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Abstract

Proteinase-activated receptors (PARs), members of the G-protein coupled receptor (GPCR)
superfamily of proteins, represent highly attractive targets for therapy across a wide range of
diseases. Of specific interest are PAR1 and PAR2, the major signalling members of the PAR
family which are associated with cardiovascular disease, cancer and inflammatory disease.
However, despite significant efforts, there is only one marketed drug for the PARs available
in Vorapaxar, which is used to inhibit PAR1 in the treatment of thrombosis.! Thus, exploring
different chemical approaches to developing better lead molecules is important to explore
novel methods for modulating the PARSs.

Pepducins, peptidic compounds containing a palmitoyl chain, have represented a novel
approach to allosteric modulation of PARs, with PZ-128 targeting PAR1 and PZ-235
targeting PAR2 as promising lead compounds.>® However, deviation from the general
pepducin structure has not been explored and represent possible areas of improvement.
Herein, 10 novel PZ-128 analogues are described as potential improvements to PZ-128
highlighting the impact of linker modification as well as cyclisation of the peptide sequence.
Additionally, off-target activity of PZ-128 is also explored, highlighting some intrinsic
problems with the pepducin approach. These problems were alleviated to an extent with the
novel PZ-128 analogues but identifying overall improvements to the pharmacological

character of the series proved challenging.

Recently, two potential lead molecules were published targeting PAR2 with AZ8838 and
AZ3451.* These compounds have provided new insight into how we can target PAR2,
allowing access to novel chemicals with improved properties. Through a series of
modifications to the published chemical structures, we have accessed novel compounds that
display similar biological properties to AZ8838. Herein, 15 novel analogues of AZ8838 have
been synthesised and their propensity for PAR2 inhibition tested in in vitro assays,
identifying one compound of comparable potency whilst exploring the SAR surrounding the
AZ8838 bhinding pocket. Additionally, an expanded library of AZ8838 analogues has been

computationally docked to assess binding within PAR2 in silico.
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Chapter 1 Introduction

1.1 G-Protein Coupled Receptors

G-protein coupled receptors (GPCRs) are cell surface receptors which play key roles in a
wide range of biological processes. They facilitate the passage of information from
extracellular sources through the cell membrane and into the cytosol by both extra- and
intracellular binding.®

With approximately 800 different GPCRs expressed in humans, they represent the largest
class of potential drug targets for the treatment of human diseases.® This prevalence is
reflected in drug development, with roughly 35% of all approved drugs targeting GPCRs
across a vast array of diseases including cardiovascular disease, a range of inflammatory
diseases and neurological diseases such as schizophrenia and Alzheimer disease, among

many others.’

1.1.1  General Structure of GPCRs

All GPCRs share a common structural archetype, as shown in Figure 1.1. Specifically,
they are characterised by their seven transmembrane helices, connected by a series of
intra- and extracellular loops (ICL and ECL).8 The extracellular domain consists of the N-
terminal region as well as the three extracellular loops.® The transmembrane domain
contains the seven a-helices which wind through the cell membrane. Finally, the
intracellular domain contains the C-terminal region and the three intracellular loops.
Additionally, GPCRs are typically associated with a heterotrimeric G-protein which
propagates the signal from the GPCR into the cell interior, although this relationship is
not exclusive. Recent studies have shown regions of the GPCR engaging in non G-protein
coupled signalling, acting through other cytoplasmic proteins as well as directly

interacting with effectors of intracellular signalling.’
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Figure 1.1: Representative structure of a GPCR showing general structural features. (Left) Folded structure of a GPCR
(Right) Simplified view of a GPCR.

1.1.1.1 Subfamilies
Whilst all GPCRs share the common structural archetype detailed above (vide supra
Figure 1.1), the broad range of GPCR structures share very little sequence identity.

Traditionally, GPCRs were described as one of six different subclasses:°

e Class A —rhodopsin-like

e Class B — secretin receptor family

e Class C — metabotropic glutamate

e Class D — fungal mating pheromone receptors
e Class E — cyclic AMP receptors

e Class F — frizzled/smoothened receptors

However, of these subclasses, class D and class E are not represented within vertebrates.
As such, an alternative “GRAFS” system is used to divide vertebrate GPCRs into five

classes based on structure and agonist homology: *

e Glutamate family
e Rhodopsin family
e Adhesion family
o Frizzled family

e Secretin family



The glutamate family of GPCRs consists of 22 GPCRs, of which 8 are orphan receptors
and 3 are sensory receptors for taste.” The remaining 11 receptors are activated by either
amino acids, with 8 metabotropic glutamate receptors (mGluR1-g) and 2 y-aminobutyric
acid (GABA) receptors (GABABg:-2), or ions, with a single calcium-sensing receptor (CaS
receptor).!?> These receptors typically display a longer extracellular domain which is
hydrophilic in nature for agonist binding, replete with many conserved cysteine residues
facilitating the formation of disulfide bridges.?

The rhodopsin family of GPCRs represent the largest subclass containing a total of 285
individual GPCRs.!2 Of these, 81 are orphan receptors whilst 7 are sensory receptors for
sight. The leftover 197 rhodopsin family proteins are activated by a range of agonists, with
peptide, aminergic and lipid receptors making up most of the family containing 76, 36 and
36 receptors, respectively.® There are also smaller groups which are activated by proteins,
nucleotides, carboxylic acids, steroids and melatonin. Despite the broad range of agonist
types for the rhodopsin family, sequence homology is relatively conserved, especially

within the transmembrane helical bundle, displaying a sequence similarity of >25%.

The adhesion family consists of 33 GPCRs which are suspected to contribute to
intercellular communication.*®> Adhesion receptors are split into 9 groups, each with
extended N-terminal domains of >4000 amino acids.’®> While each adhesion GPCR
maintains a GPCR autoproteolysis-inducing (GAIN) domain, responsible for self-
cleavage of the N-terminal region, other protein domains within the N-termini belong to

specific adhesion family subtypes over others.

The frizzled family contain 11 amino acids which are activated by Wnt proteins, a series
of lipid-modified signalling proteins associated with developmental pathways in cell
growth including cell differentiation, cell proliferation and cell migration.?6 The frizzled

proteins maintain a cysteine-rich N-terminus to enable binding of the Wnt proteins.

Finally, the secretin family consists of 15 peptide receptors.®” The secretin receptors
possess cysteine-rich residues to allow binding of peptides varying in length between 20

and 50 amino acids.



1.1.2 Mechanism of Action for GPCRs

1.1.2.1 Activation of GPCRs

The extracellular domain of a GPCR is typically responsible for ligand binding whereas
the intracellular domain controls interactions with related signalling proteins within the
cell.®® The transmembrane domain is mostly responsible for providing structure to the
protein, although movement of the individual helices is also crucial for allowing the
transduction of information to the inside of the cell.!® The intracellular region of GPCRs
is responsible for interacting with associated G-proteins, heterotrimeric proteins
consisting of G., Gg and G, units responsible for signalling cascades occurring as a result
of GPCR activation.®

The mechanism of action for GPCRs remains consistent across the receptor family,
although the binding site of the stimulus can differ.!* Small organic molecules and
peptides will typically bind within an extracellular hollow formed between the seven
transmembrane helices. On the other hand, proteins will typically bind on the N-terminus

and activate the GPCR away from the cell membrane.

Binding of the cognate ligand within the extracellular surface leads to a conformational
change in the GPCR (Figure 1.2a), facilitated by the transmembrane helices, which then
allows recruitment of the G-protein within the intracellular loops and C-terminus (Figure
1.2b).2% The heterotrimeric G-protein is broken into two subunits (G, and Gg.) which go
on to interact with other receptors, kinases and arrestin molecules within the cell as part
of cell signalling cascades.'® (Figure 1.2c). The resulting signalling cascades lead to
physiological changes in cells in response to external stimuli which can manifest in a

myriad of ways.
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Figure 1.2: General mechanism of activation for GPCRs. (a) Recruitment of agonist by extracellular region of the
GPCR resulting in modification of the transmembrane structure. (b) Recruitment of G-protein by the intracellular

domain. (c) Cleavage of G-protein into Gq and Gg. subunits, leading to further cell signalling events.

1.1.2.2 Self-regulation of GPCRs

GPCRs also elucidate a self-regulation mechanism (Figure 1.3).# Upon activation by
their cognate ligands (Figure 1.3a), GPCRs begin to undergo phosphorylation on their
intracellular loops and C-terminus (Figure 1.3b). The phosphorylated residues label the
receptor for B-arrestin binding. Once bound, B-arrestin leads to the internalisation of the
GPCR into a vesicle (Figure 1.3d-e) where B-arrestin is removed and the GPCR is
dephosphorylated (Figure 1.3f). It is then returned to the cell surface in an inactivated
state (Figure 1.3g). By this method, GPCR expression at the cell membrane can be self-

regulated, ensuring there is not an excess of activated GPCRs.
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Figure 1.3: Self-regulation of GPCR activated states. (a) GPCR becomes activated by its cognate ligand. (b) The
activated GPCR begins to undergo phosphorylation on its intracellular loops and C-terminus. (c) Vesicle begins to form
containing the GPCR. (d) Phosphorylated sites signal for the recruitment of B-Arrestins. (e) Presence of B-arrestin
signals for internalisation of the GPCR where B-arrestin becomes unbound (f) and the GPCR is dephosphorylated before

returning to the cell membrane (g). Adapted from.?

1.1.2.3 Associated G-Proteins

As described previously, GPCRs elicit their signalling through the binding and cleavage
of heterotrimeric G-proteins, made up of G,, Ggand G, subunits (Figure 1.4).2? Each of
these G-protein subunits possess multiple subfamilies, each with their own subtypes

divided broadly by structural similarity.

The activation of a G-protein is driven by the exchange of GDP within the G, subunit for
a GTP molecule following binding to the activated GPCR, causing the heterotrimer to
split into the G, subunit replete with GTP and the dimeric Gy, subunit.?? These separate
subunits then go on to elicit their individual signalling cascades. Following activation of
the GPCR, G-proteins will continue to be activated until such time as phosphorylation of
the GPCR has led to its deactivation.?



Figure 1.4: Structure of heterotrimeric G-protein with G. shown in blue, Gg shown in red and G, shown in green. Gq«

shown in complex with GDP.?

Gq Subunit

The G, subunit contains two key structural regions: a GTPase domain which participates
in the binding and hydrolysis of GTP, and a helical domain which locks the GDP/GTP
molecule within the centre of the protein (Figure 1.5).2* The GTPase domain will
eventually cause hydrolysis of the bound GTP molecule, producing GDP and inactivating

the subunit.
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Figure 1.5: Tertiary structure of G in complex with GDP with a-helices in red and B-sheets in blue.z

There are 4 families of G, subunits, Gs, Gin, Ggi11 and Giz13, and each of these families
cause unique signalling events (Figure 1.6). The Gs family are primarily responsible for
the activation of adenylate cyclase (AC), which is an enzyme responsible for the
hydrolysis of adenosine triphosphate (ATP) to provide cyclic adenosine monophosphate
(cAMP).2 The hydrolysis of cAMP leads to the production of adenosine monophosphate
(AMP), which fulfils multiple roles within cells as a nucleotide used in RNA synthesis,
activation of a small range of kinases and also as a means of energy transfer by conversion
into adenosine di/triphosphate (ADP/ATP). Additionally, Gs subunits also activate proto-
oncogene tyrosine-protein kinase Src (SRC), which has a physiological role in cell growth

and has implications in cancer.?®

The Gi,p family typically act in opposition to the Gs family, inhibiting the functions of
AC.% However, the G family are very slow to hydrolyse their docked GTP molecule into
GDP. To prevent overactivation, the G; family also interact with the regulator of G-protein
signalling (RGS) proteins. Once activated, RGS proteins inhibit the function of GTP-

bound G;j, preventing over-inhibition of AC.?"28
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Figure 1.6: Gsand Gin signalling cascades as a result of GPCR activation. SRC = proto-oncogene tyrosine-protein
kinase Src, AC = adenylate cyclase, AMP = adenosine monophosphate, cCAMP = cyclic adenosine monophosphate,

ATP = adenosine triphosphate, RGS = Regulator of G-protein signalling (RGS) protein. Adapted from reactome.org.
25-30

The Gy11 family are mainly responsible for the action of phospholipase C beta (PLCP)
(Figure 1.7).3! PLCB leads to the production of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate, which then go on to
activate calcium efflux from the endoplasmic reticulum (ER) and protein kinase C (PKC),
respectively (Figure 1.7).3! These signals then lead on to a range of other pathways
including, but not limited to, activation of calcium-regulated kinases and phosphatases as
well as MAPK signalling, and many other key pathways in disease-relevant locales such

as platelets (vide infra, Section 1.2.2.1).3?

In addition to activation of PLCP, Ggu1 proteins have also been shown to inhibit
phosphoinositide 3-kinase (PI3K), a key protein in cell cycle processes including cell
growth and proliferation as well as motility and intracellular trafficking (Figure 1.7).%
Further, Gg11 activates G protein-coupled receptor kinases (GRK) as well as Bruton's
tyrosine kinase (BTK) and shows interactions with RGS proteins (Figure 1.7).2728:3435

GRKs are responsible for protein phosphorylation and help to regulate activated GPCRs,



labelling them for internalisation and recycling (vide supra, Figure 1.3).2° On the other

hand, BTKSs are responsible for the differentiation of lymphocytes.®*

Finally, Gi2/13 represent the least researched family of G, subunits. It is known that G213
interact with BTKs in a similar manner to Gg11, impacting lymphocyte development.®
However, they also activate Rho guanine nucleotide exchange factors (RhoGEF), which
lead to the activation of Ras homolog gene family, member A (RhoA) which plays a role

in the maintenance of the cellular actin cytoskeleton.®’

Tk
S \

ﬁl_g;‘s\ PI3K GRK2/5 BTK RhoGEF
PIP2 IP3 + DAG l l l
Receptor Lymphocyte RhoA
Ca?* PKC phosphorylation development

Figure 1.7: Gg11 and G213 signalling cascades as a result of GPCR activation. PLC = phospholipase C, PIP2 =
phosphatidylinositol 4,5-bisphosphate, 1P3 = inositol 1,4,5-trisphosphate, DAG = diacylglycerol, PKC = protein kinase
C, PI3K = phosphoinositide 3-kinase, GRK = G protein-coupled receptor kinase, BTK = tyrosine-protein kinase BTK,
RhoGEF = Rho guanine nucleotide exchange factor, RhoA = Ras homolog gene family, member A. Adapted from

reaCtome.Org. 27,28,30,31,33-38

Ggy Subunit

For a long period of time, the Gg, subunits (Figure 1.8) were thought to not display any
signalling, instead acting as an inhibitor of G,-mediated signalling by restoring the G-
protein heterotrimer.®® However, they have since been shown to participate in a diverse
range of signalling cascades, particularly involving the recruitment of other proteins and

small molecules to the cell membrane.®®
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Figure 1.8: Tertiary structure of Gg (A) and G, (B) subunits with a-helices in red and B-sheets in blue.?

They have a proven role in the activation of RhoA, whereby Gg, activates
phosphoinositide 3-kinase gamma (PI3Ky) enabling the conversion of PIP2 to PIP3, a
RhoA agonist (Figure 1.9).4° Additionally, G, facilitates the activation of cell division
through firstly coupling with serine/threonine-protein kinase PAK1 and, following
translocation to the cell membrane, subsequent activation of CDC42, which propagates
cell division (Figure 1.9).* CDC42 also further activates PAK1, building a positive
feedback loop for the cell division process. Finally, the Gg, subunits are also known to
activate BTK as well as PLCP (Figure 1.9).4243
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Gg,-PI3Ky
%ﬁ PAK1 —% PAKA1

PI3Ky g
RhoGEF

BTK PLCB
PIP2”~ ™ DAG + IP3
PKC (Ca2*

Figure 1.9: G, signalling cascades as a result of GPCR activation. PI3Ky = phosphoinositide 3-kinase gamma, PIP2
= phosphatidylinositol 4,5-bisphosphate, PI1P3 = phosphatidylinositol (3,4,5)-trisphosphate, RhoA = Ras homolog gene
family, member A, RhoGEF = Rho guanine nucleotide exchange factor, CDC42 = Cell division control protein 42,
PLC = phospholipase C, IP3 = inositol 1,4,5-trisphosphate, DAG = diacylglycerol, PKC = protein kinase C, PI3K =
phosphoinositide 3-kinase, GRK = G protein-coupled receptor kinase, BTK = tyrosine-protein kinase BTK. Adapted

from reactome.org. 30:39-43

1.1.3  Relevance to Drug Discovery

1.1.3.1 Trends in GPCR drug discovery

GPCRs represent the single largest class of proteins targeted by modern therapeutics. In
total, 475 approved drugs target the GPCR family, representing ~35% of all marketed
drugs and ~27% of the global market share of therapeutics.” An additional 323 drugs are
in clinical trials for therapeutic effects targeting GPCRs.’” Despite this, only 44% of
GPCRs are established targets for drugs approved for clinical use or currently in clinical
trials, leaving 224 GPCRs with no approved drugs.” This highlights a relatively large area
of research for potential new therapies.

The mechanism of action for drugs targeting GPCRs shows somewhat limited variability
(Table 1.1). Most predominately, approved drugs will act as either competitive agonists
or antagonists, whereby binding within the orthosteric site of a GPCR replaces the cognate

ligand or inhibits its function, respectively.”** Antagonists represent the most abundant
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mode of function, with 260 approved drugs, representing 53% of all approved drugs.”*®

Competitive agonists represent 42%, with 206 agonist drugs approved for therapeutic
use.”® The remaining 5% of approved drugs are made up of partial agonists, inverse

agonists, positive allosteric modulators and negative allosteric modulators.”®

The observed trends between the modes of action remain largely the same when
considering clinical trial candidates. However, a slightly lower percentage of antagonists
is offset by increased numbers of agonists as well as positive and negative allosteric
modulators. This could suggest a change in drug discovery strategies, with allosteric
modulation providing an exciting alternative to competitive drug binding.*

Table 1.1: Observed trends in drug mode of action for approved and clinical trial drugs targeting GPCRs. Information

presented from gpcrdb.org.'

Approved Drugs In clinical trial drugs
Drug Mode of Action Number Percentage Number Percentage
Antagonist 260 53.3% 157 47.2%
Agonist 206 42.2% 148 44.6%
Partial agonist 12 2.5% 4 1.2%
Inverse agonist 1 0.2% 3 0.9%
Positive allosteric modulator 2 0.4% 4 1.2%
Negative allosteric modulator 1 0.2% 6 1.8%
Unknown/Not available 6 1.2% 10 3%

GPCRs not only represent the largest targeted family of proteins by drugs but also present
therapeutic targets for a vast array of diseases. The most targeted diseases by approved
drugs include allergy, hypertension, analgesia, schizophrenia, cancer and cardiovascular
disease, amongst many others.”*® Further to this, current clinical trial candidates have also
highlighted diabetes, Parkinson disease and asthma as further popular disease targets for

drugs.”13
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1.1.3.2 Mechanisms for GPCR modulation

The mechanisms by which drugs modulate GPCR function are varied in both their binding
modes and pharmacological effects.** Broadly speaking, drugs tend to have one of two
pharmacological outcomes upon binding to a target: agonism, where functions of the
protein are activated, or antagonism, where the protein function is prevented.** However,
this is an oversimplification. A short study of approved drugs targeting mostly rhodopsin
family GPCRs, the most heavily targeted GPCR family for drugs, highlights the breadth
of pharmacological effects displayed by therapeutics (Figure 1.10).* The exception is

cinacalcet, which targets a calcium sensing receptor, a member of the glutamate family of

GPCRs.
/©)\/ Formoterol Rupatadine

ﬂz adrenergic receptor H, receptor
agonist antagonist

\

H
//\ N P Y N 0] N/
NJ Aripiprazole
5-HT; 4 receptor
partial agonist 6@\

leavanserln
5 -HT,, receptor
/©\/\/ inverse agonist

Cinacalcet f\
CasS receptor
positive allosteric HO\/\O )\
modulator
Ticagrelor

OHOH P2Y, negative
allosteric modulator

Figure 1.10: Examples of approved drugs targeting mostly rhodopsin family GPCRs.
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Formoterol is a B2-adrenergic receptor agonist which occupies the active site of the GPCR
within the transmembrane domain, acting as a traditional agonist would be expected.*®
The core of the molecule resembles adrenaline, the natural agonist of [2-adrenenergic
receptor (Figure 1.11), allowing it to bind within the same active site as the cognate
agonist and elicit an agonist effect (Figure 1.12A).* The use of formoterol has been
approved for treatment as an anti-asthmatic/bronchodilating agent as well as in the

treatment of chronic obstructive pulmonary disease.*’*

OH OH

H
NT\©\ HO:©/k/NH2
HO 0~ HO
HN_ _O Formoterol Adrenaline
~~ ! .
(epinephrine)

Figure 1.11: Comparison of the chemical structure of formoterol with adrenaline.

Rupatadine represents an antagonistic drug molecule, inhibiting the function of Hj
receptor.*® The mechanism of action for rupatadine is competitive, meaning it occupies
the same binding site as the natural agonist for Hy receptor, histamine, where it limits the
response of the GPCR to the agonist.*#° Rupatadine was initially discovered in 1997 as
a dual inhibitor of Hi and platelet-activating factor (PAF) and has been approved as a

fumarate salt for use as an antiallergic treatment.*®

Aripiprazole is a partial agonist of 5-HT1a receptor, a receptor for serotonin, which has
been approved for use as an antipsychotic and in the treatment of schizophrenia.>®! A
partial agonist will act much like a normal agonist but provide a reduced effect in

comparison to the natural ligand (Figure 1.12B).%*

On the other hand, pimavanserin acts as an inverse agonist of 5-HTa receptor, providing
a therapeutic effect for the treatment of Parkinson’s disease.®?> An inverse agonist will

display the opposite response to a normal agonist.** Receptors will be capable of acting in
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the absence of a ligand, which will be referred to as basal activity.** While an agonist will

increase the response above basal levels, an inverse agonist will cause a loss of response.*
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Figure 1.12: Example responses observed following treatment of a GPCR with A a full agonist, B a partial agonist and

C an inverse agonist.*

Cinacalcet and ticagrelor represent examples of a growing trend in modern drug discovery
as allosteric modulators.*® Allosteric modulators of GPCRs do not bind within the active
site of the protein.** Instead, their presence in a distinct binding site elicits a biological
effect on cognate ligand binding.* Cinacalcet is a positive allosteric modulator (PAM),
whereby it binds to calcium sensing receptors and increases their sensitivity, elevating the
response from the GPCR.** Cinacalcet is used as a calcimimetic and to treat

hyperparathyroidism.>*

Meanwhile, ticagrelor is the opposite, acting as a negative allosteric modulator (NAM) of
P2Y12. Like a PAM, a NAM will bind into a distinct binding site from the active site.*
However, instead of amplifying the response to an endogenous ligand, a NAM will
suppress the GPCR response.** In this case, ticagrelor suppresses the action of ADP on
P2Y 12, allowing it to be used as an antithrombotic agent, for which it gained approval in
2010.%°
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1.2 Proteinase-Activated Receptors

Within the rhodopsin family of GPCRs, one subfamily displays unique characteristics
compared to all other GPCRs: the proteinase-activated receptors (PARs). Whereas most
GPCRs are activated by the recruitment of an independent biological or chemical entity,
the PARs are activated by proteolytic cleavage of their N-terminal domain to liberate a
tethered ligand. There are currently four PARs which have been successfully cloned and
characterised: PAR1, PAR2, PAR3 and PAR4.%6-59

1.2.1  Structure of PARs

The PARs display typical GPCR structural and mechanistic traits. They conserve the
seven transmembrane helices associated with GPCRs and are activated by recruitment of
a ligand into the extracellular domain of the protein.®® Additionally, they maintain an
association with G-proteins. However, they display some key differences making them

unique within both the rhodopsin subfamily and the GPCR superfamily as a whole.®°

While the PARs do display the typical GPCR structural archetype, their activation does
not derive from the binding of an extracellular entity. Instead, the cognate ligand for PAR
activation lies in a small peptide sequence within the N-terminus.>®®° Binding of this
tethered ligand leads to activation of the protein (Figure 1.13).%5% This tethered ligand
requires proteolytic cleavage of the N-terminus to allow binding to ECL2 of the PAR (vide
infra, Section 1.2.2).

Another key structural feature of the PARs is the hirudin-like domain (Figure 1.13).%!
Only present within PAR1 and PARS3, these sequences of amino acids share similarities
with a key binding domain within hirudin, a natural thrombin antagonist.5! This domain
acts as a beacon for thrombin binding, providing a signal for the thrombin to seek and
bind to before cleaving the N-terminus. As such, thrombin binds with higher affinity to
PAR1 and PAR3 than to PAR4,%? although PAR1 and PAR3 can act as cofactors to PAR4

via hetero-dimerisation to overcome this low-affinity activation.35

Finally, both PAR1 and PAR2 contain plentiful serine residues within the C-terminus.®

These serine residues are phosphorylated following activation, signalling for recycling of
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the GPCR and leading to termination of the associated cell signalling pathways (vide
supra, Section 1.1.2). However, PAR3 and PAR4 contain significantly fewer serine
residues leading to longer response times following activation.

Tethered Hirudin
Ligand Domain

Protease ('l?a“l".? site

PAR] ESNKATNATLDPR SFLLRN BN DEYEPF WEDEEKNES
PAR2 GTIQGTNRSSKGR SLIGKV DGTSHVTGKGVTVETCF

PAR3 DTNNLAKPTLPIK TFRGAP PNS FEEFP FSALEEGWT
PAR4 LDAPR GYPCQV CANDSDTLELPDSS

Extracellular loop 2

PAR] QTIQVPGLNITTCHDVLNETLLEG
PAR2? QTIFIPALNITTCHDVLPEQLLVG
PAR3 QTIFIPALNITTCHDVLPEQLLVG
PAR4 QTFRLARSDRVLCHDALPLDAQAS

| k
|

LS

T 7 T
r I
/

_—

C-terminal

PAR] SECQXYVYSILCCKESSDPSSYNSSGQLMASKMDTCSSNLNNSIYKKLLT
PAR? SHDFRDHAKNALLCRSVRTVKQMQVSLTSKKHSRKSSSYSSSSTTVKISY
PAR3 SKTRNHSTAYLTK

PAR4 SAEFRDKVRAGLFQRSPGDTVASKASAEGGSRGMGTHSSLLY

Figure 1.13: Homology of the PAR subfamily of GPCRs. The tethered ligand domains are shown in red and represent
the amino acid sequences defined as the ligand. These domains bind to extracellular loop 2, which is a domain that is
highly conserved across the PARs.%

1.2.2  Mechanism of Action for PARs

As stated above, activation of a PAR arises from the cleavage of the N-terminal region by
a serine protease. This cleavage leads to the exposure of the tethered ligand, liberating it
for binding to ECL2 of the protein (Figure 1.14).%2 It is this cleavage-dependent
mechanism of action that sets the PARs apart from all other GPCRs. Once the tethered
ligand has bound, a conformational change in the GPCR allows recruitment of G-protein
to interact with the intracellular surface before being split into the G, monomeric subunit
and the Gg, heterodimeric subunit (Figure 1.14).%¢ The G, and Gg, subunits can then go

on to induce their respective signalling cascades (Figure 1.14).
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Once activated, the C-terminus of the PAR becomes available for phosphorylation by G-
protein coupled receptor kinases (GRKSs) (Figure 1.14).3>%" This has only been shown to
occur on PAR1 and PAR2, and signals these PARs for binding with p-arrestins (Figure
1.14).57%8 The B-arrestins then signal for the endocytosis of the PAR, causing
internalisation into a vesicle and recycling of the PAR.®® While other GPCRSs return to the
cell membrane to act again post-recycling, this is not possible for the PARSs given their
cleavage-dependent mode of activation. PARs can become terminally downregulated

post-activation with a proteolytic enzyme.%°

Q Protease L
< -

G-protein

GPCR
Endocytosis

|

Gy Gg,

Figure 1.14: A simplified mechanism for activation of PARs by a serine protease. The serine protease cleaves the N-
terminal chain, exposing the tethered ligand that can then go on to bind to ECL2, activating the protein and releasing
the Gq subunit into the cell.”® Phosphorylation by GRKs signals the GPCR for binding with B-Arrestins, which

subsequently signals for the internalisation and recycling of the PAR.5°

Activation of the PARs in vivo occurs due to the action of a serine protease (vide supra,
Section 1.2.1).”* However, not all are activated by the same proteases. While PAR1,
PAR3 and PAR4 are most commonly associated with activation by thrombin, PAR2 is
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activated by trypsin (Figure 1.15) and each PAR is also susceptible to activation by a
wider range of proteases (Table 1.2)."

The activation of PARs leads to activation of multiple families of G proteins. Namely,
PAR1 and PAR2 activate Gijo, Gg/11 and G213 signalling, whilst PAR4 only activates Gg/11
and Gizn3 signalling.”>"* Notably, PAR3 does not function in a signalling capacity,

instead acting to regulate thrombin-mediated signalling via dimerization with PAR1.”

Additionally, PARs can be activated by the recruitment of small peptides into their
extracellular domain which contain analogous amino acid sequences to their own tethered
ligand sequences, with a variety being reported for PAR1, PAR2 and PAR4 (Table 1.2).7®

However, there are no such peptides reported for PAR3.7

Thrombin Trypsin Thrombin Thrombin

|
PAR4 @

Gs Gijo Ggr11 G12/13

PAR1 PAR2

Figure 1.15: Serine proteases predominately responsible for activation of PARs and the associated G proteins for each
PAR.
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Table 1.2: Further information on the activation of PAR1-4 including additional agonist proteases as well as agonist

peptide sequences. Compounds in bold represent compounds of interest to the current study.

PAR1 PAR2 PAR3 PAR4
) Giro Giro
Associated : : Gg1
i Gyt Gyt Non-signalling 4
G, signalling Guois Gios Gi2n13
Thrombin Trypsin
Factor Xa Tryptase
Plasmin FVlla/FXa Thrombin
Agonist APC ﬁ;lﬁ?c/;”hllll‘r Thrombin glrgspn?:rr:
g MMP1/MMP13 P APC .
proteases Elastase elastase EXa Cathepsin G
) Cathepsin S MASP1
Proteinase 3 oL
Gingipain KLK14
Granzyme K .
KLKA Tesfusm
Matriptase
AYPGKF-NH:2
Agonist TFLLR-NH2 ét'.g}é\fmz N/D GYPGKF-NH:
peptides SFLLR-NHz ¢\ A% A_NHZ AYPGKV-NH;
? AYPGQV-NH;

However, as mentioned above (Figure 1.13) PAR1 and PAR3 contain a hirudin domain
which acts as a beacon for thrombin binding.>®’" Conversely, PAR4, which is also
activated by thrombin, does not contain a hirudin binding domain.®® Despite this inherent
lack of signalling for thrombin binding, PAR4 can still be activated with high potency
attributed to the heterodimerisation inherent in GPCRs (Figure 1.16). Through the
dimerization of PAR4 with PAR1 or PARS3, thrombin can bind and cleave PAR1/3 as
would normally be expected (Figure 1.16).63® Following the initial cleavage, the N-
terminus of PAR4 can fold into the active site of thrombin whilst it remains bound to
PAR1/3, allowing PAR4 to be cleaved and continue its own signalling cascades (Figure
1.16).%% Dimerisation of this manner also occurs between the PARs and other GPCRs,

allowing activation of one partner to lead to modulation of the other.”
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PAR4

G, Gg, G-protein

Figure 1.16: Heterodimerisation of PAR1 and PAR4 allowing activation of a second PAR within a single binding event

for the serine protease.537°

In addition to the expected activation of PARs from interaction with a serine protease, the
PARs can also be inactivated by protease function (Figure 1.17). The plethora of protease
enzymes will bind at different points on the N-terminus of a PAR before cleaving the N-
terminal domain (Table 1.3).% In this way, the tethered ligand can be partially or
completely cleaved from the protein, preventing the PAR from functioning normally and,

ultimately, preventing further cell signalling cascades.
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Q Protease

No cell
signalling

Figure 1.17: Simplified mechanism for inactivation of PARs by protease enzyme. The protease cleaves the N-terminal
chain in a different region, leading to partial or complete cleavage of the tethered ligand from the rest of the PAR.%0

Table 1.3: List of disarming proteases for each of the PARs.”®

PAR1 PAR2 PAR3 PAR4
Trypsin I\Iee |l;ts,rt2§2' !
. . Cathepsin G ) Neutrophil
Disarming - Cathepsin G
Chymotrypsin . elastase ISP2
proteases N Proteinase 3 .
Kallikreins EPa Cathepsin G
ISP2 ISP2

Finally, the protease enzymes can elicit biased signalling of the PARs, whereby cleavage
at different points on the N-terminus leads to the release of different tethered ligands
capable of activating specific downstream effects via PAR activation (Figure 1.18).8° For
example, while thrombin is known to activate each of the associated G-proteins with
PAR1 as well as initiate phosphorylation and internalisation of PAR1 via beta-arrestins,

other proteases can selectively activate a single G-protein signalling pathway.%
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Thrombin MMP1 MMP13 Elastase APC
38LDPR\SFLL45 36ATLDLRSF43 39DPRS‘FLLR46 42SFLL\RNPN49 43FLLRlNPND5O
Gq G12 G12 Gq Gi BArr

BArr

Figure 1.18: Biased signalling as a result of activation of PAR1 by a range of proteases.®

1.2.3 PARsin Disease
The function of the individual PARs depends on the localisation of the protein and on the
subsequent G-protein activation. The following section provides a brief overview of

disease states associated with the PARs.

1.2.3.1 PARs in Cardiovascular Disease

Whilst the PARSs have extensive disease implications, PAR1 and, to a lesser extent, PAR4
have been of particular interest in the research of cardiovascular disease.®* Cardiovascular
disease takes many forms but the two most prominent are heart disease and stroke which,
when combined, accounted for 85% of deaths out of 17.9 million associated with
cardiovascular diseases in 2016.82

The involvement of PAR1 and PAR4 in cardiovascular disease is associated with their
role in human platelets and haemostasis (Figure 1.19). When a blood vessel becomes
damaged, von Willebrand’s factors and collagen fibres are released, allowing platelets in
the bloodstream to become bound around the wound (Figure 1.19a).8% At this point,
platelets are activated via their GPCRs by agonists present in the bloodstream (Figure
1.19b). For PAR1 and PARA4, this activation is carried out primarily by thrombin.®

Following activation, signalling cascades from PAR1/4 and other GPCRs lead to shape

change of the platelets and the secretion of platelet granules (Figure 1.19c-d).3* These
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granules contain agonists for further activation of platelets, such as thrombin as well as
ADP and thromboxane A2.%° This cascade of platelet activation enables the platelets to
bind together around the wound, limiting blood loss (Figure 1.19e-f). This platelet plug
can then be bound together by polymerous fibrin, forming a blood clot (Figure 1.19g).8

*

Inactive Activated - »
Flatelets Platelets Fibrinogen Fibrin Monomer

B . ftf.f’ _ ‘\\
--' ] Thrombin

id)

Fibrin Polymer
ADP .. ®
) Thrombin =, .‘. () Blood Clot
Thmmbm(?z -

(g

Damaged Blood
Vessel

Figure 1.19: Steps involved in haemostasis. (a) Platelet binding to the vessel wall. (b) Activation of platelets. (c) The
release of granules containing activation factors. (d) Activation of platelets. (e) Recruitment of activated platelets to the
vessel wall. () Platelet aggregation. (g) Blood clot formation. Thrombin is also responsible for the release of fibrin
monomers from fibrinogen, which then form fibrin polymers capable of binding with the platelet plug to form a blood

clot 8788

Within human platelets, the activation of PAR1 and PAR4 occurs as a result of thrombin-
mediated cleavage, as described previously (vide supra Section 1.2.2). PAR1 and PAR4
can be seen to be involved in the Gq pathways leading to shape change of the platelet via
the release of inositol triphosphate (IP3) and subsequent activation of calcium signalling
(Figure 1.20). This pathway, as well as the diacylglycerol (DAG) pathway, can also be
seen to lead to the activation of integrins, causing platelets to aggregate together.8®
Another major aspect of platelet signalling is granule secretion, the process by which
agonists are released into the blood stream to facilitate further platelet activation. PAR1
can also be seen to be involved in this pathway, signalling via Gq through Src Family
Kinase (SFK) and its subsequent signalling cascade.®® PAR1 is also known to signal via

G13, which can be seen to be involved in the activation and aggregation of platelets, and
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PAR4 is also known to signal via G¢.°+*? With this in mind, PAR1 and PAR4 combined
seem to contribute to most, if not all, of the aspects of platelet activation and aggregation,
making the modulation of these receptors desirable for anti-thrombotic therapies.”%

Platelet
Thrombin Aggregation
GS i / q G13
l / SFK /
AC p115RhoGEF
cAMP RhOA\
l Shape
Change
Platelet N \
Inhibition séc | CalDAGGEF1 PKC ~—_|
“ \\\ \ . .
l A Activation of
PKG Rap1 >1 integrin allbp3
l Ve
PLA2=<—MAPK
l |
TXA2 Synthesis Granule Secretion

Figure 1.20: Thrombin-mediated signalling cascades responsible for the activation and aggregation of platelets during
primary haemostasis. G, subunits Gs, Gi, Gq and Ga3 are shown. Upon activation, the PARs cause the release of the G,
subunits from G-proteins. Depending on the G, subunit released, an array of signalling pathways can be activated, with
the cascades resulting in changes to the platelet. From the activation of the platelet via shape change to aggregation via
the activation of integrins, the thrombin-mediated signalling pathways through the PARSs are involved in all aspects of

platelet activity. Labels in bold represent signals utilised in experiments carried out herein.8%%

26



While the processes detailed above are required by the human body for survival upon
injury, aberrant activation of platelets, whether via PAR1/4 or other GPCRs, can lead to
the haemostatic processes occurring when they are not needed or, indeed, an
overactivation when they are required.® This overactivation could lead to thrombosis,
where the blood clot builds up to a sufficient level where it is blocking blood flow. This
restricted blood flow is a major factor in cardiovascular disease and stroke, where low
blood flow limits the levels of oxygen being delivered throughout the body. Due to the
involvement of PAR1/PAR4 in this process, the PARs have been well researched as

targets for anti-thrombotic drugs.’®

1.2.3.2 PARs in Inflammatory Disease

As with the cardiovascular response to blood vessel damage, the immune response is also
a necessary process for recovery following injury or disease. The immune response takes
place after tissue damage or in reaction to invasion from an external agent (Figure 1.21).%
An occurrence of a stressor, whether in the form of an injury or the invasion of an
extracellular pathogen, provokes the release of various signalling molecules from the
epithelial cells which begin to propagate an immune response (Figure 1.21(i- ii)).% Most
importantly, the release of histamine occurs from mast cells, with histamine being one of
the key effectors of the inflammatory response (Figure 1.21(iii)).%” By transferring to the
blood vessel wall, histamine can cause vasodilation of the blood vessel via binding with
histamine receptors, reducing blood pressure (Figure 1.21(iv)).**%® The expansion
increases the permeability of the blood vessel wall, allowing the passage of white blood
cells and other small molecules, typically pro-platelet chemicals, and proteins out of the
bloodstream and into the interstitial fluid, where they work to combat the invading
pathogens (Figure 1.21(v-vi)).*® Consequences of the inflammatory response include
swelling of the wounded site in addition to redness of the skin and a sharp rise in

temperature and pain (Figure 1.21(vii)).
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Figure 1.21: Simplified schematic for immune response. Following damage or invasion under the epithelial layer of
cells (i), chemical factors released from epithelial cells (ii) initiate the release of histamine from mast cells (iii).
Histamine, transferring through the interstitial fluid to the blood vessel wall where it promotes vasodilation (iv) allowing
passage of white blood cells, among other chemical entities, into the interstitial fluid (v). White blood cells combat
invading pathogens (vi) resulting in swelling and redness of the wound accompanied by warmth and pain (vii).

