understood; however, a
proposed scenario is illustrated in Figure 3.9
IPF is believed to develop after the normal epithelial and endothelial cells, (Figure
3a) become damaged (Figure 3b), and this can be caused by a range of stimuli
including; viral infections, cigarette smoking, environmental factors such as working
with wood and metal dust, and age.9,14 Once the basement membrane and
endothelial cells are damaged this will result in the release of growth factors and
leakage of proteins such as coagulant proteins into the airspace (Figure 3c). This
process then becomes over-activated as more growth factors will be produced to try
and aid the wound healing process (i.e., regeneration of the basement membrane)
and as a consequence this will result in the accumulation of fibroblasts within the
airspace, (Figure 3d). The accumulation of these fibroblasts will then result in
hardening and scarring of the tissue, impaired gas exchange, and the tell-tale
honeycombing of the tissue, (Figure 3e).14
Recent investigations into the pathogenesis of both cancer and IPF have led to the
discovery of several similarities between these disease states. These fall into five
categories: i) genetic alterations, ii) epigenetic alterations, iii) uncontrolled
proliferation, iv) tissue invasion, and v) signal transduction pathways. 11 In addition to
these traits, it has been established that elevated levels of the extracellular enzyme
autotaxin (ATX), the bioactive phospholipid lysophosphatidic acid (LPA), and, in
particular, the LPA1 receptor have been found in both patients suffering from IPF15
and a large number of cancers including breast cancer,16,17 renal cell carcinoma,18
thyroid carcinoma,19 and ovarian cancer,20 amongst others.
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Figure 3: Proposed pathway for the progression of IPF. a) Normal Cell structure. b) External
stimuli causing damage to the epithelial cells. c) Release of growth factors and leakage of
coagulant proteins into the airspace. d) Migration of fibroblasts to the site

In the context of lung fibrosis, locally produced LPA has been suggested to drive
several different pathological processes leading to excessive production of ECM
molecules, permanent scarring of the lung, irreversible loss of tissue structure, and a
reduction in lung function. Increased expression of ATX has been reported in the
lungs of bleomycin-treated mice and patients with IPF21 in which the pattern of
expression suggests that epithelial cells and macrophages (type of white blood cells
which remove foreign substances) exhibit the highest intensity of ATX expression.21
In line with the reports of increased expression of ATX in the fibrotic lung, increased
levels of LPA isoforms, notably the 22:4 species, have been reported in exhaled
breath condensate of IPF patients compared to healthy volunteers.15 The
mechanisms underlying the LPA pathway in the lung are complex but have been
linked to accumulation of fibroblasts in the lung through increased migration and
proliferation,22 increased vascular leakage,22 and apoptosis of lung epithelial cells.22
The finding that mice genetically deficient in macrophage-specific ATX expression
are refractory to bleomycin-induced lung fibrosis21 also suggests an important role
for this cell type in driving LPA-mediated pro-fibrotic responses in this organ. Some
dispute exists regarding the identity of the LPA receptors responsible for driving the
pro-fibrotic actions of LPA in the lung with data supporting a role for the LPA1
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receptor,22 LPA2 receptor,23 and LPA3 receptor24 based on a combination of
pharmacological and genetic approaches. The use of ATX inhibitors might
circumvent the issue of molecular redundancy with regards to which combination of
receptor isoform targeting would be most effective with regards to achieving antifibrotic efficacy.
1.2.3.1 Autotaxin
ATX

is

an

extracellular

enzyme,

which

is

part

of

the

ecto-nucleotide

pyrophosphatase/phosphodiesterase family (ENPP2), of which there are seven
members.25,26 ATX was first isolated in 1992 from A2058 melanoma cells and
categorised as an autocrine mobility factor, and was subsequently found to be
responsible

for

cell

proliferation,

survival,

invasion,

migration,

and

neovascularization.20,27
Following the initial discovery, further analysis by Tokumura et al.28 and UmezuGoto et al.29 established that ATX was in fact the glycoprotein lysophospholipase D
(lysoPLD),28,29 which is responsible for the hydrolysis of lysophosphatidylcholine
(LPC) 1 to the bioactive phospholipid lysophosphatidic acid (LPA) 3 with the release
of choline 2 (Scheme 2).30

Scheme 2: ATX mediated hydrolysis of LPC (1) to LPA (3) with the release of choline (2).

1.2.3.2 Hydrolysis Process
As mentioned above, the biologically active phospholipid LPA can be synthesised by
the hydrolysis of LPC by ATX. The enzyme itself is structurally designed for this
process by the presence of a hydrophobic pocket which accommodates the acyl
chain of the LPC molecule and allows for substrate discrimination. Once the LPC
molecule is introduced to the active site it will subsequently be hydrolysed to the
active LPA substrate, it is then believed that the channel present between the
catalytic site and the somatomedin 1 (SMB1) domain binds the LPA and transports
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the newly synthesised LPA molecule to the G-protein coupled receptors (GPCRs)31
(Figure 4).

Figure 4: Simplified representation of the four main components of the ATX enzyme; N is
the nuclease-like domain; C is the catalytic domain containing the hydrophobic pocket; and
SMB1 and SMB2 are the two somatomedin B domains. LPC is introduced into the catalytic
site where it is subsequently hydrolysed to LPA and transported to the GPCR, resulting in
their activation.

Once generated, LPA can promote a range of physiological events which include
cell proliferation, survival, and motility, amongst others, by acting through a set of six
GPCRs known as LPA1-6.20,32,33 The LPA receptor family can be further divided into
two categories: (i) the EDG sub-family consisting of LPA1-3 and (ii) LPA4-6, which
contain less than 40% homology to LPA1-3.34,35 Each receptor couples to specific Gα
proteins (Gs, Gi, Gq, and G12/13), as illustrated in Figure 5, which will in turn initiate a
range of cellular signalling cascades.20 Some of the main pathways include: the
activation

of

phospholipase

C

(PLC)

leading

to

the

hydrolysis

of

phosphatidylinositol-bisphosphate (PIP2), which will, in turn, initiate calcium
mobilisation and protein kinase C (PKC) activation; activation of the Ras, MERK,
ERK pathway leading to cell proliferation; activation of the P13K-AKT survival

7

Introduction

pathway responsible for the suppression of apoptosis; and, lastly, activation of the
Rho pathway which leads to cytoskeletal remodelling, shape change, and cell
migration.36

Figure 5: Signalling pathways activated by LPA1-6.

1.3

Structure and Function of the Autotaxin Enzyme

Based on its perceived therapeutic potential, a substantial amount of effort has been
invested into understanding both the structure and function of this enzyme.
Currently, it is has been established that there are five known variants of ATX
referred to as ATXα (ATXm), ATXβ (ATXt), ATXγ (PD-Iα), ATXδ, and ATXε, all of
which are catalytically active.20,25,37
In 2008, the cloning and tissue distribution of the three main isoforms (α, β, and γ)
using both human and mouse tissue was undertaken in order to characterise and
develop an understanding of their functions, a summary of which is presented in
Table 1.38
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Table 1: Splice variant of ATX.

Splice
Isoform

Location

Comment

Variant

Low quantities present in the Original isoform isolated

ATXα
Minor
(ATXm)

central and peripheral nervous from melanoma cells.
system.38

Predominately in the brain and Originally cloned from
ATXβ

peripheral tissue.38

teratocarcinoma

Major
(ATXt)

Small quantities present in
central nervous system.

38

ATXγ
Minor

Central nervous system.38

(PD-Iα)

and

found

cells
to

be

identical to lysoPLD.20

Similar

structure

ATXβ

and

biochemical

to
their

functions

are indistinguishable.20

Following the characterisation of the different isoforms of ATX, its crystal structure
was resolved in 2011 by Nishimasu and Hausmann, of rat and mouse ATX
respectively, and were found to share 93% similarity to the human ATX enzyme. 39–41
The enzyme was found to consist of three main domains; the N-terminal, of which
there are two SMB-like domains, known as SMB1 and SMB2; a catalytic
phosphodiesterase domain (PDE), situated in the centre; and, the C-terminal
nuclease-like domain (NUC). In addition to these there are two linker portions
referred to as the L1 linker, which connects the SMB2 domain to the catalytic
domain, and the L2 linker (or the lasso loop) connecting the catalytic domain to the
nuclease-like domain, as illustrated in Figure 6.40,42
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Figure 6: a) Schematic representative diagram of ATX domains (PDB 2XR9). (b) 3D
structure of ATX representing the four main domains, SMB1 in orange, SMB2 in brown,
catalytic domain in cyan, nuclease like domain in purple, L1 in red, and L2 in green.

The modular domain arrangement of ATX is such that the two SMB domains and
the nuclease-like domain encapsulate the catalytic domain, with the two linkers (L1
and L2) reinforcing the structure and maintaining its active conformation. 20,40 Further
structural characteristics which underpin the association between the PDE and the
NUC domains include the presence of an interdomain disulfide bond between
Cys413-Cys801, the Asn524-linked glycan, as well as the presence of a number of
hydrophobic and hydrophilic interactions.40 In addition to these there are a number
of well-ordered water molecules situated between the catalytic and nuclease-like
domain, which results in an extensive hydrogen-bonding network, ensuring a further
degree of thermodynamic stability.40
The two SMB domains form a cysteine knot fold,40 which consists of four pairs of
crossed disulfide bonds. These domains are structurally similar to the SMB domains
present in the integrin ligand vitronectin, which is an extracellular matrix protein that
interacts with plasminogen activator inhibitor-1 (PAI-1) and urokinase-type
plasminogen activator (uPAR).40 It has also been shown that these domains are
important for binding of newly generated LPA to ATX, and are also speculated to be
involved in the subsequent release of LPA.39
The catalytic domain itself can be broken down into two main parts known as the
core and the insertion sub-domains. The core adopts an alkaline phosphatase fold
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and coordinates to the two essential Zn2+ ions via conserved aspartic acid and
histidine residues, Figure 7.20,40 In 2003, Gijsbers reported that the presence of the
threonine (Thr209) residue, located within the phosphodiesterase domain, along
with two Zn2+ ions were responsible for the hydrolytic activity of the enzyme (Figure
7).40,42,43 These structural features are conserved among the ENPP family, which is
further exemplified by the similarity in the catalytic domain to that of Xanthomonas
axonopodis (XaNPP), a bacterial NPP enzyme.

Figure 7: a) Representation of ATX with the catalytic site highlighted (PDB 2XRN). b)
Enlarged image of the catalytic site illustrating the Zn

2+

ions, and the essential resides:

Thr209 (red) and the catalytic triad made up of His359 (orange), Asp358 (blue), and Asn230
(green).

Lastly, the C-terminal nuclease-like domain contains a mixed α/β fold and binds to
Ca2+, Na+, and K+. These ions are coordinated by residues present in this domain,
and are bound close to the interface of the catalytic and the nuclease-like domains,
implying an important role in the interaction of the two domains.40
An interesting structural feature of the enzyme is the presence of a hydrophobic
channel connecting the large binding pocket (containing an estimated volume of 800
Å3 and around 15 Å deep),31 situated within the catalytic domain of the enzyme
(Figure 8a), through a T-shaped junction44 (as illustrated in Figure 8b). This can
accommodate monoacyl phospholipids such as LPA and LPC. The function of this
hydrophobic tunnel remains under discussion as it could play two potential roles: the
first to release newly generated LPA to the cellular microenvironment allowing
activation of the cognate GPCRs. Conversely, the tunnel entrance may promote
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LPC uptake or act as an entrance and exit tunnel,44 additional experimental analysis
is required in order to validate either of these hypotheses.

Figure 8: (a) Representation of the ATX active site, hydrophobic pocket, and tunnel with
LPA (PDB 3NKN). (b) A representation of the T-shaped structure.

Nishimasu and co-workers conducted further structural analysis of the hydrophobic
pocket and have disclosed crystal structures of mouse ATX complexed with LPA
molecules of varying chain length (14:0, 16:0, 18:1, 18:3, and 22:6 where the first
number is representative of the chain length and the second the degree of
saturation).45 The data generated indicated that the phosphate group, glycerol
portion, and the acyl-chain of the various forms of LPA are all recognised in a similar
way by the enzyme where one of the oxygen atoms from the phosphate group binds
to one of the Zn2+ ions while another forms hydrogen bonds to the side chain of
Asn230 and the OH and NH of the Thr209. This is exemplified in Figure 9, which
shows LPA 14:0 (4) bound within the active site of ATX.
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a)

b)

c)

d)
Zn+
Asn 230

4

Zn+

Thr 209
Thr 209
Asn 230

4

Zn+

Zn+

Figure 9: Structure of LPA (14:0) (4) complexed within the active site of ATX (PDB 3NKN).
a) Ribbon representation of ATX, coloured as follows: SMB1 domain in orange, SMB2
domain in brown, catalytic domain in cyan, nuclease-like domain in purple, L1 in red, L2 in
green, Zn

2+

in grey, and 4 in pink. b) Structure of 4. c) and d) Enlargement of the catalytic

site indicating the interactions between the phosphate group with the Thr209 residue and
one of the Zn

2+

ions.

A notable feature of the binding pocket, which differs from other phospholipases, is
that no protein plasticity is observed regardless of whether the enzyme is in either a
bound state (i.e., with orthosteric ligand) or an unbound state.44
In addition to the LPA co-crystal structure data with murine ATX, Hausman and coworkers disclosed the crystal structure of the apo form of rat ATX, as well as a cocrystal structure of a potent inhibitor HA155 (5, Figure 10b).46 Based on this
analysis, it was possible to correlate inhibition with the observed binding mode.39,46
From this crystal structure data it was possible to establish key interactions between
the enzyme and the boronic acid-derived inhibitor 5 (Figure 10). The data generated
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illustrated that the boronic acid forms a reversible covalent bond with the
nucleophilic hydroxyl group of the Thr209 residue, while one of the hydroxyl groups
can be effectively stabilised between the two Zn2+ ions present in the pocket. The
hydrophobic ring of the inhibitor forms a network of van der Waals interactions. The
fluorobenzene moiety points directly into the hydrophobic pocket and is orientated
perpendicular to the protein surface. Therefore, this data implies that the presence
of an acidic warhead to coordinate to one of the Zn2+ ions, the presence of a moiety
which can interact with the Thr209 residue, and a lipophilic tail which can be
accommodated within the hydrophobic pocket are all beneficial properties for
potential inhibitors. Many of these features are conserved in inhibitors which bind at
the catalytic site (vide infra).

a)

c)

b)

d)

Zn+

5

Zn+
Thr 209
Thr 209
5

Zn+

Zn+

Figure 10: Co-crystal of 5 within the catalytic domain of ATX (PDB 2XRG). a) Ribbon
representation of ATX, coloured as follows: SMB1 domain in orange, SMB2 domain in
brown, catalytic domain in cyan, nuclease-like domain in purple, L1 in red, L2 in green, Zn

2+

in grey, and 5 in pink. b) Structure of 5. c) and d) Enlargement of the catalytic site indicating
2+

the interactions between the boronic acid and both the Thr209 residue and one of the Zn
ions.
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As stated previously, it is well established that ATX is responsible for the hydrolysis
of phospholipids such as LPC,30 yet this is not its only function as it is also known to
hydrolyse other phospholipid species. For example, sphingosylphosphorylcholine
(SPC) 6 is converted into sphingosine 1-phosphate (S1P) 7 by ATX (Scheme 3).47
S1P is a bioactive lipid displaying similar signalling properties to LPA (as well a
range of other signalling consequences via other receptor families);25,48,49 however, it
should be noted that this is not the main route for S1P synthesis – the primary
source is believed to originate predominately from phosphorylation of sphingosine
by sphingosine kinases.25,50

Scheme 3: Hydrolysis of SPC (6) to S1P (7) catalysed by ATX.

1.4

Assays for the Identification of ATX Inhibition.

The availability of a robust and reliable assay to assess ATX inhibition is of great
importance in the development of new inhibitors for this target. Currently, there are a
range of different in vitro assays which have been developed to determine ATX
inhibition. These can be divided into two main categories: those using the natural
enzyme substrate (LPC) and those using unnatural substrates, such as bis-(pnitrophenyl) phosphate (bis-pNPP). Both of these are discussed below.
1.4.1

Natural Substrate ATX Assays

As ATX hydrolyses LPC to LPA and choline, the monitoring of either species can be
used to measure ATX activity. There are a number of methods that can be used to
achieve this, including using radiolabelled substrates, liquid chromatography-tandem
mass spectrometry (LC-MS), and a choline release method, as illustrated in Table 2.
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Table 2: Natural substrate ATX assays.

Assay

Substrate

Analyte

Comments

Source of Enzyme: Recombinant ATX.
Analysis: Autoradiography.48
Radiolabelling29,44

14

C-LPC

14

C-LPA

Comments: Most direct method.
Robust and sensitive assay.
Less

suitable

for

high-throughput

screening.25

Source of Enzyme: Recombinant ATX.
Analysis: LC-MS detection of LPA.
LC-MS/MS37

LPC

LPA

Comments: Very sensitive.
Can

be

used

to

detect

naturally

occurring LPA in biological fluids.25
High-throughput screening possible.

Source of Enzyme: Recombinant ATX.
Analysis: Absorbance at 405 nm of
Amplex Red
Choline release

colouring reagent.
LPC

Choline

Comments: Routinely used.
High-throughput screening possible.
Assay interference possible.
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Of the assays described in Table 2, the choline release assay is the most popular;
however, caution must be taken when using this protocol as there is the potential for
small molecules to react with the colouring agent or hydrogen peroxide (generated
in the reaction), or inhibit the associated enzymes (horseradish peroxidase (HRP) or
choline oxidase) leading to false positives.52

This can be circumvented by

incubation of the test compound with choline followed by addition of the colouring
agent. This has been shown to be an effective way of assessing whether
interference has been/will be an issue.25
1.4.2

Unnatural Substrate ATX Assays

An alternative means to test for ATX inhibition is through the use of unnatural
substrates, which include bis-pNPP 8,48,53 thymidine 5’-mono-phosphate pnitrophenyl ester (pNP-TMP) 10,28 CPF4 11,48,54 and FS-3 13,55 with pNP-TMP and
bis-pNPP being the simplest methods to measure lysoPLD activity (Table 3).
One of the main disadvantages of using synthetic unnatural substrates in place of
the natural substrate is the potential lack of specificity for ATX over other
phosphatases. These substrates can be readily hydrolysed by other members of the
ENPP family, as well as by other less specific phosphodiesterase enzymes.
Therefore, it is recommended that these assays should only be used with purified
enzyme to ensure accuracy and correct interpretation of the data generated.56
Of the assays described, using either natural and unnatural substrates, the two most
commonly used methods to measure ATX activity are the lysoPLD assay using the
natural substrate LPC and the unnatural substrate bis-pNPP. There has been,
however, some debate regarding the reliability of these assays. For example,
problems have been encountered when using the endogenous substrate LPC due to
the presence of choline or the colouring reagents present in the assay, which as
discussed above, can react with test compounds generating false positives.57 An
additional problem has been found when using unnatural substrates, such as pNPTMP, as these interact differently in terms of enzyme binding compared to the
natural LPC substrate.
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Table 3: Unnatural substrate ATX assays.

Substrate

Analyte

Comments

Analysis: Absorbance at 405 nm.
Comments: Routinely used. Facile,
high

throughput

capability,

and

commercially available.
Caution

when

using:

compound

binding remote from the catalytic site
will give false negative.

41

Analysis: Absorbance at 405 nm.
Comments:

Caution

when

using:

compound binding remote from the
catalytic site will give false negative.

Analysis:

Fluorescence

58

assay

(excitation at 355 nm, emission at
460 and 520 nm).
Comments: Use with serum free
conditioned culture medium isolated
from cells expressing the enzyme.

Analysis: Fluorescence (excitation at
485 nm and emission at 528 nm).
Comments:
compounds

Caution

when

may

using:
exhibit

autofuorescence (false positive) or
fluorescence
positive).

quenching

(false

41,57
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This hypothesis has been validated in molecular modelling studies by Fells et al,52
and Hoeglund et al,59 which indicated that compounds binding in the hydrophobic
pocket of the enzyme may not be correctly identified as inhibitors due to a
competitive binding mode in a space distinct from the hydrophobic tunnel of the
enzyme. This, however, is not the case for the FS-3 assay, as the long lipophilic
portion of the structure is accommodated within the hydrophobic pocket, and as
such may prove to be a more accurate method for identifying inhibitors which bind at
a proximal site.52,58 Having stated this, while the FS-3 substrate binds in the
hydrophobic pocket, it is remote from the hydrophobic channel and, as such, any
compounds which bind in this position will be unable to hydrolyse the FS-3 substrate
and may lead to a false negative.41
In essence, from the data generated regarding the different ATX assays it seems it
may be prudent to evaluate test compounds using a range of assays in order to
confirm any activity as ATX inhibitors instead of relying on one assay in isolation.
1.5

Inhibitors

A substantial amount of research has been conducted into the development of novel
pharmaceutical targets for the treatment of both IPF and cancer. There are two main
routes which have been employed for the development of novel inhibitors to target
these diseases which are: i) targeting the LPA receptor; and ii) inhibition of the
enzyme ATX.
1.5.1

LPA1 and LPA3 Antagonists

The first of these categories involves the development of LPA receptor antagonists.
As indicated previously, there are six LPA receptors (LPA1-6) which are responsible
for different biological processes, therefore selective inhibition of these receptors
could lead to the development of novel therapeutic molecules. Of these six it has
been established that the LPA1 receptor has been linked to IPF, as in vivo studies
conducted on mice illustrated that subjects which lacked this particular receptor
were significantly protected from fibrosis.60
The identification of this link between IPF and LPA resulted in the development of
several LPA receptor antagonists being reported in the literature, with the main
compounds being developed by Kirin Brewery,61 Amira Pharmaceuticals,62 and
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Hoffmann La-Roche33 (Figure 11). The first of these antagonists was developed by
Kirin Brewery (Ki1645) 15. This was developed after screening 150,000 low
molecular weight fragments for LPA antagonism, and was found to be effective
against both the LPA1 and LPA3 receptors with Ki values of 0.25 and 0.36 μM
respectively.61 Following on from this, Amira pharmaceuticals developed AM095 16,
a potent and selective LPA1 antagonist possessing a similar chemotype to 15.63
Lastly, Hoffman La-Roche developed compound 17, building on the previously
published work by Amira Pharmaceuticals and Kirin Brewery, and conducted a
bioisosteric approach. From this it was found that the pyrazole and triazole
containing compounds exhibited LPA1 and dual LPA1/3 antagonist behaviour, which
in turn led to the development of the LPA1 selective antagonist 17.33

Figure 11: Potential antagonists of LPA1 and LPA3.

One aspect to note of these three structures is their similarity; each contains a
heterocyclic core functionalised with a benzyl carbamate on one side, and an acid
moiety on the other. This, as well as the structural activity relationship (SAR)
described by Hoffman-La Roche, indicate that both the heterocyclic core and the
acidic moiety are important for biological activity. However, the absence of a crystal
structure of the receptor means that detailed elaboration of the binding cannot be
determined.
Although these compounds may prove to be active against LPA using in vitro
assays, targeting the inhibition of LPA in vivo is complex due to the large
concentrations of LPA already present within the body. In addition to this, as stated
previously, due to the uncertainties regarding which LPA receptors are responsible
for driving the action of LPA it is believed that the development of ATX inhibitors
could avoid this issue. In view of this, a large volume of data has been generated
within the literature regarding the development of novel ATX inhibitors, perhaps two
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of the most interesting compounds reported are 18 by Amira Pharmaceuticals and
PF-8380 by Pfizer (19), Figure 12.

Figure 12: Illustrative examples of patented ATX inhibitors.

PF-8380 (19), is one of most extensively studied ATX inhibitors (followed by HA155
5) as well as being used as a tool compound for elucidating the role of LPA in
inflammations.64 19 was originally patented by Merk KGA in 2010,65 however, no
biological data was disclosed. Following this, it was reported by Pfizer researchers
and found to have an IC50 of 2.8 nM (human enzyme FS-3 assay).64 In terms of
binding to the ATX active site, it is believed that the benzoxazolone makes an
essential interaction with one of the Zn2+ ions and the long lipophilic portion resides
in a channel adjacent to the catalytic site (Figure 13).
A range of pharmacokinetic and pharmacodynamic studies have also been
conducted.64 The pharmacokinetic profile of 19 was generated using both
intravenous doses of 1 mg/kg and oral doses of 1 to 11 mg/kg over a 24 h period,
and was found to have a mean clearance of 31 mL/min/kg and an effective t 1/2 of 1.2
h. In addition to this, 19 exhibits good oral bioavailability with values ranging from
43-83% depending on the oral dose (ranging from 1 mg/kg to 100 mg/kg).64 A
pharmacokinetic/pharmacodynamic (PK/PD) relationship was also determined by
measuring plasma LPA, where it was found that LPA levels were rapidly reduced
following oral dosing implying that LPA present at basal levels in the plasma is
rapidly degraded.64
Compound 19 was also subjected to an in vivo study using the rat air pouch model
of inflammation to determine the concentration of LPA both in the plasma and at the
site of inflammation. Oral dosing showed the concentration of 19 in the plasma
ranged from 0.08 μM at 3 mg/kg to 2.68 μM at 100 mg/kg at 4 h, and it was
determined that ATX was inhibited up to 95% in both plasma and air pouch at a
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dose of 100 mg/kg.66 To date, no further work has been reported with 19 and no
data is available regarding its progression into clinical trials.

a)

b)

c)

Zn+

PF-8380

Zn+
Thr 209

Thr 209
PF-8380

Zn+

Zn+

Figure 13: Compound 19 docked within ATX using MOE docking software using PDB
3NKR. a) Ribbon representation of ATX, coloured as follows: SMB1 domain in orange,
SMB2 domain in brown, the catalytic domain in cyan, nuclease-like domain in purple, L1 in
red, L2 in green, Zn

2+

in grey, and 19 in pink. b) Illustrating close proximity of the acidic head

group (benzoxazolidinone) to one of the Zn

2+

ions and the Thr209 residue. c) Alternative

view of 19 within the active site of the enzyme.

In contrast to PF-8380 (19), an alternative and novel non-lipid chemotype was
discovered by Amira Pharmaceuticals which involves the removal of the lipophilic
tail portion to produce smaller structures such as 18 which was found to have a Ki of
<0.3 μM (native choline release assay). Up until the beginning of this year, little
attention has been focused on this chemotype, and as a result it is only starting to
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become clear how this structure may bind within the active site of the enzyme.
Recent studies by Stein et al.41 have indicated that the indole chemotype can adopt
a range of different binding modes. One example is indicated in Figure 14, where
compound 20 was the most similar chemotype to 18. In this case, it can be seen
that 20 does not reside within the active site of the enzyme; instead it occupies a
position within the hydrophobic tunnel, this can be further illustrated in Figure 14b
and c which shows both LPA (4) and 20 co-crystallised within the enzyme.
Active
Site

a)

Hydrophobic
Pocket

b)

Hydrophobic
Channel

c)

d)

LPA
Zn2+

Figure 14: Compound 4 (in green) and 20 (in pink) co-crystallised within ATX (PDB 4ZG7).
a) Ribbon representation of ATX, coloured as follows: SMB1 domain in orange, SMB2
domain in brown, the catalytic domain in cyan, nuclease-like domain in purple, L1 in red, L2
in green, and Zn

2+

in grey. b) Structure of 20. c) Enlarged image of the active site illustrating

the space occupied by 4 (in green) and 20 (in pink). d) Simplified representation of the active
site.

A substantial amount of research has been conducted into the design and synthesis
of novel compounds with increased potency towards ATX inhibition, where over the
last decade an increasing number of publications have been released as
exemplified in Figure 15.
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Figure 15: ATX-related publications since 1992. Data collected from SciFinder and
67

Espacenet.

An increasing number of patents have been published in the past decade which
focuses on the development of novel ATX inhibitors, these can be generally divided
into four main categories; lipid-like, Pfizer-like, Amira-like, and other, where an
exemplar of each is illustrated in Figure 16.

Figure 16: Illustrative examples of the four generally chemotype within the patent literature:
18 Amira-like; 19 Pfizer-like; 21 lipid-like; and 5 other.
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Some of the first ATX inhibitors were lipid-like structures that mimicked the natural
LPC and LPA phospholipids, where compound 21 was one of the first ATX inhibitors
developed. An alternative non-lipid chemotype was then developed by Amira68,69
and PharmAkea.70–72 This chemotype lacked the long lipophilic portion producing
much smaller and more compact structures. Perhaps the most studied category is
that associated with the Pfizer-like structure where extensive patent literature is
available from Merck KGA,65 and Novartis.73,74 This chemotype exhibits the general
chemotype of lipophilic tail, core spacer, and acidic head group, as exemplified by
PF-8380 (19) which contains a benzoxazolone as the acidergic head group, a
functionalised piperazine as the spacer, and the dichlorocarbamate moiety as the
lipophilic portion (Figure 17). Lastly, in terms of other chemotypes these encapsulate
a range of compounds which do not conform to any of the three previously
described categories.

Scheme 4: Regions of 20 highlighted to indicated the lipophilic tail (in red), the core spacer
(in blue), and the acidergic head group (in green).

In general, the vast majority of the compounds described within these patents
adhere to the Pfizer-like chemotype as shown from the co-crystallographic data of
HA155 (5) within the ATX enzyme, which involves the presence of a long lipophilic
tail, which will be accommodated in the hydrophobic pocket, a core spacer, and an
acidic head group, green section, to bind to the Zn2+.
Due to the difference of 18 compared to the standard chemotype, as illustrated by
PF-8380 and a large number of the patent data, in addition to the lack of any
consistent SAR studies surrounding this motif it was thought to be an interesting
topic of study.
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Project Overview

The main goal of this research project was to focus on the development of novel
inhibitor compounds to target the LPA-ATX signalling pathway. This would be
achieved using two main strategies. The first involved the development of
compounds to selectively target the LPA1 receptor, which would be achieved by
conducting a scaffold hopping approach from 16, a known LPA1 receptor antagonist
developed by Amira Pharmaceuticals, as a skeletal backbone and conducting a
range of structural modifications to discover novel structures. The developed
compound library would then be analysed for both LPA1 receptors antagonism and
ATX inhibition in a view to probe the potential cross-talk of the LPA-ATX signalling
pathway (Scheme 5).
LPA1 Antagonism
Scaffold Hopping
Approach
Biological
Evaluation

Novel
Targets
ATX Inhibition

Scheme 5: Proposed route for the development of novel ATX-LPA inhibitors from 16.

The second approach involved targeting the production of LPA by inhibiting the ATX
enzyme itself. This was achieved by conducting a detailed SAR study on the known
inhibitor 18, again developed by Amira Pharmaceuticals, which was chosen due to
its unique chemotype. The synthesised compound library would then be analysed
for ATX inhibition using a dual assay procedure involving analysis with the native
LPC assay and the unnatural bis-pNPP assay. Doing this would allow for biological
evolution of the compounds as well as give information regarding possible binding
modes (Scheme 6).
Bis-pNPP Assay
Deletion
Analogue
Approach

Novel
Targets

Biological
Evaluation
Choline Release
Assay

Scheme 6: Proposed route for the development of novel ATX inhibitors from 18.
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Proposed Work and Aims

3
3.1

Chapter 1: Development of Novel LPA1 Receptor Antagonist
Proposed Work and Aims

The aim of this project was to design and construct new ligands to target the LPA1
receptor in an effort to identify an effective lead compound that may be developed
towards a treatment for IPF in the long term. At the outset of this project, there were
two key compounds that had progressed to clinical trials. These were AM095 (16)
from Amira Pharmaceuticals and Ki16425 (15) from Kirin Brewery. Due to the
increased selectivity of 16 towards the LPA1 receptor, this compound was used as
the backbone for a scaffold hopping approach (i.e., conducting structural
modification on a known active compound in order to discover novel compounds)75
towards the development of a novel chemotype for the inhibition of the LPA-ATX
pathway.
As LPA binds to both the LPA1 receptor and ATX, it suggests there may be a level of
cross-talk between the types of chemical entity which interact with both targets. As
such, it was decided that a dual screening process would be pursued in order to test
for both LPA1 receptor antagonism and ATX inhibition.
To this end, three unique series were designed by performing simple disconnections
from AM095 16 to give the Acyl Aniline series (AA), the Acyl Indole series (AI), and
the Hydantoin series (Figure 17) with the latter being pursued by a fellow member of
the group.76
The main structural alteration proposed was the removal of the isoxazole ring. This
was done in an effort to reduce the molecular weight of the target compounds, as
well as probing the importance of this polar heterocycle for biological activity.
In each of the three series the main disconnection involved the removal of the
isoxazole ring, followed by reconnection in three different ways. The first involves
the formation of a new C-N bond between the nitrogen of the side chain and Ca on
the aromatic ring (22) to give rise to the AA series. The second involved the
formation of a new C-N bond in the form of an indole ring (23) to give the AI series,
and lastly formation of two new bonds, the first being a C-N bond between Ca and
the nitrogen, and a second connection between the nitrogen and the oxygen on the
side chain (24), to give rise to the hydantoin series. In addition to the representative
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examples depicted, the regiochemisty of the biaryl and the acetic acid moiety would
be probed.

Figure 17: Schematic representation of the three proposed disconnections from the
backbone compounds 16, where the red dotted lines represent bonds to be broken, and blue
dotted lines represent bonds to be formed. Followed by the overlayed diagrams of each of
the exemplars where 16 in shown in grey.
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In order to assess the similarity of the proposed compounds to 16, a series of
overlays were produced using exemplars from each of the three series. These were
developed using Gaussian to generate the energy minimised structures, which were
then overlayed manually with 16 using Discovery Visualizer. From the data
generated it was evident that the proposed structures contained a reasonable
degree of overlap with 16 and hence were synthesised in order to validate their
biological properties against both LPA1 receptor antagonism and ATX inhibition.
To summarise, the main aims outlined in this section include: i) conducting a series
of deletion analogues utilising 16 as the backbone, resulting in the development of
three main series; the acyl aniline, the acyl indole, and the hydantoin series; ii)
synthesis of a range of compounds within each series to probe both the
regiochemical importance of the acetic acid moiety as well as probing functional
group tolerance, and iii) to analyse the compound library produced for both LPA1
receptor antagonism and ATX inhibition.