However, activation of the immune response in the absence of external stimuli can occur
as a symptom of various disease states including arthritis, obesity and cancer.19%! The
PARs, with their roles as signal transducers from the extracellular environment into the
cells, have been shown to be involved in immune responses throughout the body.
Specifically, PAR2 has been extensively researched for its role within inflammatory

disease and disease-dependent inflammatory responses.%

Tissue factor (TF), or platelet tissue factor/factor 111, is a protein structurally similar to the

cytokine receptors which is induced by inflammatory mediators that, among other
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signalling properties, is responsible for the release of thrombin into the bloodstream.%3

The structure of TF consists of an extracellular domain, which contains two hydrophobic
sequences presenting a joint hydrophobic binding pocket, and a short intracellular domain,
which regulates downstream signalling, joint by a transmembrane domain.** Through its
extracellular domain, TF forms complexes with other coagulation factors — Vlla and
Xa.l® The TF.Vlla and TF.VIla.Xa complexes each cause the cleavage of the PAR2 N-
terminus, causing activation of associated signalling cascades which, amongst other roles,

promote pro-inflammatory processes.*%

The critical role played by the TF.V1la.PAR2 signalling cascade in inflammation has been
highlighted in multiple inflammatory diseases.*®®1% Within arthritis, both PAR2
deficiency and TF mutation, specifically to the cytoplasmic tail, positively impact the
severity of arthritic symptoms.1%17 Additionally, PAR2 deficiency attenuates
inflammation models of autoimmune encephalitis and multiple sclerosis, highlighting
therapeutic effects upon PAR2 inhibition or knockout.%®

Within neuronal cells, the function of PAR2 remains the same as a pro-inflammatory
pathway.'® However, due to the absence of TF in the vicinity of neuronal cells, PAR2
activation is carried out by tryptases released from mast cells.'®® Activation leads to a
decrease in the threshold for TRP ion channels within the periphery nerve endings.10-1%2
This lowering of the threshold translates to hypersensitivity to pain and irritation, thought
to be a predominant factor in disease-mediated pain.!'? Inflammation around the neuronal
cells is also directly driven by PAR2 activation via the release of Substance P and
calcitonin gene-related peptides (CGRP).*® Substance P initiates the expression of pro-
inflammatory cytokines while CGRP receptors are also responsible for the downstream

signalling leading to inflammation and control of pain.!*®

Inflammatory role of PAR2 in cancer

Finally, the inflammatory role of PAR activation is exploited by cancer cells. Tumours
typically initiate a pro-thrombotic state through the expression of TF.1** The increase in
TF expression subsequently allows prothrombotic function through the release of

thrombin, as described above. However, while PAR2 is not activated by thrombin it can
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be cross activated via dimerization with PAR1.1%® This cross-activation has been shown

to lead to an increase in the metastatic potential of melanoma cells.!!®

Additionally, the expression of TF, Vlla and PAR2 has been heavily described within
invasive breast cancer.!%-18 The downstream signalling events of this complex have been
associated with hypermobility in breast cancer cells. Promisingly, PAR2 deficiency has
been shown to delay tumour progression and inhibition of PAR2 is also shown to inhibit

tumour growth.

With the wide-ranging function of PAR1 and PAR2 within disease, they present

promising targets for ongoing therapeutic study.
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1.3 Modulation of PAR Function

With the varied disease implications discovered for the PARs, they have been the topic of
research as targets for new drugs for many years. However, there has been relatively little
success in obtaining a validated drug for PAR inhibition, with only one compound

successfully completing clinical trials and reaching FDA approval.t

1.3.1  Background

The modulation of PAR activity has previously been carried out by three main
mechanisms (Figure 1.22). Firstly, by blocking the docking site of the tethered ligand
within the extracellular domain of the PAR with a competitive antagonist, interactions
between the ligand and ECL2 can be disrupted.!'® Secondly, antibodies targeting amino
acid sequences around the tethered ligand can prevent the docking of the serine proteases
and thus the liberation of the tethered ligand itself.” Finally, allosteric antagonists have
been used to interrupt the interactions between the intracellular domain and the G-
proteins, with allosteric sites found within the transmembrane domain and the intracellular
domain (Figure 1.22).2

Within the PARs, PAR1 and PAR2 are shown to be the most targeted for inhibition due
to their well understood physiological profile and detailed understanding of their
signalling cascades (Table 1.4).”° Conversely, PAR3 has no known inhibitors due most
likely to its non-signalling nature, which makes quantification of inhibition extremely
difficult (Table 1.4).”° There is also a paucity of data known for PAR4 inhibition, which
could represent a promising target for novel therapeutics especially in cases where the
slow release and suppression of PAR4 signalling could allow softer inhibition (Table
1.4).120
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Figure 1.22: Known binding sites utilised for PAR modulation. (a) N-terminal domain surrounding the tethered ligand

(b) Extracellular Loop 2, the site at which the tethered ligand would bind once exposed (c) intracellular sites linked to
G-protein coupling.™
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Table 1.4: Information on antagonists of PARs. Compounds in bold represent compounds of interest to the current

study.
PAR1 PAR2 PAR3 PAR4
Vorapaxar
PZ-128 GB83
SCH79797 GB88
Atopaxar ENMD-1068
Selective antagonists ~ RWJ-56110 K14585 N/D tc-zgl_DgKF
ER-129614-06 AZ8838
BMS-200261 AZ3451
Parmodulin2
Q94.HCI
Cllnlcal!y used \orapaxar N/D N/D N/D
antagonists
Antagonists in Atopaxar
clinical trials PZ-128 PZ-235 N/D N/D

Blocking the docking site within the extracellular domain prevents the tethered ligand
from initiating the cell signalling cascade. This is the typical method of binding for small
molecule, competitive antagonists such as vorapaxar or SCH79797, both of which are
PAR1 antagonists.}*2! These antagonists tend to have a section of the drug residing within
the hydrophobic transmembrane domain, which can lead to some near-irreversible

antagonism events such as in the case of vorapaxar (Figure 1.23).1°

An analogue of the naturally occurring alkaloid himbacine, vorapaxar was first discovered
as an exceptionally potent inhibitor of PAR1.! However, due to its long half-life and high
potency, vorapaxar has been shown to increase the risk of severe bleeding events, causing
intracranial haemorrhage in some patients.*?? This led to a premature end for one clinical
trial, although it has since been approved for use as an antiplatelet agent for those without
a history of stroke.'?® With this in mind, alternative therapies for PAR1 need to be
considered. As well as searching for novel competitive antagonists, consideration should

also be given to the other binding sites within PARL.
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Figure 1.23: Vorapaxar bound within the transmembrane domain of PARL (Protein Database code: 3VW7). A Full
PAR1 crystal structure co-crystallised with VVorapaxar. B Extracellular pocket of PAR1 co-crystallised with VVorapaxar,
the aromatic moiety extends down into the transmembrane domain while the more polar tricyclic system points out

away from the transmembrane domain. C Chemical structure of PAR1 inhibitor vorapaxar.t®

It has been shown that the use of antibodies can prevent the cleavage of the N-terminal
region, reducing the exposure of the tethered ligand in the N-terminal tail of the PARs.
ATAP2 and WEDE15 are two examples of such antibodies, with both inhibiting
thrombin-mediated cleavage of PAR1.12® This, in effect, prevents the thrombin-induced
pathways from functioning and has been particularly useful in studying the mechanism of
PARs in greater detail. However, no progress appears to have been made in getting an

antibody into clinical trials as a PARL1 inhibitor.
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Steps have also been taken towards identifying a series of peptide mimetic drugs which
are capable of binding to PARs on the inside of the cell membrane.** These cell-
penetrating peptide mimetics have been named pepducins and are typically based on

intracellular loop sequences of GPCRs.

1.3.2  Pepducin-mediated Modulation of PAR1
1.3.2.1 Background

Pepducins are cell-penetrating, peptide mimetic compounds that are typically derived
from amino acid sequences within their target protein.? There have been examples of
pepducin agonists and antagonists for a variety of GPCR proteins, including Smoothened
(SMO), CXC chemokine receptors (CXCRs) as well as the PARs.1®128 The pepducin
approach takes a biologically relevant section of a GPCR sequence and couples it with a
hydrophobic chain to facilitate binding within the cell membrane. The peptide sequence

can then bind allosterically to the GPCR of interest, eliciting its modulatory effect.

A pepducin consists of three main components: a polypeptide sequence, most often
derived from an intracellular loop of a GPCR, a hydrophobic tail such as a palmitoyl chain
and an amide linker holding these two ends together (Figure 1.24). One example of the
pepducins is PZ-128, the first pepducin to see clinical success, completing Phase I clinical

trials.1?

HN NH
Bond NH; Y :
PZ-128 (p1pal-7) Linker NH
N-pal-KKSRALF |—|
H O H @) H O N O
: N = : 2
= H = H B H -
O O o} - O
| | 0
Hydrophobic Tail
NH,

Polypeptide Sequence

Figure 1.24: Molecular structure of PAR1 pepducin PZ-128.2
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The polypeptide chains have typically consisted of no more than 20 amino acids and have
classically been based on the amino acid sequences of intracellular loops within the
GPCRs.1® The tail of the molecule needs to be capable of lodging within the cell
membrane. As such, a highly hydrophobic lipid moiety is most often used (e.g. palmitoyl,
myristoyl or lithocholic acid).**® The hydrophobic nature of these groups also helps
facilitate binding to the cell membrane. Finally, the linker is required to hold the
hydrophobic tail and the peptide sequence together in transit to and within the cell. Amide

bonds are the most commonly reported moieties in this capacity.'®

Work has shown that the length of the hydrophobic chain and the peptide sequence both
have an impact on the properties of the pepducin, and with this in mind the molecules

have become an area of interest within this study.

1.3.2.2 Mechanism

The hydrophobic functionality plays a key role in both steps of the pepducins mechanism
of action.? Firstly, it allows binding to the extracellular surface of the cell membrane by
lodging itself within the hydrophobic domain of the phospholipid bilayer (Figure 1.25).
The molecule is then proposed to invert and transfer through the cell membrane to the
intracellular surface.!® The peptide head of the pepducin is then tethered to the cell
membrane near the GPCR and can bind at the appropriate binding site. The binding of
pepducin antagonists is thought to interrupt the interactions between the GPCR and

associated G-proteins.?

More recently, the PAR1 pepducin agonist P1pal-19 was shown to bind to a region known
as helix 8 (H8), a highly conserved region within the C-terminus of GPCRs, to
allosterically activate PAR1.3%2 The H8 region of the GPCR has been shown to be
involved in signal transduction from PAR1 into the G-protein and has been suggested as

the binding site for pepducins across a range of GPCRs.**3
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Figure 1.25: Proposed mechanism of action for transfer of pepducins across the cell membrane. 3t

1.3.2.3 Case Study - PZ-128

The use of pepducins in the modulation of PARs has become well documented in recent
years, with agonist and antagonist pepducins being reported.12%132 One particular example,
PZ-128, is a pepducin derived from PAR1 which has passed phase 1 clinical trials as an
anti-thrombotic agent targeting PAR1.23* While there are many examples of pepducins for
PARL, PAR2 and PAR4, only two molecules have made progress towards clinical trials:
PZ-128, which has completed Phase | (NCT01806077 and NCT02561000) is awaiting
Phase I trials (pending funding) as an inhibitor of PAR1 for the treatment of thrombosis,

and PZ-235, which is currently waiting to start Phase I trials as an inhibitor of PAR2.3

As shown in Figure 1.24, PZ-128 is a palmitoylated, peptide mimetic drug based on the
intracellular loop 3 (ICL3) region of PAR1 with the structure N-pal-KKSRALF-NH,.212
Initially named P1pal-7, the molecule was developed as part of an investigation into the
allosteric binding of GPCRs. Two classes of molecule were described in this study, each
containing peptide sequences of varying length derived from the ICL3 region of PARL.
One class contained purely the peptide sequence and the other combined the peptide
sequence with a palmitoyl group bound on the N-terminus.? The palmitoylated peptides
were dubbed "pepducins."” Of these pepducins, some were discovered to activate calcium

signalling and platelet activation pathways in human platelets (P1pal-19 and P1pal-13).
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Of those that did not activate these pathways, Plpal-7 and Plpal-12, only one was
described as a PAR1 antagonist - Plpal-12. This palmitoylated pepducin displayed
inhibition of SFLLRN-NH> mediated platelet aggregation with an ICso of 1 M. No such

pharmacological data were reported for P1pal-7 at this time.

In 2005, the role of PAR1 as a matrix metalloprotease-1 receptor was described.!® In this
fashion, PAR1 was found to promote the invasion and tumorigenesis of breast cancer
cells. P1pal-7 was described within the supplementary figures for this paper as a "full
antagonist" of PAR1, displaying inhibition of thrombin mediated [*H]-inositol phosphate
(InsP) formation (and hence, PLC-p activity) with an ICsp 0f 1-2 M. In addition to this,
Plpal-7 was also shown to inhibit the growth of breast cancer xenografts and prevent the
migration of MDA-MB-231 cells. In 2009, P1pal-7 was shown to inhibit the migration of

cancer cells in ovarian cancers as well.13¢

In 2011, a report on PAR1 pepducins as antagonists in the treatment of lung cancer was
published.™’ In this report, P1pal-7 was shown to inhibit thrombin mediated expression
of pERK in A549 cells as well as inhibit the migration of lung cancer in a wide range of

cell lines and in primary lung tumours.

Further investigation of P1pal-7 as a PAR1 antagonist was detailed in 2012, at which point
the pepducin was renamed as PZ-128 and repurposed an antithrombotic agent.'?® PZ-128
was shown to inhibit PAR1 with high specificity, inhibiting SFLLRN-NH2-mediated
platelet aggregation in human platelets with an 1Cso of 0.5 uM but having no effect on
ADP- or AYPGKF-mediated responses, which are P>Y and PAR4 specific agonists,
respectively. As well as this, the action of PZ-128 as an antithrombotic was described in

multiple in vivo thrombosis models in guinea pigs and in baboons.*?°

Since 2013, PZ-128 has been registered for two clinical trials (NCT01806077 and
NCT02561000).1291%8 Firstly, from April 2013 to November 2014 studies on the safety
and tolerability of PZ-128 in individuals with risk factors for coronary artery disease were
carried out (NCT01806077). The results of this study were recently published,
highlighting once again the high specificity for PZ-128 to inhibit PAR-1 while not
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inhibiting responses to AYPGKF, ADP or collagen.'® Plasma concentrations of PZ-128
were shown to peak between 1 and 2 hours, with the half-life being described as 1.3-1.8
hours. As well as this, there were no significant effects caused by PZ-128 on the bleeding
time, coagulation, clinical chemistry or ECG profile within those administered by the
drug. On the other hand, some mild allergic reactions were documented, although these
were considered not life-threatening and were rapidly reversed by stopping the infusion
of the drug or by applying antihistamines. While this could suggest aberrant activity from
PZ-128, PARL1 is known to be expressed in human endothelial cells where it contributes

to pro- and anti-inflammatory pathways through cleavage by different proteases.*3®

Another study on PZ-128 was disclosed in September 2015.2% As of June 2019,
recruitment for this study has been halted pending funding. This study was initially started
to investigate the safety of PZ-128 in individuals undergoing non-emergent percutaneous

coronary intervention.

Given the success demonstrated by PZ-128 in reaching clinical trials, and in PZ-235, the
pepducin strategy shows great promise for the development of future antiplatelet
therapies. The use of biologically relevant peptide sequences suggests an extremely large

scope for design of novel pepducins.

1.3.3  PAR2 Inhibitors
PAR2 has also become a desirable target within novel drug discovery as a means of
inhibiting its role in various inflammatory, respiratory, cardiovascular and neurological

diseases, amongst others.

1.3.3.1 GB-88

Until the last few years, two antagonists were widely used as molecular tools for the
investigation of PAR2.14 Firstly, ENMD-1068 was utilised in the treatment of in vivo
joint inflammation but ultimately displayed low efficacy and did not proceed into clinical
trials (Figure 1.26).24! However, in 2012 a more potent PAR2 inhibitor was discovered in
GB88, which was shown to prevent PAR2-mediated calcium release and also displayed a

therapeutic effect in inflammatory disease (Figure 1.26).24? Interestingly, while GB88
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was shown to inhibit the Gq-mediated signalling originating from PAR2 activation, it was
also activating other pathways, with cAMP, ERK and Rho signalling all being activated
following treatment with GB88.1%3 This quirk of GB88 activity highlighted the potential

for inhibitors of GPCRs to function as biased antagonists.

0O

ﬁN)K/\/VNHz

ENMD-1068
GB88

Figure 1.26: Chemical structures of PAR2 antagonists ENMD-1068 and GB88.

More recently, a study on the structure-activity relationship (SAR) of GB88 was carried
out which highlighted key roles for each region of the molecule.!** In particular, the
isoxazole, isoleucine and C-terminal spiro-indene moiety each displayed the propensity
for switching between antagonism and agonism following derivatisation, suggested to be

caused by variable space within the PAR2 transmembrane binding pocket.'#*

1.3.3.2 AZ8838/AZ3451

In 2017, two new inhibitors of PAR2 were reported, including the first reported crystal
structures for PAR2, with AZ8838 and AZ3451 (Figure 1.27).* These inhibitors
highlighted the presence of multiple allosteric binding sites within the PAR2
transmembrane domain. Each inhibitor displayed potent inhibition of PAR2, with AZ8838
displaying 1Cso = 1.5-2.3 uM and AZ3451 providing ICso = 5.4-23 nM for the inhibition
of SLIGRL-NH,-mediated PAR2 function. While AZ8838 binds in a shallow binding
pocket within the transmembrane helical bundle, AZ3451 displays binding on the
periphery of PAR2 in a deeper binding pocket between the transmembrane helices and the

cell membrane. However, as these new chemical tools were not tested in physiologically
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relevant assays, their impact on PAR2 function within disease models has yet to be

considered.
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Figure 1.27: A Overlaid crystal structure of PAR2 in complex with AZ3451 and AZ8838. B Chemical structure of
AZ8838. C Chemical structure of AZ3451.4

1.3.3.3 PZ-235

The pepducin approach to PAR inhibition has also shown a small amount of success
within PAR2 modulation, with a single pepducin described as a promising treatment for
inflammatory disease: PZ-235.% PZ-235 is a significantly larger pepducin than PZ-128,
with a peptide sequence containing 18 amino acids (Figure 1.28). The PZ-235 peptide
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sequence is derived from an extended ICL3 sequence, with ICL3 comprising of Ala273,

Met274 and Asp275.2 The rest of the peptide sequence is based on the residues

immediately before and after the ICL3 sequence found within TM5 and TM6.
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Figure 1.28: Chemical structure of PZ-235
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PZ-235 was described as a full antagonist of PAR2, inhibiting SLIGRL-NH2-mediated
calcium signalling with an 1Cso of 2.4 uM in adenocarcinoma cells, as well as inhibiting
the calcium response in HUH7 hepatocytes.® PZ-235 also displayed suppression of liver
fibrosis and inflammatory cytokines and protected against PAR2-mediated reactive
oxygen species (ROS) production.® Localisation studies with PZ-235 highlighted the low
biodistribution of the pepducin within the body, collecting in the liver and kidneys
primarily, followed by the lungs with very low quantities of the pepducin making it into
the brain, heart, spleen, pancreas, small intestine and colon.® While this data presents a
strong case for the use of PZ-235 in treatment of liver fibrosis, the low bioavailability of

the pepducin could prevent it from being more widely used as a PAR2 inhibitor.
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1.4 Aims

The aims of this thesis are, firstly, the interrogation and development of SAR for novel
chemical entities towards allosteric PAR inhibition and, secondly, the identification of
novel analogues of known PAR inhibitors with improved inhibitive properties. The thesis
will explore a range of allosteric strategies for PAR inhibition, utilising novel pepducin
structures for the inhibition of PAR1 (Chapter 2) as well as novel small molecules derived

from known allosteric regulators for inhibition of PAR2 (Chapter 3).

1.4.1  Allosteric Modulation of PAR1

It is hypothesised that the introduction of the PZ-128 peptide sequence into novel, cyclic
pepducin structures would allow improved pharmacological properties to be obtained. The
novel pepducins will be assayed utilising in vitro calcium ion signalling events to quantify
their potency in comparison to PZ-128. Additionally, off-target effects of the pepducin
strategy which arise during the study will also be researched through further in vitro

signalling assays.

1.4.2  Small Molecule Allosteric Inhibitors of PAR2

Investigation into the structure-activity relationships of AZ8838 with PAR2 will also be
carried out, looking to modify key functionalities within the chemical structure of the drug
molecule to identify novel inhibitors of PAR2 function. The synthesis of AZ8838
analogues will initially be performed with divergent steps at the end of the syntheses, to
allow expedient synthesis of analogues, before expanding to less efficient syntheses where

necessary.

Analysis of the AZ8838 analogues will be carried out by two methods. Firstly, in silico
assessment of the analogues will be performed using docking studies with published
PAR2 crystallographic data. Secondly, in vitro assessment of the analogues will be
performed using NFxB reporter cells, with NF«kB representing a known downstream

signal of PAR2 activation.
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Chapter 2 Allosteric Modulation of PAR1

2.1 Introduction

With the introduction of pepducins in 2002 by Covic et al., a novel method for modest
inhibition of GPCRs had been discovered.'?” The pepducin approach to GPCR modulation
has been shown to provide inhibitors of modest potency. PZ-128 (2.1) has been described
multiple times as a PAR1 antagonist and has passed Phase | clinical trials as a
cardiovascular therapy, although Phase Il studies have been suspended pending further
funding.**1% Additionally, PZ-128 has also shown potential as a cancer therapeutic, with

inhibition of invasion and metastasis of ovarian cancer tumours in nude mice.*3

Whilst compound 2.1 provided an interesting approach to PAR modulation, the pepducin
class of molecules does not lend itself well to a traditional drug discovery approach. Given
the size of the molecule, its molecular weight lies out with the normal considerations of a

“lead-like”, or indeed drug-like, molecule.}*

Table 2.1: Chemical structure and pharmacological properties of PZ-128 (2.1)

(@)
ij P Lm QL JY QLN -
H
(@)
PZ128 \ NH
N-Pal-KKSRALF

NH2
ICso 0.5-2.0 UM
MWt 1072.5
cLogP 3.479

Whilst initial studies on pepducins as potential therapeutics focused on the length of the

peptide sequence, very little work has been carried out to challenge this paradigm.? This
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leaves open chemical space to explore linking moieties between the peptide and palmitoyl
chain, as well as applying restraints to the peptide sequence instead of leaving it as a
flexible, single chain.

2.2 Aims and Objectives

The aim of this project is to design, synthesise and test a library of novel pepducins derived
from known PARL inhibitor PZ-128. We reasoned that maintaining the peptide sequence
whilst introducing a linker between the peptide and the palmitoyl chain would provide
deeper insight into the structure-activity relationship (SAR) between PZ-128 and PARL.
Additionally, the applications of PZ-128 as a probe molecule will also be explored,

utilising fluorescent tags and a variety of assaying technigues.

The design of PZ-128 analogues will be focused on the introduction of a linker moiety
between the peptide sequence and the palmitoyl chain, deviating from traditional pepducin
design (Figure 2.1A). The nature of the linker will allow the peptide to be stapled, forming
a cyclic pepducin (Figure 2.1B). In addition to this, a series of linear variants utilising
analogous linking moieties bound to the N-terminal amino acid will also be tested (Figure
2.1C).

Figure 2.1: General structure for A typical pepducins, B cyclic pepducins and C linear analogue of cyclic pepducins.

Linker moiety is shown in blue and peptide sequence shown in red (not to scale).
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Initially, a pharmacological profile will be established for PZ-128 as well as a negative
control to ascertain the robustness of the assays for the library of PZ-128 analogues. This

will primarily be carried out in in vitro calcium signalling assays.

Following confirmation of PZ-128 and relevant controls, further assays will be used to
assess the inhibitory properties of the PZ-128 analogues in order to identify pepducins
with potentially improved ICso for PARL inhibition.

Finally, PZ-128 will be modified with a fluorescent tag. It is hoped this tag would provide
a platform on which microscopic imaging of pepducin activity could be carried out in a

cellular context.
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2.3 Synthesis and Validation of PZ-128

Prior to analysing the novel pepducins, it was necessary to synthesise 2.1 to gain access
to a relevant control compound for assaying. Additionally, assays would need to be
performed to validate the use of 2.1 within this study and ensure comparisons between

PZ-128 and the generated pepducin library used subsequently were suitable.

2.3.1  Synthesis of 2.1 and 2.2

Two pepducins were synthesised: 2.1 and scrambled pepducin 2.2 (Figure 2.2). 2.1, being
a clinical trial candidate for PAR1 inhibition, would provide access to the current gold-
standard for PAR1-inhibiting pepducins.? Meanwhile, 2.2 contained a peptide sequence
with the same amino acids as 2.1 but in a randomised order. It was reasoned that 2.2 would
be a suitable negative control which would submit cells to similar stresses as those treated

with 2.1 but would ultimately lack any inhibitory functions.
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Figure 2.2: Chemical structure of control pepducins 2.1 and 2.2
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Peptide analogues 2.1 and 2.2 were synthesised using solid-phase peptide synthesis
(SPPS). SPPS is a technique which allows a peptide sequence to be built upon a solid resin
and lends itself well to automated preparation.24® The technique involves firstly loading a
protected amino acid onto the solid resin through an amide bond between the carboxylic
acid of the amino acid and a free amine on the resin (Scheme 2.1(i)). Deprotection of the
amino acid amine group provides a new amine functionality for the next coupling
(Scheme 2.1(ii)). Typically, the protecting groups utilised for SPPS will be either tert-
butoxycarbonyl (Boc) or fluoren-9-ylmethoxycarbonyl (Fmoc). Following deprotection,
the resin-bound amino acid undergoes repeated amide couplings and deprotections with
further protected amino acids to extend the peptide chain, resulting in a new free amine
following each coupling and deprotection cycle (Scheme 2.1(iii)-(iv)). Once the peptide
has been completely furnished (Scheme 2.1(v)), the resin can be cleaved to provide the

free peptide (Scheme 2.1(vi)).
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Scheme 2.1: General procedure for automated solid-phase peptide synthesis (SPPS). (i) Initial loading of C-terminal
amino acid to resin. (ii) Deprotection of the amine on the C-terminal amino acid. (iii)-(iv) Amide coupling of next amino
acid onto resin-bound amine terminus (iii) followed by deprotection of the new terminal amino acid (iv), repeated until

desired peptide is fully furnished. (v)-(vi) Once fully furnished peptide has been achieved (v), the resin can be cleaved

Peptide analogues 2.1 and 2.2 were synthesised using a modified SPPS procedure, with
SPPS furnishing the respective peptide sequences as described previously (Scheme 2.2(i))
followed by coupling to palmitoyl chloride at the N-terminus providing the full, resin-
bound pepducin (Scheme 2.2(ii)). Cleavage from the resin followed by purification of the
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crude products by preparative HPLC provided 2.1 in 8.4% yield and 2.2 in 5.6% vyield
(Scheme 2.2(iii)).

i) DIPEA (8 eq.), HCTU (4 eq.)
Solid Phase coupling and

deptrotection of amine x7
HzN’""O Ho,N— Peptide Seq. —” WO

H
N_vCOOH

Fmoc™
ii) Palmitoyl chloride (4 eq.)
DIPEA (8 eq.)
i) TFA, H,O, TIS

(94:2.5:1:2.5)

H/N— Peptide Seq. —NH H/N— Peptide Seq. —NWO
Pal Pal H

2.1: 30 mg, 8.4% vyield

2.2: 10 mg, 2.8% vyield

Scheme 2.2: Synthesis of 2.1 and 2.2 by solid-phase peptide synthesis

2.3.2 Pharmacology of PAR1 antagonists PZ-128 and SCH79797

The PAR1 pepducin library would primarily be tested using calcium signalling assays in
HEK-293 cells, a cell line which endogenously expresses PAR1.1*” The release of Ca?*
ions from intracellular stores is a known downstream effect of PAR activation (vide supra
Section 1.2.3, Figure 1.20). Prior to screening the novel PAR1 pepducins, validation of
the use of 2.1 as a comparison needed to be performed. However, before testing the control
pepducins, it was required to develop dose-response curves for the activation of PARL in
HEK-293 cells for two control agonists. A short peptide sequence, TFLLR-NH3, which is
analogous to the tethered ligand itself in PARL, was tested alongside thrombin, a serine
protease that naturally cleaves the N-terminus of PAR1 to release the tethered ligand.%48
Both agonists show specificity for PAR1-mediated signalling in HEK-293 cells, which
lack PAR4 as a secondary thrombin target.

A Fluo-4 Direct™ calcium signalling assay kit was used for the assay, staining HEK-293
cells with Fluo-4. The Fluo-4 dye would provide a fluorescent response in the presence of

increased concentrations of Ca?* ions, which itself would be indicative of PAR1 signalling
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cascades being activated (Scheme 2.3). The Fluo-4 Direct™ assay kit also allowed a
robust and straightforward protocol whereby the excess dye was not required to be
removed, allowing less stress for the cells prior to treatments being performed.

Ca?*

Aex = 494 nm
Aem = 506 nm*

Scheme 2.3: Reaction of Fluo-4 with Ca?* leading to a fluorescently active species. * Structure shown is Fluo-4, Fluo-

4 Direct™ structure is not publicly disclosed and has Aem = 516 nm.

Both agonists at a range of concentrations were shown to induce transient increases in
calcium levels within HEK-293 cells (Figure 2.3A-B). By plotting the maximal increase
in fluorescence with concentration of the agonists, each control can be shown to induce

concentration-dependent increases in calcium signalling (Figure 2.3C-D).

Thrombin was shown to activate calcium signalling via PAR1 with an ECso of 1.1 U/mL
(9.1 nM) whereas TFLLR-NH> displayed calcium signalling with an ECsp of 1.7 uM
(Table 2.2). Moving forward, these values would provide the working range for agonist

treatments in the inhibition assays.
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Figure 2.3: Activation of calcium signalling in HEK-293 cells stained with Fluo-4 Direct™. A Change in fluorescence
following activation of PAR1 with TFLLR-NH2 (t =17 s). B Change in fluorescence following treatment with thrombin
(t = 17 s). C Concentration-response curve for activation with TFLLR-NH2 (0.1-50 pM). D Concentration-response
curve for activation with thrombin (0.05-30 U/mL). Data represents N=15 with mean + SEM normalised to the basal

levels of fluorescence.

Table 2.2: ECso values for activation of PAR1 in HEK-293 cells

Agonist Log[ECso] ECso
TFLLR-NH: -5.77 £ 0.05 1.7 uM N =15
Thrombin 0.02+£0.13 1.1 U/mL N =15

Following the generation of control dose-response curves for the agonists, investigations
into antagonist pharmacology could be carried out. Firstly, experiments were carried out
to confirm literature findings on the inhibitory function of pepducin 2.1 and the
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competitive PAR1 antagonist SCH79797 (2.3, Figure 2.4).2*° The tricyclic compound 2.3
was chosen for inclusion in this study to provide a further comparison for the novel
pepducins which inhibits PARL1 at a different site. In addition to these compounds, 2.2
was also included in the study as well as 2.4, which was provided as a non-PARL targeting

cyclic peptide (Figure 2.4).

2.3

A\
N S
\\Q\{ 0
SCH79797 -

ICs50 (PAR1) = 30 uM
Figure 2.4: Chemical structure of competitive antagonist SCH79797 (2.3) and control cyclic peptide 2.4.12!

Cells were pre-treated with the compounds (1-100 uM) prior to treatment with the PAR1
selective agonist peptide TFLLR-NH> (3 uM). This concentration of agonist was chosen
based on the effective range described previously (vide supra Figure 2.3C). Using the
inhibition assay, both 2.1 and 2.3 were confirmed as PARL1 inhibitors, displaying
concentration-dependent inhibition of TFLLR-NH. with 1Cso values of 26 uM and 5 pM,
respectively (Figure 2.5). This is consistent with previously reported data for the
compounds.t?135 Additionally, 2.2 and 2.4 were proven to be ineffective inhibitors within
the concentration range tested, enabling their use as negative controls throughout further
assays. Moving forward, randomised pepducin 2.2 was the preferred negative control as
its isomeric relationship to 2.1 would in principle allow it to function typically as a
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pepducin, exposing the cells to similar stresses when under treatment with 2.1 and other

pepducins.
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Figure 2.5: Inhibition of PAR1-mediated Ca?* signalling in Fluo-4 stained HEK-293 cells using PAR1 antagonists 2.1
and 2.3, and negative controls 2.2 and 2.4, at concentrations of 1-100 uM. Data represents N=10 for 2.1 and 2.3 and
N=5 for 2.2 and 2.4, with mean + SEM of maximal calcium responses normalised to the uninhibited maximal response
to 3 uM TFLLR-NHo.

Table 2.3: ICso values obtained for the inhibition of TFLLR-NH2 mediated calcium signalling.

Compound Log[1Cso] ICso

2.1 -4.58 +0.10 26 uM N =10
2.2 N/D N/D N=5
2.3 -5.30+1.31 5.0 uM N =10
2.4 N/D N/D N=5

Following the generation of inhibition curves for 2.1 and 2.3, it was thought that producing
Schild plots for their inhibition would provide insight into their interactions with PAR1
and its agonists.* By investigating the rightward-shift of a concentration-response curve
of PARL1 agonist (TFLLR-NH.) in increasing concentrations of the antagonist, it can be
noted that inhibition is being achieved with 2.1 and 2.3 (Figure 2.6A and C). The ECs at

each concentration of inhibitor can then be used to produce a Schild plot of the data
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(Figure 2.6B and D), which can then be used to inform of the relationship between the

inhibitor and the agonist.

For 2.1, the Schild plot (Figure 2.6B) initially follows a slope of unity, which is a Schild
plot with a slope of 1.0 and typically represents competitive antagonism. However, the
Schild plot of 2.1 begins to deviate from this, despite a calculated Schild slope of 0.93 +
0.25. This behaviour differs from competitive antagonism models and is similar in profile

to other known allosteric antagonists.>

To further investigate the allosteric nature of 2.1, an allosteric shift model was applied to
the inhibition with 2.1 to provide a cooperativity factor, Log(c).!%? The cooperativity
factor, a, describes the relationship between two effectors of protein function which bind
at different sites, with the relationship between the respective antagonists, 2.1 and 2.3,
with TFLLR-NH2 being described in this study. With values of a>1 (Log(a)>10), a
positive allosteric interaction is observed whereby the presence of an allosteric ligand
within a substrate is increasing the affinity of an orthosteric ligand. Conversely, when a<1
(0<Log(a)<10) a negative allosteric interaction is observed, with the allosteric ligand

lowering the affinity of the orthosteric ligand.

With a very large and negative value for Log(a) (Table 2.4), o for 2.1 can be estimated as
being close to 0. This is indicative of a negative allosteric interaction with TFLLR-NH>,
providing confirmation of the pepducin decreasing the agonistic properties of TFLLR-

NH: in the orthosteric binding site.

Conversely, with 2.3 (Figure 2.6C and D) the Schild plot produced matches the
expectations of a competitive antagonist. A straight line with Schild slope of 1.0 would be
expected from a competitive antagonist and 2.3 provided a gradient of 1.1 + 0.19 with
each data point closely conforming to this line, confirming the literature findings of its

competitive antagonism. 2
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Figure 2.6: Schild analysis of 2.1 and 2.3. A/C Series of concentration-response curves for TFLLR-NHz-mediated

activation of calcium signalling in the presence of increasing concentrations of 2.1 (A) and 2.3 (C), normalised to the
maximal response obtained with 10 uM TFLLR-NHz. B/D Schild plots for the inhibition of TFLLR-NHz-mediated
calcium signalling using 2.1 (B) and 2.3 (D), comparing the generated plots alongside a line of unity with slope = 1.00.

Data represents N=5 for SCH79797 and N=10 for PZ-128, with mean + SEM.

Table 2.4: Schild Data obtained for PZ-128 and SCH79797 in HEK-293 cells treated with TFLLR-NH2

Antagonist pA2 Schild Slope Cooperativity (Log(a))
2.1 48+0.2 0.93+0.25 -2.1x 108 N =10
2.3 59+0.2 11+0.2 N/D N=5

In addition to inhibiting TFLLR-NH>, attempts were made to produce a Schild plot for

inhibition of thrombin using 2.1. While the ECso under increasing doses of 2.1 shifted to
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the right, the values were not significantly different from each other, including the
uninhibited ECso. The difficulty with inhibition of thrombin-mediated activation of PAR1
was likely due to the increase in the effective concentration of the liberated tethered ligand
on PARs. The localisation of the ligand while bound on the extracellular surface of the
protein allows much easier access to the orthosteric binding site than with the analogous
ligand sequence, TFLLR-NHo, in solution within the assay. The barrier for inhibition was
therefore much harder to overcome, resulting in less efficient inhibition of protein
activation. As such, future inhibition experiments would be carried out using TFLLR-NH>

as the agonist.
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Figure 2.7 Schild analysis of 2.1 inhibiting thrombin-mediated calcium release in Fluo-4 stained HEK-293 cells. A
Series of concentration-response curves for thrombin-mediated activation of calcium signalling in the presence of
increasing concentrations of 2.1, normalised to the maximal response obtained with 10 U/mL thrombin. B Schild plot
for inhibition of thrombin with 2.1, comparing the generated plots alongside a line of unity with slope = 1.00. Data

represents an N=3 with mean + SEM.

Table 2.5: ECso values generated from Schild study of 2.1 inhibition of thrombin.

[2.1] Log[ECso] + SEM Thrombin ECsg
No Inhibition -0.12+0.14 0.76 U/mL
5uM -0.08 +0.18 0.83 U/mL
10 uM 0.02+0.23 1.1 U/mL
30 uM 0.10+0.24 1.2 U/mL
50 uM 0.36 £0.37 2.3 U/mL
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24 Aberrant Activity of PZ-128

With initial validation experiments performed, the use of 2.2 was confirmed to be suitable
for a negative control in the inhibition assays to screen novel PAR1 pepducins. However,
anomalous data was obtained from the use of 2.1 during the validation studies, requiring

the pharmacology of the pepducin to be further interrogated.

241  Off-target activity of PZ-128

While its activity as an inhibitor of PAR1 activation was confirmed, pepducin 2.1 was
also shown to activate Ca?* signalling in HEK-293 cells (Figure 2.8). By monitoring the
fluorescence of Fluo-4 stained cells during the pre-treatment for the previous inhibition
assays, it was noted that 2.1 was causing concentration-dependent calcium signals in the
cells with an ECso of 27 uM (Figure 2.8A, Table 2.6). By contrast, randomised pepducin
2.2 showed no such activation of PAR1 allowing the assumption to be made that
pepducin-mediated activation of the signalling cascade was sequence-dependent (Figure
2.8A).