29

Results and Discussion

3.2
3.2.1

Results and Discussion
Structural Development of Acyl Aniline, Acyl Indole and Hydantoin
Series

The three series which were the focus of this study were the acyl aniline (AA), the
acyl indole (AI), and the hydantoin series (H), Figure 18, which were designed
based on the skeletal backbone of AM095 (16) (a known LPA1 selective antagonist).
The principal structural alteration involved the deletion of the isoxazole functionality
from the skeletal backbone of AM095 (16) in an attempt to lower the molecular
weight and improve developability from a medicinal chemistry point of view
compared to the parent compound. At the beginning of this project no structural data
surrounding the LPA1 receptor had been established and so the importance of the
isoxazole functionality was unknown. Therefore, in order to gain insight into the
biology, the SAR landscape would be probed by preparing a range of regioisomers
for the three series. Based on modelling studies (vide infra), the most promising
connectivity of the biaryl species for the AA series would be meta-aniline and paraacetic acid, as this gave a promising overlay with the backbone of AM095 (16). This
also built upon previous SAR studies conducted by Hoffman La-Roche,33 which
indicated the presence of the acetic acid functionality at the 4-position of the
biphenyl system was crucial for LPA1 binding, as well as conferring high selectivity
against LPA3 (>850 fold). As a result, this key pharmacophoric moiety would be
retained within the proposed compounds, and its regiochemisty would be probed in
order to validate this hypothesis. For the AI series, a similar reasoning suggested
that the acetic acid moiety should remain in the para-position of the phenyl unit, and
the position of the biaryl ring would be preferable in either the 5- or the 6-position of
the indole.
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Figure 18: Proposed compounds to be synthesised within the three main series (i) the acyl
aniline (AA), (ii) the acyl indole (AI), and (iii) the hydantoin (H).

Lastly, the H series was divided into two sub groups: i) the benzyl series and ii) the
pyridyl series. Within both of these series the functionality on the hydantoin would be
probed with the introduction of isopropyl (i-Pr), cyclohexyl (c-Hex), or phenyl (Ph)
groups (with the latter only in the benzyl series) in order to ascertain if these
isosteres would retain biological activity, but allow for more attractive developability
profiles due to the decrease in cLogP and the number of aromatic rings. In terms of
the benzyl series, the importance of the acetic acid moiety would be probed as well
as the introduction of a cyclopropyl (c-Pr) substitution alpha to the carboxylic acid
(similar to the work conducted by Hoffman-La Roche, who found that this motif was
equipotent in terms of LPA1 activity to the acetic acid moiety within their SAR
study)33 in order to determine the effect these alterations would have on the
biological activity.
Due to the absence of a crystal structure of LPA binding to the receptor site, at the
beginning of this study it was difficult to determine how the target structures would
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interact. Therefore, in order to attempt to understand if the proposed ligands may
prove to be potential ligands for LPA1, a series of overlays were calculated with
AM095 (16) to determine if good overlap could be achieved which may relate to
similar binding modes and affinity. For the overlay models, one key compound from
each series was selected. The data was generated by firstly minimising the energy
of the Amira compound AM095 (16) and the key compound from each series; this
was achieved using MM2 calculation. The key compound from each series was then
superimposed onto that of AM095 (16) in order to compare the geometry of the
structures. It was believed that if the structures had a similar geometry then this may
allow for similar binding interactions to AM095 (16). The results of these overlays
are illustrated in Figure 19-21.
From Figure 19, it was evident that when the key pharmacophoric moieties were
aligned for compound 22 (blue structure) and AM095 (grey structure) (16), good
overlap was displayed with the biaryl ring systems of both structures. The removal of
the isoxazole ring from AM095 (16) did not appear to have a large impact on the
geometry of the ligand, suggesting it may interact in a similar manner. A slight
variation is apparent in the conformation of the carbamate side chain, however due
to the flexibility in this region it was believed not to be a major concern at this stage.

Figure 19: AA overlay alignments where AM095 (16) in grey, and AA (22) in blue.

A similar overlay was developed for the key ligand from the AI series, compound 23
Figure 20, where there was good alignment between the biaryl system of the target
molecule with that of AM095 (16). The replacement of the isoxazole with the indole
motif allowed for a slight variation in length, however, this was believed not to be a
major issue.
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Figure 20: AI overlay diagram where AM095 (16) in grey, and AI (23) in green.

In terms of the hydantoin series, compound 24 again provided good structural
similarity with AM095 (16), Figure 21. Where the substituted hydantoin section
overlayed well with the carbamate portion of AM095 (16) and the biaryl section also
contained good correlation to backbone.

Figure 21: H overlay diagram where AM095 (16) in grey and H (24) is in red.

3.2.2

Physicochemical Data

In order to obtain as much information as possible on the proposed ligands,
physicochemical calculations were conducted to determine if the proposed AA and
AI compounds exhibited molecular properties aligned with modern medicinal
chemistry concepts, while also allowing for a direct comparison between the
proposed ligands and 16. The calculations were made using JChem software,77 and
the resulting data is depicted in Table 4.
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a

Table 4: Calculated physicochemical data for AA and AI series.

Entry

Cpd. No.b

MWc

CLogP

LogD

PSAd

1

16

456

5.3

2.7

104

2

22, 25, 26

361

4.8

2.0

78

3

27

303

5.2

5.2

38

4

28

443

6.5

3.7

70

5

29

446

4.6

1.9

79

6

30

459

2.0

2.0

74

7

81, 82

385

5.0

2.3

71

a

Structure

Colour coded according to correlation with Lipinski

78

(MW < 500 and log P <5) and Veber

79

(PSA < 140 Å): red = outwith guidelines; amber = borderline correlation; green = desirable.
Data were obtained using JChem for Excel software.

77 b

c

Compound number, Molecular

d

weight, Polar surface area.
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The calculated physicochemical data illustrated that as a whole the two series
contained overall improved properties compared with 16, with the exception of
compound 28 (entry 4) which contained somewhat higher than desirable cLogP
value which could be problematic further in the developability process; however, this
would be considered further following biological evaluation (see Section 4.1). In
terms of the remaining data set it was found that pleasingly the proposed ligands all
contained values aligned with common medicinal chemistry guidelines with
molecular weights (MW) <500 and cLogP <5 (which were in accordance with the
guidelines developed by Lipinski)78 and a polar surface area (PSA) was typically
<100 Å2 , which correlates with Veber’s guidelines of having a PSA ≤140 Å.79
3.2.3
3.2.3.1

Acyl Aniline Series
Retrosynthetic Analysis

The first series targeted for synthesis was the AA series (Figure 22). In order to
probe the SAR, the connectivity of the acetic acid would be altered and
functionalisation on the nitrogen would be investigated. Removal of the acetic acid
group (27) was targeted in order to determine what effect the removal of, what was
believed to be, the key pharmacophoric moiety would have on the binding ability of
the ligand. The introduction of substitution on the aniline nitrogen (28-30) was
designed to probe the SAR around the location of the isoxazole in AM095 (16).
More polar groups could then be introduced in this region to mimic the isoxazole
should interesting results be obtained.

Figure 22: AA compounds targeted for synthesis.

A general synthetic strategy was developed for the AA compounds. Using paraisomer 22 as an example, the retrosynthetic analysis is shown in Scheme 7. It was
determined that through the use of four key reactions: Acylation, Miyaura borylation,
Suzuki-Miyaura cross-coupling, and hydrolysis the desired compounds could be
effectively prepared. A similar method could then be employed for the construction
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of the other ligands (compounds 25 and 26). In the case of compound 28-30 where
functionalisation was required on the aniline nitrogen, it was envisaged that this
would be introduced by reductive amination prior to acylation with benzyl
chloroformate (CbzCl).

Scheme 7: Retrosynthetic analysis for the synthesis of 22 from the AA series.

3.2.3.2 Synthetic Route
The key step in the synthetic route involved the Suzuki-Miyaura cross-coupling
reaction between pinacol esters (40, 50, and 51) and the acylated 3-bromoaniline
(39). The first of the coupling partners, the pinacol boronic esters, were prepared by
esterification of 4-, 3- and 2-bromophenylacetic acid (44, 46, and 47) using thionyl
chloride and EtOH to give ethyl(bromophenyl)acetates 43, 48, and 49 in quantitative
yields. The synthesised esters 43, 48, and 49 were then converted into the
corresponding pinacol boronic esters using standard Miyaura borylation conditions33
(Scheme 8). A significant decrease in yield was found on going from para- (40) to
ortho-substituted pinacol ester (51), which may be attributed to the increased steric
hindrance due to the proximity of the ester unit.
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The second of the coupling partners, the acylated aniline, was prepared via the
reaction of 3-bromoaniline (42) with benzyl chloroformate (CbzCl) 21 in the
presence of K2CO3.80

Scheme 8: Synthetic route for the construction of the acyl aniline series compounds (22, 25,
26, and 27). *Synthesised using commercially available phenyl boronic acid.

In an effort to adopt greener protocols into the synthetic route a small solvent screen
was conducted in order to find a suitable replacement to chloroform (a literaturebased method) which is classed by many solvent guides as highly hazardous.80,81
Building on previous work conducted in our laboratories on alternative, more
environmentally friendly solvents,82–84 2-MeTHF was selected. Pleasingly, this
allowed for the synthesis of 39 in a high yield of 95%, Scheme 8.
With the two coupling partners in hand, these could then be coupled together via a
Suzuki-Miayura reaction in order to generate the required biaryl motif of the target
compounds. A set of conditions routinely employed in the labs of our collaborators at
GlaxoSmithKline(GSK) were trialled which involved the use of 10 mol% of a
dinorbornyl phosphine complex catalyst 45, (Figure 23)85 with K3PO4 as the base
and a 2:1 mixture of 1,4-dioxane and water as the solvent system under microwave
irradiation at 130 °C for 30 min. These conditions afforded the desired biaryl species
(27, 43, 52, and 53) in moderate to high yields. Similar to the previous Miyaura
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borylation conditions there was a noticeable drop in yield when going from the para
to the ortho substituted products, which again may be attributed to the increase in
steric hindrance.

Figure 23: Catalyst 45.

The final step in the synthetic route involved hydrolysis of the ester moiety to the
corresponding acetic acid compounds (22, 25, and 26). Initial conditions attempted
involved the use of LiOH (0.3 M) in a solution of MeOH/THF/H2O (1:1:0.5), however,
it was found that an undesirable transesterification occurred with the MeOH present
in the reaction mixture. Therefore, the reaction was repeated omitting the MeOH,
however, no hydrolysis was observed. As a result, a stronger base was employed in
the form of NaOH (1 M), using THF as the solvent (Scheme 8). Pleasingly, this
afforded the desired compounds cleanly and in good yields.
3.2.3.3 Reductive Amination
A similar route was envisaged for the synthesis of the N-substituted AA’s (Figure 24)
in order to probe the SAR around the region occupied by the isoxazole in AM095
(16), which was truncated in the ligand design. Reductive amination, prior to the
acylation reaction, was anticipated to be effective for the introduction of c-Hex,
tetrahydro-4H-pyran (THP), and N-methylpiperidine functionality onto the aniline.

Figure 24: Proposed compounds for synthesis within the substituted AA series.

The first step of the synthetic route involved the reductive amination reaction
between 4-bromoaniline (54) and either cyclohexanone (55), tetrahydro-4H-pyran-4one (56), or 1-methylpiperidin-4-one (57). As 2-MeTHF had proved to be a good
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replacement solvent within the acylation reaction, it was envisioned that this may
also be the case for the reductive amination process. Unfortunately, due to solubility
issues with the tetrahydro-4H-pyran-4-one and 1-methylpiperidin-4-one it was
quickly discarded and replaced with the conventional DCE which gave modest to
good yields of the three desired products 58-60, Scheme 9.

Scheme 9: Synthetic route of 28, 29, and 30 for the functionalised AA series.

With these compounds in hand, they were taken forward to the acylation step, using
the same conditions as previously employed for the AA series, with 41. The THP
alkylation proceeded moderately well obtaining the desired product 62 in a modest
yield of 60%, however, on moving to the c-Hex functionality (61) a drop in yield to
30% was observed. Additional complications were encountered with the acylation of
the N-methylpiperidine substituted aniline, as upon purification it was found that the
benzyl carbonate functionality was not stable and readily removed. Therefore, due
to the difficulties associated with the synthesis of compound 63, only the c-Hex (62)
and THP (63) derivatives were carried forward to the Suzuki-Miyaura reaction.
Again, construction of the biaryl motif was achieved using the previously optimised
conditions delivering the desired products 65 and 66 in moderate yields 70% and
54%, respectively. Hydrolysis then provided the target compounds 28 and 29 in 86%
and 90% yield respectively (Scheme 9).
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3.2.4
3.2.4.1

Acyl Indole Series
Retrosynthetic Analysis

Following completion of the desired AA compounds, focus was the transferred to the
synthesis of the AI compounds. It was proposed to base the synthesis of
compounds 23 and 31 on the already established route used for the acyl aniline
series, as can be illustrated in the retrosynthetic analysis for compound 23 (Scheme
10). As previously stated, the route involved four main reactions, acylation (to install
the carbamate functionality), Miyaura borylation, Suzuki-Miyaura cross-coupling,
and lastly, hydrolysis.

Scheme 10: Adapted synthetic route for the formation of compound 23.
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3.2.4.2

Synthetic Route

The first step of the synthetic route involved the introduction of the benzyl carbamate
functionality on the nitrogen of the indole. To achieve this, the previous acylation
conditions used for the AA series were trialled (K3PO4 in 2-MeTHF), however, these
resulted in a slow reaction, and proved difficult to purify. Therefore, after a slight
optimisation of the conditions, it was found that altering the base to sodium hydride
and using THF as the solvent gave access to the desired product 68 in 63% yield.
With the acylated indole 68 in hand, coupling to the pinacol boronic ester 40 using
the Suzuki-Miyaura conditions developed previously was trialled. Unfortunately, it
became evident, from LCMS analysis, that although the Suzuki-Miyaura was
successful in installing the biaryl motif, the reaction conditions resulted in the
removal of the benzyl carbamate to give compound 70 (Scheme 11). This could be
attributed to the carbamate group not being stable to the basic and high temperature
conditions of the reaction.

Scheme 11: Synthetic route for the synthesis of compound 23.

In an attempt to rectify this problem the order of the reaction was altered to firstly
construct the biaryl system using 5-bromoindole (69) and pinacol boronic acid 40 to
give compound 70, which was then subjected to the acylation conditions to
introduce the carbamate functionality on the nitrogen of the indole (Scheme 12).
This reaction, however, proved troublesome and only resulted in the isolation of
unreacted starting material even after the introduction of additional base and CbzCl.

Scheme 12: Revised synthetic route for the synthesis of 23.
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In a final attempt to rectify this problem reorganisation of the steps was trialled in
order to introduce the troublesome carbamate functionality at the end of the route, to
avoid removal under the reactions conditions. The new route developed is illustrated
in Scheme 13, beginning with the Suzuki-Miyaura cross-coupling, followed by
hydrolysis of the ester, and lastly the acylation reaction to install the carbamate
group, this time using N-(benzyloxycarbonyloxy)succinamide as the carbamate
source. The first three steps proceeded well; however, the acylation step proved
troublesome yet again and unfortunately did not afford the desired products 23 and
31, affording compounds 75 and 76 instead.

Scheme 13: Revised route for the synthesis of the AI series.

Although it had not been possible to gain access to the previously proposed
compounds 23 and 31, two interesting compounds 75 and 76 had been developed.
On further analysis, it was thought that these could provide valuable information in
terms of structural binding, challenging the binding hypothesis previously stated as
they lacked the key pharmacophoric moiety, the acetic acid.
In order to further assess the utility of these compounds as potential LPA1 receptor
antagonists a similar structural analysis was conducted, as seen previously for the
three main proposed series. Compound 75 was used as an exemplar compound
and its structure was compared against the known LPA1 receptor antagonist 16. The
overlayed structures are illustrated in Figure 25 and pleasingly indicate that 75
occupied a similar structure space to the known inhibitor, and as a result it could be
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hypothesised that these aryl indole (ArI) compounds (75 and 76) could bind in a
similar manner. Therefore, they would be evaluated within the biological assay.

Figure 25: Overlay of ArI compound 75 (green) with AM095 16 (grey).

The complete compound library (containing synthesised compounds from AA, ArI,
and H series), Figure 26, would then be tested for both LPA1 and ATX inhibition.

Figure 26: Synthesised compounds taken forward for biological evaluation.
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3.3
3.3.1

Pharmacology
LPA1 receptor Agonism/Antagonism

Once synthesised, the compounds were then evaluated for LPA1 receptor agonism
and antagonism using CHO-K1 EDG2 β-arrestin cell line in a single dose format (10
μM) using 1-oleoyl-LPA (4), Ki16425 (15), and AM095 (16), as controls.
The assay functions by monitoring GPCR activity by detecting the interaction
between β-arrestin and a fragment of β-galactosidase (β-gal) termed ProLink. The
GPCR of interest is tagged with the ProLink fragment. Activation of the GPCR
stimulates binding of β-a rrestin to the ProLink tag which will in turn force pairing of
the two enzyme fragments forming an active β-gal enzyme, which can then
hydrolyse the substrate generating a chemiluminescent signal which can be
measured (Figure 27).86

Figure 27: Activation of GPCR leads to β-arrestin recruitment and formation of a functional
enzyme which is then capable of hydrolysing the substrate and generating a
chemiluminescent signal.

The biological data obtained from the assay is quoted in terms of a percentage of
agonism where 100% refers to complete agonism and 0% refers to complete
antagonism.
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The compound library developed previously was then evaluated using this assay
and the data generated is illustrated in Table 5-8 associated with the controls, ArI,
AA and H series respectively.
Table 5: Control compounds.

% Activation

% Activation

(Agonism)

(Antagonism)

4

100

105

2

15

-5

16

3

16

4

11

Entry

Cpd. No.

1

Structure

87

*Data generated by DiscoverX.

Table 6: Aryl indole compounds.

% Activation

% Activation

(Agonism)

(Antagonism)

75

-1

98

76

-3

88

Entry

Cpd. No.

1

2

Structure

87

*Data generated by DiscoverX.
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Table 7: Hydantoin compounds.

% Activation

% Activation

(Agonism)

(Antagonism)

24

-2

102

2

32

5

111

3

33

9

118

4

34

5

100

5

35

36

95

6

36

5

106

7

37

4

95

Entry

Cpd. No.

1

Structure

*Data generated by DiscoverX Corporation.
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Table 8: Acyl aniline compounds.

% Activation

% Activation

(Agonism)

(Antagonism)

22

-5

88

2

25

1

102

3

26

-4

68

4

27

7

101

5

28

0

82

6

29

0

113

Entry

Cpd. No.

1

Structure

*Data generated by DiscoverX Corporation.
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The control samples included; the natural substrate LPA (4), and two known LPA1
receptor antagonists Ki16425 (15), and AM095 (16). Compound 4 was a negative
control within the antagonist format and a positive control in the agonist format.
Whereas 15 and 16 were positive controls within the antagonist format, and
negative controls for the agonist format. Control compound 4 was found to contain
no activity in the antagonist form, but 100% activity within the agonist form. This was
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to be expected as it is the natural substrate produced from the LPC hydrolysis
reaction. In addition to this, compounds 15 and 16, the known LPA1 receptor
inhibitors, as expected, only illustrated LPA1 antagonism and no agonism was
observed. In terms of the ArI and the H series, unfortunately both illustrated no
activity in either screening procedure, Table 6 and 7. In the AA series (Table 8) only
compound 26 suggested it may be acting as a partial antagonist due to the slight
decrease in the % activity, however, further biological evaluation would be required
in order to verify this.
From this study, it became evident that the original hypothesis that the isoxazole unit
present in AM095 (16) was just a spacer unit between the important carbamate and
acetic acid functionalities was incorrect, and in fact the elimination of this moiety was
not tolerated within this chemotype. Literature evidence has however illustrated that
the isoxazole can be derivitised into functionalities such as triazoles and pyrazole
analogues which retain LPA1 receptor antagonism, as demonstrated by Qian et. al.33
3.3.2

ATX Inhibition

In addition to analysing the compounds for LPA1 receptor antagonism they were
also put forward to evaluate their potential use as ATX inhibitors due to the degree
of cross-talk between the two pathways.88,89 The compound library was evaluated
using the commercially available, and conventionally used, bis-pNPP assay with the
inclusion of PF-8380 (19), a known ATX inhibitor, as a standard for comparison.
The assay proceeds using the unnatural substrate bis-(p-nitrophenyl)phosphate
which can undergo hydrolysis by ATX, forming p-nitrophenol which can be
subsequently detected using UV-Vis, Scheme 14. The percentage of inhibition can
then be measured from the percentage hydrolysis of the substrate, as these will be
inversely proportional.
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Scheme 14: Bis-pNPP assay mechanism, where i) inactive compounds have no effect on
the ATX enzyme allowing hydrolysis of the substrate which can be monitored by UV and ii)
active compounds will inhibit the ATX enzyme inhibiting the hydrolysis process.

Compounds derived from each of the three series were then analysed using a
concentration-response method (1 nM – 30 μM) to generate inhibitor constants (Ki).
In addition to the biological evaluation, the compounds were also subjected to
pharmacokinetic assays so that their drug-like properties could be evaluated (Tables
9-12).
Biological evaluation of the unsubstituted AA compounds (Table 9) illustrated the
importance of the acetic acid functionality as its removal (compound 27) resulted in
a complete loss of activity, supporting the hypothesised binding mode. Interestingly,
it was discovered that within this series the presence of the acetic acid moiety was
important for activity. However, its regiochemistry around the aromatic ring (i.e.
ortho, meta or para to the ring) was not, as 22, 25 and 26 were all equipotent with Ki
values of around 4 µM.
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Table 9: Biological and Physicochemical Data for Acyl Aniline Series.

Cpd.
Entry

Pos.

R’

Ki
(µM)90

LogDb

Sol.

Papp

(ug/mL)c

(nm/s)d

No.a

R

1

22

A

CH2CO2H

4.5

3.19

198

73

2

25

B

CH2CO2H

3.5

3.10

221

64

3

26

C

CH2CO2H

4

3.06

287

140

4

27

-

H

> 30

7.52

5

450

a

b

c

Compound Number (Cpd), ChromlogD at pH 7.4 (LogD), Chemiluminescent nitrogen
d

detection (CLND) kinetic aqueous solubility assay (Sol.), Permeability pH 7.4 assay (Papp).

In an attempt to rationalise this data an additional set of overlay diagrams were
produced (Figure 28) which indicated the backbone of all four compounds (22, 2527) contained the same conformation, and the acetic acid moieties all pointed in the
same spacial orientation which may be indicative of beneficial interactions within the
catalytic pocket.

Figure 28: Overlaid diagram of compounds 22 in blue, 25 in purple, 26 in red, and 27 in
green, illustrating all four compounds contain the same conformation.
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In terms of drug-like properties, these compounds 22, 25, and 26 contained good
LogD values which are in accordance with the guidelines produced by Lipinski78 and
Gleeson,91 as well as having good solubility, >100 ug/mL and moderate
permeability, in accordance to general guidelines produced by GSK. On moving to
27, the solubility decreases dramatically and the LogD increases. This can be
attributed to the loss of the acetic acid moiety resulting in the compound being more
lipophilic which is consistent with the increase in cell permeability. As such, from this
data it is evident that 27 may not be a viable as a drug compound due to its
increased lipophilicity which could lead reduction in the solubility of the drug, and
hence reduce its possibility of becoming a drug candidate.
The introduction of substitution on the nitrogen of the aniline also resulted in some
interesting data (Table 10), as it was found that functionalisation was tolerated as
illustrated in compound 28 with the introduction of a c-Hex unit giving a Ki of 2 μM.
However, when this substitution was altered to THP, compound 29 resulted in
complete loss of activity. A possible explanation for this data may be a result of an
unfavourable polar interaction with the oxygen present in the THP moiety which is
absent in c-Hex, thus implying other polar functionalities may not be tolerated in this
position.
Table 10: Biological and physicochemical data for substituted acyl aniline series.

a

Ki

Sol.

Cpd. No.a

R

1

28

c-Hex

2

4.92

189

150

2

29

THP

>30

3.13

212

23

(uM)

90

LogDb

Papp

Entry

b

(ug/mL)

c

(nm/s)d

c

Compound Number (Cpd), ChromlogD at pH 7.4 (LogD), Chemiluminescent nitrogen
d

detection (CLND) kinetic aqueous solubility assay (Sol.), Permeability pH 7.4 assay (Papp).
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In terms of the pharmacokinetic analysis, as expected the more polar THP group
results in a decrease in LogD compared to 28, which is on the higher end of the
spectrum in terms of the conventionally used guidelines.78,91 Solubility of the two
compounds are comparable, but the permeability differs greatly as 29 is much less
permeable. This may attributed to the more polar functionality of the THP group.
For the aryl indole (ArI) compound series (Table 11) it became apparent that the
substitution of the biaryl ring proved important for biological activity as moving the
aryl side chain from the five to the six position resulted in Ki values of 1.1 μM to >30
μM respectively. Strikingly, this data also illustrates that the acid moiety which was
previously labelled as being the key pharmacophoric moiety, and found to be
important for activity in regards to the acyl aniline compounds, seemed not to be
required within the aryl indole series, indicating a potential alternative hydrophobic
binding mode.
Table 11: Biological and physicochemical data for substituted aryl indole series.

Entry

a

Cpd
No.a

Ki

Pos.

(μM)90

LogDb

Sol.c (μg/mL)

Pappd
(nm/s)

1

75

5

1.1

7.25

70

445

2

76

6

>30

7.43

110

510

b

c

Compound Number (Cpd), ChromlogD at pH 7.4 (LogD), Chemiluminescent nitrogen
d

detection (CLND) kinetic aqueous solubility assay (Sol.), Permeability pH 7.4 assay (Papp).

From a developability perspective both compounds contain a high LogD and cell
permeability, which are undesirable and so may lead to problems if taken further.
Finally, the data generated for the hydantoin series (Table 12) illustrated that in
general all the compounds showed ATX inhibition properties except compound 37.
Interestingly it was found that compounds 24 and 36 gave comparable Ki values of
1.3 and 3.6 µM respectively, indicating the acetic acid functionality (present on 24,
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and absent on 37) may again not be as important as for activity as was previously
hypothesised. In addition to this, it was found that both the pyridyl and benzyl
hydantoin compounds were well tolerated as well as the alternative functionality (Ph,
and c-Hex) on the hydantoin. As mentioned, compound 37 displayed no ATX
inhibition which when compared to compound 36 indicated that the c-Pr group
adjacent to the acid group is not tolerated, possibly due to a steric clash in the active
site of the enzyme.
Table 12: Biological and physicochemical data for hydantoin series.

Entry

Cpd.
No.

a

Ki
R

X

Sol.c

Pappd

(μg/mL)

(nm/s)

LogDb

Y
(μM)90

1

24

Ph

C

CH2CO2H

3.6

2.18

174.5

3

2

32

i-Pr

C

CH2CO2H

1.2

1.10

190

3

3

33

c-Hex C

CH2CO2H

1.8

1.12

185.5

22

4

34

N

CH2CO2H

4

-1.38

108

<10

5

35

c-Hex N

CH2CO2H

3.9

-0.35

93

<30

6

36

Ph

C

H

1.3

6.24

7.5

540

7

37

Ph

C

>30

1.50

195

16

i-Pr

C(c-propy)
CO2H

a

b

c

Compound Number (Cpd), ChromlogD at pH 7.4 (LogD), Chemiluminescent nitrogen
d

detection (CLND) kinetic aqueous solubility assay (Sol.), Permeability pH 7.4 assay (Papp).
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In general, the H series compounds contained a poorer pharmacokinetic profile
(Table 12) where permeability was dramatically reduced compared to the values
obtained for the AA (Table 10) and the ArI series (Table 11). In addition to this, the
LogD values associated with the pyridyl derivatives (34 and 35) and compound 36
fell out with the desired ranges, however, in terms of the benzyl derivatives these
were generally good. Therefore, from a developability perspective, if these
compounds were to be taken further then the problems with cell permeability would
need to be addressed.
In addition to the synthesised compounds discussed above, Ki16245 (15), and
AM095 (16), two known LPA1 antagonists, were also analysed for ATX inhibition at
a single-shot concentration (30 μM) in order to further probe the cross-talk between
the two pathways. Unfortunately, these compounds showed less than 20% ATX
inhibition and thus were deemed inactive towards ATX inhibition.
In addition to screening against LPA1 receptor antagonism and ATX inhibition,
further assay work was conducted in order to evaluate the impact of these potential
inhibitors on in-cell proliferation through ATX modulation. This was achieved through
the use of a [3H]-thymidine incorporation assay. This proceeds by quantifying the
amount of radiolabelled tritiated thymidine incorporated into the cell, in this case
prostate cancer (PC3) cells. The amount of which will be proportional to the quantity
of newly synthesised DNA.
Three of the most active compounds 22, 28, and 35 as well as 16 were analysed
using [3H]-thymidine incorporation assay, and the data generated is illustrated in
Figure 29. From these graphs it is evident that there was a significant increase in
DNA synthesis within PC3 cells when stimulated with LPA (p<0.05). Upon treatment
with 22, 28, 35 and 16, DNA synthesis was inhibited to a statistically significant level
(p<0.05) with respect to the control. Compounds 22, 28, and 35 illustrated ATX
inhibitory potency and blocked baseline [3H]-thymidine incorporation in PC3 cells,
suggesting that the inhibitory effect is due to the compounds blocking the
endogenous production of LPA by ATX. Visual inspection of the cells showed no
apparent cell death.
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a)
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Figure 29: H-thymidine incorporation into LPA (2 µM), AM095 (16) (graph a), compound 22
(graph b), compound 28 (graph c), or compound 35 (graph d) (10 µM), stimulated PC3 cell
line, cells were quiesced for 24 hours and treated for 18 h with compounds (16, 22, 28, or
35). n=9, data represented as Mean±S.E.M.
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3.4

Conclusions

AM095 (16), a known LPA1 antagonist, was used as the basis for a scaffold hopping
approach for the design and synthesis of novel compounds to target the LPA-ATX
signalling pathway. From this skeletal backbone, three novel chemotypes were
developed by performing three main disconnections from the AM095 (16) backbone
giving rise to the Acyl Aniline, the Acyl Indole, and the Hydantoin series.
Unfortunately, due to synthetic problems associated with the original proposed Acyl
Indole compounds these were unable to be synthesised, however, a new series in
the form of the Aryl Indole were synthesised. Thus, giving rise to three novel series
of compounds, Scheme 15.

Scheme 15: Three target series developed using from AM095 (16), i) the AA series, ii) the
ArI series, and iii) the H series.

From these three main series a variety of compounds were then synthesised and
evaluated in a range of biological assays which included testing for LPA1 receptor
antagonism, ATX inhibition, in-cell proliferation through ATX modulation using [3H]thymidine assay, and cytotoxicity.
From the generated biological data it was found that unfortunately, the compounds
synthesised proved to be inactive towards LPA1 receptor antagonism. From this, it
became apparent that perhaps the previous hypothesis of the isoxazole functionality
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acting as a spacer between the important carbamate and acetic acid moieties may
not be correct, and in fact it seemed to be essential for activity. Pleasingly, in crossscreening the compounds for ATX inhibition, using the conventionally used bispNNP assay, several of the compounds illustrated inhibitory activity towards the
ATX enzyme in the μM range. Surprisingly, compounds lacking the acetic acid
component, 83 and 36, also illustrated inhibitory properties against ATX, perhaps
indicating that these compounds were binding in an alternative manner than
previously envisioned, i.e. with the acetic acid pointing towards the Zn2+ ions within
the active site.
In addition to testing for LPA1 receptor antagonism and ATX inhibition, three of the
more active compounds (22, 28, and 35) were also analysed to determine what
effect, if any, they would have on in-cell proliferation through ATX modulation. This
was determined by using a [3H]-thymidine incorporation assay, where it was found
that of compounds tested all illustrated ATX inhibitory potency as well as effectively
blocking baseline [3H]-thymidine incorporation in PC3 cells. As a result it is possible
to conclude from this data that compounds 22, 28, and 35 may be blocking the
endogenous production of LPA by ATX.
Lastly, to ensure that any data obtained from the cell based assays was in fact a
result of the inhibitory properties of the compound and not due to cytotoxicity
resulting in cell death, the compound library was further validated for cytotoxicity
where it was pleasingly found that none of the synthesised compounds exhibited
any cytotoxic effects.
To conclude, this study indicated that there is the potential for cross-talk between
both the LPA1 receptor and the ATX signalling pathways. This can be demonstrated
as the original study was based upon a known LPA1 receptor antagonist and
through a scaffold hopping approach this led to the development of novel
compounds with ATX inhibition properties.
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3.5

Future Work

Using the information obtained from this study, additional SAR could be conducted
within each of the three series in order to gain additional information regarding the
beneficial attributes which gave rise to biological activity. From the AA series,
compound 28 proved to be the most active, therefore additional compounds could
be synthesised building from this to include: i) changing the regiochemistry of the
ring system, and ii) probing the tolerance of altered functionality of the nitrogen of
the aniline, Scheme 16.

Scheme 16: Alternative SAR surrounding compound 28.