It was also observed that the activation profile for the calcium signalling event with 2.1
(Figure 2.8B) significantly deviated from the transient responses observed following
treatment with TFLLR-NH. (Figure 2.8B) or thrombin (vide supra Figure 2.3C). The
difference in activation profile could indicate activation via a different pathway following

treatment with 2.1.
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Figure 2.8: Identification of aberrant Ca?* signalling in HEK-293 cells following treatment with 2.1. A Concentration-
response curve for activation of Ca?* signalling using TFLLR-NHz (0.1-10 pM), 2.1 (1-100 pM) and 2.2 (1-100 puM).
B Average time courses for activation of Ca?* signalling comparing the activation profile of 2.1 to TFLLR-NHz2and 2.2.

Addition of compounds carried out at t = 17 s. Data represents an N=9 with mean + SEM.

Table 2.6: ECsovalues obtained for the activation of calcium signalling in HEK-293 cells by 2.1 and 2.2.

Compound Log[ECso] ECso

TFLLR-NH2 -59+0.1 1.2 uM N=9
2.1 -46+0.1 27 uM N=9
2.2 N/A N/A N=9

Initially, the difference in fluorescent responses to 2.1 in comparison to the PAR1 agonists
was thought to arise from a difference in the calcium source, with 2.1 potentially causing
an influx of calcium from the Fluo-4 buffer rather than efflux from intracellular stores. To
test this hypothesis, assays were run using a modified buffer which contained no calcium
ions through the removal of calcium chloride (Figure 2.9A-B). However, each agonist
continued to display concentration-dependent increases in calcium signalling, with
thrombin, TFLLR-NH; and 2.1 yielding ECso values of 0.39 U/mL, 7.2 uM and 32 pM,
respectively (Table 2.7). These results indicate the source of the calcium must be the

intracellular calcium stores.
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Figure 2.9: Activation of calcium signalling in HEK-293 cells loaded with Fluo-4 Direct Dye in a buffer with [Ca?*] =
0 mM. Cells were quiesced as normal and the assay carried out in an environment with no extracellular calcium ions. A
Concentration-response curve for thrombin addition (0.03-30 U/mL). B Concentration-response curve for TFLLR-NH:
addition (0.05-50 uM) and 2.1 addition (1-100 pM). Data represents an N=3 with mean = SEM of the maximal

fluorescent signals minus the minimal signal.

Table 2.7: ECso data for activation of calcium signalling in the presence of 0 mM extracellular calcium.

Compound Log[ECso] [ECso]

Thrombin -041+0.11 0.39 U/mL N=3
TFLLR-NH2 -51+0.1 7.2 M N=3
2.1 -45+0.3 32 uM N=3

After confirming the source of the calcium released following treatment with 2.1, other
aspects of the PAR1 signalling cascade were considered. Primarily, the mitogen-activated
protein kinase (MAPK) pathway was targeted (vide supra Figure 1.20). A common
marker used in the study of cancer, MAPK, originally called extracellular signal-regulated
kinases (ERK), contributes to the regulation of cell adhesion, migration and survival as
well as cell cycle progression, differentiation, metabolism, proliferation and
transcription.®® Activation of PAR1 is known to induce ERK activation via
phosphorylation and, as such, changes in levels of ERK1 and ERK2 can be monitored by

utilising Western Blotting (vide supra Figure 1.20).°* However, before probing ERK
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signalling with pepducin 2.1, control experiments were carried out using thrombin and
TFLLR-NH: (Figure 2.10).

HEK-293 cells were treated with the agonists at increasing concentrations over a period
of 5 mins. The cells were then lysed, and their contents processed by gel electrophoresis,
allowing quantification of ERK1 and ERK2 in comparison to a control (untreated cells).
Using Western Blotting, it can be noted that thrombin and TFLLR-NH. induce
concentration-dependent increases in activated, or phosphorylated, ERK1 and ERK2
(PERK) (Figure 2.10). These levels can then be normalised to the total ERK levels,
containing both activated and unactivated ERK (TotERK).
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Figure 2.10: Activation of ERK1/2 in response to thrombin and TFLLR-NH2. Thrombin was used at concentrations of
0.3, 1, 3, 10 and 30 U/mL and TFLLR-NH: was applied at concentrations of 0.3, 1, 3, 10 and 30 pM. Treatments were
carried out for 5 minutes. Data represents an N=4 with mean + SEM, with individual timepoints being expressed as fold

increase over the basal levels of pERK (media treated sample).
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Following initial validation using a time-independent treatment, cells were then exposed
to thrombin over a range of time points at the same concentration (Figure 2.11). This was
carried out primarily to identify incubation times which would result in strong pERK
signals, as well as ascertaining the behaviour associated with activation of PAR1
signalling cascades under thrombin or TFLLR-NHz, prior to treatment with 2.1. Treatment
with thrombin and TFLLR-NHz both demonstrated a maximum in the pERK levels 2
minutes after exposure to agonist, before falling to near basal levels after 15-30 minutes.

B Media
l 3 Thrombin
-44 kDa

w00

TotERK -4 kDa
-42 kDa
Med Th Th Th Th Th Th Th

2 5 10 15 30 45 60
mins

PERK Fold Increase
Normalised to Basal

PERK

Figure 2.11 Activation of ERK1/2 in response to thrombin. Thrombin at a concentration of 3 U/mL was applied for a
range of time points (2-60 minutes), including an untreated sample as a negative control. Data represents an N=3 with
mean = SEM, with individual timepoints being expressed as fold increase over the basal levels of pERK (media treated

sample).

After performing control experiments with PARL agonists, HEK-293 cells were then
treated using 2.1 and 2.2. Initially, these experiments were performed using 30 uM
concentrations with a range of time points from 5 mins to 1 hour (Figure 2.12). Here, the
opposite trend to PAR1-agonist function (Figure 2.10, Figure 2.11) can be observed, with
ERK activation occurring slowly following exposure to agonist, rising to a peak with the

60-minute treatment.
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Figure 2.12 Activation of ERK1/2 in response to pepducins 2.1 and 2.2. Pepducins were applied at 30 uM and the cells
incubated for the noted times prior to lysis. Data represents an N=3 with mean £ SEM, with individual timepoints being

expressed as fold increase over the basal levels of pERK (media treated sample).

The incubation periods were then extended to 24 hours, in order to determine if the peak
for ERK activation following treatment with 2.1 occurs after the 60-minute time point
(Figure 2.13). In this case, the levels of pERK are shown to peak after 5 hours of
treatment, before decreasing towards basal levels after 24 hours. Like the calcium
signalling kinetics (vide supra Figure 2.8), the pERK levels with time highlight another
differentiation in the function of 2.1 from thrombin and TFLLR-NH. Additionally,
randomised pepducin 2.2 failed to significantly activate ERK signalling with prolonged
exposure over 5 hours. With this result, 2.2 would continue to be utilised as a negative

control.
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Figure 2.13 Chronic activation of ERK1/2 in response to pepducins 2.1 and 2.2. Pepducins were applied at 30 pM and
the cells incubated for the noted times prior to lysis. Data represents an N=5 with mean + SEM, with individual

timepoints being expressed as fold increase over the basal levels of pERK (media treated sample).

With the treatment of HEK-293 cells with 2.1 leading to activation of calcium signalling
and ERK activation, concerns were made with regards to the validity of 2.1 as an inhibitor
on which to base further analogues. Before testing the novel pepducins in the PAR1
assays, it was decided to further elucidate the means by which 2.1 was facilitating these

undesired physiological consequences and the consequences of 2.1-mediated activation.

24.2 Kinetics of PZ-128-mediated activity

Differences in the activation profile between 2.1 and other PAR1 agonists have been
demonstrated, with a 2.1-mediated calcium signal remaining elevated after the two
minutes of scanning was finished (vide supra, Figure 2.8B). Further, 2.1 also caused a
more prolonged ERK1/2 response than thrombin (vide supra, Figure 2.12, Figure 2.13).

With these differences being shown, extended time courses were taken for the activation
of calcium signalling in HEK-293 cells with thrombin, TFLLR, 2.1 and 2.2 in order to

further investigate the differences in the kinetics of the calcium events (Figure 2.14).
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With readings taken over 30 minutes, thrombin and TFLLR-NH2 once again are shown to
cause relatively fast, transient responses with fluorescent levels falling back to baseline
within two minutes (Figure 2.14A-B). However, maximal concentrations of thrombin did
result in a second wave of calcium release. This effect could have been caused by the
recruitment of PAR1 from within the cell to the extracellular surface following the initial

activation event.

On the other hand, 2.1 causes a much more prolonged increase in the Fluo-4 signal in
comparison to thrombin/TFLLR-NH,. Following an initial, slower increase in
fluorescence, the response falls off very slowly over the 30 minute period, with the signal
finally falling to baseline after 20 mins (Figure 2.14C). Curiously, the signal remains
elevated for longer during extended treatment with 2.1 at 30 UM in comparison to the
treatment with 100 M. This could indicate that the function of 2.1 is solely dependent on
concentration of 2.1 and does not rely on expression of GPCRs at the extracellular surface.

Finally, 2.2 continues to display low activation of calcium signalling events, once again
confirming the sequence-dependent nature of the pepducin-mediated calcium signalling
events (Figure 2.14D).
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Figure 2.14 Representative extended time courses for the activation of calcium signalling in HEK-293 cells with

thrombin, TFLLR-NH2, 2.1 and 2.2. Readings were taken every 3 seconds over a period of 1800 seconds with addition

of the compounds occurs at t = 17s.

67



Calcium signalling experiments carried out thus far were performed in static systems,
where the individual test samples were added into a plate and remained there for the
duration of each assay. This could have been the cause for aberrant activity from thrombin
witnessed during the prolonged exposure studies. As such, a mobile system was required
to ensure the activation was occurring at the point of impact and cells were allowed to
recover in the absence of stimuli. To compare the effects of 2.1 within a mobile system,
an experimental dual-LED microscope system was proposed to be used to undergo
ratiometric analysis of Fura-2 AM, another fluorescent Ca?* dye, in HEK-293 cells whilst
perfusing on and off the pepducin analogues.'>* Unlike Fluo-4, where only the Ca?*-bound
dye is fluorescent, Fura-2 displays a fluorescent signal in its bound (Aem = 340 nm) and
unbound (Aem = 380 nm) state, with the final signal often reported as the ratio of the bound

to unbound signals.

As a means of validating the assay, cells stained with Fura-2 were firstly treated within
96-well plates and monitored using a fluorimeter (Figure 2.15). For this purpose, cells
seeded into half of the 96-well plate were stained with Fura-2 AM and the other half of
the plate with Fluo-4 as an internal comparison. Then, in duplicate, cells with each dye
were treated with thrombin, 2.1 and 2.2 to gain direct, within-plate comparisons between
the two dyes. By comparing the data generated from each dye, it can be noted that the
calcium responses in Fura-2 AM stained cells (Figure 2.15A-B) were similar to those

generated in the Fluo-4 Direct stained cells (Figure 2.15C-D).

Additionally, the ECsg value for thrombin with Fura-2 AM staining remained relatively
consistent (Figure 2.15A, Table 2.8), falling slightly from the value generated previously
of 1.1 U/mL (vide supra, Section 2.3.2, Figure 2.3) to 0.65 U/mL. However, the calcium
response to thrombin in Fluo-4 stained cells provided a much lower ECso of 0.12 U/mL,
suggesting the cells used in the assay were particularly sensitive to thrombin-mediated
signalling (Figure 2.15C, Table 2.8). Similarly, the ECso values for 2.1 were comparable
between the two systems, with 67 uM in Fluo-4-stained cells and 46 uM with Fura-2
(Table 2.8). While these values differ from the observed ECso in previous experiments

(vide supra Table 2.6), the lack of complete concentration-response curves suggests some
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caution needs to be applied in interpreting the data especially considering the elevated
responses to 2.1 at 100 uM exceed the maximal response to thrombin (Figure 2.15B and
D).
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Figure 2.15: Activation of calcium signalling in HEK-293 cells loaded with Fura-2 AM. Cells were treated with
concentration gradients of thrombin, 2.1 and 2.2 and fluorescence readings taken at Aex = 240 and 380 nm and Aem = 510
nm. Data represents an N=4 with mean + SEM of the maximal fluorescent signal following treatment (t = 17 s).

Table 2.8: ECso values for thrombin, 2.1 and 2.2 addition to HEK-293 cells loaded with either Fluo-4 Direct or Fura-2
AM calcium dyes. Data for Fluo-4 relates to the N = 4 carried out alongside the N=4 for Fura-2, excluding other N’s

generated in previous experiments.

Fluo-4 Fura-2
Agonist Log[ECso] ECso Log[ECso] ECso
Thrombin  -0.92 £ 0.22 0.12 U/mL -0.19+0.24 0.65 U/mL
2.1 -4.2 +0.02 67 UM -43+0.3 46 uM
2.2 N/A N/A N/A N/A
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With the validation of the use of Fura-2 obtained, the cells could then be set up under a
dual-LED microscope for imaging. The setup of the system would allow a coverslip
containing HEK-293 cells to be placed in buffer solution under a dipping microscope
whilst solutions consisting of only buffer as well as containing thrombin/2.1/2.2 are slowly

perfused over the specimen (Figure 2.16).

Dual-LED
microscope

Vacuum
Controlled pump

drug feed

Flow of drug

Figure 2.16: Experimental setup for perfusion of drugs over HEK-293 cells whilst monitoring with Dual-LED

microscope.%*

Thrombin was first used to confirm PAR1-mediated calcium responses could be
visualised using the mobile system, prior to carrying out treatments with 2.1 or 2.2. Using
this method, 2.1 displayed a 7.5-fold increase in fluorescent ratio (0.160 M increase in
[Ca?*]) and 2.2 caused a 0.44-fold increase (78.9 nM) (Figure 2.17A-B). Thrombin
caused a ~2.1-fold increase, relating to an increase in [Ca?*] of 281 nM. The representative
time courses highlight the difference in kinetics between thrombin and 2.1 once again,
with thrombin causing transient responses as in the static, 96-well plate system and 2.1
causing a prolonged response despite perfusing the drug over the cells (Figure 2.17C-D).
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Figure 2.17 Activation of calcium signalling in HEK-293 cells loaded with Fura-2 AM. Agonists added via perfusion
at 3-3.5 mL/min and fluorescent responses tracked at 340 nm (Ca?* bound) excitation and 380 nm (Ca?* unbound)
excitation. A The maximum response for each agonist expressed as the fold increase over the basal signal (mean +
SEM). B Increase in calcium concentration within cells upon perfusion of agonists (mean + SEM). C-E Average traces
showing the ratio of Ca?* bound dye (340 nm) to Ca®** unbound (380 nm) emissions of Fura-2 with time following
addition of thrombin (C, 1 U/mL), 2.1 (D, 30 uM) and 2.2 (E, 30 uM). Data represents a total of 143 regions for

thrombin, 193 regions for 2.1 and 200 regions for 2.2 over three individual experiments (N = 3).
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While the calcium responses to 2.1 within the mobile system closely resembled the
profiles observed under treatment in the previously used static system, one aspect of the
activity shown by 2.1 within the Fura-2 AM system was particularly interesting (Figure
2.18). By comparing the traces for fluorescent signals, similarities for both thrombin and
2.2 are highlighted. Thrombin in Fluo-4 cells causes an initial rise in fluorescence before
rapidly returning to basal levels. Meanwhile, in Fura-2 AM cells, thrombin treatment
provides an increase in the calcium bound Fura-2 form and a decrease in the non-calcium
bound form, resulting in a transient increase in the ratio of [Ca?* bound] to [non-Ca?*
bound] Fura-2. Further to this, 2.2 leads to no changes in either cells fluorescent outputs.
However, 2.1 causes an anomaly in the Fura-2 AM response. While the signal for the
calcium bound Fura-2 form rises and slowly falls, matching the Fluo-4 response, the signal
for the non-calcium bound form initially falls but does not recover. Given the method by
which the ratio is calculated (Ratio = [Ca?* bound]/[Ca?* unbound]), this would
translate to an abnormally high ratio as [Ca?* unbound] tends towards 0. This is observed
in the extremely high increases the ratio over the basal levels (Figure 2.17A) and in the
calculated [Ca?*] levels (Figure 2.17B).1%

This could be indicating the presence of 2.1 within the cells was preventing the return of
Fura-2 to the non-calcium bound form (Scheme 2.4). However, while treatment with 2.1
was leading to aberrant responses in the fluorescent signal, treatment with 2.2 did not
show the same effect. This suggests the impact on the 380 nm signal from Fura-2 is a
result of 2.1-mediated signalling and not binding with the pepducin, as 2.2 was prepared
in the same way as 2.1 and shares an isomeric structure and peptide sequence. It should
be noted that this quirk of Fura-2 responses has not been documented previously, thus

explanations can only be hypothesised.
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Figure 2.18: Average time courses for the activation of calcium signalling in HEK-293 cells loaded with Fluo-4 Direct
or Fura-2 dye. A-C Treatment of cells loaded with Fluo-4 (A) or Fura-2 (B-C) were treated with thrombin (1 U/mL)
and the resulting fluorescent change over time obtained. D-F Treatment with 2.1 (30 uM). G-I Treatment with 2.2 (30

UM). Graphs B, E and H show the change in fluorescence of Fura-2 at two wavelengths: 340 nm and 380 nm. Graphs

C, Fand I show the change in the ratio of fluorescence signals from Fura-2 (340 nm/380 nm) over time. Data represents
N =4 with mean * SEM.
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243 PAR1-Independence of PZ-128-mediated activity

With the difference in kinetics of the 2.1-mediated activity demonstrated, it was thought
2.1 may be acting in a PAR1-independent manner. In order to test the activity of 2.1 in a
system containing no PAR1, HEK-293 cells were treated with thrombin (3 U/mL) prior
to the addition of 2.1 (Figure 2.19). This pre-addition of thrombin would desensitise the
PAR1 present in the cell membranes, causing all the PAR1 to be internalised. The lack of
a calcium signal after the second dose of thrombin confirms full removal of PAR1 from
the cell membrane (Figure 2.19A-B). However, the addition of 2.1 to the pre-treated
HEK-293 cells maintained a Ca®* response with an elevated ECso of 440 uM (Figure
2.19A, C).
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Figure 2.19: Desensitisation studies of 2.1 acting on HEK-293 cells. A Time course showing the change in fluorescence
with time after the application of thrombin at T = 17 s and the addition of a variety of agonists/concentrations at T =
1817 s. B Concentration-response data for addition of thrombin (0.05-5 U/mL) following pretreatment with thrombin
(3 U/mL). C Concentration-response curve for the addition of 2.1 (1-100 uM) following pretreatment with thrombin (3
U/mL). Data represents an N=5 with mean + SEM.
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Table 2.9: ECso values for the addition of thrombin and 2.1 to HEK-293 cells pre-treated with thrombin (3 U/mL).

Agonist Log[ECso] ECso
Thrombin N/A N/A N=5
2.1 3415 440 pM N=5

The PARL independence of 2.1-mediated activity was also demonstrated within the dual-
LED, perfusion experiments (Figure 2.20). Here, initial thrombin activation leads to two
waves of PAR1 activation before falling to basal fluorescence readings. Following the
initial activation, 2.1 leads to a large calcium event which, as shown in Section 2.4.2,
never returned to basal levels due to the interaction with Fura-2 within the cells (Figure
2.20A-C).

However, unlike previous treatments in the perfusion system with 2.2, pre-activation of
PAR1 with thrombin followed by treatment with 2.2 caused a calcium response of lower
intensity but similar profile to 2.1 to be observed, with the fluorescence rising and not
returning to baseline within the timescale observed (Figure 2.20A-B, D). These results
could indicate the presentation of a different biological target for 2.2 as a result of
thrombin activation or that the impact of the pepducin mechanism of action is detrimental
to cells following thrombin activation. However, this was not researched in more detail

meaning the extent of 2.2-mediated activity could not be further assessed.
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Figure 2.20 Activation of calcium signalling in HEK-293 cells loaded with Fura-2 AM. Agonists added via perfusion
at 3-3.5 mL/min and fluorescent responses tracked at 340 nm excitation and 380 nm excitation. A The maximum
response for each agonist expressed as the fold increase over the basal signal (mean + SEM). B Increase in calcium
concentration within cells upon perfusion of agonists (mean + SEM). Cells were primarily washed with thrombin (1
U/mL) followed by 2.1/2.2 at 30 uM. C-E Average traces showing the ratio of 340 nm to 380 nm emissions of Fura-2
with time for addition of thrombin (1 U/mL) followed by 2.1 (C, 30 pM) and 2.2 (D, 30 uM). Data represents 150
regions of interest for 2.1 and 2.2 over N=3. Thrombin data represents a collated 300 regions of interest over N=3.
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In addition to this, the calcium signalling assay was performed in mouse platelets, which
do not express PAR1 but do express PAR3 and PAR4, using a Cal-6 (Calcium 6) staining
protocol utilised within our laboratories. Attempts to utilise Fluo-4 within mouse platelets
had been unsuccessful, with low consistency in experimental outputs within our research
group. Cal-6 is another example of a calcium dye which allows simplification of the assay
procedure, with reduced fluorescent background provided in the extracellular buffer,

which showed more consistent results within the assay.*>®

Addition of thrombin, 2.1 and the PAR4 activating peptide AYPGKF-NH: caused
concentration-dependent increases in fluorescence with ECsg values of 1.95 U/mL, 46 uM
and 45 uM respectively (Figure 2.21A and B, Table 2.10). TFLLR-NH2was included as
a negative control, showing no increase in fluorescence within the platelets to confirm the
lack of PARL in the system (Figure 2.21B, Table 2.10). The differences in the activation
profile can be noticed between 2.1 and the PAR4 agonists, with 2.1 continuing to cause a
more sustained response which is still increasing at the end of the time period of the
experiment. Cyclic peptide control 2.4 was used here as the randomised pepducin was

synthesised at a later period of time (Figure 2.21B, Table 2.10).
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Figure 2.21: Activation of calcium signalling pathways in mouse platelets stained with Cal-6. A Activation of calcium
signalling using Thrombin. B Activation of calcium signalling using PAR1 activating peptide (TFLLR-NHz) and PAR4
activating peptide (AYPGKF-NH2), 2.1 and 2.4. Data obtained was normalised against the reading obtained upon
addition of thrombin at 5 U/mL. Dose-response curves were fitted using GraphPad Prism. C Representative time courses
for activation of calcium signalling using thrombin, TFLLR-NH2, AYPGKF-NH2, 2.1 and 2.4 normalised to the baseline
signal. Data represents N=6 for 2.1, N=4 for thrombin and 2.4, and N=3 for TFLLR-NH2and AYPGKF-NH2 with mean
+ SEM.

Table 2.10: ECso values obtained for the activation of calcium signalling in mouse platelets.

Agonist Log[ECso] ECso

Thrombin 0.29 +0.15 2.0 U/mL N=4
TFLLR-NH: N/A N/A N=3
AYPGKF-NH; -4.3+0.16 45 uM N=3
2.1 -4.4+0.21 46 UM N=4
2.4 N/A N/A N=4
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Finally, a platelet aggregation assay was carried out in mouse platelets using thrombin,
2.1 and 2.2 (Figure 2.22A-B). Measuring platelet aggregation within mouse platelets
would provide physiologically relevant data for 2.1 and 2.2 within cardiovascular disease,
where PZ-128 was initially targeted. Each compound yielded a concentration-dependent
response in the mouse platelets, with ECso values calculated to be 0.49 U/mL for thrombin,
115 uM for PZ-128 and 116 puM for PZ-Scram (Figure 2.22, Table 2.11). These results
are particularly discouraging for the use of 2.1 within the study, as the aggregation of
platelets starkly contrasts with the initially reported details of PZ-128 function where it
was shown not to impact platelet aggregation in human platelets.? Additionally, this
directly contrasts the intended therapeutic application of PZ-128 within clinical trials,
where it is being tested as an antiplatelet therapy for the treatment of cardiovascular

disease.

A 1201 B 1204
- 2.1

- 2.2

=
@ o
o o
1 1
[}
=
o
o
1

o)
o
1

60
40

B 2]

S 9
Platelet Aggregation
(%Max Aggregation)

Platelet Aggregation
(%Max Aggregation)

204

N
o
1

0 T T T T 1 C T T T T T 1
-15 -1.0 -0.5 0.0 0.5 1.0 65 60 55 -50 -45 -40 -35

Log[Thrombin] (U/mL) Log[Conc.] (M)

Figure 2.22: Activation of platelet aggregation in isolated mouse platelets. A Concentration-response curve for platelet
aggregation caused by thrombin (0.5-5 U/mL). B Concentration-response curve for platelet aggregation caused by 2.1
and 2.2 (1-100 uM). Responses for each experiment normalised to the maximum aggregation. Data represents an N=4

with mean + SEM.

Table 2.11: ECsp values for the activation of mouse platelet aggregation using thrombin, PZ-128 and PZ-Scram.

Compound  Log[ECso] [ECs0]

Thrombin -0.39+0.18 0.49 U/mL N=4
2.1 -3.9+0.1 115 yM N=4
2.2 -3.9+0.2 116 uM N=4
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2.4.4 Inhibiting the off-target effects of PZ-128

To identify the effectors of the calcium signalling events induced in response to 2.1,
attempts were made to inhibit 2.1-mediated activity using multiple antagonists which have
the annotated pharmacological activity. Firstly, inhibition with 2.3 was attempted to
investigate the effect of PARL inhibition of 2.1-mediated calcium signalling (Figure 2.23)
and to further exclude the unlikelihood that 2.1 was acting dependently of PAR1, helping
to confirm the studies carried out in Section 2.4.3. As anticipated, this resulted in no

quantifiable inhibition of 2.1-mediated activity.
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Figure 2.23: Attempted inhibition of 2.1-mediated Ca?* signalling with 2.3 (SCH79797) in HEK-293 cells stained with
Fluo-4. A Concentration-response data for inhibition of 2.1-mediated Ca?* signalling with competitive PAR1 antagonist
2.3. Data were normalised against the uninhibited 2.1 response at 50 uM. B Change in fluorescence with time following
activation of PAR1 with 2.1 (t = 17 s) in the presence and absence of 2.3, normalised to the basal fluorescent signal.

Data represents N=3 with mean £ SEM.

Secondly, inhibition was attempted using U73122, a phospholipase C inhibitor (Figure
2.24).1% As the first protein to interact with Gq following activation of the GPCR, this
would confirm if the pathway through which calcium signalling is occurring is the same
as that in the Gq-mediated activity (vide supra Figure 1.20).1%" This assay showed
successful inhibition, with an 1Cso of 6.9 uM being shown for the inhibition of PZ-128-
mediated activation of calcium signalling (Figure 2.24, Table 2.12) suggesting that the
Ca?* signalling observed was mediated through the Gq pathway. Furthermore, U73122
also inhibited thrombin-mediated activity with an ICsp of 2.5 uM.
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Figure 2.24: Inhibition of 2.1-mediated Ca?* signalling with PLC inhibitor U73122 in HEK-293 cells stained with Fluo-
4. A Chemical structure of U73122. B Concentration-response data for inhibition of thrombin (black) and 2.1-mediated
(red) Ca?* signalling with PLC antagonist U73122. Data were normalised against the uninhibited thrombin response (3
U/mL) or 2.1 response (50 uM) respectively. C Change in fluorescence with time following activation of PAR1 with
thrombin (t = 17 s) in the presence and absence of U73122, normalised to the basal fluorescent signal. D Change in
fluorescence with time following activation of PAR1 with 2.1 (t = 17 s) in the presence and absence of U73122,

normalised to the basal fluorescent signal. Data represents N=5 with mean + SEM.

Table 2.12: Inhibition data for U73122 on the action of thrombin and PZ-128.

Agonist Log[1Cso] 1Cso
Thrombin (3U/mL) -5.6+0.1 2.5 uM N=5
PZ-128 (50 uM) -52+0.2 6.9 UM N=5

Finally, an inhibitor of the Ge-protein subunit Gq, YM-254890, was utilised in this case
(Figure 2.25A).1°8 The calcium signalling response to PAR1 activation is known to occur
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as a part of the Gq pathway and, as such, YM-254890 would provide insight into the
consequences of Gq inhibition on PZ-128 function (vide supra Figure 1.20).”® Pre-
treatment of HEK-293 cells with YM254890 was shown to result in concentration-
dependent inhibition of TFLLR-NH.-mediated Ca?* signalling with an ECso of 20 uM,
confirming the inhibitory nature of YM254890 (Figure 2.25B-C). However, the presence
of YM-254890 did not result in inhibition of 2.1-mediated Ca®* signalling, suggesting 2.1
IS not activating signalling cascades through a Gq dependent pathway.
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Figure 2.25: Inhibition of 2.1-mediated Ca?* signalling with PLC inhibitor YM254890 in HEK-293 cells stained with
Fluo-4. A Chemical structure of YM254890. B Concentration-response data for inhibition of thrombin (black) and 2.1-
mediated (red) Ca?* signalling with Gq antagonist YM254890. Data were normalised against the uninhibited thrombin
response (3 U/mL) or 2.1 response (50 uM) respectively. C Change in fluorescence with time following activation of
PAR1 with thrombin (t = 17 s) in the presence and absence of YM254890, normalised to the basal fluorescent signal. D
Change in fluorescence with time following activation of PAR1 with 2.1 (t = 17 s) in the presence and absence of
YM254890, normalised to the basal fluorescent signal. Data represents N=5 with mean + SEM.
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Table 2.13: Inhibition data for YM-254890 on the action of thrombin and PZ-128 in HEK-293 cells.

Agonist Log[ICso] ICso
TFLLR-NHz (3 uM) -4.7%05 20 uM N=5
PZ-128 (50 uM) N/A N/A =

These results indicate a potential binding site for 2.1 in PLCP (Figure 2.26). Inhibition of
PLCp using U73122 led to a concentration-dependent decrease in 2.1-mediated signalling
(Figure 2.26). Additionally, inhibition at Gq using YM-254890 did not lead to a decrease
in 2.1-mediated signalling (Figure 2.26). Further to this, treatment of PAR1 with a
competitive inhibitor, 2.3, did not lead to a decrease in 2.1-mediated signalling,
complementing data obtained earlier in the study with regards to the PAR1-independent

mechanism of action for 2.1 (Figure 2.26, vide supra Section 2.4.3).
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Figure 2.26: Gq signalling cascade following PAR1 activation in human platelets including known inhibitors of PAR1,

Gq and IP3. Possible site of 2.1-mediated activation of the signalling cascade also highlighted.

24.5 Effect of pepducins on cell viability

With the vast differences in the kinetics and the PAR1 independence of 2.1-mediated
activity in comparison to natural agonists, a further consideration was if the cells were
compromised under the influence of the pepducins. To investigate this, an MTT cell
viability assay was performed researching the effect of varying concentrations and times
for 2.1 treatment on the cells. MTT, or 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, is reduced to formazan in living cells by reductase enzymes

located in the mitochondria (Scheme 2.5).1*® Once reduced, formazan levels can be
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measured using absorbance (A = 570 nm) and the resulting readings would be directly

proportional to live cells.
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Scheme 2.5: Reduction of MTT to formazan by mitochondrial reductase enzymes

By firstly treating HEK-293 cells with 2.1 at 1 uM, no significant change was
demonstrated in the number of viable cells in comparison to the media-treated and DMSO-
treated controls (Figure 2.27A). By increasing to 10 uM, initially, the trend is much the
same, with no significant change in viable cell numbers (Figure 2.27A). However, when
the cells are exposed to 2.1 for 24 hours, cell viability has been lost. This loss of cell
viability continues increasing the concentration to 30 UM (Figure 2.27A), slightly higher
than the ECso described previously (vide supra Section 2.3.2). At 30 uM, even a 2-hour
treatment causes loss of cell viability, with 24-hour treatment leading to a significant loss

in live cell numbers.

Surprisingly, the above trend continues with treatment of HEK-293 cells with 2.2 (Figure
2.27B). Outside of platelet aggregation, treatments with 2.2 typically did not yield
physiological responses. However, many of the previous treatments, except for Western
Blotting (vide supra Figure 2.13), were not performed for longer than a few minutes. This
could suggest that prolonged exposure to pepducins in general, and not 2.1 and 2.2

specifically, could be causing stress to the cells, eventually culminating in cell death.
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Finally, cell viability following treatments with thrombin and 2.3 were measured using
concentrations slightly higher than ECso and 1Cso respectively (Figure 2.27C). In each
case, cell death was not occurring even after 24-hour treatments. In each of these
experiments, water and hydrogen peroxide were used as positive controls, causing

significant levels of cell death following 2-hour treatments (Figure 2.27A-C).
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Figure 2.27: MTT Assay showing the effect of 2.1 (A), 2.2 (B) and thrombin and 2.3 (C) on cell viability. Data
represents an N=5 for 2.1, 2.2 and controls and N=4 for thrombin and 2.3 with mean + SEM. Data normalised to viable
cells in media treated wells.

As another output for measuring cell death, Annexin V was used to bind to and quantify
levels of exposed phosphatidylserine (PS) on the extracellular surface of cells following
treatments with 2.1, 2.2 and thrombin.®® PS exposure displays a variety of functions,

especially within platelets where it helps facilitate coagulation processes.*®! However,
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within other cell types the exposure of PS on the extracellular surface is also a marker for

cell destruction, arising during the apoptotic pathway of cell death.1®2

Following treatment of cells, Annexin V was used to stain the cells allowing flow
cytometric analyses to be performed. The Annexin V is conjugated with allophycocyanin
(APC), a fluorescent tag, which allows the cells to be identified within the APC channel
of the flow cytometer. Within this study, elevated levels of PS would theoretically be

indicative of cells entering apoptosis.

As expected, flow cytometric analysis of cells which were not stained with Annexin V
resulted in extremely low numbers of cells being counted within the gated population
(Figure 2.28A, G). This gated population, denoted as “PS +ve” (positive), contains the
cells which have Annexin V bound to their extracellular domain as detected within the
flow cytometer (Figure 2.28A-F). Media and DMSO treatments prior to staining
represent control readings, where the number of cells stained with Annexin V would

represent the basal levels of extracellular phosphatidylserine (Figure 2.28B-C, G).

However, treatment with pepducins 2.1 and 2.2 reduced the levels of Annexin V bound
on the extracellular surface (Figure 2.28D-E, G). This would suggest that the presence of
the pepducins is preventing phosphatidylserine from migrating to the extracellular surface
of the cell membrane. Meanwhile, thrombin treatment once again displayed no impact on
cell viability in comparison to the media and DMSO controls (Figure 2.28F-G).

The lack of Annexin V binding, coupled with the results obtained from the MTT assay
(vide supra, Figure 2.27), could suggest that cell death is occurring via a non-apoptotic
pathway. However, time constraints prevented this particular topic from being explored

further.
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Figure 2.28: Flow cytometric analyses of HEK-293 cells stained with Annexin V dye. Cells were analysed using flow
cytometry following 1-hour stimulations with a variety of stimuli (2.1, 2.2 and thrombin) as well as several controls
(DMSO, media-treated and unstained cells). A-F Representative dot plots showing the populations that resulted from
treatments. Gated region denoted “PS +ve” contains all cells for which Annexin V was detected. G Processed data
showing the percentage of cells contained within the “PS +ve” gated domain. Data represents an N=3 with mean +

SEM.
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The work carried out on 2.1 has highlighted inconsistencies with its reported
pharmacological profile and intended therapeutic purpose.?”13 Previous work has shown
2.1 to be an effective inhibitor of PAR1 function whilst showing little off-target
pharmacology. However, this study showed a propensity for the activation of Ca?*
signalling with 2.1. This activation was shown to be kinetically different from activation
with traditional PAR1 agonists (vide supra, Section 2.4.2) and subsequently shown to be
occurring in a PAR1-independent manner (vide supra, Section 2.4.3). Additionally,
attempts to inhibit 2.1-mediated activation led to successful inhibition at IP3 using
U73122 (vide supra, Figure 2.24) whilst inhibition at Gq and PARL did not inhibit 2.1-
mediated activity. This could suggest PAR1 is binding at PLCP, which lies between Gq
and IP3 on the Gq signalling cascade, or at IP3, where inhibition was shown to reduced
2.1 mediated signalling. However, 2.1 was also shown to be reducing cell viability within
HEK-293 cells (vide supra, Section 2.4.5). This could help explain why the calcium
signalling is PAR1 independent, where it is occurring through a different signalling
pathway related to cell death.
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2.5  Improving upon PZ-128
2.5.1  PART1 cyclic pepducins

As stated previously, another objective of the current study was the design and synthesis
of pepducins analogous to PZ-128. Based on this, a library of PAR1-derived pepducins
was assembled containing pepducins with a modified linker between the palmitoyl chain
and the peptide sequence. The linkers used would be bonded twice to the peptide
sequence, thus forming a cyclic pepducin. The cyclic pepducins utilised a peptide derived
from 2.1 with a sequence of KKSRAL. The peptides were then joined to a linker through
carbon-sulfur bonds to cysteine residues residing at the termini of the peptide sequence,
providing a final sequence of CKKSRALC. Initially, three different linking moieties were
introduced covering a range of polarities: a phenyl group (2.5), a triazine group (2.6) and

a triazinane group (2.7) (Figure 2.29).163
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Figure 2.29: Chemical structure of three cyclic pepducins 2.5, 2.6 and 2.7.

The cyclic pepducins were synthesised externally within the laboratory of Prof. Robert

Liskamp (University of Glasgow).!®* To access the pepducins, firstly a series of tris-

90



halogenated compounds 2.8-10 were reacted with  pentadecane-1-thiol to yield
monoalkylated linkers 2.11-13 (Scheme 2.6A).1%* Following the alkylation reaction,
peptide sequence 2.14, synthesised using SPPS, was then coupled with the remaining
halides on linkers 2.11-13, reacting at the cysteine residues to furnish the cyclic pepducins
2.5-7 through the formation of new S-C bonds (Scheme 2.6B).1%* The furnished cyclic

pepducins were provided as trifluoroacetic acid salts following their synthesis.
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Scheme 2.6: Synthesis of cyclic pepducins. A Synthesis of monoalkylated linkers 2.11-13. B Coupling of peptide 2.14

with linkers towards cyclic pepducins 2.5-7.
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It was proposed that the design of the cyclic pepducins would allow the peptide chain to
fold into a typical protein structure, imitating the conformation of a GPCR loop. This
protein-like folding of the peptide sequence was proposed to provide more favourable
interactions with the target protein, PAR1.1® As can be noted following energy
minimisation with Chem3D, the cyclic peptide bound to a linker (2.5) is tightly arranged

in a hook-like structure (Figure 2.30A) while a flexible single-chain peptide maintains a

relatively straight peptide backbone (Figure 2.30B).

Figure 2.30: Energy minimised structures of peptide backbone using 2.5 (A) and the free peptide sequence CKKSRALC
with no linker bound (B). Amino acid side chains, linking moiety and palmitoyl chain were included for energy

minimisation and hidden afterwards using Discovery Studio.

In addition to the cyclic pepducins, analogous linear pepducins 2.15-17 were also included
in the study to provide a comparison for their cyclic counterparts (Figure 2.31). These
analogues maintained a similar peptide structure, excepting the C-terminal cysteine which
was replaced with an alanine residue to simulate a non-functional residue for protein
binding. Further, they were each bound to linkers via the cysteine at the N-terminus of the

92



sequence. Finally, a methyl thioether was introduced to the linker groups to replace the C-

terminal cysteine bridge.