In terms of the H series, compounds 24, 32 and 33 proved to contain the best
attributes in terms of activity and physicochemical properties. Therefore, using these
compounds as a backbone, a more extensive analysis of the functional group
tolerance could be conducted (Figure 30). This would allow further probing of the
functional group tolerance of the hydantoin ring, with the introduction of alternative
groups such as Me, CF3, (trifluoromethyl)benzene, and chlorobenzene. These
particular groups were proposed in a view to increase the cell permeability.
The additional compound library could then be analysed against both LPA1 receptor
antagonism and ATX inhibition in order to further probe the potential cross-talk
between the two pathways.
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Figure 30: Additional SAR surrounding the hydantoin series.

Lastly, due to the difficulty in synthesising the original AI compounds an alternative
approach could be utilised (Scheme 17) based on recent literature.92 This would
allow for the evaluation of the previously proposed compounds for both LPA1
receptor antagonism and ATX inhibition. The synthetic route proposed involves late
stage construction of the acylated indole via acylation of 4-bromo-2-iodoaniline (88)
to give 89 followed by two consecutive Suzuki cross-coupling reactions to give
intermediate 92. The desired indole is then formed through an acid catalysed
hypervalent iodide promoted intramolecular cyclisation to give 67, which after
hydrolysis would give the desired compound 23. A similar route could then be
developed for the construction of 24.

Scheme 17: Alternative route to the development of the acyl indole compounds.
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3.6
3.6.1

Experimental
General

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.93
3.6.1.1 Experimental Details
Reactions were carried out using conventional glassware. Room temperature was
generally 18 °C. Reactions were carried out at elevated temperatures using a
temperature-regulated hotplate/stirrer.
3.6.1.2 Purification of Products
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.

Normal

phase

flash

chromatography was carried out using ZEOprep 60 HYD 40-63 µm silica gel.
3.6.1.3 Analysis of Products
Fourier Transformed Infra-Red (FTIR) spectra were obtained on a Shimadzu
IRAffinity-1 machine. 1H and 13C, NMR spectra were obtained on a Bruker AV 400 at
400 MHz and 125 MHz, respectively. Chemical shifts are reported in ppm and
coupling constants are reported in Hz with CDCl3 referenced at 7.26 (1H) and 77.1
ppm (13C) and methanol-d4 referenced at 3.31 (1H) and 49.0 ppm (13C). Highresolution mass spectra were obtained through analysis at the EPSRC UK National
Mass Spectrometry Facility at Swansea University.
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3.6.2

General Procedures

3.6.2.1 General Procedure A: Acylation Reaction
For example, for the preparation of benzyl(3-bromophenyl)carbamate, 48

A mixture of 3-bromoaniline (6.3 mL, 58 mmol, 1 equiv.) and K2CO3 (8.8 g, 64 mmol,
1.1 equiv.) in 2-MeTHF (175 mL) was cooled to 0 °C before dropwise addition of
CbzCl (10 mL, 70 mmol, 1.2 equiv.) over a period of 10 min. The reaction mixture
was allowed to warm to room temperature and left to stir for 24 h. The reaction
mixture was then quenched using ice water (50 mL) and saturated NaHCO 3 (2 mL)
and extracted using EtOAc with 2% MeOH (2 x 100 mL). The organics were then
collected, dried (hydrophobic frit), and concentrated under vacuum to a residue that
was purified by silica chromatography (10-40% EtOAc in petroleum ether) to afford
the desired product as a white solid (17 g, 95%).
3.6.2.2 General Procedure B: Esterification Reaction
For example, for the preparation of 2-(4-Bromophenyl)acetate, 43

To a round-bottomed flask was added 4-bromophenylacetic acid (2.7 g, 12.5 mmol,
1 equiv.) and EtOH (50 mL). The reaction mixture was then cooled to 0 °C before
the drop-wise addition of SOCl2 (1.2 mL, 16.5 mmol, 1.3 equiv.). The reaction
mixture was then allowed to warm to room temperature and stirred for 3 h. The
crude mixture was then evaporated under reduced pressure, diluted with DCM (20
mL) and extracted using sat. aq. NaHCO3 (2 x 25 mL). The organic layer was then
dried (hydrophobic frit) and evaporated under reduced pressure to afford the desired
compound as a colourless oil (3.0 g, 98%).
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3.6.2.3 General Procedure C: Miyaura Borylation Reaction
For example, for the preparation of 4-ethylphenylacetateboronic acid pinacol ester,
40

To a round-bottomed flask was added ethyl(4-bromophenyl)-acetate 43 (2.0 g, 8.3
mmol, 1 equiv.), bis(pinacolato)diborane (2.1 g, 8.3 mmol, 1 equiv.), KOAc (2.4 g,
24.7 mmol, 3 equiv.), Pd(dppf)Cl2 (0.2 g, 0.25 mmol, 0.03 equiv.). The flask was
sealed and purged with N2 before addition of 1,4-dioxane (44 mL). The reaction
mixture was then heated to 100 °C for 24 h. The mixture was allowed to cool to
room temperature and evaporated under reduced pressure. The crude mixture was
then diluted with EtOAc (20 mL) and filtered through a silica plug (eluent EtOAc).
The filtrate was collected and evaporated under reduced pressure and the resulting
residue purified using silica chromatography (eluent 3-15% EtOAc/ petroleum ether)
to afford the desired product as a white solid (1.7 g, 70 %).
3.6.2.4 General Procedure D: Suzuki-Miyaura Cross-Coupling
For example, for the preparation of ethyl 2-(3’-(((benzyloxy)carbonyl)amino)-[1,1’biphenyl]-4-yl)acetate, 38

A mixture of 4-ethylphenylacetateboronic acid pinacol ester 40 (0.65 g, 2.24 mmol, 2
equiv.),

2’-(dimethylamino)-2-biphenyl-palladium(II)chloride dinorbornylphosphine

complex 45 (28.30 mg, 0.05 mmol, 10 mol%), K3PO4 (0.63 g, 3.00 mmol, 3 equiv.),
benzyl (3-bromophenyl)carbamate (0.30 g, 1.00 mmol, 1 equiv.), and 1,4-dioxane
(2.40 mL) water (0.60 mL) was purged with N2 and heated to 130 °C for 30 min
under microwave irradiation. The reaction mixture was allowed to return to room
temperature and evaporated to dryness under reduced pressure. The crude material
was then diluted using EtOAc (10 mL) and filtered through a silica plug (eluent
EtOAc), the solution was evaporated under reduced pressure and purified using
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silica chromatography (eluent ethyl acetate in petroleum ether 40-60%) to afford
compound the desired compound as a yellow oil (357.8 mg, 92%).
3.6.2.5 General Procedure E: Hydrolysis
For example, for the preparation of 2-(3'-(3-phenylpropanamido)-[1,1'-biphenyl]-4yl)acetic acid, 22

To a round-bottomed flask was added ethyl 2-(3'-(3-phenylpropanamido)-[1,1'biphenyl]-4-yl)acetate 38 (50 mg, 0.1 mmol), NaOH (1 M, 0.5 mL), and THF (0.5
mL). The reaction was then stirred at room temperature for 16 h. The reaction
mixture was quenched using saturated NH3Cl (2 mL), acidified with 2 M HCl, and
extracted with EtOAc (2 x 10 mL). The organics were combined, dried (hydrophobic
frit), and concentrated under vacuum to afford the desired product as a white solid
(39 mg, 92%).
3.6.2.6 General Procedure G: Reductive Amination
For example, for the preparation of 4-bromo-N-cyclohexyaniline, 58

To a round-bottomed flask was added 4-bromoaniline (1.0 g, 5.8 mmol, 1 equiv.),
cyclohexanone (0.8 mL, 7.6 mmol, 1.3 equiv.), AcOH (0.5 mL), and 2-MeTHF (25
mL). NaBH(OAc)3 (1.8 g, 8.7 mmol, 1.5 equiv.) was then added and the mixture was
stirred at room temperature for 16 h. The reaction mixture was diluted with Na 2HCO3
(20 mL) and extracted with CHCl3 (3 x 20 mL). The organics were collected, washed
with brine (50 mL), dried (Na2SO4), and concentrated under vacuum to give a
residue that was purified by silica chromatography (15-30% EtOAc in petroleum
ether) to afford the desired product as a white solid (1.5 g, 93%).
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3.6.2.7 General Procedure H: Indole Acylation
For example, for the preparation of benzyl 5-bromo-1H-indole-1-carboxylate, 75

To a round-bottomed flask was added 2-(4-(1H-indol-6-yl)phenyl)acetic acid 74 (260
mg, 1.0 mmol, 1 equiv.) and DMF (3 mL) and cooled to 0 °C. NaH (49 mg, 2.0
mmol, 2 equiv.) was then added portion wise and the mixture was stirred for 1 hr at
0 °C. N-(Benzyloxycarbonyloxy)succinimide (374 mg, 1.5 mmol, 1.5 equiv.) was
then added and allowed to warm to room temperature and stirred for 16 h. The
reaction was quenched with ice H2O (10 mL) and saturated NaHCO3 (10 mL) and
extracted using EtOAc (2 x 100 mL). The organics were collected, dried
(hydrophobic frit) and concentrated under vacuum to a residue that was purified
using silica chromatography (5-20% EtOAc in petroleum ether) to afford the desired
product as a red solid (59 mg, 17%).
3.6.3

Characterisation Data

Compound 22: 2-(3'-(3-Phenylpropanamido)-[1,1'-biphenyl]-4-yl)acetic acid

Prepared

according

to

General

Procedure

E

using

ethyl

2-(3'-(3-

phenylpropanamido)-[1,1'-biphenyl]-4-yl)acetate 38 (50 mg, 0.1 mmol), NaOH (1 M,
0.5 mL) and THF (0.5 mL) to afford the desired product as a white solid (39 mg,
92%).
max (neat): 3270, 3034, 1694, 1591, 1543, 1519 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.63 (s, 1H), 7.55 (d, J = 8.2 Hz, 2H), 7.45 – 7.27 (m,

10H), 6.76 (s, 1H), 5.23 (s, 2H), 3.71 (s, 2H). OH not observed.
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13

C NMR (151 MHz, CDCl3): δ 176.3, 141.7, 139.8, 138.2, 136.0, 132.6, 129.8,

129.5, 128.7, 128.4 (2C) 127.4, 122.4, 67.2, 40.5. Three carbons not
observed/coincident.
HRMS: exact mass calculated for [M+H+] (C22H20NO4) requires m/z 362.1392, found
m/z 362.1390.
Compound 25: 2-(3’-(((Benzyloxy)carbonyl)amino)-[1,1’-biphenyl]-3-yl)acetic
acid

Prepared

according

to

General

Procedure

E

using

ethyl

2-(3’-

(((benzyloxy)carbonyl)amino)-[1,1’-biphenyl]-3-yl)acetate 52 (48.1 mg, 1.24 mmol),
NaOH (0.5 mL), and THF (0.5 mL) to afford the desired product as an off white solid
(34.5 mg, 77%).
max (neat): 1697, 1604, 1531, 1508 cm-1.
1

H NMR (500 MHz, CDCl3): δ 7.63 (s, 1H), 7.50 (s, 2H), 7.45 – 7.28 (m, 11H), 6.76

(s, 1H), 5.23 (s, 2H), 3.73 (s, 2H).
13

C NMR (151 MHz, CDCl3): δ 176.7, 141.8, 141.1, 138.2, 136.0, 133.9, 129.5,

129.0, 128.7, 128.5, 128.4, 128.3 (2C), 126.2, 122.5, 67.2, 41.0. Three carbons not
observed/coincident.
HRMS: exact mass calculated for [M+H+] (C22H20NO4) requires m/z 360.1241, found
m/z 360.1240.
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Compound 26: 2-(3'-(((Benzyloxy)carbonyl)amino)-[1,1'-biphenyl]-2-yl)acetic
acid

Prepared

according

to

General

Procedure

E

using

ethyl

2-(3’-

(((benzyloxy)carbonyl)amino)-[1,1’-biphenyl]-2-yl)acetate 53 (46.1 mg 0.18 mmol),
NaOH (0.5 mL), and THF (0.5 mL) to afford the desired product as a brown solid
(39.3 mg, 92 %).
max (neat): 1701, 1535, 1408 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.43 – 7.28 (m, 12H), 7.02 – 6.98 (m, 1H), 5.17 (s,

2H), 3.61 (s, 2H). NH and OH not observed.
13

C NMR (101 MHz, CDCl3): δ 177.0, 141.6, 141.3, 137.3, 135.5, 130.8, 130.0,

129.7, 128.5, 128.1, 127.9, 127.9, 127.3, 126.9, 124.0, 66.7, 38.1. Three carbons
not observed/coincident.
HRMS: exact mass calculated for [M+H+] (C22H20NO4) requires m/z 360.1241, found
m/z 360.1240.
Compound 27: Benzyl [1,1’-biphenyl]-3-ylcarbamate

Prepared according to General Procedure D using phenylboronic acid (366 mg, 3.00
mmol, 3 equiv.), benzyl-(3-bromophenyl)acetate 39 (306.2 mg, 1.00 mmol, 1 equiv.),
K3PO4

(637

mg,

3.00

mmol,

3

equiv.),

2’(dimethylamino)-2-biphenylyl-

palladium(II)chloride dinorbornylphosphine complex (56 mg, 0.01 mmol, 10 mol%),
1,4-dioxane (2.4 mL, 0.24 M), and H2O (0.6 mL, 0.06 M) to afford the desired
product as a yellow oil (220 mg, 73%).
max (neat): 1708, 1597, 1539, 1496 cm-1.
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1

H NMR (400 MHz, CDCl3): δ 7.65 (s, 1H), 7.58 (d, J = 7.2 Hz, 2H), 7.47 – 7.28 (m,

11H), 6.73 (s, 1H), 5.23 (s, 2H).
13

C NMR (101 MHz, CDCl3): δ 166.0, 141.8, 140.2, 137.7, 135.5, 128.9, 128.2 (2C),

127.9, 127.8, 127.0, 126.7, 121.9, 117.1, 117.0, 66.6.
HRMS: exact mass calculated for [M+H+] (C20H18NO2) requires m/z 304.1335, found
m/z 304.1332.
Compound 28: 2-(4’-(((Benzyloxy)carbonyl)(cyclohexyl)amino-[1,1’biphenyl]-4yl)acetic acid

Prepared

according

to

General

Procedure

E

ethyl

2-(4’-

(((benzyloxy)carbonyl)(cyclohexyl)amino)-[1,1’-biphenyl]-4-yl)acetate] 65 (50 mg,
1.06 mmol), NaOH (0.5 mL), and THF (0.5 mL) to afford the desired product as a
yellow oil (40 mg, 86%).
max (neat): 2930, 1699, 1550, 1403, 1313 cm-1.
1

H NMR (400 MHz, CDCl3) δ 7.59 (m, 4H), 7.40 (d, J = 8.1 Hz, 2H), 7.36 – 7.26 (m,

3H), 7.20 (m, 4H), 5.15 (s, 2H), 4.22 (m, 1H), 3.73 (s, 2H), 1.94 (d, J = 11.1 Hz, 2H),
1.78 (d, J = 13.1 Hz, 2H), 1.60 (d, J = 12.9 Hz, 1H), 1.50 – 1.32 (m, 2H), 1.31 – 1.14
(m, 3H).OH not observed.
13

C NMR (101 MHz, CDCl3): δ 176.4, 155.1, 139.3, 139.0, 137.4, 136.5, 132.1,

129.8, 129.4, 127.8, 127.1, 126.9, 126.8, 115.1, 66.4, 56.7, 40.2, 31.5, 25.4, 24.8.
HRMS: exact mass calculated for [M+H+] (C28H30NO4) requires m/z 444.2175, found
m/z 444.2168.
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Compound 29: 2-(4'-(((Benzyloxy)carbonyl)(tetrahydro-2H-pyran-4-yl)amino)[1,1'-biphenyl]-4-yl)acetic acid

Prepared

according

to

General

Procedure

E

using

methyl

2-(4'-

(((benzyloxy)carbonyl)(tetrahydro-2H-pyran-4-yl)amino)-[1,1'-biphenyl]-4-yl)acetate
66 (160 mg, 0.35 mmol), NaOH (1.6 mL), THF (1.6 mL) to afford the desired product
as a brown oil (140 mg, 90%).
max (neat): 1700, 1693, 1494, 1375 cm-1.
1

H NMR (400 MHz, CDCl3) δ 7.61 – 7.53 (m, 4H), 7.38 (d, J = 8.2 Hz, 2H), 7.28 (d, J

= 7.2 Hz, 2H), 7.19 (s, 1H), 7.14 (d, J = 8.3 Hz, 1H), 5.14 (s, 2H), 4.47 (m, 1H), 3.97
(dd, J = 11.3, 4.3 Hz, 2H), 3.71 (s, 2H), 3.47 (dd, J = 11.7, 10.7 Hz, 2H), 1.81 (dd, J
= 12.3, 2.2 Hz, 2H), 1.59 (m, 2H).OH not observed.
13

C NMR (101 MHz, CDCl3): δ 176.3, 155.0, 139.8, 138.9, 136.7, 136.3, 132.3,

129.8, 129.4, 127.9, 127.3, 127.0, 126.9, 126.8, 66.9, 66.6, 53.6, 40.1, 31.3.
HRMS: exact mass calculated for [M+H+] (C27H28NO5) requires m/z 446.1962, found
m/z 446.1956.
Compound

38:

Ethyl

2-(3’-(((benzyloxy)carbonyl)amino)-[1,1’-biphenyl]-4-

yl)acetate

Prepared according to General Procedure D using ethyl 2-(4-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)phenyl)acetate 40 (650 mg, 2.24 mmol, 2.2 equiv.), 2’(dimethylamino)-2-biphenylyl-palladium(II)chloride dinorbornylphosphine complex
(28 mg, 0.05 mmol, 10 mol%), K3PO4 (630 mg, 3.00 mmol, 3 equiv.), and benzyl (3-
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bromophenyl)carbamate 39 (300 mg, 1.00 mmol, 1 equiv.), 1,4-dioxane (2.4 mL)
and H2O (0.6 mL) to afford the desired product as a yellow oil (358 mg, 92%).
max (neat): 3327, 1729, 1717, 1608, 1594, 1545 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.64 (s, 1H), 7.54 (dd, J = 8.2, 2.5 Hz, 4H), 7.46 –

7.25 (m, 8H), 6.77 (s, 1H), 5.22 (s, 2H), 4.18 (q, J = 7.1 Hz, 2H), 3.65 (s, 2H), 1.27
(t, J = 7.1 Hz, 3H).
13

C NMR (101 MHz, CDCl3): δ 171.6, 153.3, 141.8, 139.5, 138.2, 136.0, 133.5,

133.2, 129.7, 129.4, 128.6, 128.4, 128.3, 127.3, 127.2, 122.3, 67.1, 60.9, 41.1, 14.2.
HRMS: exact mass calculated for [M+H+] (C24H24NO4) requires m/z 390.1701, found
m/z 390.1700.
Compound 39: Benzyl(3-bromophenyl)carbamate

Prepared according to General Procedure A using 3-bromoaniline (6.3 mL, 58.1
mmol, 1 equiv.), K2CO3 (8.8 g, 63.9 mmol, 1.1 equiv.), 2-MeTHF (175 mL), and
CbzCl (10 mL, 70 mmol, 1.2 equiv.) to afford the desired product as a white solid
(16.9 g, 95%).
max (neat): 1703, 1591, 1529, 1421 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.66 (s, 1H), 7.45 – 7.11 (m, 8H), 6.71 (s, 1H), 5.20 (s,

2H).
13

C NMR (101 MHz, CDCl3): δ 152.6, 138.6, 135.3, 129.8, 128.2, 128.0, 127.9,

126.0, 122.3, 121.0, 116.6, 66.8.
HRMS: exact mass calculated for [M+H+] (C14H13BrNO2) requires m/z 306.0124,
308.0104 found m/z 306.0126, 308.0103.
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Compound

40:

Ethyl

2-(4-(4,4,5,5,-tetramethyl-1,3,2-dioxaborolane-2-

yl)phenyl)acetate

Prepared using General Procedure C using ethyl(4-bromophenyl)-acetate 43 (4.05
g, 16.7 mmol, 1 equiv.), bis-(pinacolato)diborane (4.20 g, 16.5 mmol, 1.01 equiv.),
KOAc (4.82 g, 49.14 mmol, 3 equiv.), Pd(dppf)Cl2 (0.4 g, 0.5 mmol, 0.03 equiv), and
1,4-dioxane (88 mL) to give the desired compound as an amorphous white solid
(1.74 g, 73%).
max (neat): 1734, 1612, 1469, 1446, 1398 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.77 (d, 2H, J = 8.0 Hz), 7.30 (d, 2H, J = 8.0 Hz), 4.14

(q, 2H, J = 7.1 Hz), 3.62 (s, 2H), 1.34 (s, 12H), 1.23 (t, 3H, J = 7.1 Hz).
13

C NMR (101 MHz, CDCl3): δ 170.8, 136.8, 134.5, 128.1, 83.3, 60.4, 41.2, 24.4,

13.6. One signal absent (C-B).94
11

B NMR (128 MHz, CDCl3): δ 30.48.

HRMS: exact mass calculated for [M+H+] (C16H24BO4) requires m/z 290.1806, found
m/z 290.1803.
Compound 43: Ethyl 2-(4-bromophenyl)acetate95

Prepared according to General Procedure B using 4-bromophenylacetic acid (2.68
g, 12.46 mmol, 1 equiv.), EtOH (50 mL), and SOCl2 (1.2 mL, 16.54 mmol, 1.3 equiv.)
to give the desired compound as a colourless oil (2.98 g, 98%).
max (neat): 1730, 1487, 1406, 1367 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.43 (d, 2H, J = 8.4 Hz), 7.15 (d, 2H, J = 8.4 Hz), 4.14

(q, 2H, J = 7.1 Hz), 3.55 (s, 2H), 1.24 (t, 3H, J = 7.1 Hz).
13

C NMR (101 MHz, CDCl3): δ 170.6, 132.6, 131.1, 130.5, 120.6, 60.5, 40.3, 13.7.
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HRMS: exact mass calculated for [M+H+] (C10H1179BrO2) requires m/z 243.0015,
found m/z 243.0017 and (C10H1181BrO2) requires m/z 244.9995, found m/z 244.9996
Compound 48: Ethyl 2-(3-bromophenyl)acetate

Prepared according to General Procedure B using 3-bromophenylacetic acid (10.8
g, 50 mmol, 1 equiv.), EtOH (150 mL), and SOCl2 (4.8 mL, 65 mmol, 1.3 equiv.) to
give the desired compound as a colourless oil (12 g, 94%).
max (neat): 1730, 1595, 1568, 1473 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.47–7.35 (m, 2H), 7.27–7.13 (m, 2H), 4.15 (q, 2H, J =

7.2 Hz), 3.57 (s, 2H), 1.25 (t, 3H, J = 7.1 Hz).
13

C NMR (101 MHz, CDCl3): δ 170.9, 136.3, 132.3, 130.2, 130.0, 128.0, 122.5, 61.1,

40.9, 14.2.
HRMS: exact mass calculated for [M+H+] (C10H1179BrO2) requires m/z 243.0015,
found m/z 243.0017 and (C10H1181BrO2) requires m/z 244.9995, found m/z 244.9996
Compound 49: Ethyl 2-(2-bromophenyl)acetate96

Prepared according to General Procedure B using 2-bromophenylacetic acid (5.4 g,
25 mmol, 1 equiv.), EtOH (75 mL), and SOCl2 (2.4 mL, 33 mmol, 1.3 equiv.) to give
the desired compound as a colourless oil (5.8 g, 95%).
max (neat): 1730, 1471, 1440, 1334 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.54 (d, 1H, J = 8.5 Hz), 7.28 – 7.20 (m, 2H), 7.15 –

7.06 (m, 1H), 4.16 (q, 2H, J = 7.1 Hz), 3.76 (s, 2H), 1.24 (t, 3H, J = 7.1 Hz).
13

C NMR (101 MHz, CDCl3): δ 170.1, 133.9, 132.3, 131.0, 128.4, 127.0, 124.5, 60.6,

41.2, 13.7.
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HRMS: exact mass calculated for [M+H+] (C10H1179BrO2) requires m/z 243.0015,
found m/z 243.0017 and (C10H1181BrO2) requires m/z 244.9995, found m/z 244.9993
Compound

50:

Ethyl

2-(3-(4,4,5,5,-tetramethyl-1,3,2-dioxaborolane-2-

yl)phenyl)acetate

Prepared according to General Procedure C using ethyl(3-bromophenyl)-acetate 48
(4.04 g, 16.61 mmol, 1 equiv.), bis-(pinacolato)diborane (4.30 g, 16.75 mmol, 1.01
equiv.), KOAc (4.84 g, 49.31 mmol, 3 equiv), Pd(dppf)Cl2 (0.20 g, 0.24 mmol, 0.03
equiv), and 1,4-dioxane (80 mL) to give the desired compound as an amorphous
white solid (2.60 g, 54%).
max (neat): 1730, 1429, 1357, 1323 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.74 (d, 2H, J = 7.3 Hz), 7.43–7.32 (m, 2H), 4.15 (q,

2H, J = 7.1 Hz), 3.63 (s, 2H), 1.35 (s, 12H), 1.25 (t, 3H, J = 7.1 Hz).
13

C NMR (101 MHz, CDCl3): δ 171.0, 135.1, 133.0, 133.0, 131.6, 127.4, 83.3, 60.2,

40.7, 24.4, 13.7. One signal absent (C-B).
11

B NMR (128 MHz, CDCl3): δ 30.58.

HRMS: exact mass calculated for [M+H+] (C16H24BO4) requires m/z 290.1806, found
m/z 290.1803.
Compound

51:

Ethyl

2-(2-(4,4,5,5,-tetramethyl-1,3,2-dioxaborolane-2-

yl)phenyl)acetate

Prepared according to General Procedure C using ethyl(2-bromophenyl)-acetate 49
(4.02 g, 8.32 mmol, 1 equiv.), bis-(pinacolato)diborane (2.11 g, 8.31 mmol, 1.01
equiv.), KOAc (2.41 g, 24.63 mmol, 3 equiv.), Pd(dppf)Cl2 (0.20 g, 0.25 mmol, 0.03
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equiv.), and 1,4-dioxane (40 mL) to give the desired compound as an amorphous
white solid (0.80 g, 32%).
max (neat): 1732, 1600, 1492, 1442, 1369 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.84 (dd, 1H, J = 7.4, 1.3 Hz), 7.38 (td, 1H, J = 7.5,

1.6 Hz), 7.30 – 7.23 (m, 1H), 7.20 (d, 1H, J = 7.6 Hz), 4.13 (q, 2H, J = 7.1 Hz), 3.97
(s, 2H), 1.33 (s, 12H), 1.27 (s, 3H).
13

C NMR (101 MHz, CDCl3): δ 171.9, 140.0, 135.6, 130.4, 128.7, 126.5, 83.0, 60.0,

40.6, 24.3, 13.8
11

B NMR (128 MHz, CDCl3): δ 30.80.

HRMS: exact mass calculated for [M+H+] (C16H24BO4) requires m/z 290.1806 found
m/z 290.1802.
Compound

52:

Ethyl

2-(3’-(((benzyloxy)carbonyl)amino)-[1,1’-biphenyl]-3-

yl)acetate

Prepared according to General Procedure D using ethyl 2-(3-(4,4,5,5,-tetramethyl1,3,2-dioxaborolane-2-yl)phenyl)acetate 50 (646.2 mg, 2.2 mmol, 2.2 equiv.),
benzyl-(3-bromophenyl)acetate 39 (307 mg, 1.00 mmol, 1 equiv.), K3PO4 (637 mg,
3.0

mmol,

3

equiv.),

2’(dimethylamino)-2-biphenylyl-palladium(II)chloride

dinorbornylphosphine complex (56.7 mg, 0.01 mmol, 10 mol%), 1,4-dioxane (2.4
mL), and H2O (0.6 mL) to afford the desired product as a yellow oil (357.8 mg,
92%).
max (neat): 1732, 1604, 1546, 1496, 1408 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.63 (s, 1H), 7.51 – 7.26 (m 11H), 6.78 (s, 1H), 5.23

(s, 2H), 4.17 (q, J = 7.1 Hz, 2H), 3.67 (s, 2H), 1.27 (t, 3H). NH not observed.
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13

C NMR (101 MHz, CDCl3): δ 171.0, 152.9, 141.5, 140.5, 137.7, 135.6, 134.1,

128.9, 128.5, 128.1, 127.9, 127.8, 127.7 (2C), 125.5, 122.0, 117.2, 117.1, 66.6,
60.4, 41.0, 13.7.
HRMS: exact mass calculated for [M+H+] (C24H24NO4) requires m/z 390.1701, found
m/z 390.1700.
Compound

53:

Ethyl

2-(3’-(((benzyloxy)carbonyl)amino)-[1,1’-biphenyl]-2-

yl)acetate

Prepared according to General Procedure D using ethyl 2-(3-(4,4,5,5,-tetramethyl1,3,2-dioxaborolane-2-yl)phenyl)acetate 51 (547.2 mg, 1.9 mmol, 1.9 equiv.),
benzyl-(3-bromophenyl)acetate 39 (305.7 mg, 1.0 mmol, 1 equiv.), K3PO4 (686.0
mg, 3.2 mmol, 3.2 equiv.), 2’-(dimethylamino)-2-biphenylyl-palladium(II)chloride
dinorbornylphosphine complex (56.1 mg, 0.01 mmol, 10 mol%), 1,4-dioxane (2.4
mL), and H2O (0.6 mL) to afford the desired product as a yellow oil (212.4 mg, 55%).
max (neat): 1732, 1712, 1589, 1544, 1539 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.47 – 7.28 (m, 12H), 7.04 – 7.00 (m, 1H), 6.68 (s,

1H), 5.20 (s, 2H), 4.08 (q, J = 7.1 Hz, 2H), 3.58 (s, 2H), 1.18 (t, J = 7.1 Hz, 3H).
13

C NMR (101 MHz, CDCl3): δ 175.6, 171.4, 141.6, 141.4, 131.5, 131.4, 129.8,

129.6, 128.4, 128.1, 127.9, 127.8, 127.2, 126.6, 124.0, 124.0, 66.6, 60.2, 38.4, 13.6.
Two carbons not observed/coincident.
HRMS: exact mass calculated for [M+H+] (C24H24NO4) requires m/z 390.1701, found
m/z 390.1700.
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Compound 58: 4-bromo-N-cyclohexyaniline

Prepared according to General Procedure D using 4-bromoaniline (1.0 g, 5.8 mmol,
1 equiv.), cyclohexanone (0.8 mL, 7.6 mmol, 1.3 equiv.), AcOH (0.5 mL), 2-MeTHF
(25 mL), and NaBH(OAc)3 (1.8 g, 8.7 mmol, 1.5 equiv.) to afford the desired product
as a white solid (1.5 g, 93%).
max (neat): 3450, 2926, 2850, 1591, 1494, 1351 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.22 (d, J = 8.8 Hz, 2H), 6.49 (d, J = 8.7 Hz, 2H), 3.23

– 3.16 (m, 1H), 2.03 (m, 2H), 1.80 – 1.71 (m, 2H), 1.69 –1.61 (m, 1H), 1.54 (s, 1H),
1.42 – 1.08 (m, 5H).
13

C NMR (101 MHz, CDCl3): δ 145.9, 131.4, 114.1, 107.6, 51.3, 32.8, 25.4, 24.4.

HRMS: exact mass calculated for [M+H+] (C12H1779BrN) requires m/z 254.0539,
found 254.0542 [M+H+] (C12H1781BrN) requires m/z 256.0518, found m/z 256.0518.
Compound 59: N-(4-bromophenyl)tetrahydro-2H-pyran-4-amine

Prepared according to General Procedure G using 4-bromoaniline (1.0 g, 5.8 mmol,
1 equiv.), tetrahydro-4H-pyran-one (0.7 mL, 7.6 mmol, 1.3 equiv.), AcOH (0.5 mL),
and NaBH(OAc)3 (1.8 g, 8.7 mmol, 1.5 equiv.) to afford the desired product as an off
white solid (1.5 g, 98%).
max (neat): 3336, 2927, 2833, 1716, 1591, 1512, 1485 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.9 Hz, 2H), 6.48 (d, J = 8.8 Hz, 2H), 4.03

– 3.94 (m, 2H), 3.54 – 3.39 (m, 4H), 2.00 (d, J = 11.5 Hz, 2H), 1.40-1.50 (m, 2H).
13

C NMR (101 MHz, CDCl3): δ 145.2, 131.5, 114.4, 108.4, 66.3, 48.7, 32.9.
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HRMS: exact mass calculated for [M+H+] (C11H1579BrNO) requires m/z 256.0332,
found m/z 256.0335 [M+H+] (C11H1581BrNO) requires m/z 258.0311, found m/z
258.0310.
Compound 60: N-(4-bromophenyl)-1-methylpiperidine-4-amine

Prepared according to General Procedure G using 4-bromoaniline (1.0 g, 5.8 mmol,
1 equiv.), 1-methylpiperidin-4-one (0.9 mL, 7.6 mmol, 1.3 equiv.), AcOH (0.5 mL),
and NaBH(OAc)3 (1.8 g, 8.7 mmol, 1.5 equiv.) to give the desired compound as an
amorphous yellow solid (1.2 g, 76%).
max (neat): 3294, 2931, 1589, 1516, 1487cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.28–7.15 (m, 2H), 6.61 – 6.53 (m, 1H), 6.50–6.43 (m,

1H), 3.38–3.29 (m, 1H), 3.10 (d, J = 12.1 Hz, 2H), 2.48 (s, 3H), 2.44 (d, J = 10.5 Hz,
2H), 2.20 – 2.06 (m, 2H), 1.82–1.61 (m, 2H).N-H signal absent.
13

C NMR (101 MHz, CDCl3): δ 145.0, 131.6, 116.2, 114.5, 53.1, 43.9, 29.7. One

carbon absent/not observed.
HRMS: exact mass calculated for [M+H+] (C12H1779BrN2) requires m/z 269.0648,
found m/z 269.0647, and (C12H1781BrN2) requires m/z 271.0627, found m/z 271.0622
Compound 61: Benzyl(4-bromophenyl)(cyclohexyl)carbamate

Prepared according to General Procedure A using 4-bromo-N-cyclohexylaniline 58
(504.1 mg, 1.97 mmol, 1 equiv.), K2CO3 (301.4 mg, 2.2 mmol, 1.1 equiv.), DCE (9
mL), H2O (0.05 mL), and CbzCl (0.3 mL, 2.2 mmol, 1.1 equiv.) to afford the desired
product as a white solid (223.5 mg, 30%).
max (neat): 1597, 1489, 1452, 1396 cm-1.
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1

H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.6 Hz, 2H), 7.29 (m, 3H), 7.18 (m, 2H),

6.96 (d, J = 8.6 Hz, 2H), 5.09 (s, 2H), 4.22 – 4.10 (m, 1H), 1.85 (dd, J = 12.8, 1.6
Hz, 2H), 1.73 (dd, J = 12.3, 1.6 Hz, 2H), 1.57 (m, 1H), 1.33 (app. pent, J = 13.0 Hz,
2H), 1.14 – 1.05 (m, 2H), 0.97 – 0.86 (m, 1H).
13

C NMR (101 MHz, CDCl3): δ 154.7, 137.2, 136.3, 131.4, 131.3, 127.9, 127.3,

126.8, 120.9, 66.4, 56.4, 31.5, 25.3, 24.8.
HRMS: exact mass calculated for [M+H+] (C20H2379BrNO2) requires m/z 388.0907,
found m/z 388.0904 [M+H+] (C20H2381BrNO2) requires m/z 390.0886, found m/z
390.0879.
Compound 62: Benzyl(4-bromophenyl)(tetrahydro-2H-pyran-4-yl)carbamate

Prepared according to General Procedure G using 4-bromophenyl)(tetrahydro-2Hpyran-4-amine 59 (510 mg, 1.97 mmol, 1 equiv.), K2CO3 (290 mg, 2.14 mmol, 1.1
equiv.), DCE (9 mL), H2O (0.05 mL), and CbzCl (0.3 mL, 2.15 mmol, 1.1 equiv.) to
afford the desired product as an orange solid (448 mg, 60%).
max (neat): 2970, 1732, 1502, 1473, 1413 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.50 (m, 2H), 7.38 – 7.28 (m, 3H), 7.17 (s, 2H), 6.95

(m, 2H), 5.09 (s, 2H), 4.40 (m, 1H), 3.94 (dd, J = 11.5, 4.6 Hz, 2H), 3.44 (t, J = 12.7
Hz, 2H), 1.77 – 1.73 (m, 2H), 1.51–1.42 (m, 2H).
13

C NMR (101 MHz, CDCl3): δ 154.6, 136.7, 136.1, 131.6, 131.2, 127.9, 127.4,

126.9, 121.3, 66.8, 66.7, 53.6, 31.3.
HRMS: exact mass calculated for [M+H+] (C19H2179BrNO3) requires m/z 390.0699,
found m/z 390.0699 [M+H+] (C19H2181BrNO3) requires m/z 392.0679, found m/z
392.0677.
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Compound

64:

Methyl

2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acetate

Prepared according to General Procedure C using methyl 2-(4-bromophenyl)acetate
(3.0 g, 13.2 mmol, 1 equiv.), bis(pinacolato)diboron (3.38 g, 13.3 mmol, 1.01 equiv.),
and KOAc (3.87 g, 39.5 mmol, 3 equiv.) in 1,4-dioxane (65 mL), to afford the desired
product as an off-white solid (2.74 g, 75%).
max (film): 2978, 1737, 1616, 1519, 1479 cm-1.
1

H NMR (CDCl3, 400 MHz): δ 7.80 (d, J = 7.8 Hz, 2 H), 7.32 (d, J = 7.8 Hz, 2 H),

3.71 (s, 3 H), 3.67 (s, 2 H), 1.37 (s, 12 H).
13

C NMR (CDCl3, 126 MHz): δ 171.7, 137.1, 135.1, 128.6, 83.8, 52.0, 41.4, 24.8.

1

B NMR (CDCl3, 128 MHz): δ 31.2.

HRMS: exact mass calculated for [M+Na+] ((C15H21BO4Na) requires m/z 299.1425,
found m/z 299.1423.
Compound

65:

Ethyl

2-(4’-(((benzyloxy)carbonyl)(cyclohexyl)amino)-[1,1’-

biphenyl]-4-yl)acetate]

Prepared according to General Procedure D using ethyl 2-(4-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)phenyl)acetate 40 (300 mg, 1.03 mmol, 2 equiv.), benzyl(4bromophenyl)(cyclohexyl)carbamate 61 (200 mg, 0.51 mmol, 1 equiv.), K3PO4 (330
mg, 1.55 mmol, 3 equiv.), 2’(dimethylamino)-2-biphenylyl-palladium(II)chloride
dinorbornylphosphine complex (28.9 mg, 0.01 mmol, 10 mol %), 1,4-dioxane (2.4
mL), and H2O (0.6 mL) to afford the desired product as a yellow oil (170 mg, 70%).
max (neat): 1733, 1695, 1497, 1398, 1301 cm-1.
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1

H NMR (400 MHz, CDCl3): δ 7.61 – 7.53 (m, 5H), 7.39 – 7.30 (m, 4H), 7.22 – 7.16

(m, 4H), 5.14 (s, 2H), 4.20 (q, J = 7.1 Hz, 2H), 3.68 (s, 2H), 1.93 (d, J = 11.1 Hz,
2H), 1.77 (d, J = 13.3 Hz, 2H), 1.45 – 1.15 (m, 10H).
13

C NMR (101 MHz, CDCl3): δ 171.0, 154.9, 139.4, 138.7, 136.6, 132.9, 129.8,

129.2, 129.2, 127.8, 127.1, 126.8, 126.7, 66.3, 60.4, 56.6, 40.6, 31.5, 25.4, 24.8,
13.7.
HRMS: exact mass calculated for [M+H+] (C30H34NO4) [M+H]+ requires m/z
472.2482, found m/z 472.2474.
Compound

66:

Methyl

2-(4'-(((benzyloxy)carbonyl)(tetrahydro-2H-pyran-4-

yl)amino)-[1,1'-biphenyl]-4-yl)acetate

Prepared

according

to

General

Procedure

D

using

benzyl

(4-

bromophenyl)(tetrahydro-2H-pyran-4-yl)carbamate 62 (250 mg, 0.64 mmol, 1
equiv.), K3PO4 (408.2 mg, 1.92 mmol, 3 equiv.), 2’(dimethylamino)-2-biphenylylpalladium(II)chloride dinorbornylphosphine complex (18 mg, 0.03 mmol, 10 mol %),
methyl 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acetate 64 (212 mg,
0.77 mmol, 1.2 equiv.), 1,4-dioxane (2.4 mL) and H2O (0.4 mL). After 72 h, the
reaction mixture was subjected to the purification outlined in General Procedure D to
afford the desired product as white solid (160 mg 54 %).
max (neat): 1732, 1699, 1498, 1404, 1381 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.60 – 7.54 (m, 4H), 7.38 (d, J = 8.3 Hz, 2H), 7.33 –

7.25 (m, 3H), 7.20 (d, J = 5.5 Hz, 2H), 7.17 – 7.12 (m, 2H), 5.14 (s, 2H), 4.50 – 4.44
(m, 1H), 3.96 (dd, J = 11.4, 4.4 Hz, 2H), 3.73 (s, 3H), 3.69 (s, 2H), 3.45 – 3.44 (m,
2H), 1.81 (dd, J = 12.3, 2.2 Hz, 2H), 1.55-1.65 (m, 2H).
13

C NMR (101 MHz, CDCl3): δ 171.4, 155.0, 139.8, 138.7, 136.8, 136.3, 132.9,

129.8, 129.3, 127.9, 127.3, 127.0, 126.8, 66.9, 66.5, 53.7, 51.6, 40.3, 31.4. One
carbon not observed/coincident.
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HRMS: exact mass calculated for [M+H+] (C29H30NO5) requires m/z 460.2112, found
m/z 460.2118.
Compound 68: Benzyl 5-bromo-1H-indole-1-carboxylate

Prepared according to General Procedure A using 5-bromoindole (2.01 g, 10.25
mmol, 1 equiv.), NaH (0.30 g, 12.25 mmol, 1.2 equiv.), CbzCl (1.6 mL, 11.22 mmol,
1.1 equiv.), and 2-MeTHF (50 mL) to give the desired compound as an amorphous
white solid (2.14 g, 63%).
max (neat): 1735, 1525, 1435, 1400 cm-1.
1

H NMR (400 MHz, CDCl3): δ 8.06 (d, 1H, J = 8.5 Hz), 7.69 (d, 1H, J = 1.9 Hz), 7.63

(d, 1H, J = 3.7 Hz), 7.48 (dd, 2H, J = 7.8, 1.6 Hz), 7.45–7.34 (m, 4H), 6.53 (d, 1H, J
= 3.7 Hz), 5.45 (s, 2H).
13

C NMR (101 MHz, MeOD): δ 146.1, 131.5, 130.4, 129.6, 127.8, 124.4, 124.2,

124.0, 123.0, 122.2, 119.2, 112.0, 103.0, 64.6.
HRMS: exact mass calculated for [M+NH4+] (C16H1679BrN2O2) requires m/z
347.0390, found m/z 347.0393, [M+H+] (C16H1281BrNO2) requires m/z 349.0396,
found m/z 349.0372.
Compound 70: Ethyl 2-(4-(1H-indol-5-yl)phenyl)acetate

Prepared according to General Procedure D using 5-bromoindole (0.39 g, 2.0 mmol,
1 equiv.), ethyl 2-(4-(4,4,5,5,-tetramethyl-1,3,2-dioxaborolane-2-yl)phenyl)acetate 40
(1.15 g, 3.96 mmol, 2 equiv.), K3PO4 (1.27 g, 6.0 mmol, 3 equiv.), 2’(dimethylamino)2-biphenylyl-palladium(II)chloride dinorbornylphosphine complex (0.11 g, 0.01
mmol, 10 mol %), 1,4-dioxane (2.4 ml), and H2O (0.6 mL) to give the desired
compound as an amorphous red solid (441.40 mg, 79%).
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max (neat): 3403, 1721, 1621, 1516, 1470 cm-1.
1

H NMR (400 MHz, CDCl3): δ 8.19 (s, 1H), 7.85 (d, 1H, J = 0.8 Hz), 7.66–7.59 (m,

2H), 7.44 (m, 2H), 7.36 (d, 2H, J = 8.3 Hz), 7.24 (dd, 1H, J = 3.1, 2.5 Hz), 6.61 (dd,
1H, J = 3.1, 2.1 Hz), 4.19 (q, 2H, J = 7.1 Hz), 3.67 (s, 2H), 1.28 (t, 3H, J = 7.2 Hz).
13

C NMR (101 MHz, MeOD): δ 173.8, 143.0, 133.4, 133.3, 130.6, 128.2, 126.3,

121.8, 119.5, 112.4, 102.8, 102.8, 62.0, 41.7, 14.5. One carbon absent/not
observed.
HRMS: exact mass calculated for [M+H+] (C18H18NO2) requires m/z 280.1333, found
m/z 280.1332.
Compound 72: Ethyl 2-(4-(1H-indol-6-yl)phenyl)acetate

Prepared according to General Procedure D using 5-bromoindole (100 mg, 0.5
mmol), ethyl 2-(4-(4,4,5,5,-tetramethyl-1,3,2-dioxaborolane-2-yl)phenyl)acetate 40
(260 mg, 0.91 mmol), K3PO4 (320 mg, 1.5 mmol), 2’(dimethylamino)-2-biphenylylpalladium(II)chloride dinorbornylphosphine complex (29 mg, 0.01 mmol, 10 mol %),
1,4-dioxane (2.4 mL), and H2O (0.6 mL) to afford the desired product as a red solid
(254 mg, 65%).
max (neat): 3383, 2929, 1733, 1495, 1453, 1337 cm-1.
1

H NMR (400 MHz, DMSO): δ 11.15 (s, 1H), 7.64 – 7.59 (m, 4H), 7.39 – 7.36 (m,

1H), 7.35 (s, 1H), 7.33 (s, 1H), 7.29 (dd, J = 8.2, 1.6 Hz, 1H), 6.44 (m, 1H), 4.10 (q,
J = 7.1 Hz, 2H), 3.69 (s, 2H), 1.20 (t, J = 7.1 Hz, 3H).
13

C NMR (101 MHz, CDCl3): δ 172.0, 141.2, 136.5, 134.9, 132.4, 129.7, 127.6,

127.3, 125.1, 120.9, 119.60, 109.6, 102.3, 61.1, 41.1, 14.3.
HRMS: exact mass calculated for [M+H+] (C18H18NO2) requires m/z 280.1337, found
m/z 280.1335.
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Compound 73: 2-(4-(1H-indol-5-yl)phenyl)acetic acid

Prepared according to General Procedure E using ethyl 2-(4-(1H-indol-5yl)phenyl)acetate 70 (100 mg, 0.34 mmol), NaOH (1 mL), and THF (2 mL) to give
the desired product as a red solid (142 mg, 77%).
max (neat): 3380, 2922, 1688, 1454, 1406, 1355 cm-1.
1

H NMR (400 MHz, MeOD): δ 10.46 (s, 1H), 7.60 (m, 4H), 7.34 (d, J = 8.3 Hz, 2H),

7.30 (d, J = 1.6 Hz, 1H), 7.28 (d, J = 1.6 Hz, 1H), 7.26 – 7.23 (m, 1H), 6.45 (s, 1H),
3.64 (s, 2H).
13

C NMR (101 MHz, MeOD): δ 173.8, 140.7, 133.6, 132.2, 128.8, 127.0, 126.2,

124.4, 119.5, 117.8, 108.5, 100.3, 39.7. One carbon not observed/absent.
HRMS: exact mass calculated for [M+H+] (C16H14NO2) requires m/z 250.0875, found
m/z 250.0874.
Compound 74: 2-(4-(1H-indol-6-yl)phenyl)acetic acid

Prepared according to General Procedure E using ethyl 2-(4-(1H-indol-6yl)phenyl)acetate 72 (50 mg, 0.2 mmol), NaOH (1 mL), and THF (2 mL) to give the
desired product as a red solid (34 mg, 78%).
max (neat): 3381, 2518, 1689, cm-1.
1

H NMR (400 MHz, MeOD): δ 7.64 (m, 5H), 7.39 (s, 1H), 7.37 (s, 1H), 7.33 (dd, J =

8.2, 1.6 Hz, 1H), 7.29 (s, 1H), 6.48 (dd, J = 3.1, 0.8 Hz, 1H), 3.68 (s, 2H). OH not
observed.
13

C NMR (101 MHz, MeOD): δ 173.8, 145.9, 140.7, 136.4, 133.6, 132.2, 128.8,

126.2, 124.3, 117.7, 108.5, 100.3, 39.7. One carbon absent/not observed.
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HRMS: exact mass calculated for [M+H+] (C16H14NO2) requires m/z 252.1019, found
m/z 252.1019.
Compound 75: Benzyl 5-bromo-1H-indole-1-carboxylate

Prepared according to General Procedure H using 2-(4-(1H-indol-6-yl)phenyl)acetic
acid 73 (150 mg, 0.60 mmol, 1 equiv.), DMF (5 mL), NaH 60% w/w (48 mg, 2.0
mmol, 3 equiv.), and N-(benzyloxycarbonyloxy)succinimide (223 mg, 0.90 mmol, 1.5
equiv.) to give the desired product as a red solid (148 mg, 72%).
max (neat): 2922, 1734, 1716 cm-1.
1

H NMR (400 MHz, CDCl3): δ 8.20 (s, 1H), 7.87 (s, 1H), 7.63 (d, J = 8.2 Hz, 2H),

7.47 (s, 2H), 7.41 – 7.33 (m, 6H), 7.27 (dd, J = 2.5, 3.1Hz, 1H), 6.65 – 6.62 (m, 1H),
5.19 (s, 2H), 3.75 (s, 2H). NH not observed.
13

C NMR (101 MHz, DMSO): δ 171.1, 140.5, 136.1, 135.5, 132.1, 131.0, 129.8,

128.4, 128.2, 128.9, 127.9 (2C), 126.6, 126.0, 120.2, 118.0, 111.7, 101.5, 65.8.
HRMS: exact mass calculated for [M+H+] (C23H20NO2) requires m/z 340.1343, found
m/z 340.1334.
Compound 76: 2-(4-(1-((Benzyloxy)carbonyl)-1H-indol-6-yl)phenyl)acetic acid

Prepared according to General Procedure H using 2-(4-(1H-indol-6-yl)phenyl)acetic
acid 74 (260 mg, 1.0 mmol, 1 equiv.), NaH 60% w/w (49 mg, 2.0 mmol, 2 equiv.), N(benzyloxycarbonyloxy)succinimide (374 mg, 1.5 mmol, 1.5 equiv.), and DMF (3 mL)
to afford the desired product as a red solid (59 mg, 17%).
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max (neat): 3382, 1728, 1526, 1492, 1454 cm-1.
1

H NMR (400 MHz, CDCl3): δ 8.22 (s, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.63 – 7.58 (m,

3H), 7.40 – 7.31 (m, 9H), 7.24 (dd, J = 3.8, 1.7 Hz, 1H), 6.59 – 6.56 (m, 1H), 5.17 (s,
2H), 3.73 (s, 2H).
13

C NMR (151 MHz, CDCl3): δ 171.6, 141.3, 136.4, 135.9, 135.1, 132.2, 129.7,

128.6, 128.3, 128.2, 127.6, 127.3, 124.9, 120.9, 119.7, 109.5, 102.5, 66.7, 41.0.
HRMS: exact mass calculated for [M+H+] (C23H20NO4) requires m/z 340.1343, found
m/z 340.1335.
3.7
3.7.1

Biology
PathHunter® CHO-K1 EDG2 β-Arrestin Compound Screen Study

3.7.1.1 Agonist Mode Screen
17 compounds were screened against the PathHunter® CHO-K1 EDG2 cell line
(DiscoveRx) in agonist mode. The DiscoveRx reference 1-oleoyl-LPA (LPA)
specified for the EDG2 cell line was added to the screen. 5000 cells/well were plated
in a 384 well assay plate, in 20 μL PathHunter® Cell Plating Reagent 18, and
incubated overnight to allow cells to attach and grow. Cells were then exposed to 10
μM compound (four replicates; 1% DMSO) or buffer + 1% DMSO (80 replicates).
The stocks of DiscoveRx reference LPA are suspended in EtOH, rather than DMSO:
therefore cells were exposed to 10 μM compound (four replicates; 5% EtOH) or
buffer + 5% EtOH (4 replicates). Cells were exposed to compounds for 3 h at room
temperature. Following compound incubations, PathHunter® Detection Reagent
was added and the assay plates were read on an Envision luminometer.
3.7.1.2 Antagonist Mode Screen
17 compounds were profiled against the PathHunter® CHO-K1 EDG2 (DiscoveRx)
cell line in antagonist mode. The experiment was run concurrently with the agonist
mode test. Cells were exposed to 10 μM compound (four replicates; 1% final
DMSO) or buffer + 1% DMSO (80 replicates) for 1 h at 37° C, followed by exposure
to 500 nM LPA (0.25% final EtOH) for 3 hours at room temperature. DiscoveRx
reference LPA (dissolved in EtOH) specified for the EDG2 cell line was used as the
challenge agonist. Emax control wells (8 replicates) were exposed to 500 nM LPA
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(0.25% final EtOH) + 1% DMSO. Buffer only (negative) control wells (8 replicates)
were exposed to buffer + 1% DMSO + 0.25% EtOH. The 500 nM agonist challenge
dose was based on historical data from the EDG2 cell line. Following compound
incubations, PathHunter® Detection Reagent was added and the assay plates were
read on an Envision luminometer.
3.7.1.3 Autotaxin 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 3 mM bispNPP at 30 °C for 30 min in 50 mM Tris-HCl buffer (pH 8.5) containing 10 mM CaCl2
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 from all results and expressing the compound activity as a
percentage of the enzyme-substrate reaction in the absence of compound. PF-8380
in the concentration range of 0.1-300 nM in half log units was included as a standard
compound in every assay plate. The potential inhibitors were initially tested against
autotaxin at a concentration of 30 µM (n=2); samples which showed inhibition of
60% or greater were considered to be active.

Dose response curves, in the

concentration range of 30 nM to 30 µM in half log units, to calculate Ki values were
performed on compounds reaching the designated activity threshold (n=3). Data
was expressed as mean ± SEM was plotted using Graph Pad Prism version 6.00 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.
3.7.2

Methods for [3H]-Thymidine Incorporation Assay

3.7.2.1 Cell Culture
PC3 (human prostate cancer) cells were kept under conventional cell culture
conditions at 37 °C, 5% CO2.
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3.7.2.2 Stimulating Cells
Cells were sub-cultured and grown to 70 % confluence in 24 well plates before
quiescing for 24 h and then treatment with appropriate stimulus or vehicle (DMSO)
for 18 h.
3.7.2.3 [3H]-Thymidine Incorporation
[3H] thymidine (9.25 kBq diluted in serum free medium) was added to each well 5 h
before the expiry of the 18-20 h period. The medium was aspirated to the
radioactive sink. 1 mL ice cold 10% (w/v) trichloroacetic acid (TCA) was added to
each well and incubated on ice for 6 min x 3. This precipitates the protein and
nuclear material remains stuck to the base of the well. The TCA was aspirated to the
radioactive sink and 0.25 mL 0.1% (w/v) SDS/0.3 M NaOH was added to each well
(at room temperature). This dissolves the nuclear material. The contents of each
well were transferred to separate beta vials. 2 mL of scintillant was added to each
vial, capped and mixed thoroughly. Each vial was counted in the scintillation counter
(3 min per sample).
3.7.3

Cytotoxicity Assay.90

Compounds were tested for any cytotoxic effects against normal fibroblasts (Hs 27
cells) and an ovarian carcinoma cell line (A2780). The cytotoxicity was evaluated by
using the alamarBlue® assay. Hs 27 cells were incubated in DMEM supplemented
with 10% FBS, 2 mM glutamine and 1% penicillin/streptomycin under 5% CO 2 at 37
°C in a humidified incubator. A2780 cells were cultured under the same conditions in
RPMI 1640 media with 10% FBS and 1% penicillin-streptomycin. At 70-80%
confluency the cells were detached from the culture flasks using Triple® Express
and seeded in clear 96-well plates at a concentration of 3750 cells per well (A2780
cells) and 7500 cells per well (Hs 27 cells). The cells were allowed to adhere and
equilibrate overnight before addition of compound (diluted in the relevant media).
After a further 42 h incubation, 10% alamarBlue® was added to each well and
incubated for 6 h. The resulting fluorescence was measured using a Wallac Victor2
1420 multilabel counter, in fluorescence mode: excitation 560, emission 590. Cells
in the absence of compound were considered as 100% viable against which
compound treated cells (at a concentration of 30 µM, at least n=2) were compared.
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0.1% triton X was used as a negative control. Data was expressed as mean ± SEM
and plotted using Graph Pad Prism Software.
3.7.4

High Throughput Physchem Measurements97

3.7.4.1 ChromlogD assay (LogD)
The Chromatographic Hydrophobicity Index (CHI) values were measured using
reversed phase HPLC column (50 x 2 mm 3 µM Gemini NX C18, Phenomenex, UK)
with fast acetonitrile gradient at starting mobile phase of pH = 7.4. CHI values are
derived directly from the gradient retention times by using a calibration line obtained
for standard compounds. The CHI value approximates to the volume % organic
concentration when the compound elutes. CHI is linearly transformed into
ChromlogD by the formula: ChromlogD = 0.0857CHI-2.00. The average error of the
assay is ±3 CHI unit or ±0.25 ChromlogD.
3.7.4.2 Chemiluminiescent

nitrogen

detection

(CLND)

kinetic

aqueous

solubility assay (Sol)
GSK in-house kinetic solubility assay: 5 µl of 10 mM DMSO stock solution diluted to
100 ul with pH 7.4 phosphate buffered saline, equilibrated for 1 h at room
temperature, filtered through Millipore MultiscreenHTS-PCF filter plates (MSSL BPC).
The filtrate is quantified by suitably calibrated flow injection Chemi-Luminescent
Nitrogen Detection. The standard error of the CLND solubility determination is ±30
µM, the upper limit of the solubility is 500 µM when working from 10 mM DMSO
stock solution.
3.7.4.3 Artificial Membrane Permeability assay (Papp)
The donor cell contained 2.5 µL of 10mM sample solution in pH 7.40 phosphate
buffer. To enhance solubility, 0.5% hydroxypropyl-cyclodextrin (encapsin) has been
added to the buffer.

The artificial membrane is prepared from 1.8%

phosphatydilcholine and 1% cholesterol in decane solution. The sample
concentration in both the donor and acceptor compartment is determined by LC-MS
after 3 h incubation at room temperature. The permeability (logP app) measuring how
fast molecules pass through the black lipid membrane is expressed in nm/s. The
average standard error of the assay is around ±30 nm/s that can be higher at the
low permeability range.
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Chapter 2: Investigation of the Origin of Activity in the Amira Non-Lipid
Like ATX Inhibitor

4.1

Proposed Work and Aims

Following the SAR study surrounding AM095 (16), a potent LPA1 antagonist, it was
postulated that perhaps this process may not be the most effective method for
targeting the LPA/ATX signalling pathway due to the high concentrations of LPA
within the body. Therefore, it was proposed that going a step back in the signalling
process may be more effective, i.e., targeting the enzyme ATX which produces LPA
over the receptor itself.
Two important compounds targeting ATX inhibition in the literature are a compound
from Amira Pharmaceuticals (18), and Pfizer’s PF-8380 (19). The latter of these
compounds exemplified the typical structure associated with ATX inhibitors
(lipophilic tail, core spacer, and acidic head group), highlighted in Figure 31. This
chemotype has been extensively studied within recent literature by companies such
as Hoffman-La Roche,98 Novartis,73 and Merck GMBH.65 Exemplars from the patent
literature are illustrated in Figure 31.

Figure 31: Typical structure of ATX inhibitors within the literature with the key motifs
highlighted.
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Of these, compound 18 developed by Amira is particularly interesting. This molecule
is reported to exhibit similar biological activity to PF-8380 (19) but contains a
significantly different chemotype. Specifically, it does not conform to the usual lipidlike chemotype as there is no lipophilic portion and, in general, is much more
structurally compact (Figure 32). In addition, this chemotype has not been
extensively studied, with structural information only becoming available in early
2015.41 At the beginning of this study only two patents,68,69 both from Amira
Pharmaceuticals, had been published on this unique chemotype, where the data
contained did not allow for in-depth analysis of the SAR. This will be discussed in
more detail in Section 11.1. As a result, the origin of the biological activity of this
chemotype has yet to be determined.

Figure 32: Potent literature ATX inhibitors 18 and 19 with the main structural motifs
highlighted.
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4.2
4.2.1

Results and Discussion
Amira Patent SAR Data.

In terms of existing SAR data surrounding the Amira compounds, two patents68,69
have been published which focus on diversification around the indole core. These
patents, although extensive, do not offer a great deal in regards to the identification
of important structural features needed for biological activity as all of the assay data
disclosed is classified into three main categories, <0.3 μM, 0.3-1 μM, and >1 μM, for
example, Figure 33.

Figure 33: Representative compounds from Amira illustrating the three assay categories.

In addition to this, there is generally little correlation between compounds, i.e., in the
majority of cases either two or three point changes are made making it difficult to
establish a confident SAR. The compound library produced by Amira was no doubt
conducted in a methodical and linear manner; however, not all of this data will
necessarily be disclosed in the patents.
In total a set of 175 compounds are claimed within the two Amira Pharmaceutical
patents, however, as mentioned above limited SAR data can be extracted.
Nevertheless, what was evident was that four main sections of the compound were
analysed: Section A – substitution on the benzenoid ring; Section B – core changes;
Section C – derivatisation of the acid warhead; and, Section D – indole nitrogen
substitution, Figure 34.
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Figure 34: Four main sections studied by Amira Pharmaceuticals.

Section A
Limited variation was conducted on this section with 98% of the compounds
presented containing the 6-chloro moiety. Two core structures were probed to
analyse the introduction of alternative functionality on the ring, which were
compounds 98-101 and 102-103 (Figure 35). From the data it became apparent that
bromine (101) and cyano (CN) (102) groups were also tolerated, with values of 0.3-1
μM and <0.3 μM, respectively. However, phenyl, pyridine, and benzyl groups were
less tolerated increasing the Ki values to greater than 1 μM (compounds 98-100).
This perhaps indicates the need for lipophilic character at this position. Although it
has been generalised that these two functionalities are tolerated it is difficult to say
with certainty as there are two point changes between compound 101 and 102 (101
contains benzyl group on the indole nitrogen whereas 102 contains the pyrazole
functionality).

Figure 35: SAR around section A - substitution on the aromatic ring.
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Section B
Analysis of the acid portion of the molecule was limited to the comparison between
the phenyl and the pyridyl acid groups (Figure 36). In general, the data indicated
that when methyl (Me), ethyl (Et), propyl (Pr) or i-Pr substituted pyrazoles were
present on the nitrogen of the indole comparable activity was shown with the
benzoic acid compounds 104-107 and the 5-, and 2-pyridyl acid compounds 18, and
108-113. Moving to the 6-pyridyl acid resulted in a drop in activity with the Me and
isopropyl-1H-pyrazol-4-yl (114, and 116), but regained activity with the ethyl-1Hpyrazol-4-yl (115) (Figure 36). This small data set suggests that with the pyrazole in
place little difference in activity is associated with the benzoic or pyridyl acid.
Therefore, it can be assumed that more focus was driven towards SAR around the
benzoic acid core, due to the similarity and activity and the more straightforward
synthesis.

Figure 36: SAR around section B - derivatisation of the acid.

Section C
The substitution of the indole nitrogen was analysed with the most complete data set
being associated with compound 104, and 117-120 for the benzoic acid core and
compounds 18, and 121-122 pyridyl acid core, Figure 37. From this, it was found
that in general for both acid groups (benzoic and pyridyl) the introduction of
substituted pyrazoles (such as Me (18, and 104), Et, and isopropyl-1H-pyrazol-4-yl)
and pyridines (such as 6-ethoxy (117), or 5-methoxy-pyridin-3-yl) was well tolerated,
giving Ki values of <0.3 µM. Moving to unsubstituted aromatic compounds such as
pyridine-2-yl (118) and biphenyl (120) on the benzoic acid core resulted in a drop in
activity to 0.3-1 µM. A further drop in activity, to >1 µM, was shown for the pyridyl
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acid core when either no substitution (122), or a benzyl group was present (121) on
the nitrogen of the indole. This suggests that perhaps the increased polarity of the
pyrazole is important for picking up interactions within the pocket, or perhaps the
shape and size is more tolerated within the pocket than the phenyl group due to the
slight drop in activity.

Figure 37: SAR around section C - substitution on the indole nitrogen.

Section D
In terms of core alterations, slight modifications were made on the C2 position of the
indole (Figure 38), with the benzoic acid core, where it was found that leaving this
centre unsubstituted had a slight effect on the inhibition properties (compounds 124,
and 126). Further derivatisation at this position to either an Et or CF3 group resulted
in a further drop in activity to >1 µM (compounds 125, and 123 respectively).
However, it is difficult to compare these values as two point changes have been
made, and as such the change in activity may be associated with the substitution on
the indole nitrogen.

Figure 38: SAR around Section D at the C2 position of the indole.
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From this limited SAR analysis three main conclusions could be drawn which were:
i) the chlorine position seemed important for activity, ii) in terms of the substitution
on the indole nitrogen, pyrazole derivatives were the most heavily featured and
seemed to be beneficial for biological activity, and iii) the pyridyl acid and benzoic
acid were generally comparable in activity and well tolerated. A complete summary
of the data illustrated within the two patents is illustrated in Figure 39, which takes
into account additional features which did not fall into the generalised data given
above.
Section B

Section A
•

6-Cl important for activity,
present in 98% of the active
compounds (<1 µM)

•

Regiochemistry alterations
not tolerated (> 1 µM)

•

Alternative functionality in
the 6-position not tolerated
(> 1 µM) with the exception
of CN (< 0.3 µM)and Br (0.31 µM)

•

Sulfur linker more active than ether
linker

•

Removal of the Me led to a drop in
activity (0.3-1 µM), introduction of a
CF3 or Et group led to a further drop
in activity (> 1 µM)

Section C
•

Pyridine is more active
compared to phenyl.

•

Pyrazole
• Not present, CO2H
required
• Present,
ketosulfonamides or
esters tolerated

•

Acid homologation retains
activity

•

7-position of the indole
• Not fluorinated,
additional substituents
resulted in loss of
activity.
• Fluorinated, additional
substituents tolerated.

•

Substitution pattern appears
inconsistent

Section D
•

Pyrazole substitution important for activity

•

With a pyrazole substituent, CO2H no
longer essential for activity

•

Thiophenyl maintains activity (<0.3 µM)
but an oxadiazole losses activity (> 1 µM)

Figure 39: SAR deduced from Amira Pharmaceutical patents.

4.2.2

Molecular Docking Studies

In order to try and obtain a more in-depth understanding of how this unique
chemotype may be orientated within the active site of the enzyme further structural
analysis was conducted. This was achieved by undertaking a set of preliminary
modelling experiments using MOE software,99 which depicted four main binding
interactions arising from: i) the chlorine residing at the 6-position of the indole ring; ii)
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the pyrazole methyl; iii) the pyridyl acid; and, lastly, iv) the indole methyl (Figure 40).
Interestingly, these four interactions coincided with the four sections previously
highlighted for investigation from the patent data.