NH, H2N\|¢NH

S 215 2.16 217

Figure 2.31: Chemical structure of linear pepducin analogues 2.15, 2.16 and 2.17.

The linear analogues were synthesised using an analogous procedure to the cyclic
pepducins whereby peptide 2.18, synthesised using SPPS, was coupled with linkers 2.11-
13. Following the initial coupling, the remaining halide on the linker was capped using
sodium thiomethoxide to provide the linear pepducin analogues 2.15-17 which were

provided as TFA salts.
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Scheme 2.7: Synthesis of linear pepducin analogues 2.15-17

Given the aberrant behaviour displayed by 2.1 previously (vide supra Section 2.4), it was
decided that, prior to screening the inhibitive properties of the pepducins, the agonist

properties of 2.5-10 would first be tested (Figure 2.32).

In this study, HEK-293 cells which were stained with Fluo-4 Direct™ were treated with
each pepducin whilst fluorescent readings were being taken. For cyclic pepducins 2.5-7,
it can be seen that maximal concentrations of each pepducin results in the release of
calcium within the cells (Figure 2.32A). However, while the differences do not show
statistical significance, phenyl analogue 2.5 provides a much lower fluorescent signal than

triazine 2.6 and triazinane 2.7, which each provide concentration-dependent responses.

Conversely, the phenyl linear pepducin 2.15 provides elevated, concentration-dependent
fluorescent responses, suggesting the cyclisation of the peptide sequence can provide
improvements in the pharmacological properties of pepducins (Figure 2.32B). Similarly
to 2.15, triazine 2.16 and triazinane 2.17 also provided concentration-dependent release
of calcium in the cells (Figure 2.32B).

These results indicate the sequence specificity under which 2.1 was functioning (vide

supra Section 2.4.3) could have translated into the novel analogues which utilise part of

94



the same sequence. However, the decrease in the intensity of the response with 2.5
suggests that improvements to the agonist activity of 2.1 could be made through

modification of the pepducin structure.
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Figure 2.32: Characterisation of PAR1-derived pepducin library. HEK-293 cells loaded with Fluo-4 Direct were treated
with PARL1 cyclic (A) and linear (B) pepducins and the resulting fluorescence change monitored. Dose-response curves

were then plotted for each pepducin. Data represent an N=4 with mean + SEM.

Despite the agonist properties of the pepducins highlighted above (Figure 2.32), attempts
were made to generate inhibition data for each pepducin (Figure 2.33). As was performed
with 2.1 previously (vide supra Section 2.3.2), cells were pre-treated with the pepducins
(1-100 uM) prior to treatment with PAR1 agonist TFLLR-NH..

With the initial cyclic PZ-128 analogues, it can be seen that the heterocyclic 2.6 and 2.7
both provide concentration-dependent decreases in the response to TFLLR-NH: (Figure
2.33A). However, phenyl pepducin 2.5 fails to inhibit TFLLR-NH>-mediated activation
of PAR1 (Figure 2.33A). Meanwhile, the linear analogues 2.15-17 each provided
concentration-dependent inhibition of TFLLR-NH:-mediated activation of calcium

signalling (Figure 2.33B).
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Figure 2.33: Characterisation of PAR1-derived pepducin library. HEK-293 cells loaded with Fluo-4 Direct were pre-
treated with cyclic (A) and linear (B) PARL pepducins and then further treated with PARL peptide, TFLLR-NH2 (3
uM). Dose-response curves were then plotted for each pepducin. Data represents an N=4 with mean £ SEM normalised

to uninhibited responses to TFLLR-NH2 (3 uM) carried out within each experiment.

Whilst the above experiments did not provide complete concentration-response curves,
assumptions could be made with the data to extrapolate ECso and ICsg values for each
pepducin. For the agonistic events, it could be asserted that a maximal response from
pepducin-mediated activation would be equal to the maximum response following
activation with TFLLR-NH2. Conversely, the concentration-response curves for inhibition
were presumed to have a bottom value equal to 0% of the TFLLR-NH2 mediated response,
indicative of full inhibition of PAR1. GraphPad Prism could then be used to fit a curve
which would fit these constraints.

With these conditions in place, ECso values estimated for each pepducin highlight cyclic
phenyl pepducin 2.5 as the only analogue to yield significantly reduced levels of calcium
signalling activation in comparison to 2.1. The reduced agonist activity with 2.5 is
demonstrated with an improved ECso0f 672 uM (Table 2.14) in comparison to 24 uM for
2.1 (Figure 2.8, Table 2.6). Each other pepducin displayed only slight improvements in
ECsoover 2.1, with the cyclic pepducins displaying marginally improved ECsp values over

the linear analogues. In each case, ECso values were mostly comparable to 2.1.
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However, in comparison to 2.1, each pepducin failed to yield improved inhibition of PAR1
with 2.6-7 and 2.15-17 all providing slightly poorer 1Cso values. Furthermore, 2.5 failed
to yield a measurable 1Cso despite its decreased propensity for activation of calcium

signalling.

Table 2.14: ECso and 1Cso values for PAR1-derived pepducins. ®ECso values obtained by treating HEK-293 cells loaded
with the calcium dye Fluo-4 and recording the change in fluorescent output. ®ICso values obtained by pre-treating HEK-
293 cells loaded with Fluo-4 with pepducins and further treating with PAR1 agonist (TFLLR-NHz2).

Linker ~ Pepducin Type  ECs? ICs0”
Cyclic (2.5) 672 UM )
X@X Linear (2.15) 42 uM 59 uM
| AN Cyclic (2.6) 90 uM 93 uM
N.__N

Linear (2.16) 82 uM 65 uM

L

0~ N N
L
o)?i Linear (2.17) 48 uM 65 uM

o Cyclic (2.7) 52 uM 113 uM

2.5.2 Elongated linker

Following initial testing of the modified pepducins, a further four pepducins containing
an additional spacer were included in the study. As with the previous series, cyclic
pepducins containing phenyl (2.19), triazine (2.20) and triazinane (2.21) cores were
included, with a triazole acting as a spacer between the linking group and the palmitoyl
chain, connecting to the alkyl chain with an amide bond (Figure 2.34A). Additionally,
given the improvements to agonist properties displayed by phenyl analogue 2.5, an
additional analogue was included with 2.22, where the amide spacer has been removed
(Figure 2.34B).
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Figure 2.34: Chemical structure of cyclic pepducins containing a triazole linker with amide spacer (A) and without an
amide spacer (B).
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The extended linker was introduced to the cyclic pepducins by using an analogous
procedure to that used for 2.5-8 (vide supra Scheme 2.6), firstly reacting peptide 2.14 with
azide-modified linkers 2.22-24 (Scheme 2.7).1%* Following the initial alkylation, a
copper(l)-catalysed alkyne-azide cycloaddition (CuAAC) reaction was performed
between the azide and alkyne 2.25 to yield the desired triazole-modified pepducins 2.19-
21 (Scheme 2.7).1%3 The CUAAC reaction is one of many Click reactions which are high
yielding and possess a wide substrate scope, with demonstrated uses in polymeric
reactions and within biochemistry.'® Click reactions can be conducted in a wide array of
solvents, including water, and create easily removed byproducts, with nitrogen gas being

the only by-product in the CUAAC reaction. 1%

X X

X X S H k )
§ ) SX_N._CysHy Linker 2.27 Phenyl
Linker  2.23 Phenyl o 226 2.28 Triazine

2.24 Triazine > kN/N\‘ 2.29 Triazinane
k 2.25 Triazinane CuAAC reaction N o
N —
’ \\Q\ >\C15H21
NH
L
Linker (0]
k N )J\Cys—KKSRAL—Cys—NHz
N7
~Gom gt
C1sH24
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)j\ 2.27-29
Cys—KKSRAL-Cys—NH, - N

214 N7 o
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2.20 Triazine linker
2.21 Triazinane linker

Scheme 2.8: Synthesis of elongated cyclic pepducins 2.19-21 via alkylation and Click reaction.64
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Similarly, the triazole was introduced without the amide linker into analogue 2.22 by

reacting peptide 2.18 with phenyl linker 2.30 (Scheme 2.9).164

Br Br
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N
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2.18 N/N\
N
C14H29
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Scheme 2.9: Synthesis of linear analogue of extended pepducins, 2.22.1%4

It was reasoned that elongating the linker with a triazole moiety would allow the peptide
chain to localise further from the cell membrane once inside the cell (Figure 2.35). The
change in localisation of the peptide sequence, as the pharmacologically active moiety
within the pepducins, would allow modification of the binding observed with PAR1.
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O ooos

Figure 2.35: Proposed effect of elongated linkers on intracellular pepducin localisation. General peptide sequence is

shown in red and not to scale.

Treatment of HEK-293 cells with the extended pepducins resulted in strong concentration-
dependent calcium efflux for triazine 2.20 and triazinane 2.21 with ECso values of 39 uM
and 38 puM, respectively, providing comparable ECso values to 2.1 (Figure 2.36A, Table
2.15). However, the phenyl linker again provided a large improvement in reducing the
agonist activity of the series, with amide linker phenyl pepducin 2.19 yielding an ECso of
160 puM and non-amide linker pepducin 2.22 not yielding a calculable ECso (Figure
2.36A, Table 2.15).
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Inhibition assays for the extended pepducins demonstrated inhibitive properties for
triazine 2.20 and triazinane 2.21. While triazine 2.20 displayed a reduced ICso with 54
MM, triazinane 2.21 yielded a slightly improved ICso in comparison to 2.1 with 22 puM.
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Figure 2.36: Characterisation of PAR1-derived pepducin library containing a triazole within the linker moiety. A HEK-
293 cells loaded with Fluo-4 Direct were treated with PAR1 pepducins and the resulting fluorescence change monitored.
Dose-response curves for activation of calcium signalling were then plotted for each pepducin. B Following pre-
treatment of HEK-293 cells with the pepducins, cells were treated with TFLLR-NH2 at 3 pM. Dose response curves for
inhibition of TFLLR-NHzwere then plotted for each pepducin. Data represent an N=4 with mean + SEM.

Table 2.15: ECso and ICso values for PAR1-derived pepducins containing a triazole within the linker. ®ECso values
obtained by treating HEK-293 cells loaded with the calcium dye Fluo-4 Direct and recording the change in fluorescent
output (Figure 2.36). PICso values obtained by pre-treating HEK-293 cells loaded with Fluo-4 with pepducins and
further treating with PAR1 agonist (TFLLR-NH>).

Linker Pepducin Type - Name  ECso® ICs0”
Amide —2.19 160 pM N/A
Alkyl —2.22 N/A N/A
s Amide — 2.20 39uM  54uM
N._N
oiN/\)N:to Amide —2.21 38 |.J.|\/| 22 lJ.M
N
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253 Summary

Given the off-target activity shown for PZ-128, the parameters for an improved PAR1-
derived pepducin are straightforward: firstly, the pepducin would need to show a lower
level of off-target activation in various assays (higher ECsp); secondly, the pepducin
would need to have an equivalent or improved inhibitory property in the form of lower
ICso values. Drugs which fulfil both criteria would be considered significant advancement
on PZ-128.

It can be clearly seen that the pepducins which contain the phenyl linker (2.5, 2.15, 2.19
and 2.22) were all unsuccessful as candidates. While 2.5, 2.19 and 2.22 caused very little
response in calcium signal compared to the rest of the library they also displayed the worst
levels of inhibition. Extended analogues 2.19 and 2.22 caused no inhibition at all of
TFLLR-NH2 mediated calcium signalling. Conversely, 2.15 inhibited TFLLR-NH>
mediated signalling with 1Cso = 59 uM but also caused activation of calcium signalling
with ECsg = 41 pM, failing to provide an improvement over PZ-128.

The pepducins with triazine linkers proved slightly better with inhibition, with linear
analogue 2.16 and extended analogue 2.20 providing ICso values of 65 uM and 54 uM
respectively. However, each triazine pepducin also caused an increase in calcium signal

upon treatment.

Triazinane analogues 2.7, 2.17 and 2.21 displayed a similar profile, with all displaying
modest inhibition of PAR1 alongside comparable agonistic properties to 2.1. Most
notably, treatment with extended triazine 2.20 and triazinane 2.21 provided the lowest

ECso values within the triazole class of pepducin, both displaying slightly under 40 pM.

Overall, the most promising new candidate would be 2.21. The 1Csg value of 22 uM is
comparable to those of PZ-128 and SCH79797, 26 uM and 5 uM, respectively (Figure
2.5). Despite the low ECso value of 38 uM for 2.21, an improvement was still made over
2.1 with an ECso of 27 pM.
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2.6  Fluorescent-tagged pepducins

As a means of monitoring pepducin localisation during cell-based application, a modified
pepducin was proposed incorporating a fluorescent tag into the chemical structure to allow
experiments using microscopy to be performed. The fluorescent tag chosen for this
application was BODIPY-TMR, due to its peak emission (lex) Occurring at 570 nm, far

removed from the 516 nm used for readings within the 96-well plate assays (Figure 2.37).

BODIPY TMR
Aex = 545 nm
MeO Aem = 570 nm

Figure 2.37: Chemical structure of fluorescent tag, BODIPY TMR.

With regards to the incorporation into the pepducin, 2.1 was used as the initial scaffold.
By elongating the peptide sequence to 8 amino acids, the BODIPY tag could be introduced
at the N-terminal amino acid residue followed by the 2.1 peptide sequence: KKSRALF.
This localisation hypothetically would prevent the BODIPY tag from interfering with the
function of the 7-amino acid chain inherent in 2.1. Additionally, the peptide sequence was
chosen as the location for the tag as the alternative, binding within the palmitoyl chain,
would likely lead to deterioration in the pepducins capability of travelling across the cell

membrane.

To introduce the BODIPY tag into the pepducin, a CUAAC reaction was performed using
an alkynylated analogue of 2.1, 2.31, and BODIPY TMR Azide 2.32. The CUAAC
reaction provided BODIPY-tagged pepducin 2.33 in 65% yield.
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Scheme 2.10: Synthesis of BODIPY-tagged pepducin 2.33 via the CUAAC reaction of an alkynylated analogue 2.31
with BODIPY-TMR-azide 2.32.

Having gained access to BODIPY-tagged pepducin 2.29, the pepducin was tested for its
fluorescent emission under the same excitation wavelength used within the Fluo-4 assays
(Aex =494 nm). Regrettably, by obtaining emission spectra for this excitation wavelength,

it can be seen that 2.33 was providing a fluorescent response within the plate. Based on
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this, it would be difficult to measure the impact of the BODIPY-TMR tag within 2.33 on

its function in the calcium signalling assays.
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Figure 2.38: Emission spectra for a solution of 2.33 (50 pM) at two excitation wavelengths of 494 nm and 545 nm.

Data represents a single experiment.

Despite the conflicting emission spectra obtained above, it was necessary to ascertain if
the inclusion of a fluorescent tag in pepducin 2.33 would have a significant impact on the
biological function of the compound in comparison to 2.1. Western Blot experiments were
used to quantify the effect of each compound on ERK1/2 activation within HEK-293 cells
(Figure 2.39). Here, it can be seen that 2.29 treatment does still activate ERK1/2, but to
lower levels than with the same concentration of 2.1.
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Figure 2.39: Activation of ERK1/2 in response to thrombin, 2.1 and 2.33. Thrombin was applied at 3 U/mL while PZ-
128 and BODIPY-PZ-128 were applied at 30 puM for a range of time points. Data represents an N=3 with mean £ SEM,

with individual timepoints being normalised to the levels of pERK caused by thrombin.

Given the outcome of the initial experiments with 2.33 not providing clear insight into its
impact on PZ-128-mediated signalling, as well as time constraints, it was decided to stop
pursuing the fluorescent platform for pepducin monitoring.
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2.7  Summary

By using robust signalling assays, an in-depth pharmacological profile was developed for
PZ-128 (2.1). This study verified the allosteric nature for the inhibition of PARL as
described in the literature using Schild plots and allosteric shift models. However, the
pharmacological profile also highlighted the capability for PZ-128 to activate pathways
associated strongly with platelet function. Following the initial inhibition and activation
experiments, the pathway through which the signalling was mediated was investigated.
Experiments showed the source of calcium ions to be intracellular and also suggested a
different mechanism of action in comparison to the natural PAR1 agonists. This led to an
investigation into PAR1 independence for PZ-128-mediated activity, which was
confirmed using various assays in systems either temporarily lacking PAR1 (desensitised
HEK-293 cells) or completely devoid of PAR1 (mouse platelets) where PZ-128 continued

to mediate activation of signalling pathways.

The structure dependence of 2.1-associated activity demonstrated herein would suggest
the peptide sequence is interacting in such a way as to propagate signalling within cells.
With regards to the design of pepducins, the implementation of key GPCR sequences
involved in downstream signalling seems flawed. By utilising a GPCR ICL for the
structure, interactions demonstrated by these regions of the protein could be inherited.
This is evident with the modification of the sequence, whereby many pharmacological

events recorded with 2.1 were reversed with the scrambled peptide sequence in 2.2.

Potential improvements to the pharmacology of PZ-128 were examined, with a small
library of novel pepducins derived from PAR1 being investigated. Ultimately, only one
pepducin showed a capability to inhibit at a comparable level to PZ-128 in elongated
triazinane pepducin 2.21 which displayed an ICso of 22 pM. Unfortunately, those
molecules which did successfully inhibit PAR1-mediated signalling also activated
signalling on their own. Moving forward, 2.21 would be the only pepducin of interest

given its much-improved ICso over the rest of the library.
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Chapter 3 Small Molecule Allosteric Inhibitors of PAR2

3.1 Introduction
Recent work published by Cheng et al. described the synthesis and biological activity of
two novel allosteric inhibitors of PAR2: AZ8838 (3.1) and AZ3451 (3.2) (Table 3.1).%

Of the two published compounds, AZ8838 was highlighted as a good starting point for a
Fast-Follower approach for lead identification. By calculating the ligand efficiency (LE),
a drug efficiency metric used prominently in fragment based drug discovery, for each
species using the formula LE = (1.4 X —logICs,)/#HA, where #HA is the number of
heavy atoms (non-hydrogen atoms), a comparison between the two reported molecules
was drawn (Table 3.1).16"1%8 Despite modest potency compared to AZ3451, its lower
mass provides AZ8838 with an improved LE, ideal for lead-like drug compounds.14>16°
Therefore, the lead-like properties of AZ8838 mean there is a larger space to explore in
modifications to the chemical structure in order to secure improved binding with PAR2,
and thus improved 1Cso, assuming LE could be maintained while exploring the structure-
activity relationship (SAR) between PAR2 and AZ8838.

Table 3.1: Published PAR2 antagonists AZ8838 (3.1) and AZ3451 (3.2). LE calculated for 3.1 and 3.2 using the
formula: E = (1.4 X —logICsy)/#HA, where #HA is the number of heavy atoms (non-hydrogen atoms).

0]

N

)

ICs0 1500 nM 5nM

MWt 234.27 571.48

LE 0.480 0.306
CLog P 1.9 8.0
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In addition to the presented biological data, Cheng et al. also reported a crystal structure
of both AZ8838 and AZ3451 bound within PAR2.* This provided information about the
interactions within the binding pocket, highlighting important functionalities within the
lead structure and key residues within the protein (Figure 3.1A-B). Of note in the binding
site were the hydrogen bonds observed between AZ8838 and PAR2. The imidazole group
was shown to interact with Tyr82, located in the first transmembrane helix, and Asp228,
located in the second ECL. Additionally, hydrogen bonding between the linking hydroxyl
group and His135, residing in the second transmembrane helix, was also highlighted.
However, despite the available X-ray data, there was a paucity of SAR information known

for the AZ8838 template.
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Figure 3.1: Observed hydrogen bonding between AZ8838 and PAR2. A Chemical structure of AZ8838 denoted with
amino acid interactions with PAR2 binding pocket. B AZ8838 within the PAR2 binding site, hydrogen bonding denoted

in green.*

3.2 Aims and Objectives

The aim of this project is to design, synthesise and evaluate the effectiveness of novel
analogues of known the PAR2 inhibitor AZ8838 (3.1). We reasoned that by making
discrete modifications to the structure of AZ8838, it would be possible to elucidate a more

detailed SAR between AZ8838 and PAR2. Additionally, modification of the chemical

structure could lead to improved potency for inhibition of PAR2 function.

111



The design of AZ8838 analogues will be focused on three distinct regions of the molecule:
the imidazole ring, the hydroxyl linker and the propyl substitution on the phenyl ring.
Binding of the designed analogues will be simulated using computational docking
techniques. These techniques will utilise the crystallographic data published by Cheng et
al. with AZ8838 bound within PAR2 to accommodate the novel structures generated
herein and report on calculated binding potencies.* Analogues will be synthesised using
procedures adapted from the synthetic route towards AZ8838 utilised by Cheng et al..*
Modification from the route will be made where necessary to provide structurally diverse

analogues.

Following synthesis, biological assessment of the AZ8838 analogues will be carried out
using a luciferase assay in Nf-xB reporter cells, activation of which PAR2 is a known

effector.1’®
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3.3 In Silico Docking Studies

As part of the study published by Cheng et al., AZ8838 was successfully co-crystallised
with PAR2 and X-ray crystallographic data obtained.* The resulting protein database
(.pdb) file was used herein to analyse the docking of AZ8838 analogues in silico.
However, prior to docking the analogues, validation of the software would need to be

carried out.

3.3.1 Validation of Computational Studies — AutoDock Vina

AutoDock Vina was initially chosen for the in silico study as it is open access software
requiring little specialised knowledge to run basic experiments.!’* Before docking the
compound library into the PAR2 crystal structure, a validation experiment was carried out
whereby AZ8838 and its opposing, inactive enantiomer ((S)-3.1 and (R)-3.1, respectively)
were docked. In addition to replicating the binding mode of AZ8838, it was anticipated

that the binding of (S)-3.1 would provide a baseline for further docking studies.

Initial attempts at docking (S)-3.1 were performed using a large cross-section across PAR2
as the area for docking.!™ Unfortunately, contrary to the published crystal structure

(Figure 3.2A), the docking of (S)-3.1 within this region resulted in the most preferred

binding pose occurring outside the transmembrane helix of PAR2 (Figure 3.2B).

Figure 3.2: Initial docking of (S)-3.1 within the PAR2 crystal structure with AutoDock Vina. A Crystal structure of
PAR?2 binding site with AZ8838.* B Generated docking structure of (S)-3.1 using AutoDock Vina with a cross-sectional

search area
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In an attempt to find a low energy binding mode similar to the published structure, the
docking area was limited to an area focussed around the crystallographically determined
AZ8838 bhinding site. It was anticipated that AutoDock Vina would more easily identify a
low energy binding pose similar to the published structure. However, while the lowest
energy solution lay within the binding site, the orientation of the molecule did not align

with reported data and provided a predicted affinity which was less favourable than the

previous attempt (Figure 3.3).

Figure 3.3: Further docking of (S)-3.1 within the PAR2 crystal structure with AutoDock Vina. A Crystal structure of
PAR2 binding site with AZ8838.* B Generated docking pose of (S)-3.1 using AutoDock Vina with search area limited

around the binding site.

Ultimately, AutoDock Vina proved to be unsuitable for docking simulations within the
PAR2/AZ8838 binding pocket. This was attributed to the method of preparation for files
used throughout the docking, namely the removal of water molecules from the crystal
structure. Water molecules were required to be removed in order to simplify the
calculations for this particular software package. However, interrogation of the binding
interactions between AZ8838 and PAR2 show a hydrogen bond interaction between the
sp? nitrogen of the imidazole with a water molecule in the binding site (Figure 3.4). As
such, removing the water molecules from the crystal structure could have a significant

impact on the binding mode obtained from the simulations.
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Figure 3.4: Hydrogen bond interaction between AZ8838 and a water molecule in the PAR2 binding site.*

Based on this, attempts were made to dock (S)-3.1 while maintaining the presence of water
molecules within the crystal structure. However, ultimately AutoDock Vina failed to
produce a solution under these circumstances. Given the failure to generate a similar
binding mode for (S)-3.1 to the published AZ8838, alternative software was required for
the docking studies.

3.3.2  Validation of GOLD

With the use of AutoDock Vina shown to be unsuitable, an alternative was found in
GOLD.!"2 While the use of other free software such as AutoDock Tools was considered,
an active license was available for GOLD which was chosen for the study due to its diverse
profile for achieving successful docking within known binding sites across a range of

proteins.1™

Within GOLD, a variety of Fitness scoring functions were available for docking
simulations: ChemPLP, GoldScore, ChemScore, Astex Statistical Potential and User

Defined. User-defined fitness functions were immediately ruled out, given the time
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requirements of optimising the scoring function. From the remaining four functions, there
IS no clear best function. Unlike the other three functions, the Astex Statistical Potential
(ASP) is a knowledge-based scoring function: the scoring function relies on a large sample
size of known binding affinities to predict distance-dependent pairwise potential forces

for the binding.t™

Of the other three functions, GoldScore is a force-field based scoring function, deriving
its binding simulations from force-fields such as AMBER or CHARMm."? GoldScore is
a scoring function which has been optimised for ligand binding position, rather than
binding affinity making it less suitable for the intended analyses. ChemScore and
ChemPLP, conversely, are empirical functions which have been designed to reproduce
data of experimentally complex structures.!”>"7 This was ideal for the analyses to be
carried out in this study, where the first step was the reproduction of the AZ8838 binding
mode with (S)-3.1.

ChemPLP is an empirical fitness function which derives its scoring functions on
parameters from two other fitness functions: ChemScore and Piecewise Linear Potential
(PLP) (Figure 3.5). Given the consideration for the ChemScore fitness function within
ChemPLP, its promising track record in drug validation studies and its high performance
as GOLD’s default scoring function, it was decided ChemPLP would be used throughout
the study for AZ8838 and its analogues.

The final ChemPLP fitness function derives from multiple parameters used within
ChemScore as well as the PLP fitness model (Figure 3.5A), where the three ChemScore
terms relate to distance-dependent hydrogen bonding (fchem-Hs), angle-dependent
hydrogen bonding (fchem-cho) and metal bonding (fchem-met). Additionally, the PLP function
is derived from clashes between ligand and protein (fiig-ciash), torsion of the ligand (fiig-tors),
covalent bonding between ligand and protein (fchem-cov), Side-chain flexibility (fchem-prot)

and interactions including water molecules (feons) (Figure 3.5B).17
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A Fitnesscpemprp = Fitnesspip — (fChem—HB + fChem—Cho + fChem—met)

B FitneSSpr = _(WPLP-fPLP + Wlig—clash-flig—clash + Wlig—tors-flig—tors

+ fChem—cov + Wprot-fChem—prot + Weons- fcons)

Figure 3.5: Equations for the derivation of ChemPLP (A) and, correspondingly, PLP (B) scoring functions.

Once again, (S)-3.1 was docked into the PAR2 crystal structure to determine if a binding
mode which resembled the published structure for AZ8838 could be obtained.* Firstly, a
3D structure for (S)-3.1 was energy minimised using Chem3D. The docking area was then
established in a sphere with a radius of 10 A centred on the location of AZ8838 within the
published crystal structure. Following this, the energy minimised structure was docked
multiple times yielding multiple binding poses each with their own ChemPLP scores. The
resulting structures were overlaid with the published AZ8838 structure (Figure 3.6).
Fortunately, the binding poses obtained from the simulation very closely resembled that
published by Cheng et al., providing some validation of the use of GOLD in conjunction
with the ChemPLP algorithm for further docking studies.*
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Figure 3.6: Overlaid docking modes of (S)-3.1 with published bng mode of AZ8838 (yellow). A Generated binding
poses of (S)-3.1 overlaid with AZ8838 (yellow) within the PAR2 binding site. B Overlaid binding poses with AZ8838

(yellow) minus protein structure.

With confirmation of the binding mode obtained, a final validation experiment was carried
out whereby (R)-3.1 was also docked and compared to (S)-3.1 with the expectation that a
lower binding score would be obtained to reflect the lack of activity of the (R)-isomer of
AZ8838.* By examining the binding mode of (R)-3.1, it can be seen that the imidazole
and phenyl groups remain in roughly the correct space and orientation (Figure 3.7A).
However, the inversion of the chiral centre leads to the hydroxyl group in the wrong vector
for maintaining the hydrogen bond interaction observed with the (S)-enantiomer. By
plotting the ChemPLP scores for each generated binding mode (9 scores over 3 individual
experiments) it can be seen that (R)-3.1 provides a lower binding score than (S)-3.1, which

is reflective of the relative activity of the two enantiomers (Figure 3.7B).
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Figure 3.7: Comparison of docking in PAR2 with (S)-3.1 and (R)-3.1. A Overlaid binding modes of (R)-3.1 with
AZ8838 (yellow). B Docking scores for all docked structures of (S)-3.1 and (R)-3.1 represented as a scatter plot. ® =
“active” (S) conformation of linker, o = “inactive” (R) conformation of linker, == = mean value. Data represents n = 3,

with each experiment reporting at least three binding scores for each analogue. *** denotes p < 0.001.

3.3.3  Docking of AZ8838 analogues

With validation experiments in GOLD carried out, a library of AZ8838 analogues could
then be docked. In total, the (S)- and (R)-isomers of 27 analogues were docked and
compared to the scores generated with 3.1. Within the chemical structure of AZ8838, there
were three broad areas targeted for diversification (Figure 3.8). Namely, the imidazole
group, the linker between the two aromatic rings and the propyl group on the phenyl ring.

The imidazole group was chosen for its role in hydrogen bonding interactions within the
binding pocket, where it bonds to Asp228 and Tyr82, residing in ECL2 and TM1

respectively.*

The linker region, containing a chiral benzylic alcohol, has a pivotal role in the potency
of AZ8838, with the (S)-enantiomer as the active form reported by Cheng et al.* It was
also reported that changing the linker to the (R)-enantiomer completely removed the
antagonist properties of AZ8838, showing the importance of the linker, although the
corresponding data accompanying this observation was omitted from the publication by

Cheng et al.
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Finally, the propyl chain is known to fit under a disulfide bridge between Cys148 and
Cys226.% While this would imply limited scope for expansion of the propyl group, it was
decided to explore the tolerance for changes by expanding or reducing the steric
requirements of the alkyl chain. While modification of the fluorine was considered for this
study, given its role in maintaining interaction with 1le152, utilising the reported synthesis
for AZ8838 (vide infra Section 3.4) would have required significant deviation to access
fluorine analogues.* As such, the propyl chain was prioritised for this study.

Imidazole
Analogues

Ny N
0w
R OH H
® o
B DT

Figure 3.8: Proposed sites within AZ8838 for diversification. R = Br, cyclopropyl, cyclohexyl, Ph, pyridinyl, furanyl.
R’ = Me, 'Bu, CF3, NMe:

Propyl Linker Analogues
Analogues

3.3.3.1 Imidazole Analogues

Firstly, the imidazole region was explored predominately through the removal of the
hydrogen bond interactions inherent in the heteroaromatic ring (Figure 3.9). Pyrrole 3.3
and pyridine 3.4 demonstrate the loss of a single hydrogen bond interaction, losing an
acceptor and a donator, respectively (Figure 3.9A). This is taken further in phenyl
analogue 3.5, where both hydrogen bonding groups are removed whilst aromaticity is

maintained (Figure 3.9A).

By comparing the ChemPLP docking scores of the (S)-analogues to those of (S)-3.1, it can
be noted that each modification in this series is predicted to have a negative impact on
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binding affinity within PAR2 (Figure 3.9B). In each case, the removal of hydrogen
bonding interactions had a negative impact on the simulated binding. Removal of the
hydrogen bond accepting nitrogen to form pyrrole (S)-3.3 provides an initial decrease in
comparison to (S)-3.1. The docking score deteriorates further with the removal of the
hydrogen bond donating group to form pyridine (S)-3.4 whilst removal of both hydrogen
bonding groups provides the lowest docking score of the series in phenyl analogue (S)-
3.5. By interrogating the generated binding modes, each analogue is shown to lose the key
hydrogen bonds with Tyr82 or Asp228 (Figure 3.9C). Pyrrole (S)-3.3 maintains an
interaction with Tyr82, losing Asp228, while the pyridinyl and phenyl analogues lose both
interactions (Figure 3.9C). However, the further decreases in docking score for 3.4 and
3.5 could also be attributed to increasing the ring size and the subsequent effect this would

have on the occupied volume of space within the imidazole pocket.

The importance of stereochemistry is also highlighted, with (S)- and (R)-enantiomers for
3.3 and 3.5 displaying significantly different distributions of docking scores. Interestingly,
the trend for each is different: (S)-3.3 demonstrated a higher binding affinity than (R)-3.3
whilst phenyl analogue (R)-3.5 showed higher binding than its (S)-enantiomer. This
difference could account for more flexible rotation with 3.5, with the lack of hydrogen
bonding inherent in the phenyl ring allowing the molecule to recover from suboptimal

hydrogen bonding with the hydroxyl linker.
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Figure 3.9: Effect of removal of hydrogen bonding functionalities in the imidazole region on binding within PAR2. A
Chemical structure of three novel AZ8838 analogues (3.3, 3.4 and 3.5). B ChemPLP docking score of (S)- and (R)-
enantiomers of 3.3, 3.4 and 3.5 compared to 3.1 represented as a scatter plot. ® = “active” (S) conformation of linker, o
= “inactive” (R) conformation of linker, === mean value. Data represents n = 3, with each experiment reporting at least
three binding scores for each analogue. *** denotes p < 0.001. C Interaction maps showing key protein-ligand
interactions within imidazole binding pocket, comparing (S) enantiomer of 3.1 with those of 3.3, 3.4 and 3.5.

The importance of hydrogen bonding interactions was further explored with additional
imidazole analogues (Figure 3.10A). Imidazole 3.6 alongside pyrazoles 3.7 and 3.8
represent the movement of hydrogen bonding groups around the ring, in order to identify
the optimised vectors within the imidazole binding pocket (Figure 3.10A). It was
anticipated that small changes to the hydrogen bonding interactions, without removing
them, would allow a more detailed picture to be built upon the requirements for efficient

binding within the AZ8838 binding pocket of PAR2 and could enable comparison with
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known X-ray data through the docking studies. Triazole 3.9 is a further example of a
heterocycle of a similar size which maintains at least a hydrogen bond donor and a
hydrogen bond acceptor (Figure 3.10A). In each case, docking was performed with
structures of each tautomer of the compounds where appropriate, due to the inability for

GOLD to accommodate tautomerization (Figure 3.10A).

By comparing ChemPLP scores to (S)-3.1, each modification resulted in a significant
decrease in the docking score. Imidazole (S)-3.6 and pyrazole (S)-3.7 performed the best
in the series, showing similar docking scores to pyrrole (S)-3.4 above (Figure 3.10B).
Further deviation towards pyrazole (S)-3.8, with the movement of both nitrogen atoms,
further deteriorates the docking score while the incorporation of an additional nitrogen
atom in triazole (S)-3.9 provides the lowest scores of the series (Figure 3.10B). The
decrease in ChemPLP score for this series helps to highlight that the hydrogen bonding
interactions with the imidazole moiety are key to binding affinity within the binding
pocket and manipulation, through transfer around the ring or removal, is predicted to lead

to a reduced binding affinity.

By scrutinising the interactions between each ligand and the binding pocket, the
importance of Tyr82 and Asp228 is highlighted further. Each analogue in the series is
shown to be losing one or both of the hydrogen bonds with these residues, resulting in the

decrease in binding score (Figure 3.11).
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Figure 3.10: Effect of modification of hydrogen bonding vectors within the imidazole on binding within PAR2. A
Chemical structure of four novel AZ8838 analogues (3.6, 3.7, 3.8 and 3.9). B ChemPLP docking score of (S)- and (R)-
enantiomers of 3.6, 3.7, 3.8 and 3.9 compared to 3.1 represented as a scatter plot. @ = “active” (S) conformation of
linker, o = “inactive” (R) conformation of linker, === mean value. Data represents n = 3, with each experiment reporting

at least three binding scores for each analogue. *** denotes p < 0.001.
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Figure 3.11: Interaction maps showing key protein-ligand interactions within imidazole binding pocket, comparing
(S) enantiomer of 3.1 with those of 3.6, 3.7, 3.8 and 3.9.

A final series of imidazole analogues were included in the study to explore the steric
volume available within the imidazole pocket (Figure 3.12A). Benzimidazole analogue
3.10 was designed to incorporate the same hydrogen bonding vectors as AZ8838, in order
to ascertain the impact of steric bulk on binding within the imidazole pocket (Figure
3.12A). Pyrrolidine 3.11 and bispyrrolidine 3.12 were included retrospectively in this
study following their serendipitous synthesis (vide infra Section 3.5.1.5) and would
provide an insight into the 3D space available within the binding pocket with increased
sp® character (Figure 3.12A).

Benzimidazole (S)-3.10 displays a lower binding score than (S)-3.1, indicating limited
space for substitution off of the imidazole 4- and 5-positions (Figure 3.12B). Similarly,
pyrrolidines (S,R)-3.11 and (S,S)-3.11 display lowered ChemPLP binding scores (Figure
3.12B). However, (S,R)-3.11 does show a higher score than the (S,S)-enantiomer showing

a possibility for recovering the hydrogen bonding with a non-aromatic analogue (Figure

125



3.12B). Finally, (S)-3.12 shows a major loss in predicted binding affinity, although it is
accepted that this structure demonstrates a significant deviation from the chemical
structure of AZ8838 (Figure 3.12B). In addition to the hydrogen bonding requirements
within the imidazole pocket (vide supra Figure 3.9 & Figure 3.10), these simulations

show a low tolerance for steric bulk being added to the imidazole functionality (Figure

3.12B).
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Figure 3.12: Effect of increases in steric volume within the imidazole on binding within PAR2. A Chemical structure
of three novel AZ8838 analogues (3.10, 3.11 and 3.12). B ChemPLP docking score of (S)- and (R)-enantiomers of 3.10,
3.11 and 3.12 compared to 3.1 represented as a scatter plot. ® = “active” (S) conformation of linker, o = “inactive” (R)
conformation of linker, == = mean value. Data represents n = 3, with each experiment reporting at least three binding

scores for each analogue. *** denotes p < 0.001.

The low tolerance for steric bulk is further shown upon interrogation of the binding
interactions exerted within the imidazole pocket (Figure 3.13). Whilst benzimidazole (S)-

3.10 maintains some alkyl-pi interactions with Leu330 and 1le327, pyrrolidines (S,R)- and
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(S,5)-3.11 and bispyrrolidine (S)-3.12 have lost most interactions within the binding

pocket, providing the lowest scores for the imidazole analogues.
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Figure 3.13: Interaction maps showing key protein-ligand interactions within imidazole binding pocket, comparing
(S) enantiomer of 3.1 with those of 3.10, 3.11 and 3.12.

3.3.3.2 Linker Analogues

The design of the imidazole analogues (Section 3.3.3.1) was predominately based on the
manipulation of the hydrogen bonding character of the heteroaromatic region of AZ8838.
This would be further explored in the linker region, given the known importance of the
alcohol functionality. It had been reported that the hydroxyl group was forming a
hydrogen bond with His135.# It had also been highlighted that the vector along which this
interaction can occur is crucial for activity, with the (S)-isomer of AZ8838 being active
whilst the (R)-isomer lost all PAR2 inhibition.* As such, modifications to the hydroxyl
linker were designed based on the retention of a hydrogen bond donor or by changing the
nature of the interaction and incorporating a hydrogen bond acceptor. With these
requirements, ketone analogue 3.45 and amine analogue 3.46 were chosen for docking
(Figure 3.14A).