Figure 40: Compound 18 modelled within the active site of ATX (PDB 2XRG), where the
blue surface represents the space occupied by the ligand.

100

These modelling studies suggested that 18 could potentially adopt a different
binding mode to that suggested by Hausman and co-workers regarding HA155 (5),
which binds within the active site and the hydrophobic pocket.46 Specifically, for 18
although the pyridyl acid is believed to reside with the active site (Figure 41), the
remainder of the structure may occupy a space within the hydrophobic tunnel,
instead of the hydrophobic pocket, as described for the more traditional ATX
chemotype binding mode.

Figure 41: Docking of 18 illustrating the interactions of the pyridyl acid with one of the Zn
ions in the active site (PDB 2XRG).

2+

100
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In addition to the interactions associated with the acid, it became apparent in the
modelling studies that the chlorine, which was highly conserved within Amira’s
patents, projected into a cleft within the pocket where it could pick up lipophilic
interactions with the neighbouring Glu308 and Val277 residues (Figure 42a). Further
lipophilic interactions were associated with both the Me on the indole ring (Figure
42b) and the Me of the pyrazole (Figure 42c and d).

Figure 42: Compound 18 docked within the active site (PDB 2XRG) indicating the main
binding interactions: a) 6-chloro indole projecting into a cleft and picking up interactions with
Glu308 and Val227 residues; b) methyl of the indole picking up interactions with Glu308 and
Val227 residues; b) methyl of the indole picking up interactions with Phe210, Thr209, and
Leu213 residues; c) the pyrazole functionality projecting into a cleft; d) enlarged image of the
cleft where the methyl pyrazole resides indicating the space available.
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In terms of the C2 substitution there is limited space within the pocket and as such
only small groups such as Me or no substitution are tolerated. This can be further
emphasised by the SAR data generated within the Amira patents,68,69 where Et and
CF3 were not tolerated. On the other hand, in the case of the substitution on the
pyrazole, the cleft where this functionality is believed to reside is much larger and,

95

Results and Discussion

as such, this position may be more tolerant of larger functionality, with the potential
to pick up additional lipophilic interactions. Again, this can be further validated using
the SAR data from the Amira patents which indicated the introduction of Et, Pr, and
i-Pr substituted pyrazole motifs was generally well tolerated and gave equipotent
compounds.
4.2.3

Development of Deletion Analogues

Using both the SAR analysis from the two Amira patents and the molecular docking
studies conducted, four key regions of 18 were identified for investigation which
were: Section A – substitution on the benzenoid ring; Section B – core changes;
Section C – derivatisation of the acid warhead; and, Section D – indole nitrogen
substitution.
Therefore, due to the interesting chemotype of 18 and the lack of associated SAR, it
was proposed to conduct an extensive SAR study surrounding this compound,
analysing the four key sections outlined. Within each of these four sections a range
of compounds would then be developed with a view to producing a detailed
compound library, allowing a comprehensive analysis of the SAR and, potentially,
determination of the origin of activity of compound 18 (Figure 43).
With regards to section A, two main properties would be analysed. These were the
importance of the position of the chlorine and determining whether, if any, other
functionality would be tolerated. To probe the latter, four main modifications were
introduced, including Me, OMe, and F substituents as well as no substitution. These
were chosen to determine if other halogens would be tolerated, to probe the
difference in electronic and lipophilic contribution, and lastly to demonstrate if
functionality was required.
In section B, the core indole ring would be analysed to ascertain if this was essential
for activity. This would be achieved by the synthesis of compound 137, which would
completely remove this motif. From a structural perspective it was believed that 137
would occupy a similar space to 18. This was validated by overlaying the energy
minimised structures of 18 and 137, using a similar method to that used for the
AM095 (16) analogue previously. Both 18 and 137 were found to contain a good
degree of overlap, with only a slight variation in the projection of the Me of the
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pyrazole and the pyridyl acid, and so was believed to be a viable candidate (Figure
44).

Figure 43: Four main sections of 18 targeted for SAR analysis: Section A – substitution on
the benzenoid ring; Section B – core changes; Section C – derivatisation of the acid
warhead; and, Section D – indole nitrogen substitution, with the proposed compounds
outlined within each section.
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Figure 44: Molecular overlay of compound 137 in red and compound 18 by Amira in green.

In terms of the physicochemical implications of the indole removal, calculated
physicochemical properties using JChem77 illustrated a decrease in MW, as well as
a decrease in the lipophilicity (cLogP) compared to the original Amira compound 18
(Table 13). Therefore, from a physicochemical perspective, 137 could be more
tractable, as the cLogP is in the desirable region of <4 as stated by Gleeson.91
Table 13: Calculated physicochemical values for 137 Section B.

Entry

Cpd. No.b

1

2

a

MWc

cLogPd

LogD

PSAe

18

399

4.8

1.5

76

137

311

3.7

0.3

71

Structure

a

Colour coded according to correlation with Gleeson

91

(MW < 400 and log P <4) and Veber

79

(PSA < 140 Å): red = out with guidelines; amber = borderline correlation; green = desirable.
Data were obtained using JChem for Excel software.
d

77 b

c

Compound number, molecular

e

weight, calculated LogP, polar surface area
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In addition to the removal of the indole, further modifications of the linker within the
core would be probed by the introduction of a methylene and an ether linker. These
were chosen to analyse the heteroatom tolerance, as well as probing the vector of
the linker as the thioether and ether would be similar, whereas the methylene,
containing increased degrees of freedom, would differ.
For section C, the acid moiety would be probed by the introduction of a pyridyl acid
(as in 18), benzoic acid, and a long chain aliphatic acid which would be
approximately the same length as the aromatic acids (Table 14). This would probe
whether the aromatic acid functionality is important in terms of: i) conformation, as
the long chain acid would exhibit more flexibility compared to the structured aromatic
ring; ii) probe the importance of lipophilicity as the LogP values increase going from
long chain < benzoic < pyridyl; and, iii) analysis of altering the pKa of the acid (pyridyl
< benzoic < long chain acid). In addition to this, the long chain acid would also relate
back to some of the earlier LPA1 antagonists, for example Ki1645 (15), which
contained a thioether aliphatic acid chain, which would also probe the potential
cross-talk between the two pathways (LPA receptor antagonist and ATX inhibition
signalling pathways).
Lastly, for section D three main substituents would be introduced onto the nitrogen
of the indole, Me, cyclopentane (c-Pent), and Ph. The Ph group was introduced to
determine if any aromatic character is tolerated, or if polar functionality is required.
In addition to this, Me and c-Pent would also be introduced in order to analyse the
space available within the cleft to determine if small functionality such as the Me
would be tolerated as well as the larger three-dimensional c-Pent group. From a
physicochemical perspective (Table 15), these functionalities would probe the
importance of lipophilicity, as going from Me to c-Pent to Ph there is a slight
increase in lipophilicity, compared to the original Amira compound, making the latter
two (Table 15, entry 3 and 4) outwith Gleeson91 and Lipinski’s78 guidelines which
may lead to problems from a developability perspective later on.
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Table 14: Calculated physicochemical values for exemplars from section C.

Entry

Cpd. No.b

1

a

MWc

cLogPd

LogD

PSAe

pKa

18

399

4.8

1.5

76

3.6

2

104

398

5.0

1.8

63

3.9

3

148

364

3.7

0.8

63

4.3

Structure

a

Colour coded according to correlation with Gleeson

91

(MW < 400 and log P <4) and Veber

79

(PSA < 140 Å): red = outwith guidelines; amber = borderline correlation; green = desirable.
Data were obtained using JChem for Excel software.
d

77 b

c

Compound number, molecular

e

weight, calculated LogP, polar surface area
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Table 15: Calculated physicochemical values for exemplars from section D.

Entry

Cpd. No.b

1

a

MWc

cLogPd

LogD

PSAe

18

399

4.8

1.5

76

2

152

333

4.7

1.4

58

3

153

387

6.1

2.7

58

4

154

395

6.4

3.0

58

Structure

a

Colour coded according to correlation with Gleeson

91

(MW < 400 and log P <4) and Veber

79

(PSA < 140 Å): red = outwith guidelines; amber = borderline correlation; green = desirable.
Data were obtained using JChem for Excel software.
d

77 b

c

Compound number, molecular

e

weight, calculated LogP, polar surface area

As the binding site of this compound was undefined at the outset of this study, a
dual assay procedure was employed where compounds would be tested using both
the standard bis-pNNP assay as well as the native choline release assay. The
rationale for the dual assay procedure stems from the potential different binding
interactions of the two assays. When using the unnatural bis-pNPP assay, the
substrate binds within the active site of the enzyme, and thus will only indicate
inhibitor compounds which bind within the active site, i.e., competitive inhibitors.
Therefore, if compounds bind remote from this site (i.e., within the hydrophobic
tunnel) this may appear inactive. In order to validate if compounds described as
inactive within the bis-pNPP assay are in fact inactive, or are instead binding remote
from the active site, additional testing using the native LPC assay was proposed.
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To rationalise this hypothesis, Fells et al58 have conducted molecular docking
studies using the unnatural pNP-TMP assay. This work indicated that when the
pNP-TMP substrate was docked within the enzyme it resided within the catalytic
site, (Figure 45) leaving the hydrophobic pocket vacant. Thus, if compounds bind
remote from the active site, the pNP-TMP substrate will still be able to sit within the
active site, resulting in a false negative.

Figure 45: Catalytic site and hydrophobic pocket of ATX: Complex of LPA 14:0 (4) (yellow)
in Mouse ATX (PDB ID 3NKN) with the docked position of bis-pNPP (blue) overlayed.
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The second assay utilised will be the native choline release assay, which is
considered a more robust assay for the identification of ATX inhibitor compounds as
it functions by determination of the amount of choline (2) released from the
hydrolysis of LPC (1) to LPA (3). As a result, the binding mode of the inhibitors with
the enzyme is not important as if the enzyme is inhibited in any way then this will
affect the production of choline (2) from the hydrolysis of LPC (1).
4.2.4

Section A: Substitution on the Benzenoid Ring

The first of the four key regions to be analysed was Section A associated with the
functionality and substitution of the benzenoid ring, which was an important SAR
component from both the patent literature and the modelling studies. To achieve
this, the section was further divided into two sub categories, the first involved
analysis of the position of the favoured chlorine and the second involved the
introduction of alternative groups, specifically Me, OMe, and F, to determine if these
would be tolerated, Scheme 18.

102

Results and Discussion

Scheme 18: Specific compounds proposed for synthesis within Section A.

4.2.4.1 Regiochemistry of the Chlorine

4.2.4.1.1 Retrosynthetic Analysis
To gain access to the desired compounds 18 and 127-129 a simple retrosynthetic
analysis was conducted, illustrated in Scheme 19, where it was believed that these
compounds could be accessed using three main reactions: Fischer indole synthesis,
Ullman cross-coupling, and hydrolysis.

Scheme 19: Retrosynthetic analysis for the synthesis of compounds 18 and 127-129.
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4.2.4.1.2 Synthetic Route
The key steps in the synthetic route involved the development of the core indole
motif via Fischer indole synthesis, followed by an Ullman cross-coupling to introduce
the methyl pyrazole on the nitrogen of the indole (Scheme 20).

Scheme 20: Synthesis of Section A compounds.

The initial step in the process involved the synthesis of the core indole scaffold
containing the chlorine motif in the 4-, 5-, 6-, and 7-position of the ring. This was
achieved using Fischer indole conditions with compound 164102 and either 2-, 3-, or
4-chlorophenylhydrazine hydrochloride (166-168). Compounds 170-172 gave
reasonable yields; however a significantly lower yield was obtained for compound
169. This was due to the Fischer indole reaction using 3-chlorophenylhydrazine
hydrochloride resulting in the formation of two regioisomers of the indole product
with the chlorine in either the 6- or the 4-position of the benzenoid ring. This was
beneficial from an SAR point of view as it would allow access to an additional set of
compounds from the same reaction conditions. Indoles 169-172 were hydrolysed to
afford the corresponding acids 122, and 173-175. Indoles 169-172 were also
subjected to an Ullman cross-coupling reaction to install the desired methyl pyrazole
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on the nitrogen of the indole (18 and 127-129). This was achieved using CuI,
Cs2CO3, and 1,10-phenanthroline (1,10-phen) in DMF at 110 °C. Unfortunately,
these conditions delivered low yields of the desired products. A small percentage of
the hydrolysed starting material (compounds 188-194) was also isolated, however
this did not account for the remainder of the mass balance which was assumed
could have been lost due to the harsh reaction conditions and the potential of
complexation of the copper to the starting material. Attempts to optimise these
reaction conditions proved difficult and time-consuming. Therefore, as small
quantities of product were obtained, it was decided to continue with these
conditions, and, if interesting biological data was obtained then a more in-depth
optimisation study would be conducted to rectify this problem.
Additional problems were encountered with the synthesis of compound 129 as
under the standard conditions no reaction occurred. In an attempt to push the
reaction additional catalyst was added, and the reaction time was extended,
however, this lead to the degradation of the starting material. It was believed that the
problem may be due to the unfavourable steric interaction of the chlorine and the
pyrazole group. Looking back into the patented data it became apparent that Amira
Pharmaceuticals68 had claimed a similar compound, however, it had not been
synthesised perhaps indicating the complexity of this structure.
4.2.4.2 Introduction of Substitution on the Indole Ring

4.2.4.2.1 Synthetic Route
The same route was used for the introduction of substitution on the indole ring. The
initial step again involved the synthesis of the core indole structure which was
achieved by the reaction of 164 with either m-tolylhydrazine hydrochloride (177), 3methoxyphenylhydrazine

hydrochloride

(178),

3-fluorophenylhydrazine

hydrochloride (179) or phenylhydrazine hydrochloride (180) under the Fischer indole
conditions described previously. This allowed access to the desired indole backbone
with substitution in either the 4-, or the 6-position due to the two regioisomers
formed from the reaction (Scheme 21). In general the Fischer indole proceeded
moderately well, where the slightly low yields could be attributed to the difficulty in
separation of the two regioisomers which was achieved using preparative highpressure liquid chromatography (HPLC) methods.
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With the indole cores in hand these were then hydrolysed (Scheme 21) to gain
access to the corresponding pyridyl acid compounds (compounds 188-194), in
generally good yields. Alternatively, the 181-187 were subjected to the previous
Ullman cross-coupling conditions to install the desired methyl pyrazole functionality
on the nitrogen of the indole (compounds 130-136), in moderate yields of 20-40%.

Scheme 21: Synthesis of compounds within Section A with alternative substitution on the
benzenoid ring.

4.2.5

Section B: Core Modifications

The second section of the Amira compound 18 to be analysed was the indole core.
This was again broken down into two sub-groups: i) the removal of the indole core;
and, ii) the introduction of different linkers, including methylene, ether, and (the
original) thioether linker (Scheme 22). The latter of these core modifications was
conducted by a fellow member of the group.101
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Scheme 22: Compounds proposed for synthesis within Section B.

4.2.5.1 Retrosynthetic Analysis
The route proposed for the synthesis of 137 is illustrated in Scheme 23. This
involves a four step process using esterification, SNAr, Suzuki-Miyaura crosscoupling, and finally hydrolysis.

Scheme 23: Retrosynthetic analysis for the synthesis of compound 137.

4.2.5.2 Synthetic Route
The initial step of the synthetic route involved an esterification of 6-bromo-pyridyl-2carboxylic acid (199) using concentrated H2SO4 in MeOH to give the desired ester
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197 in an 85% yield (Scheme 24). Ester 197 was then reacted with 4bromothiophenol (198) via an SNAr reaction to obtain compound 196 in a 37% yield.
With the core structure in place, the penultimate step involved the introduction of the
methyl pyrazole functionality which was achieved using Suzuki-Miayura crosscoupling conditions followed by an in situ hydrolysis to give the desired compound
137 in a 10% yield.

Scheme 24: Synthetic route for the preparation of compound 132 within Section B.

4.2.6

Section C: Derivatisation of the Acid Warhead

The third section studied was the acid head group. This series of compounds was
split into two subgroups where the first would introduce the benzoic acid functionality
in place of the pyridyl acid and the second group conatined a long chain aliphatic
acid to challenge the need for an aryl acid (Scheme 25).

108

Results and Discussion

Scheme 25: Specific compounds proposed for synthesis within Section C.

4.2.6.1 Benzoic Acid SAR

4.2.6.1.1 Retrosynthetic Analysis
Retrosynthetic analysis for these benzoic acid compounds is illustrated in Scheme
26, where the main steps are aligned with those for the previously synthesised
compounds in Section 11.4. However, the route varied slightly with the need to
synthesise the ketone component (205) required for the Fischer indole reaction. The
proposed route of which, therefore, would require an alkylation to afford the desired
ketone

which

could

then

undergo

the

indole

synthesis

followed

by

a

methoxycarbonylation to install the required functionality.
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Scheme 26: Retrosynthetic analysis for the synthesis of the benzoic acid series compounds
within Section C.

4.2.6.1.2 Synthetic Route
The first step of the synthetic route required the synthesis of the ketone precursor
205 for use in the Fischer indole reaction. This was synthesised using commercially
available 3-bromothiophenol 198 and performing an alkylation reaction with
chloroacetone 207 to give 205 in a good yield of 84% (Scheme 27). The core indole
was then generated by reacting 205 with either 3-chlorophenylhydrazine
hydrochloride (167) or phenylhydrazine hydrochloride (180), using similar conditions
as discussed previously (Section 11.4), to obtain compounds 208 and 209 in a 91%
and 22% yield, respectively. Compound 209 had a lower yield compared to the
corresponding 208, the main reason of which was due to the difficulty in separating
the two regioisomers from the Fischer indole reaction (6-chloro and the 4-chloro).
Indoles 208 and 209 were then converted into the corresponding carbonyl
compounds 210 and 211 using methoxycarbonylation conditions routinely used
within the group which use molybdenum hexacarbonyl, Hermann’s catalyst, and
DBU which afforded the desired compounds 210 and 211 in moderate yields of 89%
and 71%, respectively. Compounds 210 and 211 were then subjected to an Ullman
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cross-coupling, detailed within the Amira patent,69 to install the desired methyl
pyrazole functionality. It was found that as a result of the harsh forcing conditions of
the Ullman reaction between 212 and 210 or 211 the indole ester was hydrolysed in
situ to the corresponding acid 104 and 146. This, however, was beneficial as the
acid was ultimately required (Scheme 27). The yields obtained for 104 and 146 were
low due to the difficulties associated with the Ullman cross-coupling reaction. An iddepth study into the literature precedent regarding this reaction was conducted,
however, it became evident that the only information available regarding this
transformation was from Amira Pharmaceuticals.

Scheme 27: Synthetic route for compounds 104, and 146 within Section C.

4.2.6.2 Aliphatic Acid Series

4.2.6.2.1 Retrosynthetic Analysis
In a similar vein to the benzoic acid route, the method for the synthesis of the
aliphatic acid compounds involved the Fischer indole and Ullman cross-coupling
reactions. However, again the ketone required for the indole reaction would require
synthesis. This was proposed to be accessed in a two-step process; the first being
the conversion of bromobutyric acid 217 to the corresponding thiol 216 which could
then undergo an alkylation reaction to install the required ketone functionality
(Scheme 28).
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Scheme 28: Retrosynthetic analysis for the synthesis of compounds 147 and 148 within
Section C.

4.2.6.2.2 Synthetic Route
The first step of the synthetic route required the conversion of bromobutyric acid 217
to the corresponding thiol 216 which was achieved using thiourea to give the desired
compound in an 80% yield (Scheme 29).Thiol 216 could then undergo an alkylation
reaction with chloroacetone 207 to afford the desired ketone compound 215 in a
56%

yield.

With

ketone

215

in

hand

this

could

be

reacted

with

3-

chlorophenylhydrazine 167 or phenylhydrazine 180 under the Fischer indole
conditions described previously to obtain the desired indoles 218 and 219. Due to
the difficulties in the separation of the 4-chloro and the 6-chloro indoles associated
with 219 it was decided to telescope the mixture into the Ullman cross-coupling
reaction and obtain the final product by preparative HPLC purification. Compound
218 was also subjected to the Ullman conditions to install the required methyl
pyrazole giving the final compounds 147 and 148 (Scheme 29), which were again
obtained in very low yields of 2%.
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Scheme 29: Synthetic route for the construction of compounds 147 and 148 in Section C.

4.2.7

Section D: Indole Substitution

The last region to be studied was the diversification of the substitution on the indole
nitrogen. This was again split into two sub-categories associated with probing the
functionality using the pyridyl acid scaffold and the benzoic acid scaffold, as both of
these were investigated initially by Amira Pharmaceuticals within their patents.68,69
Three main functionalities would then be introduced, two aliphatic groups (Me and cPent), and two aromatic groups (Ph and methyl pyrazole) (Scheme 30). In terms of
the functionalised benzoic acid compounds these were synthesised by Lisa Miller.101

Scheme 30: Specific compounds proposed for synthesis within Section D.
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4.2.7.1 Pyridyl Acid Series

4.2.7.1.1 Synthetic Route
The route to synthesise compounds 149-154 was based around the previously
developed routes in section A and C. The first step involved the synthesis of the
indoles 171 and 187 using the previously established Fischer indole conditions with
either phenylhydrazine hydrochloride 180 or 3-chlorophenylhydrazine hydrochloride
167 and ketone 164102 giving compound 171 and 187 in good yields of 71% and
92%, respectively (Scheme 31). Indoles 171 and 187 could then be used in the
subsequent cross-coupling and alkylation reactions to install the required
functionality on the indole nitrogen. The introduction of the Ph derivative was
achieved using the Ullman cross-coupling method as developed previously within
Sections A-C to give compounds 151 and 154. Although, the reaction was generally
very low yielding, around 10%, sufficient quantities of the desired compounds were
isolated for initial biological evaluation.
Similar problems were found during attempted alkylation of the indole nitrogen of
compound 171 and 187 with iodomethane (221) and bromocyclopentane (222). In
order to form the desired compounds 149, 150, 152, and 153 a small optimisation
study indicated the need for three equivalents of sodium hydride, to push the
reaction. By doing this, it was possible to gain access to the Me substituted
compounds 149 and 152 in good yields of 74% and 66% respectively. Unfortunately,
the c-Pent derivatives 150 and 153 were not as high yielding, resulting in the
isolation of only 10% of the required products (Scheme 31). This nonetheless, was
enough for biological evaluation.
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Scheme 31: Synthesis towards compounds proposed in Section D.

The equivalent benzoic acid derivatives (155-160) were synthesised in a similar
manner by a fellow member of the team.101
4.3

Pharmacology

The generated compound library, which focused on the four main structural sections
A-D, were then evaluated for biological activity using two assay formats, the bispNPP assay, and the Amplex® Red choline release assay.
The bis-pNPP assay proceeds via the hydrolysis of the unnatural substrate bis-pnitrophenyl substrate to generate p-nitrophenol, as described previously in Section
5.2. This has a characteristic UV signal of 450 nm allowing for quantification of the
p-nitrophenol substrate which will in turn give an indication of the biological activity
of the tested compounds as the percentage of hydrolysis is inversely proportional to
the percentage of activity.
The Amplex® Red assay involves the use of the natural substrate LPC (1), which is
hydrolysed to LPA (3) with the release of choline (2), which can be detected using a
two-step enzymatic colouring reaction. This proceeds by reaction of choline (2) with

115

Pharmacology

choline oxidase to form betadine (223) and hydrogen peroxide (H2O2), the latter of
which can react with HRP and the colouring reagent Amplex® Red (224) to give
Resorufin (225), which can be detected by its characteristic UV signal at 405 nm
(Scheme 32).

Scheme 32: Amplex® Red assay procedure where the choline released from LPC
hydrolysis is quantified using a two-step enzymatic colouring reaction.

As discussed previously, the main reason for using this dual assay procedure is to
assess alternative binding modes as it is unknown how these compounds bind
within the pocket. Therefore, this procedure will not only give information regarding
biological activity but will also allow for information to be gained regarding the
location of the binding site, as the bis-pNPP is substrate specific for inhibitors
binding within the active site whereas the LPC assay is not.
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4.3.1

Section A: Substitution on the Benzenoid Ring

The screening results for Section A compounds, with altering position of the
chlorine, are presented in Table 16.
Table 16: Chlorine regiochemical analysis biological data.

Bis-pNPP

LPC IC50

Ki (µM)90

(µM)103

H

>30

>30

4

1-methyl-1H-pyrazole

>30

p

174

5

H

>30

p

4

128

5

1-methyl-1H-pyrazole

>30

<1

5

122

6

H

>30

p

6

18*

6

1-methyl-1H-pyrazole

0.07

<1

7

175

7

H

>30

>30

Entry

Cpd. No.a

Pos.b

R

1

173

4

2

127

3

a

b

Compound number, Position of substituent R, p - data pending further analysis. * Original

Amira compound.

Analysis of the compound set containing different chlorine regioisomers (compounds
18, 122, 127, 128, and 173-175) revealed that within the bis-pNPP assay only the
original Amira compound 18 (entry 6) was able to inhibit ATX. However, analysis of
the same compound set within the LPC assay indicated that the position was not as
important as previously thought as compounds 128 and 18 (entry 4 and 6) displayed
comparable activity of <1 µM. It is also hypothesised that compound 127 (entry 2)
may also display activity within the LPC assay, however, further testing is required.
This could suggest a difference in binding between the regioisomers as 128 exhibits
no activity within the bis-pNPP but <1 µM in the LPC. This difference could be
indicative of the compounds binding remote from the active site.

A potential

hypothesis regarding the difference in activity between the two assays could be
attributed to the orientation of the molecules within the enzyme; when in the 6-
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position the chlorine is believed to sit within a cleft in the pocket, as previously
outlined within the molecular docking Section 11.2, thus allowing for the pyridyl acid
to interact with the Zn2+. For the other regioisomers it could be postulated that the
chlorine still orientates so that it sits within this cleft, and as a result the orientation of
the pyridyl acid will alter and no longer point towards the Zn2+ thus showing inactivity
within the bis-pNPP. This hypothesis can be further validated with recent work
conducted by Stein et al41 which indicates the differences between these two assays
as the unnatural bis-pNPP assay is substrate specific. Thus, if compounds bind
remote from the active site then the bis-pNPP substrate can still access the active
site and subsequently become hydrolysed to p-nitrophenol, giving a false negative.
In addition to this, it is also evident that the methyl pyrazole is required for activity as
its elimination in compound 175 (entry 7) compared to 18 (entry 6) led to a complete
loss of activity within the bis-pNPP assay. It is also hypothesised that compounds
174 and 122 (entry 3 and 5) would also prove to be inactive within the LPC assay
due to the previous data; however, additional testing is required in order to confirm
the data.
The screening results for Section A compounds, with alternative functionality on the
benzenoid ring, are presented in Table 17.
The presence of functionality on the benzenoid ring was found to be important for
biological activity as compound 194 (entry 13) displayed no activity compared to the
original Amira compound 18. In addition, the absence of the methyl pyrazole on the
nitrogen of the indole also resulted in no activity (compound 136, entry 14) which
was to be expected. Upon analysis of the compounds with alternative substitution on
the benzenoid ring (Me, OMe, and F) in both the 4-, and the 6-position, significant
differences were apparent between the two assays. From the bis-pNPP only
compound 135 (entry 12), containing 6-F, displayed activity. Additional testing within
the LPC assay, however, found the vast majority of the data set displayed some
activity.
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Table 17: Alternative substitution on the benzenoid ring biological data.

Entry

a

Cpd. No.

a

Pos.

b

R

R’

Bis-pNPP
Ki (µM)90

LPC
IC50
(µM)103

1

188

4

Me

H

>30

1-10

2

130

4

Me

1-methyl-1H-pyrazole

>30

1-10

3

189

4

OMe

H

>30

1-10

4

131

4

OMe

1-methyl-1H-pyrazole

>30

1-10

5

190

4

F

H

>30

1-10

6

132

4

F

1-methyl-1H-pyrazole

>30

1-10

7

191

6

Me

H

>30

10-20

8

133

6

Me

1-methyl-1H-pyrazole

>30

<1

9

192

6

OMe

H

>30

>30

10

134

6

OMe

1-methyl-1H-pyrazole

>30

p

11

193

6

F

H

>30

1-10

12

135

6

F

1-methyl-1H-pyrazole

3

<1

13

194

-

H

H

>30

20-30

14

136

-

H

1-methyl-1H-pyrazole

>30

>30

b

Compound number, Position of substituent R, p - data pending further analysis.

The trends established from the LPC data indicated that substitution in the four
position (entry 1-6) resulted in IC50 values of 1-10 µM regardless if the indole
nitrogen contained substitution (compounds 130-132, entry 2, 4, and 6) or not
(compounds 188-190, entry 1, 3, and 5). The corresponding 6-subsituted
regioisomers, however, indicated that substitution on the nitrogen of the indole
resulted in increased activity compared to the non-substituted equivalents
(compounds 191-194 entry 7, 9 and 11 compared to compounds 133-135 entry 8,
10, and 12). Interestingly, the 6-Me and 6-F compounds 133, and 135 (entry 8, and
12) displayed comparable data within the LPC assay (IC50 <1 µM) with the original
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Amira compound 18 (IC50 <1 µM) suggesting that alternative substitution on the
benzenoid ring is tolerated. As inactivity was observed from the bis-pNPP assay for
compound 133 it can be hypothesised that it binds remote from the active site,
whereas compound 135 is presumed to bind in a similar fashion to the original
Amira compound 18, due to the activity shown in the bis-pNPP assay. In terms of
functionality, it seems that both electron withdrawing and electron donating groups
are tolerated, however, with the absence of functionality there is a loss of activity
suggesting that these groups are making important interactions within the enzyme.
4.3.2

Section B: Core Changes

The screening results for Section B compounds are presented in Table 18.
Table 18: Section B - core changes biological data.

Bis-pNPP

LPC

Ki (µM)90

IC50(µM)103

C

>30

>30

O

C

0.8

<1

H

CH2

C

>30

>30

144

Cl

CH2

C

86 nM

1-10

5

146

H

S

C

>30

>30

6

04

Cl

S

C

8.5

p

7

138

H

CH2

N

>30

>30

8

140

Cl

CH2

N

194 nM

<1

9

136

H

S

N

>30

p

*

Cl

S

N

0.07

<1

Entry

Cpd. No.a

R

Y

X

1

143

H

O

2

145

Cl

3

142

4

10

18

a

Compound number, p - data pending further analysis, * Original Amira compound.
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Analysis of the compound set generated from the core modifications showed that in
general the data obtained from both the bis-pNPP and the LPC assay were
consistent. This allowed for two conclusions to be made which were: the chlorine
moiety seemed important for activity as compound 145, 144, 104, 140 and 18 (entry
2, 4, 6, 8, and 10) all displayed activity whereas 143, 142, 144, 138, and 136 (entry
1, 3, 5, 7, and 9) were inactive; altering the linker in the benzyl series illustrated that
all three of the linkers were tolerated (ether, methylene, and thioether) although it is
worthy to note that there was a slight drop in activity with the methylene linker when
comparing the pyridyl and benzoic compounds (140 and 144 respectively). In terms
of the pyridyl derivatives both the thioether and ether linked compounds 18, and 140
were equipotent, and also found to be more active than the corresponding benzoic
acid compounds 144 and 104.
From this, it could be hypothesised that these compounds may be binding within the
active site due to activity being registered when using the bis-pNPP assay. From
these trends it can also be hypothesised that the ether linked pyridyl compound 141
may lead to a further increase in activity compared to the thioether linked alternative.
However, this was found not to be synthetically tractable.
In addition to this data, it was found that elimination of the indole ring, compound
137, (Figure 46) resulted in a complete loss of activity. This may be due to the
absence of the important 6-Cl motif, which has been shown previously to increase
activity, or perhaps the truncated structure does not allow for the previous
interactions within the pocket to be picked up.

Figure 46: Compound 137.
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4.3.3

Section C: Derivatisation of the Acid Warhead

The screening results for Section C compounds are presented in Table 19.
Table 19: Section C - Derivatisation of the acid warhead biological evaluation.

Bis-pNPP

LPC

Ki (µM)90

IC50 (µM)103

H

>30

>30

104

Cl

8.5

p

3

147

H

>30

1-10

4

148

Cl

>30

1-10

5

136

H

>30

>30

6

18*

Cl

0.07

<1

Entry

Cpd. No.a

R

1

146

2

R’

a

Compound number, p - data pending further analysis. * Original Amira compound.

Analysis of the compound set containing alternative acid warheads (benzoic acid,
and aliphatic acid) indicated differences between the two assays. When tested in the
bis-pNPP assay with the absence of the 6-Cl (compounds 146, and 136 entry 1 and
5) no activity was observed, which could be expected from the previous data
generated indicating the importance of this moiety for activity. On moving to the
corresponding 6-Cl derivatives (compounds 104, and 148 entries 2 and 4), the
benzoic acid derivative 104 exhibited activity at 8.5 μM, while the aliphatic acid
compound 148 was inactive. Interestingly, however, when this data set was
analysed within the LPC assay the aliphatic acid derivatives 147 and 148 (entry 3
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and 4) both displayed some activity. In terms of the benzoic equivalent 104 (entry 2)
additional analysis is required, but it is hypothesised that this will also display
activity.
In terms of the aliphatic acid compounds 147 and 148 the absence of activity in the
bis-pNPP assay indicates that perhaps these compounds reside remote from the
active site. Comparing this data with the previous pyridyl acid derivatives 136 and 18
(entry 5 and 6) illustrates that these are not as active as the original Amira
compound 18. A reason for this may be due to the increased rotational freedom
associated with the aliphatic acid.
The benzoic acid derivatives were expected to act similarly to the pyridyl acid
derivatives due to the similarity in structure, and this was in fact the case as
compounds 146 and 136 were both inactive and 104 and 18 were both active within
the bis-pNPP assay, however, additional analysis is required of compound 104
within the LPC assay.
4.3.4

Section D: Indole Nitrogen Substitution

The screening results for Section D compounds are presented in Table 20.
Analysis of the compound set containing various functionality on the nitrogen of the
indole again illustrated the importance of the chlorine moiety for activity as its
removal led to a complete loss of activity in compounds 146, 149-151, and 194
(entry 1-5) compared to 18, 122, and 152-154 (entry 6-10). This generally tracked
well with the LPC data, except in the case of compound 151 (entry 1) where,
interestingly, inhibition is regained with the introduction of the Ph group on the
nitrogen of the indole. This perhaps suggests again that this compound is binding
remote from the active site. Moving to the corresponding 6-Cl derivatives 18, 152154, and 122 (entry 6-10) it was established that substitution on the nitrogen of the
indole was important as 122 (entry 10), which lacked this, exhibited no biological
activity. In terms of the functionalised compounds it was found that the bis-pNPP
assay, increased activity was associated with the aromatic moieties, compounds
154 and 18 (entry 6 and 7) compared to the aliphatic groups, compounds 152 and
153 (entry 8 and 9). A similar set of results was obtained when analysed using the
native LPC assay with slight variations associated with compounds 151 and 152, Me
and Ph derivatives respectively. In terms of compound 151 it can be assumed that it
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is occupying a space remote from the active site. This may be as a result of the lack
of the 6-Cl group which was speculated to set the orientation of the molecule within
the active site due to the cleft which the chlorine is believed to reside in, identified
within the previous docking studies.
Table 20: Section D - Indole nitrogen substitution on pyridyl system biological data.

Bis-pNPP

LPC

Entry

Cpd. No.

R

R’

1

151

H

Ph

>30

<1

2

146

H

1-methyl-1H-pyrazole

>30

>30

3

149

H

Me

>30

>30

4

150

H

c-Pent

>30

>30

5

194

H

H

>30

20-30

6

154

Cl

Ph

0.9

<1

7

18*

Cl

1-methyl-1H-pyrazole

0.07

<1

8

152

Cl

Me

>30**

<1

9

153

Cl

c-Pent

5

1-10

10

122

Cl

H

>30

p

Ki (µM)

90

IC50 (µM)103

a

Compound number, p - data pending further analysis, * Original Amira compound, ** Curve

tailed off at 40% hydrolysis and as a result was deemed inactive.

In terms of compound 152 again the difference in activity could be associated with
binding remote from the active site. An additional observation which was found with
151 within the bis-pNPP assay was that the percentage inhibition did not fall below
40%, this could be as a result of a non-competitive binding mode. This hypothesis
will be discussed in more detail in Section 11.8.5.
In terms of the functional group tolerance, varying results were found depending on
the assay used. It can be hypothesised that in the bis-pNPP assay Ph, methyl
pyrazole, and c-Pent derivatives are binding within the active site i.e., with the
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pyridyl acid residing in close vicinity to the Zn2+ ions and the functionality of the
indole protruding into a cleft. In addition to this, the slight difference between the
aromatic functionality (compounds 154, and 18) activity compared to the c-Pent
(compound 153) could be associated with the structure in that the more 3dimensional sp3 hybridised compounds are less favoured perhaps due to the space
present within the cleft. One point to note, however, is the comparable activity of Ph,
methyl pyrazole, and Me within the LPC assay. As stated previously, this suggests
compound 151 does not sit in the active site, and thus implies that the functionality
on the nitrogen is less important. This hypothesis could be further validated with
compound 122 which lacks substitution on the nitrogen, however, additional testing
is required within the LPC assay to confirm the data.
Analysis of compounds 104, 146, 155-160, 226, and 227 (Table 21) which were the
benzoic acid equivalents of the previous set of compounds, illustrated that there
were similarities with these two data sets as to be expected.
For the benzoic acid compounds lacking substitution on the benzenoid ring
(compounds 146, 155-157, and 226, entry 1-5) no activity was observed within
either assay, except for compound 157 which again displayed some activity within
the LPC assay. This data correlated well with that obtained previously for the pyridyl
compounds.
Moving to the 6-Cl substituted compounds 104, 158-160, and 227 (entry 6-10) it was
again found that substitution on the indole nitrogen was important as 227 exhibited
no activity. In terms of the functionality that was tolerated it was found that again Ph,
methyl pyrazole, and Me were tolerated more than the c-Pent group. Again, this
correlated with the data from the pyridyl series and as such it can be hypothesised
that these two series are binding in a similar mode.
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Table 21: Section D - Indole nitrogen substitution on benzoic acid system biological data.

Bis-pNPP

LPC

Ki (µM)90

IC50 (µM)103

Ph

20

1-10

H

1-methyl-1H-pyrazole

>30

>30

155

H

Me

>30

>30

4

156

H

c-Pent

>30

>30

5

226

H

H

>30

>30

6

160

Cl

Ph

347 nM

<1

7

104

Cl

1-methyl-1H-pyrazole

8.5

p

8

158

Cl

Me

133 nM

<1

9

159

Cl

c-Pent

>30

20-30

10

227

Cl

H

>30

>30

Entry

Cpd. No.a

R

R’

1

157

H

2

146

3

a

Compound number, p - data pending further analysis.

Looking at both the pyridyl acid and the benzoic acid series it became apparent that
these displayed similar trends in that substitution on the indole nitrogen and the
presence of the 6-Cl moiety on the benzenoid ring illustrated increased activity. In
addition to this, it was found that in general the pyridyl compounds displayed
comparable activity which was to be expected due to the similarity associated with
these structures.
4.3.5

Assay Kinetics

One point to note, which became apparent after testing the compound library within
the bis-pNPP assay, was the presence of abnormalities within the data generated.
This became evident when the compound set was analysed in a single shot format
at 30 µM, in order to prioritise the compounds for full curve analysis. As such, a cut
off at 40% hydrolysis (60% inhibition) was implemented; anything above this would
be deemed inactive, and anything below this would be deemed active enough to
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require further biological analysis. From the original single shot data, it became
apparent that in a number of cases the percentage hydrolysis seemed to stop at
40% as indicated in Figure 47 below. To further validate the data obtained a
selection of compounds, which resided close to the 40% hydrolysis mark, were
tested using an eight point dose response curve in order to prove the data
generated using the single shot analysis.

S in g le - S h o t B is - p N P P A T X A s s a y
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Figure 47: Single shot data at 30 µM for a selection of the compounds tested.

From the full curve analysis it became evident that in the vast majority of cases the
curve data also tailed off at 40% hydrolysis (Figure 48). This perhaps suggests that
the compounds could be acting as non-competitive inhibitors (i.e. binding in a
position other than the active site, thus altering the 3-D structure of the enzyme
allowing it to still bind LPC but to a lesser extent). A similar situation has been
recently described in the literature by Stein et al,41 who conducted an in-depth
analysis of three main assays (bis-pNPP, pNP-TMP, and LPC) using similar
chemotypes to those developed within this study. From the data analysis it became
evident that there are stark differences between these assays in that the unnatural
substrate assays (bis-pNPP, and pNP-TMP) contain this tailing off of the Ki curves,
which is not observed when using the native LPC assay.
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Figure 48: Ki curve data illustrating a tailing off at 40% hydrolysis indicated by the red line.

In addition to this, it was found that there were differences in activity when using the
two different assays. This indicated that the compounds developed may in fact
display more than one binding mode: those that bind within the active site, i.e.,
exhibiting inhibition when using the bis-pNPP assay; and those that bind remote
from the active site, i.e., exhibit inhibition in only the LPC assay. Recent studies by
Stein et al,41 who have developed crystallographic data regarding this chemotype,
have indicated that this type of structure can exhibit multiple binding modes
depending on the functionality present within the compound. Of the four key
structures outlined none contained the same binding mode, two exemplars are
illustrated in Figure 49. The latter of these compounds 20 exhibits the most similar
structure to the compounds developed within this study and as such it could be
hypothesised that some of the compounds may be in fact reside within this binding
mode. Looking at the binding interactions in more detail (Figure 50) it can be shown
that this chemotype resides within the hydrophobic channel and is completely
remote from LPA (pink).
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Active
Site

a)

Hydrophobic
Pocket

Hydrophobic
Channel
Active
Site

b)

Hydrophobic
Pocket

Hydrophobic
Channel

Figure 49: Ribbon representation of ATX coloured as follows: SMB1 domain in orange,
SMB2 domain in brown, catalytic domain in cyan, nuclease-like domain in purple, L1 in red,
L2 in green, and Zn

2+

in grey. a) Structure of 228 complexed within ATX (PDB 4ZG7). b)

Structure of 20 complexed within ATX (PDB 4ZG7).

Figure 50: Structure of 20 in yellow and LPA 14:0 (4) in pink complexed within ATX,
illustrating the remote binding of 20 from the active site.
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4.4

Conclusions

Compound 18, a known ATX inhibitor produced by Amira Pharmaceuticals, was
used as the starting point for an extensive SAR study in order to determine what
functionality was important for biological activity for this unique chemotype. To do
this, a range of analogues were synthesised which focused on altering four main
sections of the molecule. These were: Section A – substitution on the benzenoid
ring; Section B – core changes; Section C – derivatisation of the acid warhead; and,
Section D – indole nitrogen substitution, as illustrated in Figure 51.

Figure 51: Four main sections probed in the SAR study.

The compound library produced was then screened using a dual assay procedure in
order to gain as much information as possible regarding both the activity and
potential binding mode of the synthesised compounds. From the biological data
generated it became apparent that there was dissimilarity between the two assays.
This was believed to be due to a possible different binding mode, remote from the
active site, which has been illustrated previously in the literature.41
From the biological data generated it was found that there were in fact differences in
activity between the two assays, thus indicating that the hypothesised binding mode
developed from the docking studies was perhaps more complex than was first
envisioned. Analysis of the data set as a whole led to the postulation that this
chemotype may have multiple binding modes. A similar conclusion was drawn from
the crystallographic data developed by Stein et al41 where a set of compounds,
containing a similar structure to those discussed herein contained vastly different
binding modes within the active site. The previously reported data, and that
developed within this study, illustrated the complexity associated with this
chemotype in terms of rationalisation of activity from specific binding interactions.
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From the biological data generated several general trends were found (Figure 52),
which were:

Figure 52: Summary of the associated SAR developed from the bis-pNNP data for the
developed compound library.

Section A
The chlorine functionality was important; however, other functionalities such as Me,
OMe, and F were also tolerated. In terms of the regiochemistry it was found that
increased activity was associated with the 6-position, but, substitution in the 4position was tolerated but led to a slight drop in activity (from <1 µM to 1-10 µM). In
the vast majority of cases activity was illustrated with the presence of the methyl
pyrazole on the nitrogen of the indole when functionality was present on the
benzenoid ring.
Section B
The methylene, ether, and thioether linked compounds were all generally tolerated
as long as the 6-Cl was present.
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Section C
The presence of either aryl acids or aliphatic acids were tolerated. However, these
are believed to adopt different binding modes.
Section D
Substitution on the indole nitrogen generally favoured the aromatic substituents.
However, activity was also found with the aliphatic groups depending on the acid
warhead present. Interestingly, however, a reversal in activity was associated with
the introduction of the Ph group on the nitrogen of the indole where it as found that
the 6-Cl (normally required for activity) led to inactivity compared to the
unsubstituted equivalent (normally inactive).
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4.5

Future Work

Further work on this compound library can be split into two main sections: additional
biological evaluation and understanding, and supplementary SAR to probe the
hypotheses described previously in Section 11.8.
4.5.1

Biological Evaluation

To validate the data obtained from the LPC assay further testing is required to
confirm the results as those presented herein are preliminary n=1 results. In addition
to this, due to the presence of H2O2 in this assay it is unknown whether this is having
any effect on the compounds themselves, as there are a number of oxidisable
groups present (sp2 nitrogen and the thioether linker).This could be analysed by
conducting high resolution mass spectrometry (HRMS) analysis of the assay
solution prior and post assay, and compare the data to determine if any changes in
mass have occurred.
Following on from this, an in-depth kinetic study of the three main assays used to
test for ATX inhibition (bis-pNPP, pNP-TMP, and LPC) should be conducted, using
the compound library developed, in an attempt to rationalise and understand the
differences associated with these assays, especially the observed tailing off at 40%
hydrolysis.
4.5.2

Supplementary SAR

In addition to the extra biological evaluation further analysis on the SAR of the
original chemotype could be conducted taking into consideration the points
established in Section 11.8. Firstly, due to the indication that the position of the
chlorine is not as important as previously hypothesised an additional set of
compounds could be synthesised which would keep the core chemotype intact, but
with different functionality (e.g. Me, OMe, and F as in Section 11.8.1) at the 5position of the indole ring, Figure 53. In doing this not only may it be possible to
obtain comparable data to the original compound 18, but it would also remove the
issue of generating regioisomers (when using 3-subsituted hydrazines) and hence
higher yields, in theory, could be obtained.
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Figure 53: Proposed addition SAR surrounding the functionality of the indole ring.

A wider range of substituents could be introduced at each position of the benzenoid
ring in order to further probe the space available in the cleft where the chlorine is
believed to reside. Possible groups which could be introduced include bulky
aromatic groups such as phenyl. This may not be the best compound in terms of
medicinal chemistry properties (as it contains four aromatic rings), however, would
allow for additional information regarding the binding mode. Alternative groups such
as c-Pro (a common phenyl isostere), and i-Pr (to probe lipophilic tolerance) could
also be introduced, Figure 54.

Figure 54: Alternative functionality on the benzenoid ring.

In addition to alterations on the benzenoid ring, and the nitrogen of the indole,
another section which requires increased analysis is the acid warhead functionality.
Although it has been hypothesised that the acid functionality is required to interact
with one of the Zn2+ ions in the active site, this has not been proven experimentally
within this study. Therefore, to confirm this, a range of compounds could be
synthesised where the acid functionality is either masked (for example by an ester
group) or completely removed leaving the pyridyl or benzyl ring. Following on from
this, the introduction of a range of common carboxylic acid isosteres (for example,
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phenol, tetrazole and sulphonic acid), could also probe the tolerance of alternative
functionality at this position, Figure 55.

Figure 55: Additional SAR proposed for the acid region.
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4.6

Experimental

4.6.1

General

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.93
4.6.1.1

Purification of Solvents and Reagents

All solvents for dry reactions (DMF and pyridine) were distilled according to standard
laboratory practice.93 These solvents were transferred to a septum-sealed ovendried flask over previously activated 4 Å molecular sieves and purged with and
stored under nitrogen.
4.6.1.2 Experimental Details
Air-sensitive reactions were carried out using microwave vials. The vials were ovendried and purged with N2 before use. Purging refers to a vacuum/nitrogen-refilling
procedure. Reactions were carried out at 0 C using ice/water baths. Room
temperature was generally ca. 18 C. Reactions were carried out at elevated
temperatures using a temperature-regulated hotplate/stirrer.
4.6.1.3 Purification of Products
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.

Normal

phase

flash

chromatography was carried out using ZEOprep 60 HYD 40-63 µm silica gel or IST
Isolute Flash silica cartridges. 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/water over 15 minutes at a flow rate of 10 mL/min. Fractions were
collected automatically using a GX-271 liquid handler. 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 µm packing diameter, 20 mL/min flow
rate) or Xbridge C18 column (150 mm x 30 mm, 5 µm packing diameter, 40 mL/min
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flow rate). Purification was performed using a gradient method at room temperature
with the mobile phases as (A) 10 mM aqueous (NH4)HCO3 solution, adjusted to pH
10 with 0.88 M aqueous NH3 and (B) MeCN.
4.6.1.4 Analysis of Products
Fourier Transformed Infra-Red (FTIR) spectra were obtained on a Shimadzu
IRAffinity-1 machine. 1H and

13

C NMR spectra were obtained on a Bruker DPX 400

spectrometer at 400 and 101 MHz, respectively. Chemical shifts are reported in ppm
and coupling constants are reported in Hz with CDCl3 referenced at 7.26 (1H) and
77.16 ppm (13C), (CD3)2CO at 2.50 (1H) and 29.8 ppm (13C), MeOD at 3.31 (1H) and
49.0 ppm (13C), and DMSO-d6 at 2.50 (1H) and 39.5 ppm (13C), respectively. Highresolution mass spectra were obtained through analysis at the EPSRC National
Mass Spectrometry Facility at Swansea University.
4.6.2
4.6.2.1

General Experimental Procedures
General Procedure A: Fischer Indole

For example, for the preparation of 3-((3-bromophenyl)thio)-2-methyl-1H-indole, 208

Phenylhydrazine hydrochloride (592.0 mg, 4.08 mmol, 1 equiv.) was added to a
stirred solution of 1-((3-bromophenyl)thio)propan-2-one 205 (1.0 g, 4.08 mmol, 1
equiv.) in EtOH (20 mL, 0.2 M). The reaction mixture was then heated to reflux for 1
h. The reaction mixture was then allowed to cool to room temperature and
concentrated under reduced pressure to a residue which was purified by silica
chromatography (eluting with 0-10% EtOAc/petroleum ether) to afford the desired
product as a brown oil (1.2 g, 91%).
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4.6.2.2 General Procedure B: Alternative Fischer Indole
For example, for the preparation of ethyl 6-((2-methyl-1H-indol-3-yl)thio)picolinate,
187

To a round bottomed flask ethyl 6-((2-oxopropyl)thio)picolinate 164 (1.02g, 4.24
mmol,1 equiv.), and phenylhydrazine hydrochloride (0.61 g, 4.25 mmol, 1 equiv.)
were dissolved in tBuOH (50 mL) and stirred at 80 °C overnight. Following this, HCl
in ether (0.64 mL, 12.74 mmol, 3 equiv.) was added to the reaction mixture and
stirred for a further 2 h before adding acetic acid (2 mL) and stirred for a further 1 h.
The reaction mixture was cooled and then concentrated under vacuum. The
resulting crude material was then purified by column chromatography (eluent 1080% EtOAc in petroleum ether) to afford the desired compound as a brown solid
(1.20 g, 92%).
4.6.2.3
For

General Procedure C: Indole N-Alkylation

example,

for

the

preparation

of

methyl

6-((1,2-dimethyl-1H-indol-3-

yl)thio)picolinate, 152

A solution of methyl ethyl 6-((6-chloro-2-methyl-1H-indol-3-yl)thio)picolinate 182
(138.5 mg, 0.4 mmol, 1 equiv.), NaH 60% w/w (63.5 mg, 1.6 mmol, 3 equiv.) in DMF
(2 mL, 0.2 M) was heated to 60 °C for 1 h before adding MeI (0.07 mL, 1.2 mmol, 3
equiv.). The reaction mixture was heated to 60 °C for 16 h then allowed to cool to
room temperature and concentrated under vacuum. The crude residue was purified
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by silica chromatography (eluting with 10% EtOAc/petroleum ether) to afford the
desired product as a pale yellow amorphous solid (27.7 mg, 21%).
4.6.2.4

General Procedure D: Ullman Cross-Coupling

For example, for the preparation of 3-((2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1Hindol-3-yl)thio)benzoic acid, 104

To

a

5

mL

microwave

vial

was

added

methyl

3-((2-methyl-1H-indol-3-

yl)thio)benzoate 210 (202 mg, 0.67 mmol, 1 equiv.), 4-bromo-1-methyl-1H-pyrazole
(0.21 mL, 2.02 mmol, 3 equiv.), K2CO3 (121 mg, 0.87 mmol, 1.3 equiv.), and CuO
(107 mg, 1.35 mmol, 2 equiv.). The vial was then capped and purged with N2 before
the addition of pyridine (2 mL, 0.3 M) was added. The reaction mixture was then
heated to 170 °C under pressure for 16 h. The reaction mixture was then allowed to
cool to room temperature and, diluted with EtOAc (5 mL) and washed with H2O (3 x
10 mL). The organic layers were combined, dried (hydrophobic frit), and
concentrated under vacuum to residue that was purified by preparative HPLC to
afford the desired product as a brown amorphous solid (22 mg, 9%).
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4.6.2.5

General Procedure E: Alternative Ullman Cross-Coupling

For example, for the preparation of 6-((6-methoxy-2-methyl-1-(1-methyl-1H-pyrazol4-yl)-1H-indol-3-yl)thio)picolinic acid, 134

To a microwave vial was added 1,10-phenanthroline (56 mg, 0.31 mmol, 1 equiv.),
CuI (30 mg, 0.16 mmol, 0.5 equiv.), Cs2CO3 (204 mg, 0.63 mmol, 2 equiv.), 4-iodo1-methyl-1H-pyrazole (130 mg, 0.63 mmol, 2 equiv.), and ethyl 6-((6-methoxy-2methyl-1H-indol-3-yl)thio)picolinate 185 (107 mg, 0.31 mmol, 1 equiv.). The vial was
then capped and purged with N2 before addition of DMF (1.1 mL, 0.6 M). The
reaction was then heated to 110 °C for 48 h. The reaction mixture was then allowed
to cool to room temperature before the addition of NaOH (1 mL 2 M aq.) and stirred
for 1 h at room temperature. The reaction mixture was then acidified using HCl (2 M)
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
using MDAP to afford the desired product as a pink amorphous solid (32 mg, 26%).
4.6.2.6

General Procedure F: Carbonylation

For example, for the preparation of methyl 3-((2-methyl-1H-indol-3-yl)thio)benzoate,
210

Trans-bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(II)

(183

mg,

0.2

mmol, 5 mol%) was added to a solution of 3-((3-bromophenyl)thio)-2-methyl-1Hindole 208 (1.16 g, 3.9 mmol, 1 equiv.), Mo(CO)6 (1.03 g, 3.9 mmol, 1 equiv.),
[tBu3PH]BF4 (226 mg, 0.78 mmol, 0.2 equiv.) and DBU (875 μL, 5.86 mmol, 1.5
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equiv.) in MeCN (4 mL, 1 M) and MeOH (16 mL, 0.2 M). The reaction mixture was
heated to 70 °C for 16 h then allowed to cool to room temperature and concentrated
under vacuum to a residue that was purified by silica chromatography (eluting with
20% EtOAc/petroleum ether) to afford the desired product as a brown solid (1 g,
89%).
4.6.2.7

General Procedure G: Hydrolysis

For example, for the preparation of 6-((4-fluoro-2-methyl-1H-indol-3-yl)thio)picolinic
acid, 193

2 M aq. NaOH (0.5 mL) was added to a solution of ethyl 6-((4-fluoro-2-methyl-1Hindol-3-yl)thio)picolinate 186 (51 mg, 0.15 mmol) in 0.5 mL THF (0.3 M) and stirred
at room temperature for 16 h. The reaction mixture was acidified using aq. HCl (1 M)
then extracted using EtOAc (2 x 10 mL). The combined organic layers were dried
(hydrophobic frit) and concentrated under vacuum to afford the desired compound
as a yellow amorphous solid (56 mg, 99%).
4.6.3

Compound Characterisation Data

Compound 18: 6-((6-Chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (56 mg, 0.31
mmol, 1 equiv.), CuI (29 mg, 0.15 mmol, 0.5 equiv.), Cs 2CO3 (200 mg, 0.62 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (130 g, 0.62 mmol, 2 equiv.), and ethyl 6-((6chloro-2-methyl-1H-indol-3-yl)thio)picolinate 171 (110 mg, 0.31 mmol, 1 equiv.) in
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DMF (1.07 mL, 0.1 M) to afford the desired product as a pale yellow solid (10 mg, 8
%).
max (neat): 2947, 2924, 1712, 1577, 1465, 1438 cm-1.
1

H NMR (400 MHz, MeOD): δ 8.04 (s, 1H), 7.68 - 7.81 (m, 2H), 7.58 (t, J = 7.70 Hz,

1H), 7.42 (d, J = 8.31 Hz, 1H), 7.20 (d, J = 1.71 Hz, 1H), 7.12 (dd, J = 8.31, 1.71 Hz,
1H), 6.80 (d, J = 8.07 Hz, 1H), 4.05 (s, 3H), 2.40 (s, 3H). CO2H proton not observed.
13

C NMR (126 MHz, CDCl3): δ 163.7, 161.5, 145.9, 144.9, 139.1, 138.6, 129.0,

128.2, 127.9, 127.6, 127.5, 126.8, 124.0, 122.3, 119.4, 110.7, 97.8, 39.9, 11.6.
HRMS: exact mass calculated for [M+H+] (C19H16ClN4O2S) requires m/z 399.0677,
found m/z 399.0678.
Compound 104: 3-((6-Chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3yl)thio)benzoic acid

Prepared according to General Procedure D using methyl 3-((2-methyl-1H-indol-3yl)thio)benzoate 210 (188 mg, 0.57 mmol, 1 equiv.), CuO (90 mg, 1.13 mmol, 2
equiv.), K2CO3 (102 mg, 0.74 mmol, 1.3 equiv.) and 1-methyl-4-bromopyrazole (0.18
mL, 1.70 mmol, 3 equiv.) in pyridine (2 mL, 0.3 M) to afford the desired product as a
white amorphous solid (24 mg, 11%).
max (neat): 2920, 2852, 1701, 1573, 1458, 1429cm-1.
1

H NMR (400 MHz, MeOD): δ 8.04 (s, 1H), 7.78 – 7.72 (m, 3H), 7.35 – 7.30 (m, 1H),

7.30 – 7.25 (m, 1H), 7.18 – 7.14 (m, 1H), 7.13 (d, J = 2.2 Hz, 1H), 7.11 (s, 1H), 4.07
(s, 3H), 2.45 (s, 3H). CO2H proton not observed.
13

C NMR (151 MHz, Acetone): δ 166.3, 146.7, 141.7, 140.3, 136.4, 131.2, 129.6,

128.9, 128.4, 126.3, 125.9, 125.3, 125.1, 122.8, 122.4, 118.6, 109.7, 38.9, 10.8.
One carbon not observed/coincident.
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HRMS: exact mass calculated for [M-H+] (C20H15ClN3O2S) requires m/z 396.0579,
found m/z 396.0572.
Compound 122: 6-((6-Chloro-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((6-chloro-2-methyl-1Hindol-3-yl)thio)picolinate 171 (100 mg, 0.29 mmol, 1 equiv.) and 2 M aq. NaOH (1
mL) in THF (1 mL, 0.3 M) to afford the desired product as a yellow amorphous solid
(79 mg, 86%).
max (neat): 3302, 1734, 1685 cm-1
1

H NMR (400 MHz, MeOD): δ 7.77 (dd, J = 7.6, 0.9 Hz, 1H), 7.62 – 7.56 (m, 1H),

7.42 – 7.38 (m, 1H), 7.34 (d, J = 8.5 Hz, 1H), 7.04 (dd, J = 8.4, 1.8 Hz, 1H), 6.74
(dd, J = 8.2, 0.9 Hz, 1H), 2.49 (s, 3H).
13

C NMR (101 MHz, MeOD): δ 165.9, 163.6, 147.5, 143.3, 137.8, 136.7, 128.3,

127.4, 122.4, 120.5, 120.2, 118.5, 110.8, 95.9, 10.4.
HRMS: exact mass calculated for [M+H+] (C15H12ClN2O2S) requires m/z 319.0303,
found m/z 319.0307.
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Compound 127: 6-((4-Chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (54 mg, 0.30
mmol, 1 equiv.), CuI (30 mg, 0.15 mmol, 0.5 equiv.), Cs 2CO3 (200 mg, 0.60 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (130 mg, 0.60 mmol, 2 equiv.), and ethyl 6-((7chloro-2-methyl-1H-indol-3-yl)thio)picolinate 169 (100 mg, 0.30 mmol, 1 equiv.) in
DMF (1.8 mL, 0.3 M) to afford the desired product as an off white solid (32 mg,
16%).
max (neat): 1735, 1500, 1510, 1402 cm-1.
1

H NMR (600 MHz, CDCl3): δ 7.84 (d, J = 7.5 Hz, 1H), 7.63 (m, 3H), 7.19 – 7.03 (m,

4H), 4.04 (s, 3H), 2.37 (s, 3H). CO2H proton not observed.
13

C NMR (151 MHz, MeOD): δ 160.1, 159.2, 142.0, 141.8, 136.3, 134.4, 133.2,

123.8, 121.7, 121.2, 120.6, 119.1, 119.0, 115.3, 115.0, 105.5, 93.2, 35.9, 7.7.
HRMS: exact mass calculated for [M+H+] (C19H16ClN4O2S) requires m/z 399.0677,
found m/z 399.0680.
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Compound 128: 6-((5-Chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (58 mg, 0.32
mmol, 1 equiv.), CuI (31 mg, 0.16 mmol, 0.5 equiv.), Cs 2CO3 (210 mg, 0.65 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (130 mg, 0.65 mmol, 2 equiv.) and ethyl 6-((5chloro-2-methyl-1H-indol-3-yl)thio)picolinate 170 (110 mg, 0.32 mmol, 1 equiv.) in
DMF (1.8 mL, 0.3 M) to afford the desired product as a white amorphous solid (28
mg, 22%).
max (neat): 1730, 1577, 1558, 1531 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 7.5 Hz, 1H), 7.64 (m, 3H), 7.50 (d, J = 1.7

Hz, 1H), 7.19 – 7.05 (m, 3H), 4.05 (s, 3H), 2.38 (s, 3H). CO2H proton not observed.
13

C NMR (101 MHz, CDCl3): δ 163.6, 161.3, 145.9, 145.6, 138.7, 137.1, 137.0,

130.2, 127.7, 127.5, 124.0, 123.2, 119.4, 119.1, 118.0, 111.7, 97.2, 39.9, 11.7.
HRMS: exact mass calculated for [M+H+] (C19H16ClN3O2S) requires m/z 399.0677,
found m/z 399.0680.

145

Experimental

Compound

130:

6-((2,4-Dimethyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-

yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (49 mg, 0.27
mmol, 1 equiv.), CuI (26 mg, 0.14 mmol, 0.5 equiv.), Cs 2CO3 (176 mg, 0.54 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (112 mg, 0.54 mmol, 2 equiv.), and ethyl 6((2,4-dimethyl-1H-indol-3-yl)thio)picolinate 181 (88 mg, 0.27 mmol, 1 equiv.) in DMF
(0.94 mL, 0.3 M) to afford the desired product as a white solid (24 mg, 24%).
max (neat): 1720, 1619, 1581, 1574 cm-1.
1

H NMR (600 MHz, DMSO): δ 7.16 (s, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.88 (s, 1H),

6.80 (t, J = 7.8 Hz, 1H), 6.30 – 6.18 (m, 2H), 6.13 – 5.98 (m, 2H), 4.01 (s, 3H), 1.78
(s, 3H), 1.56 (s, 3H). CO2H proton not observed.
13

C NMR (151 MHz, DMSO): δ 166.8, 163.9, 148.9, 143.5, 138.3, 137.0, 135.8,

129.2, 127.9, 125.7, 122.1, 121.3, 121.0, 119.0, 118.6, 107.3, 96.8, 37.5, 16.8, 9.2.
HRMS: exact mass calculated for [M+H+] (C20H19N4O2S) requires m/z 379.1223,
found m/z 379.1220.
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Compound 131: 6-((4-Methoxy-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol3-yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (53 mg, 0.3
mmol, 1 equiv.), CuI (28 mg, 0.15 mmol, 0.5 equiv.), Cs 2CO3 (190 mg, 0.59 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (120 mg, 0.59 mmol, 2 equiv.) and ethyl 6-((4methoxy-2-methyl-1H-indol-3-yl)thio)picolinate 182 (100 mg, 0.3 mmol, 1 equiv.) in
DMF (2 mL, 0.2 M) to afford the desired product as an off-white amorphous solid (21
mg, 18%).
max (neat): 1602, 1556, 1494 cm-1.
1

H NMR (600 MHz, MeOD): δ 7.96 (s, 1H), 7.68 (s, 1H), 7.60 (d, J = 7.3 Hz, 1H),

7.47 (t, J = 7.8 Hz, 1H), 7.07 (t, J = 8.1 Hz, 1H), 6.79 (d, J = 8.2 Hz, 1H), 6.75 (d, J =
7.8 Hz, 1H), 6.59 (d, J = 7.8 Hz, 1H), 4.02 (s, 3H), 3.64 (s, 3H), 2.35 (s, 3H). CO 2H
proton not observed.
13

C NMR (151 MHz, MeOD): δ 163.9, 153.8, 142.3, 140.4, 136.6, 136.6, 128.7,

123.0, 120.5, 119.6, 118.6, 118.2, 110.0, 103.3, 102.0, 97.5, 54.5, 4.25, 9.9. One
carbon not observed/coincident.
HRMS: exact mass calculated for [M+H+] (C20H19N4O3S) requires m/z 395.1172,
found m/z 395.1174.
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Compound 132: 6-((4-Fluoro-2-methyl-1-(1-methyl-1H-pyrazol-3-yl)-1H-indol-3yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (80 mg, 0.44
mmol, 1 equiv.), CuI (42 mg, 0.22 mmol, 0.5 equiv.), Cs 2CO3 (288 mg, 0.88 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (184 mg, 0.88 mmol, 2 equiv.), and ethyl 6-((7chloro-2-methyl-1H-indol-3-yl)thio)picolinate 184 (146 mg, 0.44 mmol, 1 equiv.) in
DMF (1.5 mL, 0.3 M) to afford the desired product as a red amorphous solid (6 mg,
3%).
max (neat): 1735, 1577, 1558, 1438 cm-1.
1

H NMR (600 MHz, CDCl3): δ 7.87 (d, J = 7.3 Hz, 1H), 7.67 (d, J = 7.4 Hz, 1H), 7.63

(s, 1H), 7.61 (s, 1H), 7.22 (s, 1H), 7.11 (dd, J = 12.8, 8.0 Hz, 1H), 7.00 (d, J = 8.2
Hz, 1H), 6.88 – 6.75 (m, 1H), 4.05 (s, 3H), 2.37 (s, 3H). CO2H proton not observed.
13

C NMR (151 MHz, CDCl3): δ = 162.1, 155.9 (d, 1JC-F = 249.1 Hz), 144.5, 142.2,

141.3 (d, 3JC-F = 9.4 Hz), 138.5, 137.1, 127.6, 124.2, 123.1 (d, 3JC-F = 7.5 Hz), 119.2,
117.5 (d, 2JC-F = 17.9 Hz), 107.3 (d, 2JC-F = 18.8 Hz), 106.8 (d, 4JC-F = 3.3 Hz), 95.1,
39.9, 11.5. Two carbons not observed/coincident.
19

F NMR (376 MHz, CDCl3): δ -126.82.