The significant change in geometry and hydrogen bond character of the linker induced by
oxidising to the ketone with 3.13 resulted in a detrimental change in the binding score
when docking in PAR2 (Figure 3.14B). This is likely to correlate with the known binding
interactions in which the alcohol forms a hydrogen bond with His135 (Figure 3.14C).4
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The importance of maintaining a hydrogen bond-donating group within the linker is
further highlighted with amine derivative (S)-3.14, which displayed a similar binding
score to (S)-3.1 by preserving a hydrogen bond donor on a tetrahedral carbon centre
(Figure 3.14B-C). Curiously, the replacement of the hydroxyl with an amine in 3.14 does
not provide the same effect on the inversion of stereochemistry. While it can be seen that
(R)-3.14 displays lowered binding scores than (S)-3.14, the loss is not statistically
significant unlike with 3.1 (vide supra, Figure 3.7).
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Figure 3.14: Effect of modification to the linker region on docking within PAR2. A Chemical structure of two novel
AZ8838 analogues (3.13 and 3.14). B ChemPLP docking score of (S)- and (R)-enantiomers of 3.13 and 3.14 compared
to 3.1 represented as a scatter plot. ® = “active” (S) conformation of linker, o = “inactive” (R) conformation of linker,
— = mean value. Data represents n = 3, with each experiment reporting at least three binding scores for each analogue.
*** denotes p < 0.001. C Interaction maps showing key protein-ligand interactions within imidazole binding pocket,

comparing (S) enantiomer of 3.1 with those of 3.13 and 3.14.
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3.3.3.3 Propyl Analogues

The propyl analogues were designed to explore the hydrophobic pocket in which the alkyl
chain resides. It is known that the propyl group extends under a disulfide bridge between
Cys148 and Cys226 (Figure 3.15).* However, it is not known how tolerant this region is

likely to be towards larger functional groups.

Cys148

Figure 3.15: AZ8838 within the PAR2 binding pocket and associated disulfide bridge.*

The series was designed to occupy a range of space inside the binding pocket and included
areduction in chain length as well as increases in steric bulk with aromatic and substituted-
aromatic groups providing increases in size. A selection of hydrogen bonding

contributions were also accounted for and tested.

The first set of analogues included the non-aromatic analogues of the propyl group
(Figure 3.16A). Removing the propyl chain in proto-analogue 3.15 would highlight the
importance of substitution at the 2-position on the benzene ring, while the brominated
analogue 3.16 would provide a halogenated analogue for exploring the propyl pocket.
Cyclopropyl analogue 3.17 was designed to provide a similar volume to the original
propyl group but in a restricted conformation, while allyl and vinyl analogues 3.18 and
3.19 introduce sp? character into a similar steric space. Finally, cyclohexyl analogue 3.20
presents increased steric volume whilst maintaining the sp® nature of the propyl chain.
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Reductions in size in (S)-3.15 and (S)-3.16 led to decreases in docking score, highlighting
the need for substitution at the 2-position to maintain alkyl-alkyl and pi-alkyl interactions
with Tyrl34, Trpl4, Leul51 and Cys226 (Figure 3.16B, Figure 3.17). Similarly,
cyclopropyl, allyl and vinyl analogues (S)-3.17, (S)-3.18 and (S)-3.19 also displayed
reductions in docking score, although these were improved in comparison to the proto-
and bromo-analogues due to the recovery of some of the aforementioned interactions with
Tyrl34, Trpl4, Leul51 and Cys226 (Figure 3.16B). Conversely, the cyclohexyl analogue
(S)-3.20 displayed an improved docking score over (S)-3.1, suggesting the possibility for
improved binding affinity following expansion at the propyl position (Figure 3.16B). The
increase in binding is also facilitated by maintaining interactions with each of the key
residues in this region of the binding pocket: Tyr134, Trpl14, Leul51 and Cys226 (Figure
3.17).
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Figure 3.16: Effect of non-aromatic modifications to the propyl region on docking within PAR2. A Chemical structure
of six novel AZ8838 analogues (3.15, 3.16, 3.17, 3.18, 3.19 and 3.20). B ChemPLP docking score of (S)- and (R)-
enantiomers of 3.15, 3.16, 3.17, 3.18, 3.19 and 3.20 compared to 3.1 represented as a scatter plot. ® = “active” (S)

conformation of linker, o = “inactive” (R) conformation of linker, == = mean value. Data represents n = 3, with each

experiment reporting at least three binding scores for each analogue. *** denotes p < 0.001, * denotes p < 0.05.
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Figure 3.17: Interaction maps showing key protein-ligand interactions within imidazole binding pocket, comparing (S)
enantiomer of 3.1 with those of 3.15-20.

Further propyl analogues continued to explore expansion in this region, with phenyl
(3.21), pyridinyl (3.22) and furanyl (3.23) analogues all providing data on non-substituted
aromatic functional groups within the propyl binding pocket (Figure 3.18A). These
groups continued to suggest the potential benefits of the expansion of the propyl group,
with each analogue demonstrating improved binding over (S)-3.1 (Figure 3.18B). In
particular, (S)-3.21 provided the highest docking score, highlighting a potential area for
further expansion through substitution (Figure 3.18B). Of note within these analogues is
the occurrence of a pi-sulphur interaction between the new phenyl ring of 3.21 and
Cys226, which could account for the significant increase in docking score in comparison
to 3.1 (Figure 3.18C).
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Figure 3.18: Effect of aromatic modifications to the propyl region on docking within PAR2. A Chemical structure of

three novel AZ8838 analogues (3.21, 3.22 and 3.23). B ChemPLP docking score of (S)- and (R)-enantiomers of 3.21,
3.22 and 3.23 compared to 3.1 represented as a scatter plot. ® = “active” (S) conformation of linker, o = “inactive” (R)
conformation of linker, == = mean value. Data represents n = 3, with each experiment reporting at least three binding
scores for each analogue. *** denotes p < 0.001, ** denotes p < 0.01. C Interaction maps showing key protein-ligand

interactions within imidazole binding pocket, comparing (S) enantiomer of 3.1 with those of 3.21-23.
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With phenyl analogue (S)-3.21 suggesting an improved predicted binding affinity over
(S)-3.1, further analogues were designed to explore the remaining space in the pocket.
These analogues were also designed with consideration for available starting reagents for
synthesis. Tolyl analogues 3.24-26 would provide subtle increases in the volume occupied
within the propyl domain whilst trifluoromethyl (3.27), tert-butyl (3.28) and
dimethylamino (3.29) substitutions at the para position would introduce more significant
changes in the volume occupied (Figure 3.19A).

The tolyl compounds (S)-3.24-26 all showed similar or improved docking scores in
comparison to (S)-3.1, although the scores were lower than that of phenyl analogue (S)-
3.21 (Figure 3.19B). However, further expansion at the para position led to a significant
drop off in predicted binding affinity with trifluoromethyl ((S)-3.27), tert-butyl ((S)-3.28)
and dimethylamino ((S)-3.29) analogues all showing docking scores of less than 70
(Figure 3.19B).
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Figure 3.19: Effect of substituted aromatic modifications to the propyl region on docking within PAR2. A Chemical
structure of seven novel AZ8838 analogues (3.21, 3.24, 3.25, 3.26, 3.27, 3.28 and 3.29) B ChemPLP docking score of
(S)- and (R)-enantiomers of 3.24, 3.25, 3.26, 3.27, 3.28 and 3.29 compared to 3.1 and 3.21 represented as a scatter plot.
e = “active” (S)-conformation of linker, o = “inactive” (R)-conformation of linker, == = mean value. Data represents n

= 3, with each experiment reporting at least three binding scores for each analogue.
By interrogating the binding interactions of those analogues with improved or comparable

docking scores to 3.1, the range of interactions on display highlights the potential
flexibility within the propyl binding pocket (Figure 3.20). The methyl groups within 3.24-
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26 each show a propensity for recovering pi-alkyl and alkyl-alkyl interactions which
would be lost upon removal of the propyl substituent for an aromatic group (Figure 3.20).
Additionally, the additional phenyl ring provides another region for pi-pi stacking and pi-

sigma interactions to be built up, shown with 3.26 (Figure 3.20).

Leu
151 ‘

152

= pi-cation == :pi-pi stacking :carbon-fluorine bond = :pi-sigma

:pi-sulphur :carbon-hydrogen bond :alkyl/pi-alkyl

Figure 3.20: Interaction maps showing key protein-ligand interactions within imidazole binding pocket, comparing
(S)-enantiomer of 3.1 with those of 3.21 and 3.24-26. 3.27-29 were not included due to vast differences in docking

score/binding mode.
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3.34  Summary of Docking

Overall, the docking experiments highlighted the importance of the hydrogen bonding
interactions displayed by AZ8838 in the binding pocket. The function of the imidazole
moiety as a hydrogen bond donating and accepting group was highlighted when
modification or removal of the hydrogen bonding functionalities led uniformly to

decreased binding scores upon docking (Figure 3.9, Figure 3.10).

Additionally, the contribution of hydrogen bonding from the linker was highlighted, with
inversion of the hydrogen bond character from donator to acceptor in 3.13 showing the
propensity for reduced binding in the pocket (Figure 3.14). However, this loss of binding
could also be attributed to the change in geometry of the oxygen atom as a result of
changing from sp® hybridisation of the bridging carbon to sp?. The importance of the
hydrogen bond geometry was further emphasised, with the (R)-isomers of many analogues
showing similar or slightly lower binding. Exceptions to this are found with the pyridinyl
analogue 3.22 and the furanyl analogue 3.23, where the introduction of other hydrogen

bonding groups can potentially compensate for the poor geometry of the linker.

The simulated docking also highlighted a relatively congested binding pocket, with a
limited tolerance for increased sterics on the imidazole ring. Extending into a
benzimidazole (3.10) and increasing the volume occupied with a pyrrolidine or

bispyrrolidine (3.11 and 3.12) also yielded reduced docking scores (Figure 3.12).

Conversely, the docking experiments did suggest a possible region for expansion through
modification of the propyl chain. Slight increases to the size of the functional group were
anticipated to improve binding when modelled in GOLD, with cyclohexyl (3.20), phenyl
(3.21) and tolyl (3.24-26) all providing significant increases to the binding score (Figure
3.16, Figure 3.18 and Figure 3.19). However, increasing the size too much had the
inverse effect, with larger para-substituents like tert-butyl, trifluoromethyl and
dimethylamino groups on the phenyl ring leading to decreases in docking score (3.27-29,
Figure 3.19).
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The relative increase in binding scores for the phenyl and tolyl analogues (3.21 and 3.24-
26) could suggest a propensity for n-m interactions within the binding pocket. However,
the binding modes generated for each of the compounds show the phenyl ring in different
orientations within the propyl domain across the series (Figure 3.21A-H). This region of
the binding pocket is surrounded by multiple aromatic amino acids including Tyr134,
His135 and Trp141, which could all be contributing to potential n-interactions with the
aromatic analogues when docked to the receptor.*
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Figure 3.21: Binding mode of aryl analogues (S)-3.21 (A-B), (S)-3.24 (C-D), (S)-3.25 (E-F) and (S)-3.26 (G-H)
displayed as an interaction map of the AZ8838-PAR2 binding pocket (Left) and overlaid with AZ8838 within the PAR2
binding site represented as its H-Bonding surface (Right).
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Among the tolyl compounds, the ortho-tolyl analogue (S)-3.79 displayed a unique
characteristic with its binding mode which could be further exploited. Upon docking, the
methyl group appeared to extend into a secondary binding pocket located deeper in the
transmembrane domain (Figure 3.21C-D). This, coupled with the increased binding score
for the analogue in comparison to (S)-3.1 (vide supra Figure 3.19), suggests further
development of the methyl group could allow access to more potent binding within the
AZ8838 pocket.

These results highlight the propyl analogues as the most promising new molecules. In
particular, the phenyl and tolyl analogues stand out as, potentially, offering comparable or
increased potency relative to (S)-3.1. However, the results obtained from the docking
experiments would be best used to complement biological data. As such, the analogues
would be carried on to in vitro biological assays following synthesis to evaluate their
PAR2 inhibition.
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34  Synthesis of (+)-AZ8838

Prior to testing any AZ8838 analogues, it was necessary to obtain access to a stock of
AZ8838. In addition to its favourable properties, AZ8838 was thought to be chemically
tractable, hence was amenable to analogue synthesis and this initial phase of the study
would then enable downstream analogue generation. The initial synthetic route used to
access a racemic mixture of AZ8838, 3.1, was that used by Cheng et al. (Scheme 3.1).*
Firstly, a Suzuki-Miyaura cross-coupling would be carried out with benzaldehyde 3.30 to
access propylbenzaldehyde intermediate 3.31 (Scheme 3.1(i)).* Concurrently, protection
of imidazole, 3.32, with a trimethoxysilylethyl methyl (SEM) protecting group to provide
protected intermediate 3.33 would be performed (Scheme 3.1(ii)).* Treatment of 3.33 with
n-butyllithium would then allow addition into benzaldehyde 3.31 to furnish protected
intermediate 3.34 (Scheme 3.1(iii)).* Finally, acid deprotection would furnish the desired
AZ8838, 3.1, as a racemic mixture (Scheme 3.1(iv)).*

Br
F
3.30 3.31 . v
SIM83
I/H (||) |/ //
I\) 3.34
N/ \) SiMe;
3.32 .33

Scheme 3.1: Reported synthetic route towards AZ8838 (3.1) as used by Cheng et al.* (i) PrB(OH)2, PdClz(dppf),
Cs2C0g, dioxane, H20, 80 °C, 16 h. (ii) SEM-CI, NaH, THF, 0 °C-RT, 16 h. (iii) "BuLi, THF, -78 °C-RT, 1 h. (iv) TFA,
DCM, reflux, 3 h.

However, initial attempts at reproducing the synthesis were met with extremely low yields
(Scheme 3.2). Using the literature conditions, the Suzuki-Miyaura cross-coupling of

benzaldehyde 3.30 with propyl boronic acid failed to yield any of the desired propyl
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benzaldehyde. Additionally, homo-coupled benzaldehyde 3.35 was identified within the

reaction mixture as the major product.

_~_-B(OH) (1.5€eq.)

Br O Pd(dppf)Cl, (10 mol%) 0]
' Cs,CO5 (3 eq.) '
Dioxane:H50 (4:1)
F 80°C, 16 h
3.30 3.31 3.35, Major peak
0.5 mmol Not isolated identified by LC-MS

Scheme 3.2: Initial attempt at Suzuki-Miyaura Cross-Coupling towards 3.31

Attempts were then made to optimise the Suzuki-Miyaura reaction, considering a variety
of parameters (Table 3.2). Using methodology available in our laboratories as a starting
point, changes to temperature (Entries 1-3), catalyst loading (Entries 4-5), palladium
source (Entries 6-7) and base (Entries 8-9) were all considered and compared to the
literature conditions (Entry 10).1® The reactions were carried out on a 0.25 mmol scale
and analysed using 1,4-dinitrobenzene as a *H NMR standard at 0.0625 M to establish
conversions. Specifically, the benzaldehyde peaks of 3.30, 3.31 and 3.35 were used as the
analyte peaks, with the integral of the 3.35 peak being halved prior to compiling the data.

While variation in the total content of the reactions was noted, the experiments did allow
identification of 50 °C, 5 mol% of Pd(dppf)Cl> and potassium phosphate as ideal
conditions for full consumption of aryl bromide 3.30 and a good ratio of product 3.31 to
homocoupled system 3.35 at 4:1 (Entry 4). However, this was not significantly different
from the literature conditions, Entry 10, which had shown full conversion of 3.30
previously (Table 3.2).
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Table 3.2: Optimisation of Suzuki-Miyaura Cross-Coupling towards 3.31

~_B(OH)2 (15¢q.)

Br O "Pd" (mol%)
! Base (I)
THF, H,0 (5 eq.)
F Temp., 16 h
3.30
0.25 mmol
Cat. Temp 330 331 335
Entry Catalyst ) Base
loading °O) (%) (%) (%)
1 Pd(dppf)Cl: 10 K3PO4 22 48 4 1
2 Pd(dppf)Cl: 10 K3PO4 50 0 36 13
3 Pd(dppf)Cl: 10 K3PO4 80 0 20 8
4 Pd(dppf)Cl: 5 K3PO4 50 0 40 10
5 Pd(dppf)Cl: 3 K3PO4 50 28 38 1
6 Pd(PPh3)s 5 K3PO4 50 76 0 0
7 Pd(OAC)2.2SPhos 5 K3PO4 50 70 1 0
8 Pd(dppf)Cl: 5 K2CO3 50 62 19 5
9 Pd(dppf)Cl- 5 Cs2COs 50 38 21 0
Literature Conditions
10 Pd(dppf)Cl2 (10 mol%), Cs.CO3 (3 eq.) 2 29 8
Dioxane:H20 (4:1), 80 °C, 16 h

On further inspection, the initial reactions were performed using an older sample of
Pd(dppf)Cl> which had lost its characteristic orange colour. Ultimately, using a fresh
source of palladium with the original literature conditions for the reaction restored the
yields to levels comparable with Cheng et al., allowing access to the desired propyl
benzaldehyde intermediate 3.31 in good yields (Scheme 3.3).4
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~BOH):2 (15¢q)

Br O Pd(dppf)Cl, (10 mol%) (0]
| Cs,CO3 (3 eq.) |
Dioxane:H,0 (4:1)
F 80°C, 16 h F
3.30 3.31, 52-80% yield
0.25-5 mmol (n=6)

Scheme 3.3: Synthesis of benzaldehyde intermediate 3.31

The SEM protection of imidazole, 3.32, proceeded readily utilising sodium hydride as the
base to deprotonate the imidazole before reacting with SEM-CI, yielding the protected
intermediate 3.33 in good to excellent yields (Scheme 3.4).*

H  SEM<CI(1.5eq) ©
N NaH (1.5 eq.) N SiMeg
W, W,
N THF, 0 °C-RT N
3.32 16 h 3.33, 63-89%
1.5-10 mmol n=5

Scheme 3.4: Synthesis of SEM-protected imidazole 3.33

Cheng et al. reported the lithiation step, whereby imidazole 3.33 is deprotonated at the 2-
position with n-butyllithium before undergoing nucleophilic attack onto the aldehyde of
intermediate 3.31, in moderate yields of 54%.* However, under the same conditions, in

our hands the product 3.34 was only observed in trace amounts (Scheme 3.5).
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SEM
0. er "BuLi (2.2 eq.) OH  SEM
W : "
N_/ THF, -78 °C - RT \J
1h W
F F
3.31 3.33 3.34
0.3 mmol 1.1eq Not isoslated

Scheme 3.5: Initial attempt at the synthesis of 3.34

While the scale was reduced in comparison to the published methods (0.3 mmol in
comparison to the reported 1.8 mmol), it was thought the cause of the low yield could
potentially be from the excess n-butyllithium reacting nucleophilically with benzaldehyde
3.31. By reducing the stoichiometry of n-butyllithium to ensure full consumption in the
deprotonation of 3.33, it was thought that comparable yields to the literature could be
achieved. Given the lower equivalents of n-butyllithium, it was decided to confirm
successful lithiation of 3.33. The solution of imidazole 3.33 and n-butyllithium was
quenched in deuterated water and, after extracting into deuterated chloroform, a *H NMR
was taken. Loss of the characteristic methine peak at the 2-position, located at 7.59 ppm,

confirmed successful deprotonation in solution (Figure 3.22).
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Figure 3.22: Confirmation of deprotonation at the 2-position of 3.33
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With the deprotonation of SEM-protected intermediate 3.33 proceeding with full
conversion, reaction with aldehyde 3.31 was then carried out in situ providing access to

protected intermediate 3.34 in 51% yield, comparable to the yield reported by Cheng et
al. (Scheme 3.6).4

(0]
I
3.31
SEM _ SEM F OH SEM
n : 1.75 mmol I
“/N/ BuLi (1.13 eq.)= Li N/ N
- O - o -
NJ THF, 78 °C NI p THF, 78 °C - RT ,\}J
30 mins then stir for 15 mins F
3.33 3.34
1.13 eq. 51% yield

Scheme 3.6: Lithiation of 3.33 towards 3.34

Following the preparation of target secondary alcohol 3.34, deprotection of the SEM

protecting group also proved to be problematic. Initial deprotection conditions using
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trifluoroacetic acid (TFA) showed complete consumption of 3.34 but with extremely low
yields following purification by reverse-phase preparative HPLC (Scheme 3.7).
Regardless, 15 mg of (x)-AZ8838 (3.1) was obtained and sufficient for using the

compound as a comparator in the biological assays.

TFA, CH,Cl,, RT

OH OH
SEM 16 h . H
N N
) )
N Y N /
F F
3.34 3.1
0.86 mmol 5% yield

Scheme 3.7: Deprotection of intermediate 3.34 to yield (+)-AZ8838, 3.1

Due to time constraints for the synthesis of analogues of AZ8838, 3.1 was used as a
racemic mixture as opposed to the active (S)-enantiomer.* Generation of new analogues
was also carried out towards racemates rather than enantiomerically pure compounds, with

the intention to compare racemic mixtures initially in the biological assays.
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3.5  Synthesis of AZ8838 analogues
With access to 3.1 achieved and enablement of the synthetic chemistry carried out,
synthesis of the AZ8838 analogues docked above (vide supra, Section 3.3.3) could then

be synthesised.

3.5.1  Synthesis of Imidazole Analogues

Initially, the imidazole analogues (3.3-10) were chosen for synthesis. This was thought to
be a good starting point, with the introduction of the imidazole moiety occurring late in
the synthesis of AZ8838. Thus, a general approach for heterocycle modification was
produced whereby aryl moieties could be introduced by reacting as a Grignard reagent or
organolithium species with benzaldehyde 3.31 to yield a range of novel AZ8838
analogues (Scheme 3.8). The late-stage functionalisation of these syntheses would allow

a stock of intermediate 3.31 to be built up before derivatisation with the novel moieties.

i
RLi
or

OH
D" e
F

Scheme 3.8: General synthesis of AZ8838 analogues, diversifying at the imidazole functionality

3.5.1.1 Phenyl analogue 3.5

As a means of testing the nucleophilic attack onto benzaldehyde 3.31 using Grignard
reagents, phenyl magnesium bromide was initially used as a commercially available
organometallic reagent to provide phenyl analogue 3.5. The Grignard reaction with
benzaldehyde 3.31 provided analogue 3.5 in 21% yield (Scheme 3.9). Despite the low
yields, the material obtained was a sufficient quantity for biological analyses to be

performed and no further optimisation of the reaction was carried out.
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? Ph-MgBr (1.5 eq.) OH

e JT T
F OOC'RT F

3.31 3.5
0.25 mmol 20% yield

Scheme 3.9: Grignard reaction towards phenyl analogue 3.5

3.5.1.2 Pyridinyl analogue 3.4

Following successful addition of a commercial Grignard reagent into benzaldehyde 3.31,
attempts were then made to transform aryl bromides into Grignard reagents. Initially, 2-
bromopyridine (3.36) was used, treating with 'PrMgCLLIiClI to facilitate
bromine/magnesium exchange and provide a pyridine-2-yl Grignard species (Scheme
3.10).17® The Grignard was then reacted in situ with benzaldehyde 3.31 to provide pyridine
analogue 3.4 in 49% yield (Scheme 3.10).

Pr O
I
) 3.31
| N PrvgClLiCI (2 eq)| | A F 0.25 mmol OH

_ > — . AN

N Br THF N MgCI.LiClI THF |
=

3.36 Reacted F 34

. in situ .
2 eq. 49% vyield

Scheme 3.10: Synthesis of 3.4 via bromine/magnesium exchange of 3.36

3.5.1.3 Benzimidazole analogue 3.10

Incorporation of a benzimidazole functionality was carried out by using the same
methodology as the synthesis for AZ8838 (3.1, Scheme 3.3-7).* Firstly, benzimidazole
3.37 was protected using SEM-CI to yield 3.38 in 47% yield (Scheme 3.11(i)). Following
this, the position 2 carbon was deprotonated using n-butyllithium, allowing nucleophilic
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addition into benzaldehyde 3.31 to provide protected intermediate 3.39 in 34% yield
(Scheme 3.11(ii)). Finally, deprotection of intermediate 3.39 with TFA yielded the desired
benzimidazole analogue, 3.10, in 68% yield (Scheme 3.11(iii)).

H SEM
| N SEM-CI (1.5 eq) N
) @: D NaH (1.5 eq) @: »
N THF, RT, 16 h N
3.37 3.38
2 mmol 47% vyield
SEM
2 N "BuLi (1.1 eq) OH  SEM
+ > N
i) @:N/ THF \

- 78 °C-RT, 1h . N
3.31 3.38 3.39
0.5 mmol 1.1eq. 34% yield

OH /SEM OH

TFA/CH,Cl,, 16 h_

H
N N
| |
N N
F F
3.39 3.10
0.14 mmol 68% yield

ii)

Scheme 3.11: 3-step synthesis of benzimidazolyl analogue 3.10

3.5.1.4 Other Heterocyclic Analogues
The initial synthetic strategy used for the syntheses was the same as the above imidazole
analogues, with late-stage functionalisation at the imidazole occurring as the final step,

excluding necessary deprotections.

Pyrrole 3.3
Synthesis of pyrrolyl analogue 3.3 was attempted via the lithiation of tert-butyl 1H-
pyrrole-1-carboxylate (3.40) at the 2-position followed by a nucleophilic attack into the
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carbonyl of benzaldehyde 3.4.18° However, after one hour the reaction mixture consisted
mostly of unreacted benzaldehyde 3.4 (Scheme 3.12), with no indication of successful
formation of 3.41 by NMR or LC-MS despite full consumption of 3.40 within the reaction

mixture.
% "BuLi (1.1 eq.)
|O TMP (1.1 eq.) OH  Boc
THF, -78 °C - RT \ N/
1h
our F
3.31 3.40 3.41
0.5 mmol 1eq. Not identified

Scheme 3.12: Attempted synthesis of pyrrolyl analogue 3.41

Ultimately, with no signs of product formation alongside ongoing issues with other
compounds in the series, the synthesis of 3.3 was abandoned.

Pyrazoles 3.7 & 3.8

Initially, attempts to introduce pyrazoles were performed using tosyl-protected bromo-
pyrazoles. With the low yields experienced for SEM deprotection in the synthesis of 3.1
(Scheme 3.7), an alternative was explored with the tosyl protecting group. The protected
intermediates 3.44 and 3.45 were synthesised in good yields by treating bromopyrazoles
(3.42-43) with sodium hydride and tosyl chloride (Scheme 3.13).18
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o
\
H 1.2 eq. O=
BrE/N N
/ NaH (1.5 eq.), THF BrE//N

~n=

0.5 mmol 0°C-RT, 16 h
3.42. 3-Bromo 3.44, 3/5-Bromo, 88% vyield
3.43. 4-Bromo 3.45, 4-Bromo, 89% yield

Scheme 3.13: Tosyl protection of bromopyrazoles 3.42 and 3.43

The subsequent Grignard reaction with benzaldehyde 3.31 yielded very low quantities of
the desired protected intermediates 3.46 and 3.47, which were not purified (Scheme 3.14).
Attempts at deprotection of the crude 3.47 showed traces of the desired pyrazole product
3.8. However, this was isolated as a mixture with the N-methylated analogue 3.48, as also
identified by LC-MS (Figure 3.23), with evidence suggesting that the two compounds
would have been inseparable considering the low yield obtained. Additionally,
deprotection of the crude 3.46 failed to yield pyrazole 3.7.
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0.33 mmol, 1.32 eq.

3.44, 3/5-Bromo
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THF/MeOH (2:1)
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i) iPrMgCl (1.3 eq.)
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OH
_Ts

F

3.46, 3/5-substituted, 5% yield*
3.47, 4-substituted, 2% yield*

OH OH
N ~ N
F F N
3.7, 3/5-substituted, not isolated 3.48

3.8, 4-substituted, mixture w/ 3.48

Scheme 3.14: Attempted synthesis of 3.7 and 3.8 via Grignard reaction between tosyl-protected bromopyrazoles 3.44-

45 and 3.31
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Figure 3.23: LC-MS trace for crude 3.8, showing mass spectrum in the negative scan with annotated masses for each

peak of interest.

The N-methylation towards pyrazole 3.48 was thought to occur following the initial

cleavage of the N-S bond. Initially, the attack of a methoxy anion will result in the
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formation of methyl p-toluenesulfonate. Ideally, the pyrrole anion is then protonated by
an additional molecule of methanol (Scheme 3.15A). However, it has been shown that
alkyl p-toluenesulfonates can act as alkylating agents, yielding the methylated pyrrole and
p-toluenesulfonate, which would be subsequently protonated to provide p-toluenesulfonic
acid (Scheme 3.15B).18?

N 9o Q.0
N-S~_ O S.__Me
Ri/U O e _ CsC03 NO 4 0
" THF/MeOH

/N\ /N\ /S
| e s ey

Scheme 3.15: Proposed mechanism for deprotection of N-tosylated heterocycles resulting in the desired product (A) or

methylated side-product (B)

Despite initial low yields using the SEM protecting group and organolithium chemistry,
it was decided to change the strategy and utilise lithium-halogen exchange with the SEM
protected bromopyrazole. As such, pyrazole 3.43 was firstly protected using SEM-CI,
providing 3.49 in 66% vyield using the previously established protocol with sodium
hydride (Scheme 3.16).%
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Cl/\o/\/SIMe3

H ©
| N\N 15eq. N, \/\SiMeg
Y NaH (1.5 eq.), THF LN
Br 0°C-RT, 16 h Br
3.43 3.49
3 mmol 89% yield

Scheme 3.16: SEM-protection of 4-bromopyrazole 3.43

The lithium-halogen exchange reaction was performed using n-butyllithium to provide the
required organolithium species, which was then reacted in situ with aldehyde 3.31 to
provide the desired 4-substituted pyrazole analogue, 3.50, in 30% yield (Scheme 3.17).
Additionally, 5-substituted pyrazole 3.51 was also identified and isolated from the

reaction mixture in 7% yield.

SEM i) "BuLi (2 eq.)

N THF, -78 °C OH  SEM
| N N * N
/ ii) 3.31 (0.5 mmol) \ N
Br -78 °C - RT, 1 hour Y%
F F
3.49 3.50 3.51
1 mmol, 2 eq. 35% vyield 13% yield

Scheme 3.17: "BuL.i-mediated coupling of bromopyrazole 3.49 with 3.31 to yield protected pyrazoles 3.50 and 3.51

The formation of 3.51 was unexpected but was thought to occur by the transfer of the
anionic charge on the organolithium species from the 4- to the 5-position of the ring
(Scheme 3.18). This site would allow additional stabilisation of the organolithium with
the lone pair of the SEM oxygen atom being able to chelate to the lithium cation. The
SEM protecting group has been shown to stabilise an ortho charge in other applications
such as directed lithiation for the synthesis of organohalides, where it showed improved
stabilisation over the Boc protecting group.!®
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Scheme 3.18: Stabilisation of organolithium species via the oxygen atom of the SEM protecting group

This change in localisation of the charge was supported by the structure of 3.51. By
comparing 2D NMR experiments with those of 3.50, not only was a difference in structure
confirmed but also specifically the 5-substituted product was formed over the 3-
substituted product, for which the organolithium intermediate would have no further

stabilisation from the SEM group.

HSQC experiments were firstly used to fully assign each intermediate before further
analysis using HMBC (Appendix I/11). HMBC experiments for 3.51 displayed a series of
2/3/4-bond interactions from both the methine linker and the first methylene of the SEM
group with the 5-position of the imidazole (Figure 3.24, Appendix I1)). Conversely, in
3.50 the correlations between the SEM methylene and the pyrazole carbons were not
observed, while the linking methine displays interactions with all 3 of the pyrazole carbons
(Figure 3.24, Appendix I).
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Figure 3.24: Highlighted interactions in 3.50 and 3.51 identified through HMBC NMR experiments

However, attempts at deprotection, despite showing full consumption of the protected
intermediates 3.50 and 3.51, were unable to deliver the desired pyrazole analogues 3.8
and 3.7, respectively (Scheme 3.19). Following multiple attempts leading to
decomposition of the reaction material, this approach towards building the pyrazole

analogues 3.17 and 3.18 was abandoned.
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TFA/CH,Cl, or

HCI/MeOH or
OH TBAF/THF, A OH
~ "N-SEM ~NH
E N . N
3.50 3.8
Not identified
TFA/CH2C|2 or
HCI/MeOH or
OH  SEM TBAF/THF, A OH
N, - N,
| N | N
F F
3.51 3.7

Not identified

Scheme 3.19: Failed deprotection reactions towards pyrazole analogues 3.8 and 3.7

4-Imidazole 3.6
Imidazole analogue 3.6 was initially proposed to be synthesised using an analogous route
to 3.7-8. In preparation for the route, 4-Bromoimidazole 3.52 was protected with a tosyl

group, yielding 3.53 in quantitative yield (Scheme 3.20).

H Ts-Cl (1.2 eq.) (ONI
N NaH (1.5 eq.) l\i
)IN/> THF, 0 °C-RT i >
Br
16 hours Br N

3.52 3.53
0.5 mmol quant.

Scheme 3.20: Tosyl-protection of 4-bromoimidazole 3.52 towards 3.53

However, continuing this route had multiple issues. Firstly, the Grignard reaction with
3.53 failed to yield the desired intermediate, 3.54 (Scheme 3.21), continuing the trend
shown during the attempted syntheses of 3.7 and 3.8 (Scheme 3.14)
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S\\ /O/ i) iPrMgCl (1.3 eq.) OH
S THF, RT, 6 hours \

N ,
) i) 3.4 (0.25 mmol) D
N THF, RT, 16 hours E N

\

Ts

Br

3.53 3.54
0.33 mmol, 1.32 eq. Not identified

Scheme 3.21: Failed Grignard reaction of 3.53 towards intermediate 3.54

Triazole 3.9

Consideration was given to attempting the synthesis of triazole analogue 3.9 using the
same, previously attempted route via organolithium or Grignard chemistry. However,
given the previous failures in these syntheses, and the need to synthesise a protected

bromotriazole intermediate, the route would be reconsidered.

3.5.1.5 Building the heterocycles

With the challenges experienced in isolating the desired heterocyclic analogues of
AZ8838 (3.3, 3.6-9), the synthetic route was redesigned with the aim of building the
heterocycles through the use of cycloaddition reactions. Starting with benzaldehyde 3.31,
it was thought an alkyne could be introduced using a propargyl Grignard reagent and the
desired functionalities installed using [3+2] dipolar cycloadditions with 1,3-dipoles
(Scheme 3.22).
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ii) 1,3-dipoles H
?iE N
MgBr N

0 i)// OH

Scheme 3.22: Planned synthetic route towards heterocyclic analogues of AZ8838.

Triazole analogue 3.9 was chosen as the first target, utilising a Click reaction as the [3+2]
dipolar cycloaddition.®® The initial Grignard reaction successfully provided the alkynyl
analogue 3.56 in good yields (Scheme 3.23, Step 1). However, subsequent attempts at the
Click reaction using sodium azide were met with no formation of the desired triazole 3.9
(Scheme 3.23, Step 2).16¢

NaN; (1 eq.)
<|3 =——MgBr (1.1 eq) OH Cu(OAc), (5 mol%) OH H
N
THF, 0 °C - RT ' MeOHMH,0 (1:1) | N
F 3 hours F RT, 16 hours F N
3.31 3.56 3.9
1.34 mmol 79% Not identified

Scheme 3.23: Initial attempt at the synthesis of triazole 3.9 via [3+2] dipolar cycloadditions

It was thought the presence of the free alcohol functionality may have been interfering in
the reaction. To combat this, it was decided to first oxidise the alcohol to the ketone prior
to the Click reaction, using oxidation as a form of protecting group. Initial attempts at the
oxidation of 3.56 were performed using pyridinium dichromate (PDC) as the oxidising

agent (Scheme 3.24). However, this ultimately failed to yield the desired ketone 3.57.
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OH PDC (1.5 eq.) 0

% CH,Cl,, 3 A mol. sieves, %
F RT, 2 hours F

3.56, 3.57
0.94 mmol Not isolated

Scheme 3.24; Attempted oxidation of 3.56 using PDC

By changing the oxidising agent to manganese dioxide, it was anticipated the benzylic
alcohol could be more readily oxidised. Using THF as the initial solvent at room
temperature, no conversion of 3.56 was observed (Table 3.3, Entry 1). This continued
after heating to 60 °C (Entry 2). However, by changing the solvent to toluene and heating
further to 80 °C and then 100 °C, a new species was seen to be formed (Entries 3-4)
although the starting material 3.56 remained the major component of the reaction mixture.
Finally, by changing the solvent to CH2Cl, alcohol 3.56 was observed to be fully
consumed (Entry 5). Repeating the reaction using a fresh batch of 3.56 provided ketone
3.57 in 75% yield (Scheme 3.25).
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Table 3.3: Optimisation of manganese dioxide oxidation towards ketone 3.57

OH o)
A See table A
F F
3.56 3.57
Not isolated
Entry [MnOg] Solvent Temp. Time TLC
1 5 eq. THF Room Temp Overnight No conversion
2 10 eq. THF 60 °'C 2 hours No conversion
3 10 eq. Toluene 80°C 2 hours Low conversion
4 10 eq. Toluene 100 °C 16 hours Low conversion
5 10 eq. CHCl Room Temp 2 hours Full Conversion
OH MnO, (10 eq.) @)
X CH,Cl,, RT X
F 16 hours F
3.56 3.57
0.94 mmol 75% yield

Scheme 3.25: Oxidation of 3.56 towards ketone 3.57

With ketone 3.57 in hand, the desired [3+2] cycloadditions could be attempted once again.

Triazole 3.58 was synthesised using sodium azide as the 1,3-dipole in a metal-free azide-

alkyne cycloaddition reaction with a 47% yield, with subsequent reduction of the ketone

with lithium aluminium hydride (LAH) providing access to triazole analogue 3.9 in 26%

yield (Scheme 3.26).
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N
+ _N*Y H
Na_N/ 1.1 eq. N

DMF, RT, 16 h

3.57 3.58
0.18 mmol 47% yield

LiAlH, (2 eq.) ¥

THF, 0°C - RT | N
E N

3.9
22% yield

Scheme 3.26: Synthesis of triazole analogue 3.9

Concurrently, pyrazole 3.59 was synthesised using trimethylsilyl diazomethane as the 1,3-
dipole.8 Trimethylsilyl diazomethane has been more commonly used as a source of a
carbene for cyclopropanation reactions or as a methyl source for the methy| esterification
of carboxylic acids.*®>% |ts use as a 1,3-dipole is becoming more widespread, given the
increased stability and safety benefits of trimethylsilyl diazomethane in comparison to the
traditionally used diazomethane. Examples have been shown using trimethylsilyl
diazomethane to produce pyrazolines and pyrazoles upon reaction with electron deficient
alkenes and alkynes, respectively.
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Scheme 3.27: Sample reactions of trimethylsilyl diazomethane including metal catalysed cyclopropanation of alkenes

(A), methyl esterification of carboxylic acids (B) and 1,3-dipolar cycloaddition towards substituted pyrazolines (C) and

pyrazoles (D)

The corresponding [3+2] dipolar cycloaddition with alkyne 3.57 yielded 4-substituted

pyrazole 3.59 exclusively in 93% yield, with the 3-substituted pyrazole not present at all

(Scheme 3.28). The following LAH-mediated reduction of the ketone was carried out in

52% yield to provide pyrazole 3.8 (Scheme 3.28).