HRMS: exact mass calculated for [M+H+] (C19H16FN4O2S) requires m/z 383.0973,
found m/z 383.0975.
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Compound

133:

6-((2,6-Dimethyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-

yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (49 mg, 0.27
mmol, 1 equiv.), CuI (26 mg, 0.14 mmol, 0.5 equiv.), Cs 2CO3 (176 mg, 0.54 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (112 mg, 0.54 mmol, 2 equiv.) and ethyl 6((2,6-dimethyl-1H-indol-3-yl)thio)picolinate 184 (88 mg, 0.27 mmol, 1 equiv.) in DMF
(0.94 mL, 0.3 M) to afford the desired product as a yellow amorphous solid (28mg,
28%).
max (neat): 1680, 1615, 1558, 1573 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.99 (s, 1H), 7.72 (d, J = 0.6 Hz, 1H), 7.68 (d, J = 7.4

Hz, 1H), 7.51 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.01 (s, 1H), 6.97 (d, J =
8.0 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 4.03 (s, 3H), 2.40 (s, 3H), 2.38 (s, 3H). CO 2H
proton not observed.
13

C NMR (125 MHz, DMSO): δ = 166.0, 159.1, 153.9, 147.9, 146.5, 138.6, 134.2,

133.3, 132.4, 130.2, 124.9, 124.6, 123.8, 123.4, 120.7, 120.7, 102.5, 39.8, 21.2,
13.4.
HRMS: exact mass calculated for [M+H+] (C20H19N4O2S) requires m/z 379.1223,
found m/z 379.1220.
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Compound 134: 6-((6-Methoxy-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol3-yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (56 mg, 0.31
mmol, 1 equiv.), CuI (30 mg, 0.16 mmol, 0.5 equiv.), Cs 2CO3 (200 mg, 0.63 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (130 g, 0.63 mmol, 2 equiv.), and ethyl 6-((6methoxy-2-methyl-1H-indol-3-yl)thio)picolinate 185 (110 g, 0.31 mmol, 1 equiv.) in
DMF (1.09 mL, 0.3 M) to afford the desired product as a pink amorphous solid (32
mg, 26%).
max (neat): 1755, 1616, 1583, 1556, 1438 cm-1.
1

H NMR (600 MHz, CDCl3): δ 7.85 (d, J = 7.4 Hz, 1H), 7.65 (s, 1H), 7.63 – 7.58 (m,

2H), 7.38 (d, J = 8.6 Hz, 1H), 7.09 (d, J = 8.1 Hz, 1H), 6.83 (dd, J = 8.6, 2.1 Hz, 1H),
6.70 (d, J = 2.2 Hz, 1H), 4.05 (s, 3H), 3.79 (s, 3H), 2.35 (s, 3H). CO 2H proton not
observed.
13

C NMR (151 MHz, CDCl3): δ 163.8, 162.1, 157.3, 145.8, 142.8, 139.5, 138.5,

137.1, 127.6, 124.0, 122.9, 119.5, 119.2, 119.1, 111.1, 97.2, 94.6, 55.8, 39.9, 11.6.
HRMS: exact mass calculated for [M+H+] (C20H19N4O2S) requires m/z 395.1172,
found m/z 395.1173.
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Compound 135: 6-((6-Fluoro-2-methyl-1-(1-methyl-1H-pyrazol-3-yl)-1H-indol-3yl)thio) picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (55 mg, 0.30
mmol, 1 equiv.), CuI (29 mg, 0.15 mmol, 0.5 equiv.), Cs2CO3 (197 mg, 0.61 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (126 mg, 0.61 mmol, 2 equiv.), and ethyl 6-((6fluoro-2-methyl-1H-indol-3-yl)thio)picolinate 186 (135 mg, 0.30 mmol, 1 equiv.) in
DMF (1.05 mL, 0.1 M) to afford the desired product as a yellow amorphous solid (25
mg, 22%).
max (neat): 1700, 1618, 1575, 1558 cm-1.
1

H NMR (600 MHz, MeOD) δ 8.01 (s, 1H), 7.73 (s, 1H), 7.71 (d, J = 7.6 Hz, 1H),

7.56 (t, J = 7.8 Hz, 1H), 7.42 (dd, J = 8.1, 5.2 Hz, 1H), 6.92 (d, J = 9.4 Hz, 2H), 6.77
(d, J = 8.1 Hz, 1H), 4.03 (s, 3H), 2.38 (s, 3H).CO2H proton not observed.
13

C NMR (126 MHz, Acetone): δ 162.0, 160.3 (d, 1J = 237.2 Hz), 145.4, 138.9 (d, 3J

= 12.5 Hz), 138.5, 136.2, 128.1, 125.5, 122.9, 119.9, 119.1 (d, 3J = 10.1 Hz), 118.6,
109.4 (d, 2J = 24.6 Hz), 97.4, 97.2 (d, 2J = 27.2 Hz), 39.0, 10.9. Two carbons not
observed/coincident.
HRMS: exact mass calculated for [M+H+] (C19H16FN4O2S) requires m/z 383.0973,
found m/z 383.0979.

151

Experimental

Compound

136:

6-((2-Methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-

yl)thio)picolinic acid

Prepared according to General Procedure D using methyl 3-((2-methyl-1H-indol-3yl)thio)benzoate 187 (198 mg, 0.64 mmol, 1 equiv.), 4-bromo-1-methyl-1H-pyrazole
(0.2 mL, 1.92 mmol, 3 equiv.), K2CO3 (115 mg, 0.83 mmol, 1.3 equiv.) and CuO
(105 mg, 1.28 mmol, 2 equiv.) in pyridine (2 mL, 0.3 M) to afford the desired product
as a yellow amorphous solid (15 mg, 6%).
max (neat): 1708, 1573, 1440 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.87 (d, J = 8.1 Hz, 1H), 7.67 (s, 1H), 7.63 (t, J = 7.8

Hz, 2H), 7.53 (dd, J = 7.0, 1.5 Hz, 1H), 7.25 – 7.18 (m, 3H), 7.10 (dd, J = 8.1, 0.6
Hz, 1H), 4.06 (s, 3H), 2.40 (s, 3H). CO2H not observed.
13

C NMR (101 MHz, CDCl3): δ 191.1, 143.5, 141.3, 138.1, 136.5, 128.5, 127.2,

123.6, 122.5, 121.3, 118.7, 118.0, 110.1, 108.8, 100.6, 97.0, 94.1, 39.3, 11.1.
HRMS: exact mass calculated for [M+H+] (C19H17N4O2S) requires m/z 365.1067,
found m/z 365.1070.
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Experimental

Compound 137: 6-((3-(1-Methyl-1H-pyrazol-4-yl)phenyl)thio)picolinic acid

To a round-bottomed flask was added Pd(OAc)2 (2 mg, 0.01 mmol, 10 mol%) methyl
6-((3-bromophenyl)thio)picolinate 196 (280 mg, 0.86 mmol, 1 equiv.), 1methylpyrazole-4-boronic acid pinacol ester (269 mg, 1.3 mmol, 1.5 equiv.), and SPhos (707 mg, 1.72 mmol, 2 equiv.). The vessel was sealed and purged with N2
before addition of THF (0.7 mL, 1.2 M) and H2O (0.1 mL). The reaction was then
heated to 50 °C for 16 h. The reaction was allowed to cool to room temperature
before addition of 2 M aq. NaOH (0.3 mL). The reaction was stirred at room
temperature and monitored until completion by TLC. The reaction mixture was then
quenched with sat. aq. NH4Cl (2 mL), acidified using aqueous HCl (1 M) solution
and extracted with EtOAc. (2 x 10 mL) The combined organics were dried
(hydrophobic frit), and concentrated under vacuum before purification by preparative
HPLC to afford the desired product (37 mg, 9% over two steps).
max (neat): 3140, 1680, 1537, 1403 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 7.3 Hz, 1H), 7.77 (s, 1H), 7.75 – 7.67 (m,

2H), 7.64 (s, 1H), 7.62 – 7.55 (m, 1H), 7.51 – 7.42 (m, 2H), 7.24 (s, 1H), 3.95 (s,
3H). CO2H not observed.
13

C NMR (101 MHz, CDCl3): δ 138.6, 138.2, 136.3, 134.3, 132.7, 131.7, 130.6,

129.9,

128.9,

126.7,

126.5,

121.6,

93.7,

42.4,

38.7.

One

carbon

not

observed/coincident.
HRMS: exact mass calculated for [M+H+] (C16H14N3O2S) requires m/z 312.0801,
found m/z 312.0801.
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Compound

146:

3-((2-Methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-

yl)thio)benzoic acid

Prepared according to General Procedure D using methyl 3-((2-methyl-1H-indol-3yl)thio)benzoate 206 (202 mg, 0.67 mmol, 1 equiv.), 4-bromo-1-methyl-1H-pyrazole
(0.21 mL, 2.02 mmol, 3 equiv.), CuO (107 mg, 1.35 mmol, 2 equiv.), and K2CO3
(121 mg, 0.87 mmol, 1.3 equiv.) in pyridine (2 mL, 0.3 M), to afford the desired
product as a dark red amorphous solid (22 mg, 9%).
max (neat): 3327, 1710 cm-1.
1

H NMR (400 MHz, CDCl3): δ 8.33 (s, 1H), 7.81 (t, J = 1.7 Hz, 1H), 7.71 (dt, J = 7.5,

1.5 Hz, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.33 (dd, J = 4.8, 3.9 Hz, 1H), 7.19 (t, J = 7.5
Hz, 2H), 7.16 – 7.12 (m, 2H), 7.11 (d, J = 1.0 Hz, 1H), 3.86 (s, 3H), 2.51 (s, 3H).
CO2H proton not observed.
13

C NMR (126 MHz, CDCl3): δ 166.9, 141.3, 140.3, 135.5, 130.6, 130.1, 129.9,

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.
HRMS: exact mass calculated for [M-H+] (C20H16N3O2S) requires m/z 362.0969,
found m/z 362.0967.
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Experimental

Compound

147:

4-(2-Methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3-

yl)butanoic acid

Prepared according to General Procedure D using 4-(2-methyl-1H-indol-3yl)butanoic acid 218 (200 mg, 0.80 mmol, 1 equiv.), CuO (128 mg, 1.60 mmol, 2
equiv.), K2CO3 (144 mg, 1.04 mmol, 1.3 equiv.) and 1-methyl-4-bromopyrazole (0.25
mL, 2.40 mmol, 3 equiv.) in pyridine (2 mL, 0.4 M) to afford the desired product as a
brown oil (4 mg, 2%).
max (neat): 1718, 1580, 1500, 1456 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.71 (dd, J = 6.5, 1.4 Hz, 1H), 7.60 (s, 1H), 7.54 (s,

1H), 7.22 – 7.13 (m, 3H), 4.03 (s, 3H), 2.73 (t, J = 7.1 Hz, 2H), 2.52 (m, 2H), 2.40 (s,
3H), 1.84 (quin., J = 7.2 Hz, 2H). CO2H proton not observed.
13

C NMR (126 MHz, CDCl3) δ 178.7, 140.0, 135.3, 130.5, 121.9, 120.3, 118.6,

110.6, 101.8, 35.1, 32.5, 24.7, 12.2.
HRMS: exact mass calculated for [M+H+] (C17H20N3O2) requires m/z 330.1271,
found m/z 333.1267.
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Compound 148: 4-((6-Chloro-2-methyl-1-(1-methyl-1H-pyrazol-4-yl)-1H-indol-3yl)thio)butanoic acid

Prepared according to General Procedure D using 4-(2-methyl-1H-indol-3yl)butanoic acid 219 (400 mg, 1.41 mmol, 1 equiv.), CuO (224 mg, 2.81 mmol, 2
equiv.), K2CO3 (254 mg, 1.83 mmol, 1.3 equiv.), and 1-methyl-4-bromopyrazole
(0.44 mL, 4.23 mmol, 3 equiv.) in pyridine (4 mL, 0.4 M) to give the desired product
as a brown oil (7 mg, 1%).
max (neat): 3409, 1681, 1437, 1407 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.59 (d, J = 8.4 Hz, 2H), 7.55 (s, 1H), 7.14 (dd, J =

8.3, 1.8 Hz, 1H), 7.11 (d, J = 1.6 Hz, 1H), 4.03 (s, 3H), 2.71 (t, J = 7.1 Hz, 2H), 2.51
(t, J = 7.4 Hz, 2H), 2.38 (s, 3H), 1.83 (quin, J = 7.2 Hz, 2H). CO2H proton not
observed.
13

C NMR (101 MHz, CDCl3): δ 176.6, 142.8, 138.2, 136.6, 136.6, 128.0, 127.7,

120.9, 119.0, 110.0, 109.7, 102.5, 39.3, 34.8, 31.7, 24.3, 11.1.
HRMS: exact mass calculated for [M+H+] (C17H19ClN3O2) requires m/z 364.0881,
found m/z 364.0878.
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Compound 149: 6-((1,2-Dimethyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((1,2-dimethyl-1H-indol-3yl)thio)picolinate 187 (49.5 mg, 0.16 mmol, 1 equiv.) and 2 M aq. NaOH (0.25 mL) in
THF (0.25 mL, 0.6 M) to afford the desired product as a dark red amorphous solid
(34.7 mg, 74%).
max (neat): 2992, 1693, 1571, 1440, 1408 cm-1.
1

H NMR (500 MHz, CDCl3): δ 7.83 (d, J = 7.5 Hz, 1H), 7.57 (dd, J = 9.7, 5.9 Hz, 1H),

7.52 (d, J = 7.8 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 7.29 (d, J = 7.3 Hz, 1H), 7.17 (t, J
= 7.4 Hz, 1H), 6.98 (d, J = 8.1 Hz, 1H), 3.81 (s, 3H), 2.53 (s, 3H). CO2H proton not
observed.
13

C NMR (101 MHz, CDCl3): δ 145.2, 137.9, 137.9, 123.5, 123.4, 122.2, 121.8,

120.7, 120.5, 118.6, 118.5, 118.0, 110.5, 108.9, 29.2, 10.4.
HRMS: exact mass calculated for [M+H+] (C16H15N2O2S) requires m/z 299.0854,
found m/z 299.0853.
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Compound 150: 6-((1-Cyclopentyl-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((2-methyl-1H-indol-3yl)thio)picolinate 182 (300 mg, 0.96 mmol, 1 equiv.), distilled bromocyclopentane
(0.31 mL, 2.89 mmol, 3 equiv.), NaH 60% w/w (68.7 mg, 2.86 mmol, 3 equiv.), and
DMF (3 mL, 0.3 M) to afford the desired product as a yellow amorphous solid (36
mg, 11%).
max (neat): 3275, 2918, 1714, 1570, 1429, 1404 cm-1.
1

H NMR (400 MHz, CDCl3): δ 9.10 (s, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 7.8

Hz, 1H), 7.39 (t, J = 7.8 Hz, 2H), 7.24 – 7.19 (m, 1H), 7.16 – 7.11 (m, 1H), 6.79 (d, J
= 8.7 Hz, 1H), 5.46 (m,1H), 2.53 (s, 3H), 2.07 – 1.96 (m, 2H), 1.93 – 1.75 (m, 4H),
1.65 (m, 2H).
13

C NMR (101 MHz, CDCl3): δ 164.3, 163.7, 147.7, 141.4, 136.7, 135.3, 129.3,

121.9, 121.8, 120.3, 119.9, 118.1, 110.6, 96.9, 78.3, 32.2, 23.3, 11.7.
HRMS: exact mass calculated for [M-H+] (C20H19N2O2S) requires m/z 351.1173,
found m/z 351.1170.
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Compound 151: 6-((2-Methyl-1-phenyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure D using ethyl 6-((2-methyl-1H-indol-3yl)thio)picolinate 187 (200 mg, 0.64 mmol, 1 equiv.), bromobenzene (0.20 mL, 1.92
mmol, 3 equiv.), CuO (110 mg, 1.28 mmol, 2 equiv.) and K2CO3 (115 mg, 0.83
mmol, 1.3 equiv.) in pyridine (2 mL, 0.3 M) to afford the desired product as a brown
amorphous solid (12 mg, 5%).
max (neat): 2920, 1693, 1573, 1409 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.87 (d, J = 7.4 Hz, 1H), 7.67 – 7.49 (m, 5H), 7.40 (m,

2H), 7.23 – 7.14 (m, 3H), 7.12 (d, J = 8.0 Hz, 1H), 2.39 (s, 3H). CO2H proton not
observed.
13

C NMR (101 MHz, CDCl3): δ 163.2, 161.6, 145.3, 142.9, 138.0, 137.7, 136.7,

129.3, 128.2, 127.4, 123.6, 122.3, 121.1, 118.7, 118, 110.3, 96.9, 11.2, 0.51.
HRMS: exact mass calculated for [M+H+] (C21H17N2O2S) requires m/z 361.1010,
found m/z 361.1010.
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Compound 152: 6-((6-Chloro-1,2-dimethyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure C using ethyl 6-((6-chloro-2-methyl-1Hindol-3-yl)thio)picolinate 171 (138.5 mg, 0.4 mmol, 1 equiv.), NaH 60% w/w (63.5
mg, 1.6 mmol, 3 equiv.) and MeI (0.07 mL, 1.19 mmol, 3 equiv.) in DMF (2 mL, 0.2
M) to afford the desired product as a yellow amorphous solid (27.7 mg, 21%).
max (neat): 2916, 2848, 1703, 1573, 1556, 1440 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 7.3 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 7.43

– 7.36 (m, 2H), 7.12 (d, J = 8.3 Hz, 1H), 6.94 (d, J = 7.9 Hz, 1H), 3.76 (s, 3H), 2.51
(s, 3H). CO2H proton not observed.
13

C NMR (101 MHz, CDCl3): δ 161.7, 143.5, 138.0, 137.2, 127.8, 127.7, 127.1,

123.3, 121.1, 118.9, 118.8, 109.2, 95.4, 30.2, 29.2, 10.6.
HRMS: exact mass calculated for [M+H+] (C16H14ClN2O2S) requires m/z 333.0462,
found m/z 333.0463.
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Compound

153:

6-((6-Chloro-1-cyclopentyl-2-methyl-1H-indol-3-

yl)thio)picolinic acid

Prepared according to General Procedure C using ethyl 6-((6-chloro-2-methyl-1Hindol-3-yl)thio)picolinate 171 (192.6 mg, 0.58 mmol, 1 equiv.), NaH 60% w/w (184.5
mg 4.61 mmol, 3 equiv.) and distilled bromocyclopentane (0.4 mL, 3.46 mmol, 6
equiv.) in DMF (3 mL, 0.2 M) to afford the desired product as an off white solid (19.2
mg, 9%).
max (neat): 2958, 2872, 1699, 1570, 1440 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.85 (dd, J = 7.5, 0.8 Hz, 1H), 7.65 – 7.57 (m, 1H),

7.48 – 7.43 (m, 2H), 7.42 (s, 1H), 7.11 (dd, J = 8.4, 1.7 Hz, 1H), 6.96 (dd, J = 8.1,
0.8 Hz, 1H), 4.85 (quin, J = 9.0 Hz, 1H), 2.54 (s, 3H), 2.33 – 2.20 (m, 2H), 2.20 –
2.04 (m, 4H), 1.90 – 1.77 (m, 2H).
13

C NMR (126 MHz, CDCl3): δ 163.6, 162.1, 145.7, 144.1, 138.5, 135.2, 128.6,

127.7, 123.9, 121.3, 119.7, 119.2, 111.6, 96.1, 57.5, 30.2, 25.3, 11.9.
HRMS: exact mass calculated for [M-H+] (C20H18ClN2O2S) requires m/z 385.0783,
found m/z 385.0778.
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Compound

154:

6-((6-Chloro-2-methyl-1-phenyl-1H-indol-3-yl)thio)picolinic

acid

Prepared according to General Procedure E using 1,10-phenanthroline (104 mg,
0.58 mmol, 1 equiv.), CuI (55 mg, 0.29 mmol, 0.5 equiv.), Cs2CO3 (376 mg, 1.15
mmol, 2 equiv.), iodobenzene (0.13 mL, 1.15 mmol, 2 equiv.), and ethyl 6-((6chloro-2-methyl-1H-indol-3-yl)thio)picolinate 171 (200 mg, 0.58 mmol, 1 equiv.) in 2
mL DMF (0.1 M) to afford the desired product as a white amorphous solid (9 mg,
4%).
max (neat): 3081, 1770, 1597, 1558, 1500 cm-1.
1

H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 7.3 Hz, 1H), 7.66 (t, J = 7.8 Hz, 1H), 7.61

(t, J = 7.4 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.47 (d, J = 8.4 Hz, 1H), 7.40 – 7.36 (m,
2H), 7.19 – 7.13 (m, 2H), 7.11 (d, J = 8.1 Hz, 1H), 2.37 (s, 3H).
13

C NMR (151 MHz, MeOD): δ 162.6, 144.6, 138.6, 137.8, 136.8, 129.8, 128.8,

128.3, 127.8, 127.7, 122.1, 121.5, 120.2, 119.1, 110.1, 110.0, 98.3, 10.3. One
carbon not observed/coincident.
HRMS: exact mass calculated for [M+H+] (C21H16ClN2O2S) requires m/z 395.0616,
found m/z 395.0617.
Compound 169:Ethyl 6-((7-chloro-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared according to general procedure G ethyl 6-((2-oxopropyl)thio)picolinate (0.5
g, 2.09 mmol) and (3-chlorophenyl)hydrazine hydrochloride (0.4 g, 2.09 mmol) in 12
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Experimental

mL EtOH (0.2 M) to afford the desired product as a white amorphous solid (125 mg,
17%).
max (neat): 1720, 1571, 1537, 1433 cm-1.
1

H NMR (600 MHz, MeOD): δ 7.75 – 7.71 (m, 1H), 7.58 (t, J = 7.9 Hz, 1H), 7.33 (dd,

J = 8.0, 0.5 Hz, 1H), 7.07 (t, J = 7.9 Hz, 1H), 7.00 (dd, J = 7.6, 0.5 Hz, 1H), 6.82 (dd,
J = 8.2, 0.6 Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 2.49 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H).
NH not observed.
13

C NMR (151 MHz, MeOD): δ 165.8, 164.8, 147.2, 144.1, 137.7, 137.5, 125.4,

124.8, 122.7, 122.0, 121.2, 120.0, 109.9, 95.2, 61.6, 13.1, 10.4.
HRMS: exact mass calculated for [M+H+] (C17H16ClN2O2S) m/z requires 347.0616,
m/z found 347.0617.
Compound 170: Ethyl 6-((5-chloro-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

oxopropyl)thio)picolinate

to
164

General
(1

g,

Procedure
4.18

A

mmol,

using
1

ethyl

equiv.)

6-((2-

and

(4-

chlorophenyl)hydrazine hydrochloride (0.75 g, 4.18 mmol, 1 equiv.) in EtOH (25 mL,
0.2 M) to afford the desired product as a brown amorphous solid (460 mg, 32% ).
max (neat): 3263, 1720, 1570, 1500, 1463 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.75 (dd, J = 7.6, 0.8 Hz, 1H), 7.59 (t, J = 7.9 Hz, 1H),

7.41 (d, J = 1.8 Hz, 1H), 7.11 (dd, J = 8.6, 2.0 Hz, 1H), 6.75 (dd, J = 8.1, 0.8 Hz,
1H), 4.43 (q, J = 7.1 Hz, 2H), 2.49 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). CO2H protons
not observed.
13

C NMR (101 MHz, MeOD): δ 164.7, 163.8, 147.5, 144.1, 137.7, 134.6, 130.9,

126.0, 122.3, 121.7, 120.4, 116.8, 112.1, 95.4, 61.6, 13.1, 10.4.
HRMS: exact mass calculated for [M+H+] (C17H16ClNO2S) requires m/z 347.0616,
found m/z 347.0626.
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Compound

171:

Ethyl

6-((6-chloro-2-methyl-1H-indol-3-

yl)thio)picolinatepicolinic acid69

Prepared

according

oxopropyl)thio)picolinate

to
164

General
(512

Procedure
mg,

2.09

B
mmol,

using
1

ethyl

equiv.)

6-((2-

and

(3-

chlorophenyl)hydrazine hydrochloride (374 mg, 2.09 mmol, 1 equiv.) in tBuOH (25
mL, 0.1 M) with additional 1 M HCl in Et2O (0.31 mL) and AcOH (0.3 mL) to afford
the desired product as a brown amorphous solid (517 mg, 71%).
max (neat): 1720, 1573, 1435, 1398 cm-1.
1

H NMR (600 MHz, MeOD): δ 7.73 (dd, J = 7.6, 0.8 Hz, 1H), 7.59 – 7.54 (m, 1H),

7.39 (d, J = 1.8 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 7.02 (dd, J = 8.4, 1.8 Hz, 1H), 6.74
(dd, J = 8.2, 0.8 Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 2.48 (s, 3H), 1.41 (t, J = 7.1 Hz,
3H). NH proton not observed.
13

C NMR (151 MHz, MeOD): δ 164.7, 163.9, 147.5, 143.3, 137.7, 136.6, 128.3,

127.4, 122.4, 120.5, 120.3, 118.5, 110.8, 95.9, 61.6, 13.1, 10.4.
HRMS: exact mass calculated for [M+H+] (C17H16ClN2O2S) requires m/z 347.0916,
found m/z 347.0916.
Compound 172: Ethyl 6-((7-chloro-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

oxopropyl)thio)picolinate

to
164

General
(0.55

Procedure
g,

2.3

A

mmol,

using
1

ethyl

equiv.)

6-((2-

and

(2-

chlorophenyl)hydrazine hydrochloride (0.41 g, 2.3 mmol, 1 equiv.) in EtOH (12 mL,
0.2 M) to afford the desired product as a yellow amorphous solid (386 mg, 45%).

164

Experimental
max (neat): 1722, 1571, 1431 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.74 (d, J = 7.2 Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.32

(d, J = 7.9 Hz, 1H), 7.15 (d, J = 7.6 Hz, 1H), 7.02 (t, J = 7.8 Hz, 1H), 6.74 (d, J = 8.1
Hz, 1H), 4.43 (q, J = 7.1 Hz, 2H), 2.52 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). CO2H proton
not observed.
13

C NMR (101 MHz, MeOD): δ 164.6, 163.8, 147.5, 143.7, 137.7, 133.2, 131.4,

122.4, 121.1, 120.9, 120.3, 116.3, 116.3, 96.9, 61.6, 13.1, 10.3.
HRMS: exact mass calculated for [M+H+] (C17H16ClN2O2S) requires m/z 347.0616,
found m/z 347.0616.
Compound 173: 6-((4-Chloro-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to general procedure G using ethyl 6-((4-chloro-2-methyl-1Hindol-3-yl)thio)picolinate 164 (50 mg, 0.14 mmol) and 2 M aq. NaOH (1 mL) in 1 mL
THF (0.1 M) to afford the desired product as a brown amorphous solid (40 mg,
87%).
max (neat): 3138, 1745, 1573, 1558, 1535 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.76 (dd, J = 7.6, 0.9 Hz, 1H), 7.64 – 7.58 (m, 1H),

7.33 (dd, J = 8.0, 1.0 Hz, 1H), 7.07 (t, J = 7.8 Hz, 1H), 7.00 (dd, J = 7.7, 1.0 Hz,
1H), 6.84 (dd, J = 8.2, 0.9 Hz, 1H), 2.49 (s, 3H). NH and CO2H protons not
observed.
13

C NMR (101 MHz, MeOD): δ 166.0, 165.5, 147.1, 144.1, 137.7, 125.4, 124.8,

122.8, 122.0, 121.2, 119.9, 109.9, 95.1, 10.4. One carbon not observed/coincident.
HRMS: exact mass calculated for [M+H+] (C15H12ClN2O2S) m/z requires 319.0303,
m/z found 319.0303.

165

Experimental

Compound 174: 6-((5-Chloro-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((5-chloro-2-methyl-1Hindol-3-yl)thio)picolinate 170 (46 mg, 0.13 mmol, 1 equiv.) and 2 M aq. NaOH (0.5
mL) in THF (0.5 mL, 0.3 M) to afford the desired product as a pale brown
amorphous solid (37 mg, 88%).
max (neat): 3304, 1751, 1656, 1577, 1440 cm-1.
1

H NMR (600 MHz, MeOD) δ 7.79 (dd, J = 7.6, 0.8 Hz, 1H), 7.63 – 7.58 (m, 1H),

7.37 (d, J = 8.6 Hz, 1H), 7.35 (d, J = 1.9 Hz, 1H), 7.13 (dd, J = 8.6, 2.0 Hz, 1H), 6.77
(dd, J = 8.2, 0.8 Hz, 1H), 2.51 (s, 3H).
13

C NMR (151 MHz, MeOD): δ 166.0, 163.6, 147.7, 144.1, 137.8, 134.6, 130.9,

126.0, 122.3, 121.8, 120.2, 116.8, 112.2, 95.4, 10.4.
HRMS: exact mass calculated for [M+H+] (C15H12ClNO2S) requires m/z 319.0303,
found m/z 319.0307.
Compound 175: 6-((7-Chloro-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared

according

oxopropyl)thio)picolinate

to
172

General
(1

g,

Procedure
4.18

A

mmol,

using
1

ethyl

equiv.)

and

6-((2(2-

chlorophenyl)hydrazine hydrochloride (0.75 g, 4.18 mmol, 1 equiv.) in EtOH (25 mL,
0.2 M), followed by General Procedure x using 2 M aq. NaOH (6 mL) in THF (6 mL,
0.7 M) to afford the desired product as a pale yellow amorphous solid (289 mg, 22%
over 2 steps).
max (neat): 3130, 1591, 1429, 1396, 1367 cm-1.

166

Experimental
1

H NMR (400 MHz, MeOD): δ 7.59 (dd, J = 7.6, 0.9 Hz, 1H), 7.47 – 7.39 (m, 1H),

7.37 – 7.31 (m, 1H), 7.17 – 7.11 (m, 1H), 7.05 – 6.97 (m, 1H), 6.56 – 6.48 (m, 1H),
2.52 (s, 3H). NH and CO2H protons not observed.
13

C NMR (151 MHz, MeOD): δ 171.4, 162.1, 154.9, 143.4, 137.0, 133.1, 131.6,

121.0, 120.7, 119.6, 118.9, 116.5, 116.2, 97.8, 10.3.
HRMS: exact mass calculated for [M+H+] (C15H12ClN2O2S) requires m/z 319.0303,
found m/z 319.0306.
Compound 181: Ethy6-((2,4-dimethyl-1H-indol-3-yl)thio)picolinate

Prepared

according

to

General

Procedure

A

using

ethyl

6-((2-

oxopropyl)thio)picolinate 164 (1 g, 4.43 mmol, 1 equiv.) and m-tolylhydrazine
hydrochloride (0.67 mL, 4.43 mmol, 1 equiv.) in EtOH (25 mL, 0.2 M) to afford the
desired product as a yellow amorphous solid (156 mg, 11%).
max (neat): 3153, 1720, 1674, 1573, 1433 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.72 (dd, J = 7.6, 0.9 Hz, 1H), 7.60 – 7.54 (m, 1H),

7.21 (d, J = 8.1 Hz, 1H), 7.02 – 6.96 (m, 1H), 6.82 – 6.73 (m, 2H), 4.42 (q, J = 7.1
Hz, 2H), 2.54 (s, 3H), 2.45 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H). NH not observed.
13

C NMR (101 MHz, MeOD): δ 166.2, 164.7, 147.3, 142.3, 137.7, 136.4, 129.5,

127.1, 122.5, 121.8, 121.4, 120.0, 108.9, 95.1, 61.6, 17.5, 13.1, 10.3.
HRMS: exact mass calculated for [M+H+] (C18H19N2O2S) requires m/z 327.1162,
found m/z 327.1161.
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Experimental

Compound 182: Ethyl 6-((4-methoxy-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

oxopropyl)thio)picolinate

to

General

164

(1

Procedure
g,

4.2

A

mmol,

using
1

ethyl

equiv.)

6-((2-

and

(3-

methoxyphenyl)hydrazine hydrochloride (0.7 g, 4.18 mmol, 1 equiv.) in 25 mL EtOH
(0.2 M) to afford the desired product as a yellow amorphous solid (282 mg, 20%).
max (neat): 3288, 1714, 1575, 1543, 1506 cm-1.
1

H NMR (600 MHz, MeOD): δ 7.72 (dd, J = 7.5, 0.8 Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H),

7.04 (t, J = 7.9 Hz, 1H), 6.99 (dd, J = 8.1, 0.6 Hz, 1H), 6.88 (dd, J = 8.2, 0.8 Hz, 1H),
6.51 (d, J = 7.7 Hz, 1H), 4.43 (q, J = 7.1 Hz, 2H), 3.62 (s, 3H), 2.44 (s, 3H), 1.42 (t, J
= 7.1 Hz, 3H). NH proton not observed.
13

C NMR (151 MHz, MeOD): δ 166.4, 164.7, 153.5, 146.7, 140.6, 137.9, 137.3,

123.1, 122.4, 119.8, 118.6, 104.4, 101.0, 94.3, 61.6, 54.4, 13.1, 10.2.
HRMS: exact mass calculated for [M+H+] (C18H19N2O3S) requires m/z 343.1111,
found m/z 343.1112.
Compound 183: Ethyl 6-((4-fluoro-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

oxopropyl)thio)picolinate

to
164

General

Procedure

(1

4.18

g,

A

mmol,

using
1

ethyl

equiv.)

6-((2-

and

(3-

fluorophenyl)hydrazine hydrochloride (0.7 mg, 4.18 mmol, 1 equiv.) in EtOH (25 mL,
0.2 M) to afford the desired product as a yellow amorphous solid (332 mg, 24%).
max (neat): 1718, 1573, 1435 cm-1.

168

Experimental
1

H NMR (400 MHz, MeOD): δ 7.74 (dd, J = 7.6, 0.9 Hz, 1H), 7.62 – 7.57 (m, 1H),

7.19 (d, J = 8.0 Hz, 1H), 7.06 (m, 1H), 6.86 (dd, J = 8.1, 0.7 Hz, 1H), 6.69 (m, 1H),
4.42 (q, J = 7.1 Hz, 2H), 2.47 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H). NH proton not
observed.
13

C NMR (101 MHz, MeOD): δ 165.1, 164.7, 155.9 (d, 1JC-F = 246.5 Hz), 147.2,

142.8, 139.0 (d, 3JC-F = 10.3 Hz), 137.6, 122.5, 122.0 (d, 3JC-F = 7.6 Hz), 120.1,
117.7 (d, , 2JC-F = 17.2 Hz), 107.2 (d, , 4JC-F = 3.7 Hz), 105.2 (d, 2JC-F = 19.2 Hz),
93.2, 61.6, 13.1, 10.1.
19

F NMR (376 MHz, DMSO): δ -130.41.

HRMS: exact mass calculated for [M+H+] (C17H16FN2O2S) requires m/z 331.0911,
found m/z 331.0917.
Compound 184: Ethyl 6-((2,6-dimethyl-1H-indol-3-yl)thio)picolinate

Prepared

according

to

General

Procedure

A

using

ethyl

6-((2-

oxopropyl)thio)picolinate 164 (1 g, 4.43 mmol, 1 equiv.) and m-tolylhydrazine
hydrochloride (0.7 mL, 4.43 mmol, 1 equiv.) in EtOH (25 mL, 0.2 M) to afford the
desired product as a yellow amorphous solid (189 mg, 13%).
max (neat): 3296, 1720, 1573, 1435, 1400 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.70 (dd, J = 7.6, 0.9 Hz, 1H), 7.53 – 7.46 (m, 1H),

7.22 (d, J = 8.1 Hz, 1H), 7.19 – 7.16 (m, 1H), 6.86 (dd, J = 8.0, 0.9 Hz, 1H), 6.72
(dd, J = 8.2, 0.9 Hz, 1H), 4.41 (q, J = 7.1 Hz, 2H), 2.45 (s, 3H), 2.40 (s, 3H), 1.41 (t,
J = 7.1 Hz, 3H). CO2H proton not observed.
13

C NMR (101 MHz, MeOD): δ 164.7, 147.3, 141.4, 137.5, 136.6, 131.4, 127.3,

122.5, 121.6, 120.1, 117.1, 110.8, 95.0, 61.6, 20.3, 13.1, 10.3. One carbon not
observed/coincident.

169

Experimental
HRMS: exact mass calculated for [M+H+] (C18H19N2O2S) requires m/z 327.1162,
found m/z 327.1162.
Compound 185: Ethyl 6-((6-methoxy-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

oxopropyl)thio)picolinate

to
164

General
(1

g,

Procedure
4.18

A

mmol,

using
1

ethyl

equiv.)

and

6-((2(3-

methoxyphenyl)hydrazine hydrochloride (0.7 g, 4.18 mmol, 1 equiv.) in EtOH (25
mL, 0.2 M) to afford the desired product as a brown amorphous solid (521 mg,
36%).
max (neat): 1726, 1627, 1452 cm-1.
1

H NMR (600 MHz, MeOD): δ 7.73 (dd, J = 7.6, 0.8 Hz, 1H), 7.61 – 7.51 (m, 1H),

7.22 (d, J = 8.6 Hz, 1H), 6.93 (d, J = 2.2 Hz, 1H), 6.77 (dd, J = 8.2, 0.8 Hz, 1H),
6.71 (dd, J = 8.6, 2.2 Hz, 1H), 4.43 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 2.44 (s, 3H),
1.42 (t, J = 7.1 Hz, 3H). NH not observed.
13

C NMR (151 MHz, MeOD): δ 164.6, 164.5, 156.7, 147.1, 140.9, 137.7, 136.9,

123.6, 122.6, 120.2, 118.0, 109.7, 94.9, 94.7, 61.6, 54.7, 13.1, 10.3.
HRMS: exact mass calculated for [M+H+] (C16H19N2O3S) requires m/z 343.1111,
found m/z 343.1113.
Compound 186: Ethyl 6-((6-fluoro-2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

oxopropyl)thio)picolinate

to
164

General
(1

g,

Procedure
4.18

A

mmol,

using
1

ethyl

equiv.)

and

6-((2(3-

170

Experimental

fluorophenyl)hydrazine hydrochloride (0.68 g, 4.18 mmol, 1 equiv.) in EtOH (25 mL,
0.2 M) to afford the desired product as a yellow amorphous solid (563 mg, 48%).
max (neat): 3296, 1722, 1627, 1573, 1560 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.72 (dd, J = 7.6, 0.9 Hz, 1H), 7.58 – 7.51 (m, 1H),

7.30 (dd, J = 8.6, 5.2 Hz, 1H), 7.09 (dd, J = 9.6, 2.2 Hz, 1H), 6.81 (ddd, J = 9.8, 8.7,
2.3 Hz, 1H), 6.74 (dd, J = 8.2, 0.9 Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 2.46 (s, 3H),
1.41 (t, J = 7.1 Hz, 3H). NH not observed.
13

C NMR (101 MHz, MeOD): δ 164.6, 164.1, 159.9 (d, 1JC-F = 236.1 Hz), 147.4,

142.8,( d, 4JC-F = 2.9 Hz), 137.7, 136.1 (3JC-F = 12.5 Hz), 126.0, 122.4, 120.3, 118.3
(d, 3JC-F = 10.1 Hz), 108.2 (d, 2JC-F = 24.7 Hz ), 97.2 (d, 2JC-F = 26.5 Hz), 95.6, 61.6,
13.1, 10.4.
19

F NMR (376 MHz, MeOD): δ -123.5.

HRMS: exact mass calculated for [M+H+] (C17H16FN2O2S) requires m/z 331.0911,
found m/z 331.0917.
Compound 187: Ethyl 6-((2-methyl-1H-indol-3-yl)thio)picolinate

Prepared

according

to

General

Procedure

B

using

ethyl

6-((2-

oxopropyl)thio)picolinate 164 (1.0 g, 4.24 mmol, 1 equiv.), phenyl hydrazine
hydrochloride (0.6 g, 4.25 mmol, 1 equiv.) in tBuOH (50 mL, 0.1 M), with additional 1
M HCl in Et2O (0.64 mL), to afford the desired product as a brown amorphous solid
(1.2 g, 92%).
max (neat): 3280, 1733, 1573, 1406, 1290 cm-1.
1

H NMR (400 MHz, CDCl3) δ 8.59 (s, 1H), 7.74 (dd, J = 7.6, 0.8 Hz, 1H), 7.51 (d, J =

7.9 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.37 (d, J = 8.7 Hz, 1H), 7.24 – 7.19 (m, 1H),
7.13 (td, J = 7.7, 1.0 Hz, 1H), 6.76 (d, J = 8.1 Hz, 1H), 4.47 (q, J = 7.1 Hz, 2H), 2.53
(s, 3H), 1.43 (t, J = 7.1 Hz, 3H).

171

Experimental
13

C NMR (101 MHz, CDCl3): δ 165.1, 164.1, 148.0, 141.6, 137.2, 135.7, 129.8,

122.5, 122.4, 120.9, 120.5, 118.8, 110.9, 97.8, 61.9, 14.3, 12.2.
HRMS: exact mass calculated for [M+H+] (C17H17N2O2S) requires m/z 313.1005,
found m/z 313.1005.
Compound 188: 6-((2,4-Dimethyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (49 mg, 0.27
mmol, 1 equiv.), CuI (26 mg, 0.14 mmol, 0.5 equiv.), Cs 2CO3 (176 mg, 0.54 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (112 mg, 0.54 mmol, 2 equiv.), and ethyl 6((2,4-dimethyl-1H-indol-3-yl)thio)picolinate 181 (88 mg, 0.27 mmol, 1 equiv.) in DMF
(0.94 mL, 0.3 M) to afford the desired product as an off white amorphous solid (31
mg, 39%).
max (neat): 3302, 1690, 1580, 1558, 1454 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.76 (dd, J = 7.6, 0.9 Hz, 1H), 7.63 – 7.55 (m, 1H),

7.23 (d, J = 8.1 Hz, 1H), 7.05 – 6.97 (m, 1H), 6.84 – 6.75 (m, 2H), 2.56 (s, 3H), 2.47
(s, 3H). NH and CO2H protons not observed.
13

C NMR (101 MHz, MeOD): δ 166.1, 165.9, 147.4, 142.3, 137.8, 136.4, 129.5,

127.1, 122.5, 121.8, 121.4, 119.9, 108.9, 95.2, 17.5, 10.3.
HRMS: exact mass calculated for [M+H+] (C16H15N2O2S) requires m/z 299.0849,
found m/z 299.0849.

172

Experimental

Compound 189: 6-((4-Methoxy-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((4-methoxy-2-methyl-1Hindol-3-yl)thio)picolinate 182 (47.2 mg 0.14 mmol, 1 equiv.) and 2 M aq. NaOH (0.5
mL) in THF (0.5 mL, 0.3 M), to afford the desired product as a yellow amorphous
solid (41.7 mg, 96%).
max (neat): 3273, 1716, 1583, 1539, 1483 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.72 (d, J = 7.5 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H), 7.06

– 6.93 (m, 2H), 6.89 (d, J = 8.2 Hz, 1H), 6.49 (d, J = 7.5 Hz, 1H), 3.59 (s, 3H), 2.43
(s, 3H). NH and CO2H protons not observed.
13

C NMR (101 MHz, MeOD): δ 165.9, 165.9, 153.5, 146.7, 140.7, 137.8, 137.5,

123.1, 122.4, 119.7, 118.6, 104.4, 101.0, 94.2, 54.4, 10.2.
HRMS: exact mass calculated for [M+H+] (C16H15N2O3S) requires m/z 315.0798,
found m/z 315.0798.
Compound 190: 6-((4-Fluoro-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((4-fluoro-2-methyl-1Hindol-3-yl)thio)picolinate 183 (51 mg, 0.15 mmol, 1 equiv.) and 2 M aq. NaOH
solution (0.5 mL) in THF (0.5 mL, 0.3 M) to afford the desired product as a yellow
amorphous solid (56 mg, 99%).
max (neat): 1687, 1573, 1413 cm-1.

173

Experimental
1

H NMR (600 MHz, MeOD): δ 7.75 (dd, J = 7.5, 0.7 Hz, 1H), 7.58 (t, J = 7.9 Hz, 1H),

7.18 (d, J = 8.2 Hz, 1H), 7.05 (td, J = 8.0, 4.9 Hz, 1H), 6.86 (d, J = 8.2 Hz, 1H), 6.68
(dd, J = 11.1, 7.9 Hz, 1H), 2.46 (s, 3H). NH and CO2H protons not observed.
13

C NMR (151 MHz, MeOD): δ 166.1, 164.7, 155.9 (d, 1JC-F = 246.5 Hz), 147.3,

142.8, 139.0 (d, 3JC-F = 10.3 Hz), 137.7, 122.5, 121.9 (d, 3JC-F = 7.7 Hz), 120.0,
117.7 (d, 2JC-F = 17.3 Hz), 107.2 (d, , 4JC-F = 3.8 Hz), 105.3 (d, , 2JC-F = 19.2 Hz), 93.2
(d, 4JC-F = 1.6 Hz), 10.1.
19

F NMR (376 MHz, MeOD): δ -129.6.

HRMS: exact mass calculated for [M+H+] (C15H12FN2O2S) requires m/z 303.0598,
found m/z 303.0568.
Compound 191: 6-((2,6-Dimethyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure E using 1,10-phenanthroline (49 mg, 0.27
mmol, 1 equiv.), CuI (26 mg, 0.14 mmol, 0.5 equiv.), Cs 2CO3 (176 mg, 0.54 mmol, 2
equiv.), 4-iodo-1-methyl-1H-pyrazole (112 mg, 0.54 mmol, 2 equiv.), and ethyl 6((2,6-dimethyl-1H-indol-3-yl)thio)picolinate (88 mg, 0.27 mmol, 1 equiv.) in DMF
(0.94 mL, 0.3 M) to afford the desired product as a yellow amorphous solid (8 mg,
10%).
max (neat): 3279, 1720, 1580, 1578, 1441 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.64 (d, J = 7.5 Hz, 1H), 7.46 (t, J = 7.8 Hz, 1H), 7.24

(d, J = 8.0 Hz, 1H), 7.18 (d, J = 0.5 Hz, 1H), 6.88 (dd, J = 8.0, 0.9 Hz, 1H), 6.63 (d, J
= 8.0 Hz, 1H), 2.45 (s, 3H), 2.42 (s, 3H). NH and CO2H not observed.
13

C NMR (101 MHz, MeOD): δ 169.2, 163.5, 151.7, 141.2, 137.1, 136.6, 131.4,

127.5, 121.5, 120.9, 119.2, 117.6, 110.75, 95.7, 20.3, 10.3.
HRMS: exact mass calculated for [M+H+] (C16H15N2O2S) requires m/z 299.0849,
found m/z 299.0849.

174

Experimental

Compound 192: 6-((6-Methoxy-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((6-methoxy-2-methyl-1Hindol-3-yl)thio)picolinate 185 (46.4 mg, 0.14 mmol, 1 equiv.) and 2 M aq. NaOH (0.5
mL) in THF (0.5 mL,0.3 M) to afford the desired product as a brown amorphous solid
(36.2 mg, 85%).
max (neat): 3286, 1724, 1627, 1581, 1500 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.75 (dd, J = 7.6, 0.9 Hz, 1H), 7.58 – 7.51 (m, 1H),

7.21 (d, J = 8.6 Hz, 1H), 6.93 (d, J = 2.1 Hz, 1H), 6.78 (dd, J = 8.1, 0.9 Hz, 1H), 6.70
(dd, J = 8.6, 2.2 Hz, 1H), 3.80 (s, 3H), 2.50 – 2.39 (m, 3H). NH and CO2H protons
not observed.
13

C NMR (101 MHz, MeOD): δ 165.8, 164.3, 156.7, 147.1, 140.9, 137.9, 136.9,

123.5, 122.7, 120.1, 118.0, 109.7, 94.8, 94.7, 54.7, 10.4.
HRMS: exact mass calculated for [M-H+] (C16H13N2O2S) requires m/z 315.0798,
found m/z 315.0798.
Compound 193: 6-((6-Fluoro-2-methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((6-fluoro-2-methyl-1Hindol-3-yl)thio)picolinate 185 (50 mg, 0.15 mmol, 1 equiv.) and 2 M aq. NaOH (0.5
mL) in THF (0.5 mL,0.3 M) to afford the desired product as a brown amorphous solid
(3 mg, 7%).
max (neat): 3338, 1732, 1608, 1583, 1556 cm-1.
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1

H NMR (400 MHz, MeOD): δ 7.62 (d, J = 7.5 Hz, 1H), 7.46 (t, J = 7.8 Hz, 1H), 7.33

(dd, J = 8.6, 5.3 Hz, 1H), 7.09 (dd, J = 9.6, 2.2 Hz, 1H), 6.82 (ddd, J = 9.8, 8.7, 2.3
Hz, 1H), 6.57 (d, J = 8.0 Hz, 1H), 2.46 (s, 3H). NH and CO2H protons not observed.
13

C NMR (101 MHz, MeOD): δ 169.1, 163.0, 160.0 (d, 1JC-F = 235.9 Hz), 151.6,

142.7 (d, 2JC-F = 26.4 Hz), 137.3, 136.1 (d, 3JC-F = 12.6 Hz), 126.1, 120.9, 119.5,
118.4 (d, 3JC-F = 10 Hz), 108.1 (d, 2JC-F = 24.7 Hz), 97.2 (d, 2JC-F = 26.4 Hz), 96.1,
10.4.
19

F NMR (376 MHz, MeOD): δ -123.86.

HRMS: exact mass calculated for [M+H+] (C15H12FN2O2S) requires m/z 303.0598,
found m/z 303.0596.
Compound 194: 6-((2-Methyl-1H-indol-3-yl)thio)picolinic acid

Prepared according to General Procedure G using ethyl 6-((2-methyl-1H-indol-3yl)thio)picolinate 187 (56 mg, 0.18 mmol, 1 equiv.) and 2 M aq. NaOH (0.5 mL) in
THF (0.5 mL, 0.4 M) to afford the desired product as a brown amorphous solid (27
mg, 53%).
max (neat): 3280, 1749, 1575, 1558, 1438 cm-1.
1

H NMR (400 MHz, MeOD): δ 7.75 (dd, J = 7.6, 0.8 Hz, 1H), 7.56 (t, J = 7.9 Hz, 1H),

7.42 – 7.34 (m, 2H), 7.18 – 7.10 (m, 1H), 7.10 – 7.01 (m, 1H), 6.75 (dd, J = 8.1, 0.8
Hz, 1H), 2.49 (s, 3H). NH and CO2H protons not observed.
13

C NMR (101 MHz, MeOD): δ 166.2, 164.1, 163.2, 147.6, 142.1, 137.6, 136.2,

129.6, 122.4, 121.6, 120.0, 117.4, 110.9, 95.4, 10.4.
HRMS: exact mass calculated for [M+H+] (C15H13N2O2S) requires m/z 285.0692,
found m/z 285.0692.
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Compound 196: Methyl 6-((3-bromophenyl)thio)picolinate

To a round-bottomed flask was added ethyl 6-bromopicolinate 197 (499.3 mg, 2.17
mmol, 1 equiv.), Cs2CO3 (1.42 g, 4.36 mmol, 2 equiv.), and 4-bromothiophenol (0.22
mL, 2.17 mmol, 1 equiv.). The reaction vessel was sealed and purged with N2
before addition of DMF (10 mL, 0.2 M). The reaction mixture was then heated to 45
°C under for 16 h. The reaction mixture was allowed to cool to room temperature
and diluted with H2O (30 mL) and extracted using EtOAc (3 x 30 mL). The combined
organics were dried (hydrophobic frit), and concentrated under vacuum to a residue
that was purified using silica chromatography (10-40% EtOAc in petroleum ether) to
afford the desired product as a white amorphous solid (0.26 g, 37%).
max (neat): 1724, 1560, 1440, 1390 cm-1.
1

H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 7.6 Hz, 1H), 7.83 – 7.79 (m, J = 1.5 Hz,

1H), 7.63 (t, J = 7.9 Hz, 1H), 7.55 (t, J = 8.2 Hz, 2H), 7.32 (d, J = 7.9 Hz, 1H), 7.06
(d, J = 8.1 Hz, 1H), 3.98 (s, 3H).
13

C NMR (101 MHz, CDCl3) δ 165.0, 151.4, 143.9, 142.3, 140.7, 137.00 136.2,

135.1, 128.8, 127.9, 126.7, 125.5, 55.9.
HRMS: exact mass calculated for [M-H+] (C13H979BrNO2S) requires m/z 323.9692,
found 323.9692, (C13H981BrNO2S) requires m/z 325.9666, found m/z 325.9666.
Compound 197. Methyl 6-bromopicolinate

In a round bottomed flask 6-bromopicolic acid (1 g, 4.96 mmol, 1 equiv.) was
dissolved in MeOH (30 mL, 0.2 M). To the reaction mixture conc. H2SO4 (0.35 mL)
was added and the reaction mixture was heated to reflux under N2 for 16 h. The
reaction mixture was then cooled to 0 °C and 35% NH4OH (1.6 mL) was added. The
resulting solution was then reduced under vacuum, dissolved in CH2Cl2 (50 mL), and
washed with brine (50 mL). The combined organics were dried (hydrophobic frit),
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and concentrated under vacuum to afford the desired product as a white amorphous
solid (0.9 g, 85%).
max (neat): 1718, 1687,1562 1446 cm-1.
1

H NMR (500 MHz, CDCl3): δ 8.09 (dd, J = 7.0, 1.5 Hz, 1H), 7.73 – 7.66 (m, 2H),

4.00 (s, 3H).
13

C NMR (101 MHz, CDCl3): δ 164.4, 148.7, 142.1, 139.2, 131.8, 124.0, 53.1.

HRMS: exact mass calculated for [M-H+] (C7H579BrNO2) requires m/z 215.9655,
found m/z 215.9653, (C7H581BrNO2) requires m/z 217.9634, found m/z 217.9632.
Compound 205: 1-((3-Bromophenyl)thio)propan-2-one

To a flask bromothiophenol (0.27 mL, 2.65 mmol, 1 equiv.) and THF (15 mL, 0.2 M)
were added and cooled to 0 °C. DIPEA (2.3 mL, 13.22 mmol, 5 equiv.) was added
portion wise and allowed to stir for 30 min before the addition of chloroacetone (2.3
mL, 5.65 mmol, 2.1 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 EtOAc (30 mL) and washed with H2O (30 mL). The combined
organics were dried (hydrophobic frit) and concentrated under vacuum to a residue
that was purified using silica chromatography (0-40% EtOAc in petroleum ether) to
afford the desired product as a colourless oil (0.5 g, 84%).
max (neat): 3050, 1571,1559, 1454, 1392 cm-1.
1

H NMR (400 MHz, CDCl3): δ 7.45 (t, J = 1.8 Hz, 1H), 7.33 – 7.29 (m, 1H), 7.24 –

7.20 (m, 1H), 7.15 – 7.10 (m, 1H), 3.68 (s, 2H), 2.26 (s, 3H).
13

C NMR (101 MHz, CDCl3): δ 202.8, 137.2, 131.7, 130.4, 129.8, 127.6, 122.9, 44.3,

28.1.
HRMS: exact mass calculated for [M+H+] (C9H1079BrOS) requires m/z 246.9609,
found m/z 246.9601, (C9H1081BrOS) requires m/z 246.9609, found m/z 246.9601.
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Compound 208: 3-((3-Bromophenyl)thio)-2-methyl-1H-indole

Prepared according to General Procedure A using phenyl hydrazine hydrochloride
(592.0 mg, 4.08 mmol, 1 equiv.) and 1-((3-bromophenyl)thio)propan-2-one 205 (1.0
g, 4.08 mmol, 1 equiv.) in EtOH (20 mL, 0.2 M) to afford the title compound as a
brown oil (1.2 g, 91%).
max (neat): 3392, 3055, 2980, 1573, 1556 cm-1.
H NMR (400 MHz, CDCl3): : 8.30 (br s, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.36 (d, J =

1

8.0 Hz, 1H), 7.21 (td, J = 7.0, 1.3 Hz, 1H), 7.18-7.11 (m, 3H), 7.00 (t, J = 8.1 Hz,
1H), 6.93 (dt, J = 8.0, 1.4 Hz, 1H), 2.52 (s, 3H).
C NMR (101 MHz, CDCl3): : 142.1, 141.5, 135.6, 130.1, 127.9, 127.7, 124.1,

13

123.0, 122.5, 121.0, 118.9, 110.9, 98.5, 12.3. One carbon not observed/coincident.
HRMS: exact mass calculated for [M+H+] (C15H1379BrNS) requires m/z 317.9947,
found m/z 317.9951, (C15H1381BrNS) requires m/z 319.9925, found m/z 319.9931.
Compound 209: 3-((3-Bromophenyl)thio)-6-chloro-2-methyl-1H-indole69

Prepared according to General Procedure A using (3-chlorophenyl)hydrazine (2.0 g,
8.18 mmol, 1 equiv.) and 1-((3-bromophenyl)thio)propan-2-one 205 (1.5 g, 8.18
mmol, 1 equiv.) in EtOH (40 mL, 0.2 M) to afford the desired compound as a cream
amorphous solid (639.0 mg, 22%).
max (neat): 3409, 1573, 1557, 1536 cm-1.
H NMR (400 MHz, CO(CD3)2):  10.97 (br s, 1H), 7.48 (d, J = 1.9 Hz, 1H), 7.38 (d,

1

J = 8.4 Hz, 1H), 7.24 (ddd, J = 7.9, 1.9, 1.0 Hz, 1H), 7.15 (t, J = 7.9 Hz, 1H), 7.11 (t,
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J = 1.8 Hz, 1H), 7.08 (dd, J = 8.4 Hz, 1H), 7.02 (ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 2.52
(s, 3H).
13

C NMR (101 MHz, CDCl3): δ 143.0, 142.8, 136.3, 132.3, 129.5, 127.3, 127.0,

125.4, 123.5, 122.4, 122.2, 121.8, 109.1, 97.8, 11.7.
HRMS: exact mass calculated for [M+H+] (C15H1279BrClNS) requires m/z 351.9557,
found m/z 351.9555, (C15H1281BrClNS) requires m/z 353.9534, found m/z 353.9529.
Compound 210: 3-((2-Methyl-1H-indol-3-yl)thio)benzoate

Prepared according

to General Procedure F using trans-bis(acetato)bis[o-(di-o-

tolylphosphino)benzyl]dipalladium(II) (183 mg, 0.195 mmol, 5 mol %), 3-((3bromophenyl)thio)-2-methyl-1H-indole 208 (1.16 g, 3.91 mmol, 1 equiv.), Mo(CO)6
(1.03 g, 3.91 mmol, 1 equiv.), [tBu3PH]BF4 (226 mg, 0.781 mmol, 20 mol %) and
DBU (875 μL, 5.86 mmol, 1.5 equiv.) in MeCN (4 mL) and MeOH (16 mL, 0.2 M) to
afford the desired compound as a brown amorphous solid (1.03 g, 89%).
max (neat): 3327, 1500, 1710 cm-1.
1

H NMR (500 MHz, CDCl3): δ 8.49 (s, 1H), 7.81 (s, 1H), 7.70 (d, J = 7.6 Hz, 1H),

7.51 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.22 – 7.09 (m, 4H), 3.86 (s, 3H),
2.50 (s, 3H).
13

C NMR (126 MHz, CDCl3): δ 166.9, 141.4, 140.4, 135.6, 130.6, 130.1, 129.8,

128.7, 126.6, 125.8, 122.3, 120.8, 118.8, 110.8, 52.1, 29.1, 12.1.
HRMS: exact mass calculated for [M-H+] (C17H14NO2S) requires m/z 296.0751,
found m/z 296.0753.
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Compound 211: Methyl 3-((6-chloro-2-methyl-1H-indol-3-yl)thio)benzoate

Prepared according

to general procedure using trans-bis(acetato)bis[o-(di-o-

tolylphosphino)benzyl]dipalladium(II) (90 mg, 0.096 mmol, 5 mol%), 3-((3bromophenyl)thio)-6-chloro-2-methyl-1H-indole 209 (639 mg, 1.93 mmol, 1 equiv.),
Mo(CO)6 (510 mg, 1.93 mmol, 1 equiv.), [tBu3PH]BF4 (112 mg, 0.39 mmol, 20 mol
%) and DBU (432 µL, 2.90 mmol, 1.5 equiv.) MeCN (4 mL) MeOH (16 mL, 0.3 M) to
afford the desired compound as a cream amorphous solid (463 mg, 71%).
max (neat): 3405, 3321, 2950, 1699, 1621, 1591, 1575, 1539 cm-1.
H NMR (400 MHz, CO(CD3)2):  10.92 (br s, 1H), 7.73-7.66 (m, 2H), 7.47 (d, J =

1

1.8 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.32 (td, J = 7.7, 0.9 Hz, 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)2):  166.8, 144.4, 141.2, 137.4, 131.9, 130.6, 130.0,

13

129.7, 128.1, 126.9, 126.6, 121.6, 120.6, 112.1, 98.4, 52.4, 12.0.
HRMS: exact mass calculated for [M+H+] (C17H15ClNO2S) requires m/z 332.0507,
found m/z 332.0505,
Compound 215: 4-((2-Oxopropyl)thio)butanoic acid

A solution of 4-mercaptobutanoic acid 216 (1.2 g, 10.02 mmol, 1 equiv.), DIPEA (4.4
mL, 25.06 mmol, 2.5 equiv.) in THF (30 mL, 0.3M) was cooled to 0 °C. To the
cooled solution chloroacetone (0.98 mL, 10.52 mmol, 1 equiv.) was added
portionwise. The reaction mixture was then allowed to warm to room temperature
and stirred for 16 h. The reaction was then diluted with EtOAc (50 mL) and washed
with water (3 x 30 mL) and brine (1 x 30 mL). The organic layer was then collected,
dried (hydrophobic frit) and concentrated to a residue which was purified by silica
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chromatorgraphy (eluent DCM) to afford the desired compound as a clear oil (266.0
mg, 15%).
max (neat): 2924, 1701 cm-1.
1

H NMR (400 MHz, CDCl3): δ 3.20 (s, 2H), 2.48 (dt, J = 33.2, 7.2 Hz, 4H), 2.27 (s,

3H), 1.87 (p, J = 7.3 Hz, 2H). CO2H proton not observed.
13

C NMR (101 MHz, CDCl3): δ 203.7, 178.2, 41.1, 32.1, 30.6, 27.3, 23.2.

HRMS: exact mass calculated for [M+H+] (C7H13O3S) requires m/z 177.0580, found
m/z 177.0575.
Compound 216: 4-Mercaptobutanoic acid

A solution of 4-bromobutyric acid (3.01 g, 18 mmol, 1 equiv.) and thiourea (2.05 g,
27 mmol, 1.5 equiv.) in EtOH (26 mL, 1 M) was heated at reflux for 3 h, then allowed
to cool to room temperature and concentrated under vacuum. The residue was then
dissolved in 7.5 M aq. NaOH (20 mL) and refluxed for 16 h. The reaction mixture
was then cooled to 0 °C and acidified using 2 M aq. H2SO4 and extracted using
CH2Cl2 (3 x 20 mL). The organics were combined, dried (hydrophobic frit) and
concentrated under vacuum to afford the desired product as a colourless oil (1.73 g,
80%).
max (neat): 1703 cm-1.
1

H NMR (400 MHz, CDCl3) δ 10.07 (s, 1H), 2.62 – 2.53 (m, J = 15.1, 7.1 Hz, 2H),

2.49 (t, J = 7.3 Hz, 2H), 1.91 (quin., J = 7.2 Hz, 2H), 1.35 (t, J = 8.1 Hz, 1H).
13

C NMR (101 MHz, CDCl3): δ 179.5, 32.4, 28.6, 23.9.

HRMS: exact mass calculated for [M+H+] (C4H9O2S) requires m/z 121.0318, found
m/z 121.0315.
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Compound 218: 4-(2-Methyl-1H-indol-3-yl)butanoic acid

Prepared according to General Procedure B using 4-((2-oxopropyl)thio)butanoic
acid 215 (340 mg, 2.27 mmol, 1 equiv.) and phenyl hydrazine hydrochloride (328
mg, 2.27 mmol, 1 equiv.) in tBuOH (15 mL, 0.15 M) with additional 1 M HCl in Et2O
(0.4 mL)and AcOH (1 mL) to afford the desired product as a yellow oil (308 mg,
66%).
max (neat): 3323, 2926, 1622, 1566, 1496, 1435 cm-1.
1

H NMR (400 MHz, CDCl3) δ 8.09 (s, 1H), 7.70 – 7.63 (m, 1H), 7.31 – 7.27 (m, 1H),

7.19 – 7.13 (m, 2H), 2.69 (t, J = 7.0 Hz, 2H), 2.53 (s, 3H), 2.50 (t, J = 7.4 Hz, 2H),
1.80 (quin., J = 7.2 Hz, 2H).
13

C NMR (126 MHz, CDCl3): δ 178.7, 140.0, 135.3, 130.5, 121.9, 120.3, 118.6,

110.6, 101.8, 35.1, 32.5, 24.7, 12.2.
HRMS: exact mass calculated for [M+H+] (C13H15NO2) requires m/z 248.0751, found
m/z 248.0752.
4.7
4.7.1

Biology
Autotaxin 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 3 mM bispNPP at 30 °C for 30 min in 50 mM Tris-HCl buffer (pH8.5) containing 10 mM CaCl2
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 405nm. The background was determined by incubating bis-pNPP in the
absence of enzyme. Activity of the compounds was determined by subtracting the
average background OD from all results and expressing the compound activity as a
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percentage of the enzyme-substrate reaction in the absence of compound. PF-8380
in the concentration range of 0.1-300 nM in half log units was included as a standard
compound in every assay plate. The potential inhibitors were initially tested against
autotaxin at a concentration of 30 µM (n=2); samples which showed inhibition of
60% or greater were considered to be active. Dose response curves, in the
concentration range of 30 nM to 30 µM in half log units, to calculate Ki values were
performed on compounds reaching the designated activity threshold (n=3). Data
was expressed as mean ± SEM was plotted using Graph Pad Prism version 6.00 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com
4.7.2

Choline Release Assay

All biochemical studies were performed with hATX. ATX lysoPLD activity was
measured by choline release from LPC. 20 nM ATX (prepared from HEK 293 Flp-In
cells) was incubated with 150 μM LPC(18:1) in a final volume of 100 μl buffer
containing 50 mM Tris pH 7.4, 0.01% Triton X-100, 50 mM CaCl2, 1 Unit ml-1 choline
oxidase, 2 Unit ml-1 horseradish peroxidase, 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 λex/λem = 320/450 nm
every 30 seconds for 90 minutes with a Fluorostar plate reader (BMG Labtech).
Data analysis was performed using GraphPad Prism version 6.00 for Windows,
GraphPad Software, La Jolla California USA, www.graphpad.com.
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