(0] NH 0]
+
« TMS N4 1 eq.
A8 ~"NH
Hexane, RT, 16 h -/
F E N
3.57 3.59
0.18 mmol 93% yield
OH
LiAIH,4 (2 eq.)
=
THF, 0°C -RT - /NH
F N
3.8
56% yield

Scheme 3.28: Synthesis of pyrazole analogue 3.8
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To complement the previous targets, a subsequent [3+2] cycloaddition was performed
using an  azomethine  ylide  generated  from N-benzyl-1-methoxy-N-
((trimethylsilyl)methyl)methanamine in situ (Scheme 3.29).187

o o o
0._N._ SiMe O._N. NS
AN TS U cHY H,C” CHY

Scheme 3.29: Generation of reactive azomethine ylide from N-benzyl-1-methoxy-N-
((trimethylsilyl)methyl)methanamine

An excess of the azomethine ylide was reacted in situ with alkyne 3.57 in an attempt to
access pyrroline 3.60 (Scheme 3.30). However, the resulting alkene in the pyrroline
moiety proved to be a reactive dipolarophile for further cycloaddition, resulting in the
fused bis-pyrrolidine 3.61 as the major product (Scheme 3.30). Pyrrolines with lowered
LUMO have been shown to be synthetically useful as dipolarophiles and dienophiles
previously.'® Additionally, the production of fused pyrrolidines has also been
documented, with the fused system being identified as a side product in the synthesis of

pyrrolines via [3+2] dipolar cycloaddition.®®

Ll%n
_O._N__ SiMe3
0o 5 eq. O 9 NBn
or . H
E CH,CI,, 0 °C - RT E E BN
16 hours
3.57 3.60 3.61
0.18 mmol Not identified 46% vyield

Scheme 3.30: [3+2] dipolar cycloadditions leading to bis-pyrrolidine 3.61

To gain access to pyrroline 3.60, the equivalents of the azomethine precursor were

lowered to stoichiometric quantities. It was reasoned that this change would limit the
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additional [3+2] dipolar cycloaddition towards bispyrrolidine 3.61 and allow isolation of

pyrroline 3.60. Accordingly, pyrroline 3.60 was obtained in 62% yield (Scheme 3.31).

I|3n
_O._N__SiMe3
0 1 eq. O
% TFA (0.4 eq.) | NBn
E CH,Cly, 0°C - RT E
16 hours
3.57 3.60
0.11 mmol 62% yield

Scheme 3.31: Synthesis of pyrroline 3.60 using reduced equivalents of azomethine precursor

With the production of bispyrrolidine 3.61, access had been gained to an intermediate
which showed enriched sp® character. It was decided to attempt the reduction of the alkene
in pyrroline 3.60 to obtain a matched pair with 3.61 for biological testing. This was a
significant deviation from the planned target synthesis, but it was thought that the
concurrent reduction of the alkene and deprotection of the benzyl protecting groups would

provide facile access to the new target molecules.

Initially, the hydrogenation was carried out using palladium on carbon in a hydrogen
atmosphere (Scheme 3.32). With starting materials remaining, the palladium source was
changed to palladium hydroxide on carbon but, again, this failed to yield the desired
products 3.11 and 3.12 (Scheme 3.32). With other priorities still pending, synthesis of

these compounds was halted.
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Pd/C (30 mol%)

o H, (g), EtOH O
or
NB NH
\ " Pd(OH),/C (20 mol%)
F H, (g), MeOH F
3.60 3.11
0.06 mmol Not isolated
Pd/C (30 mol%)
Q _NBn H, (g), EtOH O NH
or
H  Pd(OH),/C (20 mol%) H
F BnN H, (), MeOH HN
3.61 3.12
0.04 mmol Not isolated

Scheme 3.32: Failed reductions towards pyrrolidine 3.11 and bis-pyrrolidine 3.12

3.5.2  Synthesis of Linker Analogues
As with the imidazole analogues synthesised above, it was anticipated that synthesis of
carbonyl analogue 3.13 and amine analogue 3.14 (Figure 3.25) could be readily accessed

via slight modification of the established synthetic route.

3.13 3.14

Figure 3.25: Proposed linker analogues exploring modifications to the hydroxyl group

3.5.2.1 Ketone analogue
The ketone analogue 3.13 was synthesised readily by a small modification to the existing
route towards AZ8838. Starting with protected intermediate 3.34, the alcohol was oxidised

to the corresponding ketone, 3.62 using PDC, before removing the SEM protecting group
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using TBAF in THF to access the desired ketone analogue in low, but usable, yields of

7% over two steps (Scheme 3.33).

OH  SEM PDC (1.5 eq.) O SEM T1BAF (xS) oy
i N CH,Cl, \ N THF \ N
N\/) RT, 16 hours N\/> RT, 16 hours N\/)
F F F
3.34 3.62 3.13
0.14 mmol 20% yield 33% yield

Scheme 3.33: Synthesis of carbonyl analogue 3.13 from common AZ8838 intermediate 3.34

3.5.2.2 Amine analogue

The route chosen for the synthesis of aminated analogue 3.14 was based on the chiral
nature of the series. By utilising Ellman auxiliaries, initial synthesis could be carried out
racemically while also allowing access to a chirally pure species through an analogous
route using an enantiopure sulfinamide species if needed upon biological testing. Starting
from benzaldehyde intermediate 3.31, the aldehyde was transformed into Ellman imine
(%)-3.64 by treating with racemic 2-methylpropane-2-sulfinamide (z)-3.63 in the presence
of titanium ethoxide (Scheme 3.34).1%

Q
.S
o ('s? Ti(OEt), (5 eq.) N \’<
+ 7
HaN j< CH,Cl,, RT, 12 hours
F F
3.31 (+)-3.63 (+)-3.64
0.45 mmol 1 eq. 50% yield

Scheme 3.34: Synthesis of racemic Ellman imine (+)-3.49

Upon installation of the auxiliary, attempts were made to install the protected imidazole
using n-butyllithium, but this ultimately did not provide the desired product. Deprotection

of the crude product was also attempted, but the resulting crude reaction mixture did not
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contain traces of 3.14. Given time constraints, the route towards this analogue was

deprioritised.

3.5.3  Synthesis of Propyl Analogues

Modifications of the phenyl ring were focused primarily on the propyl chain. Given the
synthetic route used, this site could hypothetically be modified with very little change
from the established synthetic route. Additionally, a wide variety of functional groups

would be accessible given the range of boronic acids commercially available.

3.5.3.1 Reversing the Synthetic Route

While diversification at the propyl position could be carried out using the previously
established synthetic route, doing so in this manner would require the divergent step to be
carried out first followed by furnishing the rest of the molecule. By reversing the synthetic
steps (Scheme 3.35), it was proposed that late stage functionalisation could be carried out.
If successful, this would allow more compounds to be accessed readily with greater
efficiency.

SEM

Br OH SEM
,\j R—B(OH),
"BuLi h}\/) then Deprotect \)
F

Scheme 3.35: General scheme for the synthesis of AZ8838 analogues via a reversed synthetic route

The initial lithiation reaction between benzaldehyde 3.30 and imidazole 3.33 occurred in
moderate yield, providing access to 3.65 in 36% yield (Scheme 3.36). In addition to the
desired bromo intermediate 3.65, a side product was also formed due to lithium-halogen
exchange with the bromine. This resulted in further nucleophilic attack onto

bromobenzaldehyde 3.30, providing diol 3.66 in isolable quantities.
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Br

3.30
1.2 eq

/SEM

II/} 3.33
N—// 1.0 mmol Br
"BuLi (1.1 eq.)
THF
-78°C -RT F
1 hour 3.65 3.66
65% yield 8% yield

Scheme 3.36: Attempted coupling of imidazole 3.33 and bromobenzaldehyde 3.30 to yield 3.65 and side-product 3.66

With bromo-intermediate 3.65 in hand, a test Suzuki-Miyaura cross-coupling was carried

out using phenylboronic acid (Scheme 3.37). However, the desired product 3.67 was not

identified in the reaction mixture.

Ph-B(OH), (1.5 eq.)

N CSZCO3 (3 eq l OH SEM
F O

1
,\}\/) Dioxane:H,0 (4:1) N
17
3.65 3.67

80 °C, 16 hours
0.25 mmol Not identified

Scheme 3.37: Failed Suzuki-Miyaura cross-coupling reaction of 3.65 towards 3.67

It was thought that the presence of the free hydroxyl was interfering in the reaction. As

such, protection of the alcohol before undergoing the Suzuki reaction was attempted using

'Pr,NEt and SEM-CI. After 3 days, full consumption of the starting alcohol was observed

but the desired protected alcohol 3.68 was not identified in the reaction mixture (Scheme

3.38).
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Br OH SeEM 'ProNEt(3eq.) Br OSEM

N SEM-GI(5 eq.) _ _N
,\}\/) CH,Cl,, RT, 3 days N\/>
F F SEM’
3.65 3.68
0.25 mmol Not identified

Scheme 3.38: Failed protection of 3.65 with SEM-CI

Given the difficulties experienced with furnishing the imidazole moiety before utilising
the cross-coupling chemistry, it was decided to return to the previously established route
despite the inherent inefficiencies with functionalising the propyl position early in the

synthesis.

Despite the complications with reversing the route to allow divergent late-stage
modification of the propyl region, the bromo-intermediate 3.65 was deprotected using
TFA in CH2Cl2to provide 3.16 in 63% yield, which was submitted for biological testing
as a propyl analogue (Scheme 3.39).

Br OH SEM Br OH H
,\j TFA, CH,Cl, N
,\}\/7 RT, 16 hours ,\}\/)
F F
3.65 3.16
0.40 mmol 63% yield

Scheme 3.39: Deprotection of 3.65 to provide bromo-analogue 3.16

3.5.3.2 Original Route

By returning to the previously established route for analogue synthesis, it was required to
generate a series of substituted benzaldehydes to access structurally diverse analogues.
These analogues were designed to explore the hydrophobic pocket in which the propyl

chain resides, by utilising reductions and increases in steric bulk to investigate the
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available hydrophobic space. An initial eleven species were targeted, based on available

boronic acids (Figure 3.26).

S CRFONE

ortho, meta
I:> & para

O o 08

Figure 3.26: Initial targets for propyl analogue synthesis of 3.1

The initial library of eleven boronic acids (3.69-79) was used within Suzuki-Miyaura
cross-coupling reactions towards benzaldehydes 3.80-90 (Table 3.4). The conditions used
for the reactions were adapted from the synthesis of AZ8838 (3.1) by Cheng et al..* While
most of the Suzuki reactions were moderate to high yielding, the reaction with cyclohexyl
boronic acid (3.70) failed to provide the corresponding benzaldehyde, 3.81, following
purification (Entry 2). Full consumption of bromobenzaldehyde 3.30 was observed.
However, NMR and LC-MS showed a lack of target product 3.81. This could likely be
caused by protodeboronation of 3.70, leading to a species incapable of undergoing a
Suzuki reaction. Alternatively, the boronic acid could be undergoing B-hydride
elimination during coupling or impeding transmetallation. Each of these possibilities are

well-documented issues with sp* boronic acids.*®!
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Table 3.4: Suzuki-Miyaura Cross-Couplings towards diverse benzaldehyde intermediates 3.80-90

R-B(OH), (3.69-79)

Br O Pd(dppf)Cl, (10 mol%) R O
Cs,CO; (3eq) !
Dioxane:H,0 (4:1)
F 80 °C, 16 hours F
3.30 3.80-90
Entry 3.3 (mmol) R Boronic Acid Product Yield
1 1.0 >+ 3.69,1.5eq.  3.80, 77% yield
3.81
2 1.0 OX 3.70, 1.5 eq. Not bolated
3 0.5 @X 3.71, 2.0 eq. 3.82, 76% yield
4 1.0 @ 3.72,1.5€q. 3.83, 55% vyield
5 1.0 \OZ 3.73,1.5eq  3.84, 68% yield
6 1.0 /@Z 3.74,15eq.  3.85,52% yield
7 1.0 >(©)( 3.75, 1.5 eq. 3.86, 50% vyield
8 1.0 /@X 3.76,15eq.  3.87, 74% yield
FsC

9 1.0 \N/@ 3.77, 1.5 eq. 3.88, 34% vyield

I

= .
10 1.0 @Z 3.78,15eq.  3.89, 67% yield

N

0N\ .

11 1.0 — 3.79, 3.0 eq. 3.90, 66% yield
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Following the successful synthesis of benzaldehydes 3.80/82-90, a modified lithiation
protocol was devised. Firstly, the organolithium step and deprotection steps were carried
out with no purification in between. This was intended to allow higher throughput

generation of the desired AZ8838 analogues.

Secondly, with the exclusion of 3.25 and 3.26, the limiting reagent was changed to SEM-
protected imidazole 3.34. With the increasing polarity following the deprotection of the
SEM-protecting groups towards the final compounds (3.77-87), it was anticipated that
purification of the desired analogues from leftover imidazole could prove more difficult
than separation from leftover benzaldehydes. By changing the limiting reagent, it was
thought that the imidazole would be fully consumed and any residual benzaldehyde
derivatives would be readily washed off from the solid product due to their increased
solubility in non-polar solvents or removed by flash chromatography. For the most part,
this hypothesis proved to be correct with the final desired compounds 3.15/17/21/24-28
all being isolated in moderate-to-good yields over two steps (Table 3.5, Entries 1-7, 11).

However, the organolithium reactions to provide dimethylaminophenyl analogue 3.29,
pyridinyl analogue 3.22 and furanyl analogue 3.23 all failed to yield the desired products
(Table 3.5, Entries 8-10).
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Table 3.5: "BuLi-mediated couplings towards propyl analogues of AZ8838. *3.15 was synthesised in two steps, with
the SEM-protected intermediate 3.15” isolated in quantitative yield (Section 6.3.4.4).

i) 3.33, "BuLi

THF

-78 °C - RT, 1 hour

3.80 ii) TFA/CH ,Cl,, RT 3.15, 3.17
3.82-91 16 hours 3.21-29
Entry R Benzaldehyde 3.6 "BuL.i Product
1 >3 3.80 0.50 3.17
0.55 mmol 0.50 mmol mmol 26% yield
2 3.82 0.50 3.21
©j( 0.55 mmol 0.50 mmol mmol 26% yield
3 3.83 0.50 3.24
@j\( 0.55 mmol 0.50 mmol mmol 8% yield
4 3.84 0.55 3.25
\©X 0.50 mmol 0.55 mmol mmol 22% yield
5 3.85 0.55 3.26
/@j{ 0.50 mmol 0.55 mmol mmol 36% yield
6 3.86 0.40 3.28
>(©)( 0.44 mmol 0.40 mmol mmol 67% yield
7 @ 3.87 0.50 3.27
F,C 0.55 mmol 0.50 mmol mmol 25% yield
8 @ 3.88 050 3.29
'Tl 0.55 mmol 0.50 mmol mmol Not isolated
=
9 | 3.89 0.50 3.22
SN 055 mmol 02V mmol mmol  Not isolated
0"\ 3.90 0.50 3.23
10 Q_% . . .
= 0.55 mmol 0.50 mmol mmol Not isolated
11 H-- 3.91 0.50 3.15
0.55 mmol 0.50 mmol mmol 26% yield*
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3.5.3.3 Resynthesis of 3.79

Following initial biological testing (vide infra, Section 3.6), it was necessary to
resynthesise and further characterise o-tolyl analogue 3.24. Initial characterisation of 3.24
confirmed the presence of the desired mass by LC-MS, but the NMR analysis indicated
the presence of additional signals. However, the extra peaks did integrate with the rest of
the NMR, leading to the initial assumption that the molecule was potentially rotameric.
The sites of restricted rotation were thought to be the two C-C single bonds from the

benzene ring (Figure 3.27).

OHH
N
Y,

F

N

Possible sites of
restricted rotation

Figure 3.27: Rotameric nature of 3.24

To rule out the possibility of side-product formation, it was decided to employ variable-
temperature NMR. However, before using variable temperature NMR techniques it was
necessary to access more of the analogue to provide high concentrations for analysis. The
initial Suzuki-Miyaura cross-coupling was carried out on a 2.0 mmol scale, providing
benzaldehyde 3.84 in 85% vyield (Scheme 3.40). Subsequently, the n-butyllithium-
mediated coupling of 3.84 and 3.33 was carried out on a 1.5 mmol scale, yielding 500 mg
of 3.92 as a crude product (Scheme 3.40). While not purified, 3.92 was confirmed to
contain similar extra peaks to 3.24 as described above. Finally, the deprotection of the
crude sample of 3.92 was carried out initially on two 150 mg replicates, providing a total
of 20 mg of 3.24 (Scheme 3.40). The lowered yield in the final step was thought to be due

to the harsh nature of the conditions used. Initial attempts at deprotection were carried out
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in TFA overnight and these provided full conversion of the protected starting material

3.92 but no indication of the presence of 3.79.

Br O Pd(dppf)Cl, (10 mol%) O
| N B(OH), Cs,CO3 (3 eq.) (l)
Dioxane:H,0O (4:1)
F 80 °C, 16 hours -

3.30 3.72 3.84
2 mmol 1.5 eq. 85% vyield

O 0 PEM mBuLi(1.0 eq)) O OH SEM
| + l/N |
N/  THF -78°C-RT N
1 hour N /
F F
3.83 3.33 3.92
1.1 eq. 1.36 mmol 81% yield*
O OH SEM TFA O OH H
) o
i N CH,Cl,, A, 4 hours i N
NJ N\/>
F F
3.92 3.24
0.36 mmol 20% yield

Scheme 3.40: Synthesis of o-tolyl analogue 3.24

Having gained access to 3.24, variable temperature NMR experiments could be carried
out. It was thought that by increasing the temperature, the signal from the two rotamers
could be averaged out, and a single spectrum obtained. By heating the sample from 23 °C
sequentially up to 100 °C while conducting *H NMR experiments, the slow convergence
of some peaks can be observed (Figure 3.28, Appendix I11). Firstly, the doublet signal
obtained for the N-H peak is shown to converge and shift rightward with heating (Figure
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3.28A). Additionally, two doublet-of-doublets, thought to represent the hydroxyl
hydrogen atom and the methine linker, converge to form a triplet at high temperatures
(Figure 3.28B).

A oo .
80 °C o~ "
60 °C 3
40°C JAVA L2
N
23°C A
YL '
T T T T T T T T T T T T T T T T T T T T T T T ¥ T T T T T T T
123 122 121 120 119 118 117 116 115 114 113 112 111 11.0 109 108
B
100 °C Ls
/\_j‘\-_/\.___
80 °C Ls
_.N\.._ M__
60 °C _)"“"\_j‘" |""\_JI‘-'" -3
40°c |'|_|1| |II III ||I~'||I lII‘.!I 2
AN L
23°C I Il
1
_JIJI\_JM\ _JUL.)'IJL
| T I T I I T | T I T I T I T | T I ' I T I T
63 62 61 60 59 58 57 56 55 54 53 52 51

Figure 3.28: Variable temperature NMR experiments for 3.24. A Convergence of N-H peak (11.83 ppm, d, J =25.4
Hz). B Convergence of linking methine peaks (5.94 ppm, dd, J = 25.4, 4.5 Hz and 5.40 ppm, dd, J = 20.9, 4.4 Hz).

However, the tolyl methyl peak and, in the 1°F NMR, the C-F peak all remained split at
high temperatures (Figure 3.29A-B, Appendix I11). Following the variable temperature
experiments, the product was demonstrated to be homogenous by TLC and by LC-MS
analysis. The retention of some split peaks with heating whilst others converged suggests

the rotameric nature of the molecule, coupled with the chiral linker, could result in axial
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chirality around the phenyl-phenyl bond, resulting in a diastereomeric mixture which

would be consistent with the observed NMR data.

A .
100 °C 1 5
80°C ﬂl La
A N
60 °C o 5
A I\-_.x_ J'h\-.__
]
40°C PO | . 2
v '\,___.! (N AN
23°C |
\ | i -1
N N
I L L L L L L L L L L L L L L L L L L — 71 T T
2.28 2.24 2.20 2.16 212 _2.08 2.04 2.00 1.96 1.92 1.88
B
100°C 3
___r\-/\j\-/x_____
80 °C - L
| A\ N N""I V) V\-"\\__h e 2
0o n
“ | N
23°C U"llt) 4 url'\________.__ 'JU'H v Hl\a—m_.._____.-____.____._ ] F1
T | T ¥ 1 T I T I T I T [ T | T I T I T | T ] T 1 T I T I T I T
-115.70 -115.80 -115.90 -116.00 -116.10 -116.20 -116.30 -116.40

Figure 3.29: Variable temperature NMR experiments of 3.24. A Lack of convergence for split tolyl -CHs peak (*H
NMR, 2.16 ppm, s and 1.95 ppm, s). B Partial convergence of fluorine peak (**°F NMR, -116.12 - -116.30 ppm, m).

3.54  Alkenyl analogues

Following the synthesis of eight analogues of the propyl moiety (Section 3.5.3), two
further analogues were chosen for synthesis in allyl analogue 3.18 and vinyl analogue 3.19
(Figure 3.30). The alkenyl analogues were hypothesised to occupy a similar chemical

volume to the propyl chain but in a different orientation.
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OH
H
N
\\>
N—/
Figure 3.30: Allyl and vinyl analogues of AZ8838, 3.18 and 3.19

Access to these compounds was proposed using an analogous route to the other propyl
analogues. Accessing allyl analogue 3.18 was attempted using an analogous route, starting
with the Suzuki-Miyaura cross-coupling between benzaldehyde 3.30 and allyl boronic
acid pinacol ester 3.93 to form allylbenzaldehyde 3.94. Unfortunately, 3.94 was not

identified within the reaction mixture, with allyl alcohol 3.95 being isolated in 65% yield
(Scheme 3.41).

Br O Pd(PPh3), (10 mol%)
i J O/K< CsF (4.0 Eq.)
* i
B THF
F ~ 100 °C, O/N

3.30 3.93 3.94 3.95
0.5 mmol 2.0 eq. Not isolated 65% vyield*

Scheme 3.41: Attempted Suzuki-Miyaura Cross-Coupling towards 3.94 resulting in the formation of 3.95

The additional allylation was hypothesised to occur by an allylation procedure analogous
to the Roush Asymmetric Allylation, excepting the chiral nature of the boronic ester used
in the asymmetric reaction.%? Mechanistically, the oxygen of the aldehyde chelates to the

boron followed by breaking of the C=0 bond to form an O-B bond and C-C bond (Scheme
3.42).
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Scheme 3.42: Proposed mechanism of Roush-like Allylation towards allyl alcohol 3.95

In order to limit the allylation reaction with the aldehyde, the stoichiometry of 3.94 was
reduced to stoichiometric quantities with the hope that the Suzuki reaction would be the
more favourable process. However, the allylation reaction proved to be more favourable,

with allyl alcohol 3.96 being the only observable product of the reaction (Scheme 3.43).

B 0 Pd(PPhs), (10 mol%) 0 Br OH
|
) 9/K< CsF (4.0 Eq.) ) N
i _~_B THF

~0
100 °C, O/N F F
3.30 3.93 3.94 3.96
0.5 mmol 1.0 eq. Not isolated Identified by LC-MS

Scheme 3.43: Revised reaction conditions for Suzuki-Miyaura reaction resulting in the formation of 3.96

With the problems associated with incorporating the allyl group at the start of the synthesis
and the observed issues with Suzuki reactions following imidazole coupling (Scheme

3.37), the allyl analogue 3.18 was abandoned.

To synthesise vinyl analogue 3.18, bromobenzaldehyde 3.30 was firstly coupled with
vinylboronic acid pinacol ester 3.97 to provide vinylbenzaldehyde 3.98. While 3.98 was
not fully purified, the presence of 3.98 was confirmed in 90% purity within the reaction
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mixture by *H NMR (Scheme 3.44). The crude benzaldehyde was then coupled with 3.33,

making the assumption that intermediate 3.99 would be more readily purified (Scheme

3.44).

9J§< 3.97
\/B\O 2 eq. /SEM
Pd(dppf)Cl, (9 mol%) N 3.33

I K,COs(2.0Eq) | :
Dioxane, H,0 "BuLi (1.1 eq.) l\}\/)
F F THF, -78 °C-RT  F

100 °C, O/N
3.30 3.98 1 hour 3.99
1.0 mmol 90% purity 90% purity

Scheme 3.44: Suzuki-Miyaura cross-coupling and organolithium coupling towards vinyl intermediate 3.99

However, the isolated secondary alcohol 3.99 retained a 10% impurity which, following
interpretation of NMR and LC-MS data, was confirmed to be the diene structure 3.100,
accessed via benzaldehyde 3.101 (Scheme 3.45). These molecules appeared to coelute
with their vinyl analogues by LC-MS, HPLC and TLC, making purification challenging.

3.100 3.101

Scheme 3.45: Side-product 3.100 and preceding intermediate 3.101 formed during the Suzuki reaction towards 3.97

Diene 3.101 was hypothesised to be forming due to an additional cross-coupling reaction

between the desired alkene intermediate 3.98 and the excess vinyl boronic acid pinacol
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ester 3.97. While sp?-sp? cross-couplings of this nature between alkenes have been
described, they have typically been shown to require an oxygen atmosphere to allow
oxidative addition of a Pd° catalyst (Scheme 3.46).1%1% |t was proposed that the
additional C-C bond could be formed following in a base-free cross-coupling reaction
following initial transmetallation with an alkyl boronic acid, forming Pd" intermediate
1.19 The second alky! unit could then be introduced via chelation to the palladium centre
and subsequent migratory insertion to yield intermediate 11.1% Finally, g-hydride
elimination can yield the cross-coupled diene, 111, and palladium intermediate 1V which

would be reduced to allow the catalytic cycle to continue upon reoxidation.®®

Reductive Ellmlnatlon Oxidative Addition
H—Pd”
R v F’d”/O
R/\/\/
111
R/\/B(OR')z
H 11
Rll \\
R/\)\( \\ R_\_
pg'-L Pd'—0O0B(OR'),
R
R"> _\_PdII_L
(R'O),B—OOH
R/\/B(OR')z LB(OR'),
L—Pd'—L

Scheme 3.46: Proposed mechanism for palladium-mediated cross-coupling of alkenyl boronic acids and functionalised

alkenes.1%3

The Suzuki reaction performed above was carried out in an inert atmosphere, but the
synthesis of diene 3.101 could suggest the presence of oxygen within the reaction vessel.
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To prevent the side-product 3.101 from being formed during the Suzuki reaction to form
3.98, the amount of the vinyl boronic acid pinacol ester was reduced to a stoichiometric
quantity. However, this ultimately yielded the same 9:1 ratio of alkene to diene (Scheme
3.47). These compounds again proved to be inseparable as the aldehyde and after reacting

with the imidazole, therefore the route towards 3.19 was abandoned.

X

Br O Pd(dppf)Cl, (9 mol%) X o AN 0
I K,CO3 (2.0 Eq.) | |

+ (IJ > +

E \/B\O Dioxane, H,0O
100 °C, O/N F F
3.30 3.97 3.98 3.101
1.0 mmol 2.0eq. 9:1

Scheme 3.47: Revised Suzuki reaction resulting in 3.98 and 3.101

3.5.5 Summary of Synthesis

Out of a total twenty-six target molecules, fifteen entirely novel analogues of AZ8838
(3.1) have been synthesised as racemic mixtures (Figure 3.31). These analogues cover
three key regions of AZ8838, with five analogues exploring changes to the imidazole, one
modification to the alcohol linker and nine exploring changes to the propyl group on the
phenyl ring.
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Figure 3.31: Synthesised analogues of AZ8838 (3.1) covering SAR of three main regions of the molecule: imidazole

(red), linker alcohol (yellow) and propyl position (green).
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3.6  Biological Data

Having secured access to a range of AZ8838 analogues, the assessment of their
pharmacological profile could then be carried out using in vitro assays. The assay intended
for use was a luminescence assay within NCTC2544 cells, a skin epithelial-like cell line,
stably transfected with PAR2 and NF-kB constructs.

A known downstream signal of PAR2 activation, NF-«xB is a complex of proteins which
control DNA transcription (Figure 3.32). NF-kB has an established role in pro-
inflammatory signalling, where it functions in response to stimuli including stress,
radiation or bacterial/viral invasion in addition to responding to damage sustained from
free radicals.'®® Additionally, NF-xB has been shown to be active in a range of diseases
including asthma, atherosclerosis, arthritis, neurodegenerative diseases and cancer, where
its aberrant functions contribute to cell proliferation, inflammation and promotion of
tumorigenesis.!®1%®  This highlights the physiological relevance of NF-xB for
investigation of PAR2 antagonists, given the essential roles of NF-kB, in addition to the
consequences of its aberrant activation, and its role in downstream signalling from
PAR2.1%°

Within the reporter cells, activation of NF-kB causes the transcription of a luciferase
enzyme which will, in turn, respond to a luciferase substrate, resulting in a quantifiable
luminescent output. As such, the luminescent output can be directly correlated with PAR2
activation by the natural PAR2 agonist protease, trypsin.2®
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Figure 3.32: Canonical signalling occurring as a result of PAR2 activation.

3.6.1  Confirmation of 3.1 Function

Prior to analysing the generated compounds within the NFkB assay, confirmation of the
activity of the synthesised batch of 3.1 was carried out. 3.1 was firstly analysed at three
concentration points, 3 uM, 10 uM and 30 pM, to confirm inhibition in comparison with
a commercial sample of 3.1 (Figure 3.33). It can be noted that AZ8838 and 3.1 both
display similar pharmacological properties within this assay. Both caused concentration-
dependent decreases in trypsin-mediated luminescent responses, confirming the literature
precedent for PAR2 inhibition with AZ8838 (Figure 3.33). Additionally, both compounds
failed to initiate a response in the cells following addition on their own, suggesting they

did not exhibit agonist pharmacology (Figure 3.33, AZ and 3.1).
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Figure 3.33: Initial screening of a commercial sample and the synthesised sample of 3.1 within the NF«B luciferase
reporter assay. The graph shows the luminescent response on an arbitrary scale. U = untreated cells, D = DMSO
treatment, T = trypsin treatment (100 nM), C = combined DMSO pretreatment followed by trypsin treatment. AZ/3.1 =
treatment with commercial/synthesised 3.1. Where concentration is noted, cells were pretreated with the noted drug
followed by treatment with trypsin (100 nM). Data represents N = 2 for AZ8838 and 3.1 and N = 3 for controls, with

mean + SEM.

Following the initial testing in the assays, full concentration-response curves were
generated using concentrations ranging from 0.01-30 uM for both AZ8838 and 3.1. Here,
both samples of drug displayed similar levels of inhibition, with ICso values of 1.3 uM for
the commercial sample of AZ8838 and 2.1 uM for the synthesised 3.1, values which fall
within error of each other (Figure 3.34, Table 3.6). These values confirm the literature
findings of AZ8838-mediated inhibition of PAR2, ““and also validate the assay for use
within this study.*
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Figure 3.34: Concentration-response curves for inhibition of trypsin-mediated PAR2 activation in NFkB luciferase
reporter assays using PAR2 antagonists AZ8838 and 3.1. Data represents N = 5 for AZ8838 and N = 6 for 3.1, with
mean + SEM, normalised to the uninhibited trypsin response.

Table 3.6: ICso values obtained following inhibition of trypsin-mediated PAR2 function

Drug Log[ICso] ICs0 (UM)
Commercial 3.1 -5.87 £0.22 1.3
Synthesised 3.1 -5.68 +0.22 2.1

3.6.2 Initial Screening of AZ8838 Library
In order to rapidly assay the AZ8838 analogues, an initial triage of the library was
performed whereby the inhibition of the analogues was confirmed, as above, at three high

concentrations points: 3 uM, 10 uM and 30 pM.

3.6.2.1 Imidazole Analogues

Analogues 3.4, 3.5, 3.8, 3.9 and 3.10 incorporate a range of modifications to the hydrogen
bonding and steric character within the imidazole region of AZ8838. Hydrogen bonding
was removed to form pyridine, by removing a hydrogen bond donor, and phenyl, by

removing both the hydrogen bond donor and acceptor, analogues 3.4 and 3.5.

189



Modification of the hydrogen bond vectors provided pyrazole and triazole 3.8 and 3.9 and
additional steric bulk was introduced with benzimidazole 3.10 (Figure 3.35A). Each of
these analogues did not display measurable concentration-dependent effects on
luminescent responses to trypsin within the assay (Figure 3.35B). However, phenyl
analogue 3.5 and benzimidazole analogue 3.10 displayed a slightly reduced luminescent
intensity. As such, these analogues were chosen for further study (vide infra, Section
3.6.3).

The failure of pyrazole 3.8 and triazole 3.9 to elicit an antagonistic effect provides further
evidence, in addition to the previous in silico study (vide supra, Section 3.3), that the
hydrogen bonds exerted by the imidazole region are crucial for efficient binding within
the AZ8838 pocket. Pyrazole 3.8 demonstrates the movement of both hydrogen bonding
nitrogen atoms around the ring, while triazole 3.9, in addition to including an additional
nitrogen atom, has the position of one nitrogen atom moved around the ring. The
movement of these atoms is clearly disrupting the inhibitive properties of AZ8838, in

accordance with the in silico data shown previously.

Pyridinyl analogue 3.4 features both the removal of a hydrogen bond donating nitrogen
atom and an increase in ring size in comparison to 3.1. In silico work had shown that this
combination would result in a depreciation in binding, which was confirmed with the loss

of inhibitive properties in vitro.
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Figure 3.35: Initial screening of imidazolyl analogues 3.4, 3.5, 3.8, 3.9 and 3.10 within NF«B luciferase reporter assay.
A Chemical structure of analogues. B Graph shows the luminescent response on an arbitrary scale. U = untreated cells,
D = DMSO treatment, T = trypsin treatment (100 nM), C = combined DMSO pretreatment followed by trypsin
treatment. 3.X = treatment with analogue 3.X (30 pM). Where concentration is noted, cells were pretreated with the
noted drug (3-30 uM) followed by treatment with trypsin (100 nM). Data represents N = 2 for 3.4, 3.5, 3.8, 3.9 and 3.10

and N = 7 for controls, with mean + SEM.

In addition to the imidazole analogues tested above, fragment-like intermediates were also
included in the study with alkynyl intermediates 3.56 and 3.57, triazole intermediate 3.58
and pyrazole intermediate 3.59 (Figure 3.36A). The intermediates generally succeeded in
reducing the response to trypsin treatments, with the exception of triazole intermediate
3.58 (Figure 3.36B). However, while this would suggest 3.56, 3.57 and 3.59 would be
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potential candidates for PAR2 inhibition, it should be noted that one of the two replicates
were carried out in insensitive cells which displayed vastly reduced responses to trypsin
as shown by the large error bars (Figure 3.36B, T and C). This, coupled with the late stage

at which the intermediates were tested, meant the compounds would not be studied further.
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Figure 3.36: Initial screening of intermediates 3.56, 3.57, 3.58 and 3.59 within NF«kB luciferase reporter assay. A
Chemical structure of intermediates. B Graph shows the luminescent response on an arbitrary scale. U = untreated cells,
D = DMSO treatment, T = trypsin treatment (100 nM), C = combined DMSO pretreatment followed by trypsin
treatment. 3.X = treatment with analogue 3.X (30 pM). Where concentration is noted, cells were pretreated with the

noted drug (3-30 uM) followed by treatment with trypsin (100 nM). Data represents N = 2 with mean + SEM.

3.6.2.2 Linker Analogue

Ketone analogue 3.13 (Figure 3.37A) yielded a modest concentration-dependent decrease
in the luminescent response (Figure 3.37B). However, it was decided the responses shown
were not sufficiently distinct from the controls to warrant further study. As shown above

with the imidazole analogues, this data was indicative of the importance of hydrogen
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bonds within the AZ8838 binding site. The hydroxyl linker forms a hydrogen bond with
His135 which, containing an imidazole functionality, is capable of hydrogen bond
acceptance and donation. However, the change from the hydroxyl to a carbonyl within the
linker does not only modify the hydrogen bond character of the group, it also impacts the
geometry of the linker region. This change in vector for the hydrogen bond could impact

the hydrogen bonding whilst also distorting the location of the imidazole and phenyl

groups.
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Figure 3.37: Initial screening of linker analogue 3.13 within NFxB luciferase reporter assay. A Chemical structure of
3.13. B Graph shows the luminescent response on an arbitrary scale. U = untreated cells, D = DMSO treatment, T =
trypsin treatment (100 nM), C = combined DMSO pretreatment followed by trypsin treatment. 3.13 = treatment with
analogue 3.13 (30 uM). Where concentration is noted, cells were pretreated with the noted drug (3-30 uM) followed by
treatment with trypsin (100 nM). Data represents N = 2 with mean + SEM.

3.6.2.3 Propyl Analogues

In silico studies for the AZ8838 analogues highlighted the analogues where the propyl
region was modified as the most promising for identification of improved PARZ2 inhibitors
due to the increased binding affinity upon increasing the steric bulk at the propyl position
(vide supra, Section 3.3.3.3). Initially, simple changes to the propyl group were analysed
with proto analogue 3.15, bromo analogue 3.16, cyclopropyl analogue 3.17 and phenyl
analogue 3.21 (Figure 3.38A). Removal of the propyl group to form proto and bromo
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analogues 3.15 and 3.16 removed the propensity for inhibition of PAR2, with both
compounds unable to suppress the trypsin-mediated luminescence (Figure 3.38B).
However, cyclopropyl analogue 3.17 yielded concentration-dependent inhibition of PAR2
while phenyl analogue 3.21 caused the signal to reduce, but not in a concentration-

dependent manner (Figure 3.38B).

The proto- and bromo-analogues 3.15 and 3.16 demonstrated the lowest in silico binding
of the AZ8838 library. This trend is continued in vitro, with 3.15-16 displaying no PAR2
antagonistic properties within the NF«B reporter assay. These results highlight the
importance of maintaining a hydrophobic presence at the 2-propyl position of AZ8838.

Conversely, the cyclopropyl group within analogue 3.17 facilitated a concentration-
dependent inhibition of PAR2 function. The cyclopropyl group represents a pseudo-
isomeric functional group maintaining a hydrophobic presence within the propyl region.
However, a cyclopropyl group displays similar properties to an alkenyl group, with the
increased m-character of its C-C bonds. This property could lead to more favourable

interactions with aromatic amino acids within the binding pocket.

Finally, phenyl analogue 3.21 displayed no concentration-dependent effects on PAR2
function. Introduction of the phenyl group, and similarly sized aromatic moieties, showed
the most promise as potent binders during the in silico. However, the in vitro result would
indicate that this region of the binding pocket is more constrained than initially predicted.
Whilst the aromatic substituents could impart favourable n-m interactions as alluded to

above, the volume of space occupied could be preventing access to the binding site.
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Figure 3.38: Initial screening of propyl analogues 3.15, 3.16, 3.17 and 3.21 within NF«kB luciferase reporter assay. A
Chemical structure of analogues. B Graph shows the luminescent response on an arbitrary scale. U = untreated cells, D
= DMSO treatment, T = trypsin treatment (100 nM), C = combined DMSO pretreatment followed by trypsin treatment.
3.X = treatment with analogue 3.X (30 uM). Where concentration is noted, cells were pretreated with the noted drug
(3-30 uM) followed by treatment with trypsin (100 nM). Data represents N = 2 for 3.15, 3.16, 3.17 and 3.21 and N = 4

for controls with mean = SEM.

Finally, additional phenyl analogues were tested with tolyl analogues 3.24-26,
trifluoromethyl analogue 3.27 and tert-butyl analogue 3.28 (Figure 3.39A). These
analogues each failed to provide concentration-dependent inhibition of PAR2 function
(Figure 3.39B). The lack of inhibition observed could correlate with phenyl analogue 3.21
above, with the volume of space occupied by the phenyl ring and included substituents

being too large to allow access into the binding site.

However, o-tolyl analogue 3.24 did display concentration-dependent activation of PAR2
in cooperation with trypsin (Figure 3.39B). This aberrant behaviour within the series

could be explained by the secondary pocket the methyl group of 3.24 was observed to
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reach into during the in silico studies (vide supra, Section 3.3.4). However, researching

this was considered outwith the scope of the current study given time constraints.
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Figure 3.39: Initial screening of propyl analogues 3.24, 3.25, 3.26, 3.27 and 3.28 within NFxB luciferase reporter assay.
A Chemical structure of analogues. B Graph shows the luminescent response on an arbitrary scale. U = untreated cells,
D = DMSO treatment, T = trypsin treatment (100 nM), C = combined DMSO pretreatment followed by trypsin
treatment. 3.X = treatment with analogue 3.X (30 uM). Where concentration is noted, cells were pretreated with the
noted drug (3-30 uM) followed by treatment with trypsin (100 nM). Data represents N = 2 for 3.24, 3.25, 3.26, 3.27 and
3.28 and N = 5 for controls with mean + SEM.
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3.6.3  Further Analysis

With initial screening carried out, a small number of AZ8838 analogues were chosen for
further study. From the selection of imidazole analogues, phenyl analogue 3.5 and
benzimidazole analogue 3.10 were highlighted for reducing the trypsin-mediated
luminescent output from the assay at maximal concentrations. To analyse this further, the
concentrations used for inhibition were expanded in order to identify a concentration-
response curve (Figure 3.40A-B). Unfortunately, repeating treatments with 3.5 and 3.10
at a wider range of concentrations resulted in no observable inhibition of trypsin-mediated
activity (Figure 3.40A-B). As such, pursuit of these compounds as PAR2 inhibitors was
halted.
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Figure 3.40: Concentration-response curve for inhibition of trypsin-mediated PAR2 activation in NFxB luciferase
reporter assays using AZ8838 analogues (A) 3.5 and (B) 3.10. Data represents N = 4 for 3.5 and N = 3 for 3.10 with

mean = SEM, normalised to the uninhibited trypsin response.

Within the propyl analogues, the cyclopropyl analogue, 3.17, displayed the most promise
as a PAR2 inhibitor, previously displaying a clear concentration-dependent inhibition of
trypsin (Figure 3.38). By extending the concentration-range used for the study to allow
testing from 0.01-30 puM, a clear concentration-dependent relationship between 3.17 and
trypsin-mediated luminescence is shown (Figure 3.41). The resulting concentration-
response curve shows cyclopropyl analogue 3.17 as a submicromolar inhibitor of PAR2,
with 1Cso 0f 0.86 uM (Table 3.7). While this would demonstrate improved inhibition over
3.1, the values are ultimately comparable (Table 3.7).
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Figure 3.41: Concentration-response curve for inhibition of trypsin-mediated PAR2 activation in NFxB luciferase
reporter assays using AZ8838 analogue 3.17. Data represents N = 6 with mean + SEM, normalised to the uninhibited
trypsin response.

Table 3.7: ICso values for AZ8838 and 3.1 generated previously (Figure 3.34) and 3.17, generated above.

Compound Log[ICso] (M)  ICso (ULM)

Commercial 3.1 -5.87 £0.22 1.3
Synthesised 3.1 -5.68 £ 0.22 2.1
3.17 -6.07 £0.44 0.86

3.6.4  Summary of Biological Experiments

Assaying of the AZ8838 library eliminated many compounds from further study very
rapidly, with all but three analogues displaying ineffective inhibition of PAR2. Of the
remaining three, phenyl analogue 3.5 and benzimidazole analogue 3.10 did not provide
concentration-dependent inhibition of trypsin-mediated PAR2 function. However,
cyclopropyl analogue 3.17 displayed a full concentration-response curve for inhibition of
PAR2 yielding improved ICso over AZ8838 with 0.86 M. While this data is promising
in isolation, the assumption made is that the binding site of 3.17 is PAR2 within this assay.
This assumption would need to be confirmed through further study, given there is a
significant number of signals between PAR2 activation and NFkB function/luciferase

release (Figure 3.32). By treating with 3.17, subsequent activation of other signalling
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molecules in the cascade independently of PAR2 would provide confirmation of the 3.17

binding site.

This evidence leads to the conclusion that the SAR surrounding the tested regions of
AZ8838 within PAR2 is generally restrictive (Figure 3.42). Modifications of the
imidazole and the linker led, universally, to lower inhibition of PAR2 function in vitro
with lower binding also observed in silico, showing the importance for maintaining the
hydrogen bonding relationships within the binding pocket. Additionally, there was little
scope for expansion of the imidazole, with increases in ring size and substitution all

reducing simulated binding scores and impacting the potency as a PAR2 inhibitor.

Examining the propyl region highlighted differences between the in silico and in vitro
experiments. In silico docking highlighted expansion of the propyl group towards small
aromatic substitutions as the best path towards improved binding. However, the failure of
phenyl analogue 3.21 and substituted aromatics 3.25-28 demonstrated that the aromatic
substitution was not appropriate for the binding pocket, possibly preventing access into
the binding site. However, sp? character was shown to be favourable, with cyclopropyl
analogue 3.17 displaying inhibition of PAR2 which was comparable with AZ8838. While
cyclopropy! groups do not contain a formal carbon-carbon double bond, they have been
shown to possess higher m character in their C-C bonds, allowing the strained bond angles

Of 600.201'202

On the other hand, ortho-tolyl analogue 3.24, whilst not activating PAR2 on its own, was
cooperating with PAR2 agonists to yield concentration-dependent increases in the
luminescence observed. The activation could be occurring as a result of accessing the
deeper pocket shown during in silico studies and could represent an opportunity for

accessing PAR2 agonists.
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Hydrogen bond nature and linker

geometry essential for binding
Presence of a small
hydrophobic functionality is
crucial for binding - changing Other heterocycles showed
to aromatics not tolerated the arrangement of hydrogen
bonding groups is inflexible
Cyclopropyl shows promise within the imidazole
as a replacement (3.17)

o-tolyl moiety displayed Constrained binding pocket
positive cooperation with prevents addition of steric
PAR2 agonists bulk to the imidazole

Figure 3.42: SAR developed for AZ8838 within the PAR2 binding site.
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Chapter 4 Conclusions

Allosteric modulation of the PARs has been shown herein to be a promising strategy for
novel drugs, with inhibition of both PAR1 and PAR2 being described following a fast-
follower drug discovery approach centred on two PAR antagonists. However, the SAR
for literature antagonists has also been shown to be highly restrictive.

4.1  Allosteric Modulation of PAR1

This study highlighted the vulnerabilities with a pepducin-based strategy for PAR1
modulation, with specific concerns being raised over the PAR1 antagonist PZ-128 (2.1).
It was demonstrated that 2.1 had conflicting pharmacological data, with off-target effects
observed during calcium signalling assays, ERK activation and platelet aggregation (vide
supra, Section 2.4).124127.12% Many of the off-target effects were shown to be dependent
on the pepducin structure, with a number of experiments using a control compound, 2.2,
resulting in no pharmacological effects. Additionally, the salt-form of the pepducin used
was also shown to not impact the pharmacological outcome, as the negative control 2.2
was also used as a TFA salt. Exceptions to this included platelet aggregation,
phosphatidylserine exposure and MTT assays, where both 2.1 and 2.2 elicited effects on

platelet function and cell viability.

However, the specific pharmacological binding site of 2.1 was not confirmed. While the
inhibitive exploration of the Gq signalling cascade highlighted PLC as a potential binding
site for the activation of Ca?* release, 2.1 was also shown to affect cell death pathways
with the exposure of phosphatidylserine during flow cytometry experiments as well as
impacting cell viability, as witnessed via an MTT assay. However, it was noted that the
concentrations used herein are in excess of the concentrations measured within the clinical
trial studies, where allergic responses to 2.1 were shown with concentrations of 4.7-21.5
HUM.2* In comparison, signalling and cell viability effects as a result of 2.1 treatment in
HEK-293 cells or in mouse platelets were observed at 30 UM or higher, meaning these
results could have low relevance for the use of 2.1 in the clinic, where maximal

concentrations fall below 30 puM.
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The novel 2.1-analogues were also displaying off-target effects, further supporting the
theory that sequence specificity was responsible for the agonistic events occurring
following treatments with 2.1. Ultimately, the pursuit of improved pharmacology within
the pepducin analogues herein resulted in very little progress. Whilst the off-target effects
could be reduced, especially with phenyl linker analogues 2.5, 2.19 and 2.22, this was not

successfully paired with improved inhibition of PAR1 (Table 4.2).

Table 4.1: Pharmacological Data for 2.1, 2.2 and phenyl analogues 2.5/19/22.

CKKSRALC  ckksRALC

CKKSRALC
_KKSRALF __FSRLKAK
Pal Pal
2.1 2.2 N, N
g~ C1sHan N\ N NN
25 .
Pal\NH C14H29
ECso 27 pM N/A 672 uM 160 pM N/A
ICs0 26 uM N/A N/A N/A N/A

Meanwhile, the triazine and triazinane analogues proved to be more potent inhibitors of
PARL1 than their phenyl counterparts, with 2.20 and 2.21 displaying modest levels of
PARL inhibition, this was accompanied by comparable levels of agonistic function to 2.1
(Table 4.2).
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Table 4.2: Pharmacological Data for extended analogues 2.20 and 2.21.

CKKSRALC
CKKSRALC /ﬁ
N
| \\H 07 >N N0
N__N L J
T )
_N
NNy o)j
2.20 \<§ N/,N\N
Pal—NH 2.21
HN—Pal
ECso 39 UM 54 UM
ICso 38 uM 22 UM

4.2 Allosteric Modulation of PAR2

The SAR of AZ8838 within its PAR2 binding pocket was explored through in silico
screening and in vitro assay of a range of AZ8838 analogues. The library focused on three
specific areas within AZ8838: the imidazole ring, the linking hydroxyl group and the
propyl substitution on the phenyl ring.

Initial in silico profiling of the library suggested the imidazole ring and the hydroxy! linker
were not amenable for modification towards improved binding. Conversion of the
hydroxyl to a carbonyl and movement or removal of the hydrogen bonding nitrogens
within the imidazole ring led to reductions in the predicted binding score. Additionally,
adding steric bulk to the imidazole ring at the C4 and Cs positions resulted in a decreased

binding score.

Conversely, the propyl region showed promise within the in silico studies, with increases
in the steric bulk to a phenyl ring showing improved binding, alongside the similarly sized
pyridinyl and furanyl substitutions. Methyl substitutions onto the secondary phenyl ring
at the ortho- and meta- positions also led to increased binding scores, with the ortho-tolyl
analogue also highlighting a potential pocket in the binding site for further binding.
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Of the 27 analogues tested in in silico assays, 15 were successfully prepared using
analogous routes to that reported for AZ8838 (Figure 4.1).* Deviation from this route was
taken for the inclusion of oxidation chemistry in the synthesis of the linker analogue, while

[3+2] dipolar cycloadditions were utilised for the synthesis of two imidazole analogues.

Propyl Linker Analogues Imidazole
Analogues 0 Analogues
S ¥ wx
1 Analogue | \R[ N
= NH
® H
F U7y EﬁI/N
N N
\\7
N—/
9 Analogues 5 Analogues

Figure 4.1: Successfully synthesised analogues of AZ8838. R = H, Br, cyclopropyl or Ph. R’ = o/m/p-Me, p-'Bu or p-
CFs. X=CHor N.

In vitro assessment of the analogues confirmed the low flexibility for changes to the
imidazole region, with no analogues successfully inhibiting PAR2 function. Further,
modification of the hydrogen bond donating hydroxyl group also resulted in no inhibition.
These results highlighted the importance of hydrogen bonding within the binding pocket
and the low flexibility for changing the nature of arrangement of such bonding.

Additionally, the scope for expansion at the propyl position was limited, more so than
expected. In silico analysis highlighted expansion of the propyl group to simple aromatic
moieties as the optimal route towards stronger simulated binding. However, this was not
replicated within the in vitro studies, with the phenyl analogues all displaying poor
inhibition of PAR2 and the cyclopropyl analogue as the only compound showing

comparable or improved potency over AZ8838.
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Chapter 5 Future Work

5.1 PAR1 Pepducins
5.1.1  Completing the study of PZ-128

While the evidence shown herein demonstrates a propensity for PZ-128 (2.1) to activate
pathways relating to platelet aggregation and, indeed, activated platelet aggregation in a
non-PARL1 system (mouse platelets), one major piece of work remains to bring the study
to a close. Specifically, aggregation studies in human platelets or, ideally, in whole blood.
These studies would provide a physiologically relevant answer to the question of 2.1
operating in a pro-platelet manner, rather than inhibiting platelet function as
reported.>12":138 |f 2.1 would activate platelet function, significant scrutiny would need to
be turned on the reported finding for PZ-128 as this would directly contradict the intended

purpose for the drug, which has been making progress through clinical trials until recently.

5.1.2 Advancing the PAR1-derived pepducin strategy

With regards to the development of novel PAR1 pepducins based on the compounds used
in the current study, one path forward for the series could be to change the peptide
sequence. With the problematic behaviour displayed by PZ-128 and the sequence-
dependent nature under which this behaviour occurs, it could be surmised that the issue
lies in the peptide sequence utilised with the pepducins.

One possible avenue for counteracting this could be to utilise a peptide sequence not from
the loop of PAR1 but from a natural partner which binds to the intracellular surface of
PARL1: the heterotrimeric G-protein. However, while this approach could result in more
promising interactions with PAR1, the resulting pepducins would also likely demonstrate

low specificity due to the diverse nature of G-protein associations.
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5.2 PAR2 small molecule modulators
Regrettably, time constraints led to a limited exploration of the SAR surrounding AZ8838.
With more time, more extensive studies into the simulated binding and biological assaying

could be carried out to identify areas for improvement within the AZ8838 structure.

5.2.1  In silico studies

While the accuracy of the in silico studies herein was shown to be limited when compared
with the in vitro experiments, a further study could identify areas for expansion. As part
of this further study, comparing the binding results under different force fields used within
GOLD to the in vitro results obtained herein could identify a more suitable protocol for
screening further analogues in silico. This extended in silico study would then allow an
informed decision to be made over analogues which could be targeted for synthesis and

further in vitro assaying.

Additionally, expansion of the o-tolyl analogue, 3.24, would be of interest due to the
unique profile for its cooperative function with trypsin. The methyl group was shown in
silico to be extending towards a putative second pocket in the crystal structure, perhaps
further expansion at this site could identify further analogues and confirm the presence of
a switch in the molecules pharmacological character. In vitro analysis of such compounds

could highlight potential positive allosteric modulators of PAR2.

5.2.2  Synthetic chemistry

With only 15 of the targeted 27 analogues being successfully synthesised, time could be
taken to optimise the procedures and secure access of further analogues of AZ8838. The
common problems included "BuLi-mediated coupling and deprotection. The coupling
reactions typically failed for more polar molecules which contained groups capable of
chelating the lithium cation, with coupling onto pyridinyl-, furanyl- and
dimethylaminophenyl-benzaldehyde all yielding no signs of successful reaction.
However, access to these analogues would not be of high importance given the failures of

the aromatic substitutions at the propyl position.
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Additionally, TFA proved to be a harsh reagent for the deprotection of the SEM group for
many imidazole analogues. Time could be spent to optimise the TBAF conditions used
for deprotection, which successfully yielded one analogue, to access a gentler deprotection

strategy.

5.2.3 Enantiopure synthesis

Following the initial screening and identification of a single promising PAR2 inhibitor,
steps could be taken to obtain the individual enantiomers of 3.1 and 3.17. This would
enable comparison between the active (S)-enantiomer of AZ8838 and the individual
enantiomers of 3.17. The reported synthesis utilised chiral preparative HPLC to access
AZ8838. However, an alternative approach could be to access a ketone intermediate and
use a chiral reducing agent to access the required (S)-enantiomers, such as in the Noyori
asymmetric hydrogenation using BINAP (Figure 5.1A).2% Another consideration could
be chiral resolution of the final products using enzymes or kinetic resolution using a non-
enzymatic catalyst (Figure 5.1B).2%42% However, this approach may meet difficulties
given the bisaryl nature of the AZ8838 analogues, which does not feature prominently in

the literature for these transformations.
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F PG F

Figure 5.1: Possible processes for isolation of enantiopure analogues of AZ8838. A Chiral hydrogenation of a ketone
intermediate to access the active (S)-enantiomer of the alcohol. B Chiral resolution of an intermediate prior to

deprotection to access desired (S)-enantiomer of the alcohol and (R)-enantiomer as an ester.
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5.24  Further biological testing

A weakness of the luciferase reporter assay used is the number of other potential binding
sites for a drug between the target, PAR2, and the output, NF«B/luciferase release. T
provide confirmation of the binding site for 3.17, further biological assaying would be
required. Primarily, studies could be carried out in the same luciferase assay, utilising
agonists of different proteins within the signalling cascade to ensure 3.17 or 3.1 are not
inhibiting at an off-target site, similar to the work carried out on PAR1 in Section 2.4.4.
Additionally, utilising different signalling outputs within the cascade would also provide
further confirmation of the PAR2 binding site. For example, calcium assays have been
used within PAR2 and would provide a readily available, robust assay for measuring the
impact on PAR2 signalling through a different output. Finally, binding assays could be
designed to allow recruitment of 3.1/3.17 within PAR2 to be monitored, utilising, for

example, radioligand binding.
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Chapter 6 Materials and Methods
6.1 Allosteric Modulation of PAR1 — Chemical Synthesis

6.1.1

6.1.1.3

General Techniques
All reagents, catalysts 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.?%

Experimental Details

Solid-phase peptide synthesis was performed on a PTI Tribute-UV peptide
synthesizer Glassware was oven-dried at 150 °C and purged with N2 before use.
Lyophilizations were performed on a Christ Alpha 2-4 LDplus apparatus.

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 a solution of ninhydrin.

Purification of the peptidic compounds was performed on an Agilent Technologies
1260 infinity preparative system using both UV and ELSD detectors with a
Phenomenex Gemini C18 column (110 A, 10 um, 250x20 mm). Auto-collection
of fractions was used based on the UV measurements at 214 or 254 nm, using a
standard protocol: 100% buffer A (acetonitrile/H20 5:95 with 0.1% TFA) for 5
min followed by and linear gradient of buffer B (acetonitrile/H20 95:5 with 0.1%
TFA) into buffer A (20-100%) over 65 min at a flow rate of 12.5 mL-min™.

Analysis of Products

Analytical high pressure liquid chromatography (HPLC) was carried out on a
Shimadzu instrument comprising a communication module (CBM-20A),
autosampler (SIL-20HT), pump modules (LC-20AT), UV/Vis detector (SPD-
20A) and system controller (Labsolutions VV5.54 SP), with a Phenomenex Gemini
C18 column (110 A, 5 um, 250x4.60 mm). UV measurements were recorded at

214 and 254 nm, using a standard protocol: 100% buffer A for 2 min followed by
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a linear gradient of buffer B into buffer A (0-100%) over 28 min at a flow rate of
1.0 mL-mint using the same buffers as described for peptidic compound
purification.

ii.  Liquid chromatography-mass spectrometry (LCMS) was carried out on a Thermo
Scientific LCQ Fleet quadrupole mass spectrometer with a Dionex Ultimate 3000
LC using a Dr. Maisch Reprosil Gold 120 C18 column (110 A, 3 pm, 150x4.0
mm) and a 0-100% linear gradient of buffer B into buffer A at a flow rate of 1.0
mL-min* and using the same buffers as described for purification of peptidic

compounds.

6.1.2 General Procedures

General Procedure for Automated Peptide Synthesis

Peptides were synthesized on a PTI Tribute-UV peptide synthesizer. Tentagel S Ram resin
(1.14 g, 0.25 mmol, 1.0 equiv.) was allowed to swell (3 x 8 mL, each 10 min). Removal
of the Fmoc group was achieved by treatment of the resin with 20% piperidine in DMF
using the RV_top_UV_Xtend protocol from the Tribute-UV peptide synthesizer followed
by a DMF washing step (5 x 8 mL, each 30 sec). Fmoc-protected amino acids (4 equiv.)
were coupled for 20 min using HCTU (4 equiv) and DIPEA (8 equiv.) in DMF (8 mL), as
a coupling system, with 2 min pre-activation. After every coupling, the resin was washed
with DMF (6 x 8 mL, each 30 sec). After the last amino acid coupling, the resin was
washed with DMF (5 x 8 mL, each 30 sec), CH>CL> (5 x 8 mL, each 30 sec) and dried

over a nitrogen flow for 10 min and further dried in vacuo.
Manual procedure for Fmoc-removal

The resin (0.73 g resin, 0.125 mmol) was swollen in DMF (5 mL for 2 min). After draining
the solvent, the resin was shaken with piperidine/DMF (1:4, v/v, 3 x 5 mL, each 10 min),
washed with DMF (5 x 5 mL, each 30 sec).

Manual procedure for Palmitoyl chloride coupling

The Fmoc deprotected resin (0.125 mmol) was washed with CH>CL> (5 x 5 mL, each 30
sec). After draining the solvent, the resin was shaken with palmitoyl chloride (152 uL, 0.5
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mmol, 4 equiv.) and DIPEA (174 pL, 1.0 mmol, 8 equiv.) in CH2Cl2 (5 mL) for 1 hour.
Next, the resin was washed with CH>Cl> (5 x 5 mL, each 30 sec).

Procedure for Peptide cleavage and deprotection

Peptide cleavage and deprotection were achieved by treatment of the resin with
TFA/H2O/TIS (5 mL, 95:2.5:2.5, viviviv) for 3 hours. Next, the peptide was precipitated
by dropwise addition of the TFA mixture to a cold (4 °C) solution of MTBE/hexanes (1:1,
45 mL). After centrifugation (3500 rpm, 5 min) the supernatant was decanted and the
pellet was re-suspended in MTBE/hexanes (1:1, v/v) and centrifuged again. Finally, the
pellet was washed twice with MTBE/hexanes (1:1, v/v), each time collected by
centrifugation, dissolved in 'BUOH/H.0 (1:1, v/v) and lyophilized to yield the crude
peptide.

6.1.3 Characterisation Data
PZ-128 (2.1)

HUY¢LW¢LWN¢L
NS

NH2

By performing the above described general peptide synthesis procedures followed by
manual Fmoc-removal, after the introduction of a palmitoyl chain and peptide cleavage
and deprotection, lyophilized 2.1 was obtained. Next, crude 2.1 was dissolved in HPLC
buffer A/B/IDMSO (45:45:10, v/v/v) and purified by preparative HPLC. Fractions
corresponding to 2.1 were pooled and lyophilized to yield the TFA salt of 2.1 as a white
fluffy solid (30 mg, 0.021 mmol, 8.4% vyield).

LCMS (ESI) m/z calcd for CssHi00N130s [M+H]* 1086.78, found 1086.83.
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Scrambled PZ-128 Analogue (2.2)

NH,
Y NH., NH,
N
H o)
N

HN
o) S0
N
SOOS R RS
o = o}
“OH

By performing the above described general peptide synthesis procedures followed by

H

Q H
\.)J\N N\_)J\N NH,
= H H H

0] = @)

manual Fmoc-removal, after introduction of a palmitoyl chain and peptide cleavage and
deprotection, lyophilized 2.2 was obtained. Next, crude 2.2 was dissolved in HPLC buffer
A/B/DMSO (45:45:10, v/viv) and purified by preparative HPLC. Fractions corresponding
to 2.2 were pooled and lyophilized to yield the TFA salt of 2.2 as a white fluffy solid (10
mg, 0.007 mmol, 2.8% yield).

LCMS (ESI) m/z calcd for CssHi00N130s [M+H]* 1086.78, found 1086.83.

BODIPY-TMR-modified PZ-128 (2.29)

—

NG
\

P —

MeO F=5 5N N
F \\\\
(0]
N

/\/\/\/\/\/\/\)J\ KKSRALF—NH,

o)

An alkynylated analogue of PZ-128 (7.56 mg, 4.8 umol, 1.2 eg.) and BODIPY-TMR azide
(1.92 mg, 4.0 pmol, 1.0 eq.) were added to an eppendorf tube alongside CuSO4.5H20
(0.30 mg, 1.2 pmol, 0.3 equiv.), TBTA (0.32 mg, 0.60 pmol, 0.15 equiv.) and sodium
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ascorbate (0.72 mg, 3.6 umol, 0.90 equiv.) and dissolved in tBUOH/H20 (1.5 mL, 3:2 v/v).
The eppendorf tube was then shaken for 1 hour after which the reaction mixture was
purified by preparative HPLC. Fractions corresponding to the triazole product were
combined and lyophilised, yielding the TFA salt of 2.17 as a purple fluffy solid (5.3 mg,
2.6 umol, 65% yield).

LCMS (ESI) m/z calc. for Cs7H138BF2N21013 [M+2H]%* 867.04, found 867.33.
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6.2  Allosteric Modulation of PAR1 — Biological Methods

6.2.1 Reagents
Human embryonic kidney cells (HEK293 cells) were purchased from ATCC (293
[HEK293](ATCC® CRL1573™)).

Platelet studies were carried out using washed platelet preparations from whole blood
isolated from male C57 black 6 (C57BL/6) mice aged between 8-12 weeks. Mice were
bred and maintained in the University of Strathclyde animal facilities according to United
Kingdom Home Office regulations. Platelet isolations for this study were carried out by
Dr Margaret Rose Cunningham and Ms Jordanna Magee.

Pepducin analogues used in this study (2.5-7, 2.15-21) were synthesised by Dr Helmus
Van de Langemheen and Mr Joachim Bijl within the laboratory of Prof Robert Liskamp
(University of Glasgow). Pepducins were provided as lyophilised trifluoroacetic acid salts
which were then diluted to 10 mM in DMSO for further use. Stock solutions were

maintained at -20 °C.

Control compound 2.3 (SCH79797) was used as a dihydrochloride salt purchased from
Santa Cruz Biotech. (CA, USA). Peptide control 2.4 was synthesised within the Liskamp
lab (University of Glasgow) for an unrelated project and initially provided as a blind
control with no disclosed structure.

All reagents used in the experiments detailed in this study are presented in Table 6.1.
Details that relate to the antibodies used in Western blotting experiments are shown in
Table 6.2. Chemical structures for pepducins used in the study are shown in Table 3.

214



Table 6.1: Reagents used for experiments

Experiment  Supplier Products
Cell Culture - Thermo Fischer Scientific - Dulbecco’s Modified Eagle
(Paisley, UK)) Medium (DMEM) (Gibco, product
number 41966-029), Nunc™ Cell-
Culture Treated Multidishes (24
well, 12 well plates)
- Gentaur Ltd (London, UK) - Foetal calf serum (Biosera,
product number FB-1090/500)
-Lonza (Verviers, Belgium) - Penicillin-Streptomycin solution
(Product number 17-602E, 10,000
U/mL  Penicillin/10,000 pg/mL
Streptomycin)
-Merck (previously Sigma - Corning® 75 cm? Cell Culture
Aldrich, Dorset, UK) Flask (product number 430641U),
TPP®tissue culture plates (96 well,
6 well)
- Sarstedt (Leicester, UK) - Serological pipettes (5/10/25 mL)
Protein - Thermo Fisher Scientific - Pierce™ BCA Protein Assay Kit
Quantification (Paisley, UK) (product number 23227)
Western - Carl Roth GmbH - Rotiphorese® Gel 30 (37,5:1,
Blotting (Germany) product number 3029.1)

- GE Healthcare
(Buckinghamshire, UK)

- Whatmann (Kent, UK)

- Merck (Dorset, UK)

- Thermo Fisher Scientific
(Paisley, UK)

- Bovine serum albumin (product
number K45-001)

- 17 CHR Chromatography paper
(product number 3017-915)

- Hydrogen peroxide (30% w/w
solution), luminol, p-coumaric
acid, sodium dodecyl sulphate
(SDS), Tween-20, Trizma base

- GE Healthcare Amersham™
HybondTM PO.45 uM PVDF
membrane (product code
15259894), NuPage LDS sample
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-VWR International Ltd
(UK)
-Santa Cruz Biotech (CA,
USA)

buffer (4x Novex, product number
NP0008), PageRuler™ Plus
Prestained Protein ladder (product
number 26619), ammonium
persulfate (APS), N,N,N’,N’-
tetramethylethylenediamine
(TEMED), sodium chloride

- Glycine, methanol

- UltraCruz autoradiography film
(Product number sc-201696)

Calcium - Molecular Devices - FlexStation pipette tips (black)
Signalling (Berkshire, UK)
- Corning (MA, USA) - 96-well Corning CellBIND
plates, black with clear bottom
- Merck (Dorset, UK) - Adenosine diphosphate (ADP,
calcium chloride, D-(+)-glucose,
dimethyl sulfoxide, magnesium
sulphate, potassium chloride,
potassium dihydrogen phosphate,
sodium bicarbonate, sodium
chloride, sodium hydrogen
phosphate
- Thermo Fisher Scientific - Fluo-4 Direct Calcium Assay Kit
(Paisley, UK) (containing Fluo-4 Direct Dye,
Probenecid and Calcium Assay
Buffer)
Fura-2 - VWR International Ltd - No. O circular glass 13 mm
Ratiometric (UK) diameter coverslips, 0.8-1.0 mm
Imaging thick glass microscopy slides
- Thermo Fisher Scientific - Fura-2, AM, cell permeant
(Paisley, UK)
MTT Assay - Merck (Dorset, UK) - 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-terazolium bromide
(MTT)
Flow - BD Biosciences (Oxford, - BD Pharmingen™ APC Annexin
Cytometry UK) \
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Table 6.2: Western Blot Antibodies

Antibody Name Company Dilution
pPERK mouse Santa Cruz Biotech (CA, USA) 2:15000
monoclonal

ERK-1 (K-23) Santa Cruz Biotech (CA, USA) 1:15000
rabbit polyclonal

Anti-Mouse 1gG Jackson Immuno Research 2:15000

(Cambridge, UK)
Anti-Rabbit IgG Jackson Immuno Research 2:15000

(Cambridge, UK)

Cell culture media consists of DMEM (4.5 g/L D-Glucose, L-Glutamine and Pyruvate,
500 mL), Penicillin/Streptomycin (5 mL) and FCS (50 mL). Serum-free media consists of
DMEM (45 g¢/L D-Glucose, L-Glutamine and Pyruvate, 500 mL) and
Penicillin/Streptomycin (5 mL).

Calcium assay buffer consists of 137 mM NaCl, 5.4 mM KCI, 0.25 mM Na2HPOg, 0.56
mM glucose, 0.44 mM KH2POs, 1 mM CaCl,, 1 mM MgSOs4 and 4.2 mM NaHCOs in
distilled water.

Enhanced Chemiluminescence (ECL) solution consists of 1.25 mM luminol, 0.58 mM

coumaric acid, 50 mM tris and 32 pL/100 mL hydrogen peroxide in distilled water.

Annexin binding buffer consists of 10 mM HEPES/NaOH (pH = 7.4), 140 nM NaCl and
2.5 mM CaCl,.

6.2.2 Equipment

i.  96-well calcium signalling experiments were carried out on a FlexStation 3 plate
reader (Molecular Devices).

ii.  Fura-2 ratiometric analysis was carried out using an Olympus BX50 widefield
epifluorescence microscope with an Olympus UMPIlanFl 20x/0.5 water dipping
lens fitted with a fast wavelength switchable 340/380 nm light emitting diode
(LED) illuminator (CoolLED). Fluorescent emissions were detected by a

Hamamatsu ORCA-Flash 4.0 camera.
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6.2.3 Biological Methods

6.2.3.1 Cell Culture of HEK-293 cells

Human Embryonic Kidney 293 (HEK-293) cells were cultured in cell culture media at 37
°C and 5% CO2in a humidified atmosphere. During cell culture passage, versene (2 mL)
was used to free cells from the surface of the flask. The cells were then taken up in 8 mL
of cell culture media, transferred to a 15 mL centrifuge tube and spun down at 1000 rpm
for 3 minutes. The supernatant was removed and the pellet resuspended in cell culture
media prior to reseeding in a T75 flask at the desired dilution (typically 1:5 or 1:10
dilution) as well as into plates for experiments. HEK-293 cells were used from passage
20-80.

6.2.3.2 PAR1 Signal Transduction Assays
Calcium Assays - HEK-293

HEK-293 cells were cultured in a Corning Black 96-well Assay Plate with Clear, Flat
Bind and a CellIBIND Surface in cell culture media to near confluence. Cell culture media
was then removed and serum-free media (100 pL) added to quiesce cell growth. After 2
hours of incubation at 37 °C the serum-free media was removed and 90 pL of 1x Fluo-4
Direct calcium dye added to each well (20 mL of calcium assay buffer and 200 uL of
probenecid (0.27 mM) added to a bottle of Fluo-4 Direct Calcium Assay Reagent). The
cells were then incubated at 37 °C for 1 hour before carrying out the assay. The automated
pipetting system within the plate reader was used to dispense 10 pL of pepducin/control
solutions (made to 10x required final concentration) to the wells. Fluorescence readings
were taken (Ex: 494 Em: 516) every 3 seconds over a period of 120 seconds, with the
sample solutions being added after 17 seconds.

For inhibitory assays, a further addition of 11 pL of agonist (made to 10x required final

concentration) was carried out, with fluorescence readings taken as described above.

For prolonged exposure experiments, the time over which scans were taken was increased
to 1800 seconds.

218



For desensitisation studies, once the plate had been incubated for one hour post-addition
of the dye, 10 pL of thrombin solution was added to each well to desensitise PARI. 30
mins after addition of thrombin, 11 pL of agonist solutions were added at 10x the final

concentration.
SoftMax Pro v5.4.5 was used to obtain and process the raw fluorescence readings.
Data Analysis

SoftMax Pro v5.4.5 was used to process the raw fluorescence data into Max-Min (the
value of the maximal response minus the value of the minimal response) for each well.
These data points were then taken into GraphPad Prism 5.0 where appropriate curves were

generated for each dataset.

Agonist dose response curves were generated using Log[Agonist] vs Response with
equation: Y = Bottom + (Top + Bottom)/(1 + 10%°9ECs0=X))  For control curves
with TFLLR-NH: and thrombin, the bottom value was constrained to 0 yielding the
equation Y = Top/(1 + 10%09ECs0=X)y,

For agonist dose-response curves with pepducins, Max-Min readings were normalised
against readings obtained with thrombin at 5 U/mL. The Top value was constrained to 100

and the Bottom value constrained to 0, yielding the equation:Y = 100/(1 +

10(LOQEC50—X))_

Dose-response curves for inhibition were fitted using GraphPad Prism’s nonlinear
regression analysis model for Log[Inhibitor] vs Response with equation: Y = Bottom +
(Top — Bottom) /(1 + 10%~1091Cs0))  Max-Min data was normalised against the

response obtained with thrombin at 5 U/mL.

Schild data was fitted to a Gaddum/Schild shift model with GraphPad Prism 5.0 with the

following equations:
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ECs, = 10L09(ECs0)

SchildSlope
Antag =1+ (W)

LogEC = Log(ECsy X Antag)

Top — Bottom

Y = Bottom + 1 + 10LogEC-X)xHillSlope

Where pA2 is the negative log of the concentration of antagonist at which the ECsp has
shifted by a factor of 2.

PZ-128 Schild data was also fitted to an Allosteric ECsg shift model using GraphPad Prism
5.0 with the following equations °2:

ECsy = 10%09(ECs0)
KB = 10"09KB

a = 10L09@

B
Antag = %
1+—p
LogEC = Log(ECg, X Antag)
Top — Bottom
Y = Bottom +

1+ 10(LogEC—X)xHillSlope

Where a is the cooperativity constant for the interaction between allosteric modulator

and the receptor.

6.2.3.3 Western Blotting — PAR-dependent MAPK activity measurement

Cell-lysate preparation

Cells were grown in a 24 well plate to >90% confluence in cell culture media. Media was
then removed and serum-free media added to quiesce cell growth. After 24 hours
incubation, the cells were treated with agonists for the time specified. At the end of the
allotted time, the media was removed and the cells washed briefly in cold PBS. The PBS
was removed and clear lysis buffer added to lyse the cells. The cells were then scraped off

the bottom of the well using a rubber plunger and transferred via syringe to an Eppendorf
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vial. 5 mL of each sample were then transferred to a 96-well plate to perform a BCA assay.
Sample volumes were then adjusted to 75 L to normalise the protein concentrations and
4x NuPage lysis buffer (25 pL) added. The vials were boiled for 2 minutes before storing

in a freezer at -20 °C.
SDS-PAGE Electrophoresis

The gel cast was assembled with 1.0 mm spacers and tested for leaks. Once the cast was
satisfactorily assembled, 10% resolving gel was prepared for separation. This was
prepared using Tris/SDS buffer solution (1.5 M Tris base, 0.4% (w/v) SDS pH adjusted
to 8.8 with HCI), 33.3% (v/v) acrylamide/Bis-acrylamide solution, 40% (v/v) ddH20 and
0.03% (v/v) TEMED. Ammonium persulphate (APS, 10% v/v) was then added to initiate
the crosslinking process. The resulting solution was immediately transferred to the gel
cast using a pipette and a layer of isopropanol added to provide an anaerobic atmosphere
for the cross-linking reaction. Once set, the isopropanol was removed by absorption with
filter paper.

4% stacking gel was prepared from 25% (v/v) stacking buffer (0.5 M Tris base, 0.4% w/v
SDS pH adjusted to 6.8 with HCI), 10% (v/v) acrylamide/Bis-acrylamide solution, 65%
(v/v) ddH20, 0.13% (v/v) TEMED and 10% APS (w/v in ddH20). Immediately after the
addition of APS, the stacking gel was added on top of the resolving gel and the gel comb
inserted carefully to ensure no air bubbles in the wells. This was allowed to set before

removing the comb.

The gel cast was removed from the casting assembly and put into a gel tank. Running
buffer (0.025 M tris base, 0.19 M glycine, 0.1% (w/v) SDS) was poured into the tank and
the gel submerged. Cell lysates were boiled at 90 °C for five minutes before loading into
the wells using a syringe alongside protein standards. Lysate samples were loaded at a
volume of 15 pL alongside 5 uL. of the molecular ladder. Gels were electrophoresed at
100 V until the marker had run off the gel.

PVDF membrane was cut to the required size and soaked in methanol for 2 minutes. Two

pieces of thick filter paper were cut and soaked in transfer buffer (0.025 M tris base, 0.19
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M glycine in 4:1 water/methanol solution). The gels were then removed from the
electrophoresis tank and carefully removed from the plates. The gel and PVDF membrane
were sandwiched within the transfer cassette between layers of filter paper and sponge.
The transfer cassette was loaded into the gel tank along with an ice tank. The cold transfer
buffer solution was then added alongside a cooling block and electrophoresis performed
at 300 mA for 105 minutes. The PVDF membrane was removed from the sandwich and
blocked with 1% BSA in TBS-tween buffer (0.15 M NaCl, 0.02 M tris base and 0.27 mM
Tween-20 in water) for 2 hours. The buffer was removed and the PVDF membrane treated
with 3 mL of 0.2% BSA in TBS-tween solution along with 3 pL of the primary antibody
(1:1000 dilution). This was left to incubate overnight.

The PVDF membrane was then washed with TBS-tween buffer for 90 minutes, renewing
the solution every 15 minutes, to remove any remaining unbound antibodies. The buffer
was removed and the membrane treated with 10 mL 0.2% BSA in TBS-tween and 3 pL
of secondary antibody before incubating for 90 minutes. The membrane was washed with
TBS-tween solution once more to remove any remaining antibodies. The blot was

incubated in ECL solution for 2 minutes before being placed in a cassette and developed.
Densitometry Analysis

Developed film was scanned into a computer at 600 dpi resolution. The image was then
loaded into ImageJ and the colours inverted. The integrated density of each band was
calculated using ImageJ for pERK and Total ERK and the %phosphorylation calculated

IntDensitypgrk

for each sample using the equation: %phosphorylation = ( ) %X 100. A

IntDensityTotERK
bar graph of the percentage phosphorylation was then produced using GraphPad Prism
5.0.

6.2.3.4 Calcium Assays — Mouse Platelets

Platelet Isolation from Mouse Blood

Blood was drawn by cardiac puncture under terminal anaesthesia into acid citrate dextrose

(20 mM citric acid, 110 mM sodium citrate, 5 mM glucose). This solution was then diluted
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to 2 mL in modified Tyrode’s-HEPES buffer (135 mM NaCl, 3 mM KCI, 10 mM HEPES,
5 mM glucose, and 1 mM MgClI2.6 H20, pH 7.3) and centrifuged at 1000 rpm for 7
minutes. Platelet-rich plasma was removed, and the remaining blood diluted once again
to 2 mL and centrifuged once more. The platelet rich plasma was removed once again and
both samples combined. Platelets were isolated by centrifuging at 1500 rpm for 12 minutes
in the presence of PGE: (140 nM), indomethacin (10 pM) and apyrase (0.02 U/mL).
Pelleted platelets were resuspended in Tyrode’s-HEPES and rested for 30 minutes at 30
°C in the presence of 10 uM indomethacin and 0.02 U/mL apyrase.

Activation of Calcium Signalling

Platelet suspension in Tyrode’s-HEPES buffer was added to a Corning Black 96-well
Assay Plate with Clear, Flat Bind and a CelIBIND Surface (45 pL per well) alongside 45
uL of 2x Cal-6 dye solution. The plate was then wrapped in tin-foil and incubated at 37
°C for 2 hours. After incubation, the plate was spun down at 1000 rpm for 2 mins before
placing in a Flexstation 3 Plate Reader. The automated pipetting system was then used to
add agonists in 10 pL solutions, prepared in Tyrode’s-HEPES buffer, to the plate.
Meanwhile, fluorescence readings were taken (Ex: 485 Em: 538) over 120 seconds with

agonist addition starting at 17 seconds.
Platelet Aggregation Assays

Platelets (90 pL, normalised to 5x10°) were added as a suspension to a black 96-well plate.
Platelets were then treated with concentration-gradients of compounds (10 pL, 10x
required final conc.) and the resulting aggregation measured using light transmission

aggregometry at 405 nm every 10 s for 10 mins.
Data Analysis

SoftMax Pro v5.4.5 was used to process the raw fluorescence data into Max-Min (the
value of the maximal response minus the value of the minimal response) for each well.
These data points were then taken into GraphPad Prism 5.0 where appropriate curves were

generated for each dataset.
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Max-Min readings were normalised against readings obtained with thrombin at 5 U/mL.
Agonist dose response curves were then generated using Log[Agonist] vs Normalised
Response with equation: Y = Bottom + (Top + Bottom)/(1 + 10L09ECs0=X)) " The
Top value was constrained to 100 and the Bottom value constrained to 0O, yielding the
equation: Y = 100/(1 + 10(%09ECs0=X)y),

6.2.3.5 Fura-2 AM Ratiometric Calcium Imaging

Coverslips cultured with HEK-293 cells were gathered into one well of the plate and
washed three times with Hanks balanced salt solution (HBSS). Following the final wash,
Fura-2 AM (Invitrogen) was loaded as a 1 uM solution in 1.5 mL of HBSS. The plate was
then wrapped in tin foil and incubated at 37 °C with 5% CO2 for 1 hour before washing

three more times prior to imaging.

Coverslips were placed individually in a perfusion bath and imaged using an Olympus
BX50 widefield epifluorescence microscope with a Olympus UMPIlanFl 20x/0.5 water
dipping lens. Excitation of Fura-2 AM was provided by a fast wavelength switchable
340/380 nm light emitting diode (LED) illuminator (CoolLED) with consecutive exposure
times of 100 ms for each LED and an imaging rate of 0.5 Hz. Emitted fluorescence was
detected by a Hamamatsu ORCA-Flash 4.0 camera and recorded using WinFluor.
Specimens were perfused (3 mL/min) firstly with HBSS to establish a baseline calcium
level for analysis then perfused separately with solutions of thrombin (1 U/mL, Sigma),
PZ-128 (30 uM) and PZ-Scrambled (30 uM) in HBSS with a final wash of HBSS to

remove the drugs from the perfusion bath.
Data Analysis

Cells were highlighted as regions of interest on the output images using WinFluor
alongside one region taken as a background signal. The fluorescent signals were plotted
against time for each region of interest and the data then exported into separate MS Excel
files for fluorescence signals resulting from 340 nm and 380 nm excitation. The Excel

files were then processed using a custom MATLAB script (Peter Tinning) to output data
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and graphs for the peak fluorescent ratio change normalised to the baseline and

corresponding change in calcium concentration for each region of interest.

The data obtained from MATLAB for fluorescent ratio and calcium concentrations were
then transposed into GraphPad Prism to produce graphs comparing the differing responses
of thrombin, PZ-128 and PZ-Scram. Data was presented here as mean + standard error.

6.2.3.6 MTT Cell Viability Assay

HEK-293 cells were cultured in a clear 96-well assay plate in cell culture media to near
confluence. Treatments were carried out progressively in 12 pL samples at 10x the final
concentration made up in cell culture media, starting with 24 hour treatments, 5 hour
treatments and 2 hour treatments. 24 hours after the initial treatment, the cell-culture
media was removed and fresh cell-culture media added (100 uL). To each well was added
10 pL of MTT in H20 (10 mM) and the plate incubated for 2 hours. The media was then
removed and DMSO (100 pL) added to the plate before incubating for 5 mins. The plate

was then read, with absorbance being read at 570 nm.

The resulting absorbance values were normalised against the readings obtained from cells
treated with media alone and expressed as %viable cells, with media control assumed as
100% cell viability.

6.2.3.7 Flow Cytometric Analyses

During cell passage, cells were spun down and resuspended in 10 mL of cell culture media.
Cells were then counted using a haemocytometer and subsequently diluted to 1x10°
cells/mL. 1 mL of cell suspension was added to each of 6 FACS tubes. Stimulations were
then carried out by adding stock solutions of drugs directly to the cell suspensions and
incubating for 1 hour at 37 °C. Following stimulation, the cells were centrifuged at 1400
rpm for 5 mins, the supernatant removed, and the cells washed with 1 mL of PBS. The
cells were then centrifuged as above, the supernatant PBS removed and 100 uL of annexin
binding buffer added. APC Annexin V was then added (5 pL) and the tubes wrapped in
foil and incubated at room temperature for 20 mins. Data was acquired on a BD

FACSCanto flow cytometer and subsequently analysed using FACSDiva v6.1 (Becton
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Dickinson, NJ, USA). A total of 10000 events were measured per sample and gating was
set up in APC-A. The number of events falling within the gated region as a percentage of

total events was then calculated for each treatment.

6.2.3.8 Statistics

All data shown in figures and tables are the means + SEM of at least 3 separate
experiments. Where appropriate, statistical significance was calculated using a One-Way
ANOVA with a Tukey Post Hoc test or a Two-Way ANOVA with a Bonferroni correction

comparing two factors.
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6.3 Small Molecule Allosteric Inhibitors of PAR2

6.3.1

6.3.1.3

General Techniques
All reagents, catalysts 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.?%

Purification of Solvents

THF was obtained from a PureSolv SPS-400-5 solvent purification system and
transferred to and stored in a septum-sealed, oven-dried flask over previously
activated 4 A molecular sieves and purged with and stored under N2 (g).

CH2CI, Et20, EtOAc, MeCN and petroleum ether 40-60 °C for purification

purposes were used as obtained from suppliers without further purification.

Experimental Details

Reactions were carried out using conventional glassware or in sealed microwave
vials for air sensitive reactions.

Glassware was oven-dried at 150 °C and purged with N2 before use.

Room temperature was generally 20 °C.

Reactions carried out at elevated temperatures were heated within a heated sand

bath using a temperature-regulated hotplate/stirrer.

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 solutions of vanillin, ninhydrin or potassium permanganate.
Normal phase flash chromatography was carried out manually using ZEOprep 60
HYD 40-63 pm silica gel.

Reverse-phase preparative HPLC was performed using a Gilson preparative HPLC
system of 322 puimps coupled to a 151 UV/vis 163 spectrometer, 234 Autoinjector
and a GX-271 liquid handler using a Waters XBridge Prep C18 5 um OBD 19 x
15 mm column at room temperature. Purifications were performed using gradient

methods ranging from 10-90% MeCN in H20 over 20 minutes at a flow rate of 10
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6.3.1.4

mL/min, with UV monitoring at 254 nm. Analysis was conducted using Trilution

v2.0 software.

Analysis of Products

Fourier Transformed Infra-Red (FTIR) spectra were obtained on a Shimadzu
IRAffinity-1S machine.

1H, 13C and °F NMR spectra were obtained on either a:

a. Bruker DRX 500 spectrometer (Avance 11 HD console, Ascend 500 MHz
magnet, BDO smart probe) at 500 MHz, 126 MHz and 471 MHz,
respectively

b. Bruker AV 400 spectrometer at 400 MHz, 101 MHz and 376 MHz,
respectively

c. Bruker AV 600 spectrometer at 600 MHz for *H and 151 MHz for *C

Chemical shifts are reported in ppm and coupling constants are reported in Hz with
CDCl; referenced at 7.26 ppm (*H) and 77.1 ppm (*3C), DMSO-ds referenced at
2.50 ppm (*H) and 39.5 ppm (*3C), MeOD referenced at 4.87 ppm (*H) and 49
ppm (*3C) and Acetone-ds referenced at 2.05 ppm (*H) and 29.84 ppm (*3C).

High-resolution mass spectra (HRMS) were obtained through analysis at the
EPSRC UK National Mass Spectrometry Facility at Swansea University.
Liquid-chromatography mass spectra (LCMS) were recorded on an Agilent 6130
single quadrupole with APCI/ESI dual source, on a ThermoQuest Finnigan LCQ
DUO electrospray.

Analytical HPLC data was obtained on an Agilent 1200 series HPLC using a
Machery-Nagel Nucleodur C18 column. Analysis was performed using a gradient
method, eluting with 5 — 80% MeCN/H20 over 16 minutes at a flow rate of 2

mL/min.
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6.3.2 Computational Studies
Preparation of Ligand Files

The ligand files were generated initially in ChemDraw Professional, copied into Chem3D
and energy minimisation of the structure was performed. The resulting structural data was

saved as a Spatial Data File (.sdf) prior to performing the docking simulation.
Performing the Docking Simulation

The docking simulations for AZ8838-analogues within PAR2 were performed using
GOLD (Cambridge Crystallographic Data Centre). The region of interest for the docking
studies was defined within all amino acid residues that remained within 10 A of the docked
ligand in the original crystal structure. The “allow early termination” command was
deactivated, and all other parameters were used as the GOLD defaults. For each molecule
docked within the study, the final ChemPLP Scores for each docking pose were collated

and presented as a raw value using GraphPad Prism 5.0.
Statistics

Where appropriate, statistical significance was calculated using a One-Way ANOVA with
a Dunnett Post Hoc test to compare each entry to a single control ((S)-3.1) or a Bonferroni
Post Hoc test to compare chiral pairs of molecules or different tautomeric forms.

6.3.3  General Procedures
General Procedure A: Suzuki-Miyaura Cross Couplings between boronic acids and 2-
bromo-4-fluorobenzaldehyde

2-bromo-4-fluorobenzaldehyde (1 eq.), alkyl/aryl boronic acid (1.5 eq.), caesium
carbonate (2-3 eq.) and [1,1'-Bis(diphenylphosphino)ferrocene]-dichloropalladium(Il)
(10 mol%) were added to a dry microwave vial which was sealed and purged with nitrogen
gas. Dioxane (volume) and water (volume) were then added and the reaction mixture was
heated to 80 °C and stirred for 16 hours. The reaction mixture was diluted with EtOAc (10
mL) and washed with saturated sodium chloride solution (3x 15 mL). The organics were

dried using Na>SOg, filtered and concentrated in vacuo to afford the crude product. The
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crude residue was then purified by flash chromatography. Pure fractions were collected

and evaporated to dryness, yielding the desired product.
General Procedure B: SEM protection of heteroaromatics

Sodium hydride (1.5 eq.) was added to a dry round bottom flask and purged with nitrogen
gas. THF (volume) was then added to form a suspension, which was stirred at 0 °C.
Heteroaryl compound (1 eq.) was added slowly to the suspension and the temperature
slowly raised to room temperature. The resulting mixture was stirred at room temperature
for 30 minutes before adding (2-(chloromethoxy)ethyl)trimethylsilane (1.5 eq.) slowly at
0 °C. The temperature was allowed to rise to room temperature gradually, stirring the
reaction for 16 hours. The reaction mixture was then concentrated in vacuo and diluted
with EtOAc (100 mL). The resulting solution was washed with water (3x 50 mL), the
organics dried over Na>SOs, filtered and concentrated in vacuo to provide the crude
product. The crude residue was purified by flash chromatography. Fractions containing

pure product were combined and concentrated in vacuo to provide the desired product.

General Procedure C: Organolithium mediated coupling of heterocycle with 4-fluoro-2-

propylbenzaldehyde

Protected heterocycle (1.14 eq.) and THF (volume) were added to a dry microwave vial
and stirred at -78 °C. "BuL.i (1.14 eq.) was then added slowly to the reaction mixture which
was stirred at -78 °C for 30 mins. A solution of 4-fluoro-2-propylbenzaldehyde (1 eq.) as
a solution in THF (volume) was then added slowly at -78 °C. The solution was allowed to
come to room temperature and then the reaction stirred for one hour. The reaction mixture
was quenched with saturated NH4Cl solution and extracted into EtOAc (3x 10 mL). The
organics were collected and washed with water then saturated NaCl solution. The organics
were dried with Na,SOg, filtered and concentrated in vacuo to provide the crude product
as a yellow oil. The residue was purified by flash chromatography to provide the desired

product.
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General Procedure D: Deprotection of SEM protecting groups using TFA

SEM-protected intermediate (1 eq.) was dissolved in CH2Cl2 (2 mL) and stirred at room
temperature. Trifluoroacetic acid (2 mL) was then added and the solution left to stir
overnight. The crude reaction mixture was then evaporated to dryness, diluted with
CH2ClI; (5 mL) and washed with sodium bicarbonate (3x 5 mL). The organics were dried
using NaxSOs, filtered and concentrated in vacuo to yield the crude product. The desired

product was then obtained by purification using either:

e Reverse-phase preparative HPLC or

e Filtering off the solid and washing with hexane

General  Procedure E: Organolithium  mediated coupling of  1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazole with 4-fluoro-2-alkyl/arylbenzaldehydes

followed by deprotection.

1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole (Eqg.) and THF (Volume) were added
to a dry microwave vial and stirred at -78 °C. "BuLi (Eg.) was then added slowly to the
reaction mixture which was stirred at -78 “C for 30 mins. A solution of substituted
benzaldehyde (Eq.) as a solution in THF (Volume) was then added slowly at -78 °C. The
solution was warmed to room temperature and stirred for one hour. The reaction mixture
was quenched with saturated NH4Cl solution and extracted into EtOAc (3x 10 mL). The
organics were collected and washed with water then saturated NaCl solution. The organics
were dried with Na,SOg, filtered and concentrated in vacuo to provide the crude product
as a yellow oil. The crude was then added to a microwave vial and dissolved in CH2Cl> (2
mL.) before adding TFA (2 mL) and stirring for 16 hours at room temperature. The reaction
mixture was quenched with saturated sodium bicarbonate solution (2 mL) and diluted in
CH2Cl; (10 mL). The organics were then washed with sodium bicarbonate (10 mL) and
sodium carbonate solution (2x 10 mL), dried with Na>SOs, filtered and concentrated in
vacuo to yield the crude product. The crude was then diluted in CH2Cl> (2 mL) and hexane
(2 mL) and concentrated under a constant flow of air until a solid crashed out. The solid

was filtered off and washed with hexane to yield the desired product.
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6.3.4 Characterisation Data

6.3.4.1 Characterisation Data for Synthesis of 3.1
4-Fluoro-2-propylbenzaldehyde (3.31)*

—0O

F

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (1015
mg, 5 mmol), propylboronic acid (659 mg, 7.5 mmol), caesium carbonate (3260 mg, 10
mmol) and [1,1’-Bis(diphenylphosphino)ferrocene]-dichloropalladium(ll) (408 mg, 0.5
mmol) in dioxane (8 mL) and water (2 mL). The crude residue was purified by flash
chromatography, eluting with 0-5% EtOAc in petroleum ether, yielding 4-fluoro-2-
propylbenzaldehyde (410 mg, 49% yield) as a yellow oil.

IR (vmax, cm™) 2978, 2400, 2380, 1703, 1380, 1238

IH NMR (400 MHz, CDCI3) § 10.22 (s, 1H), 7.86 (dd, J = 8.6, 6.0 Hz, 1H), 7.06-6.94
(m, 2H), 3.01 (m, 2H), 1.67 (m, 2H), 1.00 (t, J = 7.3 Hz, 3H)

13C NMR (101 MHz, CDCls) § 190.03, 165.29 (d, J = 256.7 Hz), 148.49 (d, J = 9.0 Hz),
133.74 (d, J = 10.3 Hz), 129.87, 117.11 (d, J = 21.5 Hz), 113.18 (d, J = 22.4 Hz), 33.69,
24.49, 13.29

19F NMR (376 MHz, CDCls) -103.99 (ddd, J = 9.7, 8.0, 6.1 Hz)
LCMS (ESI) m/z [M+MeOH+H]" calcd for C11H16FO2 199.1, found 199.1

Consistent with previously reported data.
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1-((2-(Trimethylsilyl)ethoxy)methyl)-1H-imidazole (3.33)*

O
[
,\}r\/) SiM€3

Prepared according to General Procedure B using sodium hydride (600 mg, 15 mmol),
THF (50 mL) and 1H-imidazole (681 mg, 10 mmol). The crude residue was purified by
flash chromatography, eluting in 50-100% EtOAc in petroleum ether, yielding 1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazole (1.24 g, 63% yield) as a pale yellow oil.

IR (vmax, cmY) 2951, 1247, 1091

IH NMR (500 MHz, CDCls) § 7.59 (s, 1H), 7.10 (s, 1H), 7.04 (s, 1H), 5.27 (s, 2H), 3.56
~3.39 (m, 2H), 0.97 — 0.82 (m, 2H), -0.02 (s, 9H)

13C NMR (126 MHz, CDCls) 6 138.85, 131.53, 120.31, 77.34, 67.78, 19.14, -0.01
LCMS (ESI) m/z [M+H]" calcd for CoH19N20Si 199.13, found 199.3

Consistent with previously reported data.
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(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-
yl)methanol (3.34)*

OH //O

N

,\}j zSiMe3

Prepared according to General Procedure C using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (397 mg, 2.0 mmol) in THF (4 mL), "BuLi (1.015 mL, 2.0 mmol) and 4-
fluoro-2-propylbenzaldehyde (290mg, 1.75 mmol) as a solution in THF (4 mL). The crude

F

residue was purified by flash chromatography, eluting in 0-50% EtOAc in petroleum ether
to afford (4-fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-
yl)methanol (322 mg, 51% yield) as a clear oil.

IR (vmax, cm™) 3157, 2956, 1249, 1097

IH NMR (500 MHz, CDCls) § 7.31 (dd, J = 8.6, 6.0 Hz, 1H), 6.94 (dd, J = 10.2, 2.7 Hz,
2H), 6.89 — 6.83 (M, 2H), 6.18 (s, 1H), 5.11 (d, J = 10.7 Hz, 1H), 5.01 (d, J = 10.7 Hz,
1H), 3.29 (dd, J = 9.2, 7.3 Hz, 2H), 2.68 (dt, J = 9.0, 6.1 Hz, 2H), 1.67 — 1.42 (m, 2H),
0.98 (t, = 7.3 Hz, 3H), 0.87 — 0.71 (m, 2H), -0.00 (s, 9H)

13C NMR (126 MHz, CDCls) 6 162.41 (d, J = 245.9 Hz), 149.37, 143.55 (d, J = 7.4 Hz),
134.47 (d, J = 3.0 Hz), 128.91 (d, J = 8.4 Hz), 126.74, 120.47, 116.14 (d, J = 21.0 Hz),
112.58 (d, J = 20.9 Hz), 75.06, 66.19, 65.90, 34.27, 23.89, 17.71, 14.10, -1.48

19F NMR (471 MHz, CDCl3) § -115.06 — -115.14 (m)

LCMS (ESI) m/z [M+H]" calcd for C19H30FN20-Si 365.21, found 365.2
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(4-Fluoro-2-propylphenyl)(1H-imidazol-2-yl)methanol (3.1)*

OH
H O

N
i ,\}j . FsCJ\OH

Prepared according to General Procedure D using (4-fluoro-2-propylphenyl)(1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-yl)methanol (315 mg, 0.86 mmol), CH>Cl.
(2 mL) and trifluoroacetic acid (2 mL). The crude was purified by reverse phase
preparative HPLC to yield (4-fluoro-2-propylphenyl)(1H-imidazol-2-yl)methanol as the

trifluoroacetic acid salt (15 mg, 0.04 mmol, 5% yield) as a white solid.
IR (Vmax, €M) 3726, 3111, 2924, 1249

IH NMR (500 MHz, Acetone-ds) & 7.57 (s, 2H), 7.48 (dd, J = 8.6, 6.0 Hz, 1H), 7.05 (dd,
J=10.2, 2.6 Hz, 1H), 7.00 (td, J = 8.5, 2.7 Hz, 1H), 6.48 (s, 1H), 2.79 — 2.53 (m, 2H),
1.63 - 1.51 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H)

13C NMR (126 MHz, Acetone-ds) 5 163.75 (d, J = 245.1 Hz), 151.36, 144.71 (d, J = 7.7
Hz), 133.40 (d, J = 2.5 Hz), 130.71 (d, J = 8.7 Hz), 120.40, 120.24, 117.01 (d, J = 20.7
Hz), 113.88 (d, J = 24.3 Hz), 65.11, 34.78, 24.69, 14.18

19F NMR (471 MHz, Acetone-ds) 8 -70.75 (s), -110.10 — -110.17 (m)
HRMS (ESI) m/z [M+H]* calcd for C1sH16FN2O 235.1241, found 235.1243

Consistent with previously reported data.
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6.3.4.2 Characterisation Data for Synthesis of Imidazole Analogues

(4-Fluoro-2-propylphenyl)(phenyl)methanol (3.5)

OH

IOA®

4-Fluoro-2-propylbenzaldehyde (42 mg, 0.25 mmol) was added to an oven dried
microwave vial as a solution in THF (1 mL) and cooled to 0 °C. Phenyl magnesium
bromide (100 pL, 0.3 mmol) was then added dropwise to the reaction mixture under
nitrogen, stirring continuously. The reaction was warmed to room temperature and stirred
for 2 hours before quenching with ammonium chloride (2 mL). The product was extracted
into ethyl acetate (3x 5 mL) before drying the organics using Na>SO4 and filtering. The
resulting solution was concentrated in vacuo to provide the crude product. Purification
was carried out by Flash chromatography, eluting with 0-20% ethyl acetate/petroleum
ether (40-60 °C), to yield (4-fluoro-2-propylphenyl)(phenyl)methanol (13 mg, 0.05 mmol,
20% yield) as a yellow oil.

IR (vmax, cm™) 3358, 2850, 1222

IH NMR (500 MHz, CDCls) & 7.30 (dd, J = 8.2, 6.1 Hz, 1H), 7.25 — 7.19 (m, 4H), 7.19 —
7.14 (m, 1H), 6.87 — 6.72 (M, 2H), 5.94 (s, 1H), 2.56 — 2.41 (m, 2H), 1.51 — 1.33 (m, 2H),
0.82 (t, J = 7.3 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 162.21 (d, J = 245.5 Hz), 143.35, 142.62 (d, J = 7.2 Hz),
136.87 (d, J = 2.9 Hz), 128.76 (d, J = 8.3 Hz), 128.51, 127.62, 126.82 (d, J = 2.9 Hz),
115.92 (d, J = 21.0 Hz), 112.83 (d, J = 20.9 Hz), 72.26, 34.35, 23.98, 14.07

F NMR (471 MHz, CDCl3) 6 -115.45 — -115.48 (m)

LCMS (ESI) m/z: [M-OH+NHj3]* calcd for C16H19FN 244.1496, found 244.1
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(4-Fluoro-2-propylphenyl)(pyridin-2-yl)methanol (3.4)

OH
N

N

. =

2-Bromopyridine (78 mg, 0.5 mmol) was added to a dried microwave vial and dissolved
in THF (0.5 mL) before cooling to 0 °C. 'PrMgCI.LiCl (1.7 M in THF, 0.3 mL, 0.5 mmol)
was then added slowly under nitrogen and the resulting solution raised out of the ice bath
and stirred at room temperature for 6 hours. 4-Fluoro-2-propylbenzaldehyde (42 mg, 0.25
mmol) was then added dropwise under nitrogen and the solution stirred at room
temperature for 30 minutes. The reaction mixture was quenched with water (2 mL) and
extracted into CH2Cl> (5 mL). The organics were washed with water (3x 5 mL) before
drying using Na>SOg, filtering and concentrating in vacuo to provide the crude product.
The crude was purified by Flash chromatography, eluting with 0-30% ethyl
acetate/petroleum ether (40-60 °C), yielding (4-fluoro-2-propylphenyl)(pyridin-2-
yl)methanol (30 mg, 0.12 mmol, 49% yield) as a brown oil.

IR (vmax, cm™) 3701, 2951, 1249

IH NMR (500 MHz, CDCls) § 8.58 (d, J = 4.8 Hz, 1H), 7.61 (t, J = 7.7 Hz, 1H), 7.23 —
7.16 (m, 1H), 7.11 (dd, J = 8.5, 6.1 Hz, 1H), 6.99 (d, J = 7.9 Hz, 1H), 6.90 (dd, J = 10.1,
2.6 Hz, 1H), 6.83 (td, J = 8.4, 2.6 Hz, 1H), 5.96 (s, 1H), 2.75 — 2.63 (m, 2H), 1.68 — 1.51
(m, 2H), 0.94 (t, J = 7.3 Hz, 3H).

13C NMR (126 MHz, CDCls) § 162.29 (d, J = 245.8 Hz), 161.11, 149.18, 147.79, 136.85,
130.19 (d, J = 8.4 Hz), 123.73, 122.41, 121.32, 116.10 (d, J = 20.9 Hz), 113.08 (d, J =
21.1 Hz), 71.30, 34.62, 24.42, 14.06

19F NMR (471 MHz, CDCl3) § -115.09 — -115.13 (m)

LCMS (ESI) m/z: [M+H]* calcd for C1sH17FNO 246.13, found 246.1
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1-((2-(Trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazole (3.38)%"

0)
N// \/\SIM93
crf
N

Prepared according to General Procedure B using sodium hydride (120 mg, 3.0 mmol),
THF (6 mL) and benzimidazole (236 mg, 2.0 mmol) as a solution in THF (4 mL). The
crude residue was purified by flash chromatography eluting with 0-70% EtOAc/petroleum
ether to provide 1-((2-(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazole (235 mg,
0.95 mmol, 47% yield) as a white solid.

IR (vmax, cm™) 2951, 1247, 1082

IH NMR (500 MHz, CDCls) & 8.02 (s, 1H), 7.87 (dd, J = 6.4, 2.2 Hz, 1H), 7.58 (dd, J =
6.5, 2.1 Hz, 1H), 7.40 — 7.33 (m, 2H), 5.55 (s, 2H), 3.61 — 3.51 (m, 2H), 1.01 — 0.90 (m,
2H), 0.00 (s, 9H).

13C NMR (126 MHz, CDCl3) 6 145.47, 144.49, 135.11, 124.87, 124.10, 121.80, 111.70,
75.62, 67.87, 19.12, -0.01

LCMS (ESI) m/z [M+H]" calcd for C13H21N20Si 249.14, found 249.3

Consistent with previously reported data.
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(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-
benzo[d]imidazol-2-yl)methanol (3.39)

Prepared according to General Procedure C using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-benzo[d]imidazole (142 mg, 0.57 mmol) in THF (1 mL), "BuLi (1.97 M in THF) (290
pL, 0.57 mmol) and 4-fluoro-2-propylbenzaldehyde (83 mg, 0.5 mmol) as a solution in
THF (1 mL). The crude residue was purified by flash chromatography eluting with 0-20%
EtOAc/petroleum ether to yield (4-fluoro-2-propylphenyl)(1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazol-2-yl)methanol (70 mg, 0.17 mmol,
34% yield) as a yellow oil.

IR (vmax, cm™) 3192, 2954, 1263, 1095

IH NMR (500 MHz, CDCls) & 7.65 (d, J = 7.3 Hz, 1H), 7.47 (d, J = 7.3 Hz, 1H), 7.39 —
7.32 (m, 2H), 7.20 (dd, J = 8.6, 6.0 Hz, 1H), 7.06 (dd, J = 9.9, 2.6 Hz, 1H), 6.81 (td, J =
8.4, 2.6 Hz, 1H), 6.46 (s, 1H), 5.34 (d, J = 11.2 Hz, 1H), 5.21 (d, J = 11.2 Hz, 1H), 3.39 —
3.30 (m, 2H), 3.02 — 2.86 (m, 2H), 1.87 — 1.68 (m, 2H), 1.10 (t, J = 7.3 Hz, 3H), 0.88 —
0.81 (m, 2H), -0.00 (s, 9H)

13C NMR (126 MHz, CDCls) & 162.71 (d, J = 247.0 Hz), 156.05, 144.13 (d, J = 7.5 Hz),
141.33, 135.83, 133.92 (d, J = 3.0 Hz), 129.44 (d, J = 8.5 Hz), 123.43, 122.69, 119.60,
116.50 (d, J = 21.1 Hz), 113.07 (d, J = 21.1 Hz), 109.93, 72.84, 66.49, 66.34, 34.56, 24.18,
17.84, 14.24 (d, J = 9.0 Hz), -1.45

19F NMR (471 MHz, CDCls) § -114.02 (ddd, J = 10.4, 8.1, 6.1 Hz)

HRMS (ESI) m/z [M+H]" calcd for C23H32FN20-Si, found 415.2212, found 415.2213
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(1H-Benzo[d]imidazol-2-yl)(4-fluoro-2-propylphenyl)methanol (3.10)

OH

H
N
-0
N
F

Prepared according to General Procedure D using (4-fluoro-2-propylphenyl)(1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazol-2-yl)methanol (40 mg, 0.14 mmol,
CHCI2 (2 mL) and TFA (1 mL). The crude was then diluted in CH2Cl (2 mL) and hexane
(2 mL) and concentrated under a constant flow of air until a solid crashed out. The solid
was filtered off and washed with hexane to yield (1H-benzo[d]imidazol-2-yl)(4-fluoro-2-
propylphenyl)methanol (27 mg, 0.09 mmol, 68% vyield) as a white solid.

IR (vmax, cm™) 3253, 2794, 1226

IH NMR (500 MHz, DMSO) & 15.03 (s, 1H), 7.78 — 7.70 (m, 2H), 7.54 — 7.49 (m, 2H),
7.39 (dd, J = 8.6, 6.0 Hz, 2H), 7.13 (dd, J = 10.2, 2.6 Hz, 1H), 7.07 (td, J = 8.5, 2.7 Hz,
1H), 6.43 (s, 1H), 2.85 — 2.61 (m, 2H), 1.59 — 1.43 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H)

13C NMR (126 MHz, DMSO) & 162.64 (d, J = 245.0 Hz), 156.15, 144.40 (d, J = 7.6 Hz),
133.79, 132.03, 131.03 (d, J = 8.9 Hz), 126.01, 116.74 (d, J = 21.1 Hz), 114.67, 113.62
(d, J = 21.2 Hz), 65.47, 34.13, 24.27, 14.33

19F NMR (471 MHz, DMSO) § -113.37 — -113.53 (m)

HRMS (ESI) m/z [M+H] calcd for C17H18FN20 285.1398, found 285.1404
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Synthesis of 3-bromo-1-tosyl-1H-pyrazole (3.44)*®

3-Bromo-1H-pyrazole (74 mg, 0.5 mmol) was dissolved in THF (2 mL) and cooled to 0
°C before adding sodium hydride (30 mg, 0.75 mmol). The reaction mixture was stirred
for 10 mins before addition of tosyl chloride (114 mg, 0.6 mmol) and the reaction was
stirred overnight, raising to room temperature slowly. The reaction was concentrated in
vacuo, diluted with EtOAc (5 mL) and washed with water (3x 5 mL). The organics were
dried with NaxSOs, filtered and concentrated in vacuo to yield 3-bromo-1-tosyl-1H-

pyrazole (131 mg, 0.44 mmol, 88% yield) as a white powder.
IR (Vmax, cm™) 1371, 667

IH NMR (500 MHz, CDCls) § 7.9 (d, J = 2.7 Hz, 1H), 7.90 (d, J = 8.3 Hz, 2H), 7.34 (d,
J=8.3Hz, 2H), 6.40 (d, J = 2.7 Hz, 1H), 2.43 (s, 3H)

13C NMR (126 MHz, CDCls) 6 146.51, 133.55, 133.06, 132.88, 130.33, 128.52, 112.26,
21.89

LCMS (ESI) m/z [M+H] calcd for C10H10BrN20-S 301.0/303.0, found 301.1 and 303.1

Consistent with previously reported data.
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Synthesis of 4-bromo-1-tosyl-1H-pyrazole (3.45)%%

ot

N

11
\(/):o

Z\ =

Br

4-Bromo-1H-pyrazole (74 mg, 0.5 mmol) was dissolved in THF (2 mL) and cooled to 0
°C before adding sodium hydride (30 mg, 0.75 mmol). The reaction mixture was stirred
for 10 mins before addition of tosyl chloride (114 mg, 0.6 mmol) and the reaction was
stirred overnight, raising to room temperature slowly. The reaction was concentrated in
vacuo, diluted with EtOAc (5 mL) and washed with water (3x 5 mL). The organics were
dried with NaxSOs, filtered and concentrated in vacuo to yield 4-bromo-1-tosyl-1H-

pyrazole (134 mg, 0.44 mmol, 89% yield) as a white powder.
IR (Vmax, cm™) 1396, 1377, 528

IH NMR (500 MHz, CDCls) & 8.04 (s, 1H), 7.83 (d, J = 8.3 Hz, 2H), 7.58 (s, 1H), 7.28
(d, J = 8.3 Hz, 2H), 2.36 (s, 3H)

13C NMR (126 MHz, CDCls) 6 146.43, 145.63, 133.42, 130.41, 130.20, 128.36, 97.45,
21.77

LCMS (ESI) m/z [M+H] calcd for C10H10BrN20-S 301.0/303.0, found 301.1 and 303.1

Consistent with previously reported data.
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4-Bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazole (3.49)?1021!

N, \/\SiMe3
LN

Prepared according to General Procedure B using sodium hydride (180 mg, 4.5 mmol),
THF (10 mL) and 4-bromo-1H-pyrazole (441 mg, 3 mmol). The crude residue was
purified by flash chromatography, eluting in 0-20% EtOAc in petroleum ether to provide
4-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazole (740 mg, 89% vyield) as a
yellow oil.

IR (Vmax, cm™) 1453, 1432, 734

IH NMR (500 MHz, CDCls) 8 7.59 (s, 1H), 7.49 (s, 1H), 5.38 (s, 2H), 3.65 — 3.44 (m,
2H), 1.00 — 0.78 (m, 2H), -0.02 (s, 9H).

13C NMR (126 MHz, CDClI3) § 141.84, 130.95, 96.08, 82.15, 68.46, 19.22, -0.01

LCMS (ESI) m/z [M+H] calcd for CoH1sBrN20OSi 277.0/279.0, found 277.2 and 279.1

Consistent with previously reported data.

243



(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazol-4-
yl)methanol (3.50)

F
4-Bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazole (277 mg, 1.0 mmol) was
dissolved in THF (1.5 mL) and added to a dried and purged (N2) microwave vial. The
solution was cooled to -78 °C and "BuL.i (1.97 M in THF) (510 pL, 1.0 mmol) was added
slowly under N2. The resulting solution was stirred for 5 mins at -78 °C before adding 4-
fluoro-2-propylbenzaldehyde (83 mg, 0.5 mmol) as a solution in THF (1 mL) dropwise.
The reaction mixture was stirred for 5 minutes at -78 °C before warming to room
temperature and stirring for a further 15 minutes. The reaction was then quenched with
water (2 mL) and extracted with diethyl ether (3x 5 mL). The organics were combined
and concentrated to yield the crude product. The crude was purified by flash
chromatography eluting with 0-50% EtOAc/petroleum ether to yield (4-fluoro-2-
propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazol-4-yl)methanol (64 mg,
0.18 mmol, 35% yield) as a yellow oil.

IR (Vmax, cM™t) 2955, 2872, 1247, 1085

IH NMR (400 MHz, CDCls) & 7.47 (dd, J = 8.5, 6.0 Hz, 1H), 7.31 (s, 1H), 7.27 (s, 1H),
6.91 — 6.82 (M, 2H), 5.98 (s, 1H), 5.28 (s, 2H), 3.54 — 3.43 (m, 2H), 2.57 — 2.46 (M, 2H),
1.58 — 1.45 (m, 2H), 0.94 — 0.80 (m, 5H), -0.06 (s, 9H)

13C NMR (101 MHz, CDCls) 8 162.19 (d, J = 245.4 Hz), 141.88 (d, J = 6.9 Hz), 138.66,
137.21, 128.19 (d, J = 7.7 Hz), 128.19 (d, J = 7.7 Hz), 126.78, 115.87 (d, J = 21.1 Hz),
113.02 (d, J = 20.8 Hz), 80.24, 66.81, 64.82, 34.31, 24.07, 17.79, 14.08, -1.41

19F NMR (471 MHz, CDCls) § -115.41 (ddd, J = 10.5, 8.5, 6.2 Hz)
HRMS (ESI) m/z [M+H] calcd for C1oH30FN20,Si 365.2055, found 365.2057
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(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazol-5-
yl)methanol (3.51)

(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazol-5-
yl)methanol was isolated during the synthesis of 3.50 following flash chromatography (0-
50% EtOAc/petroleum ether) as a yellow oil (23.1 mg, 0.06 mmol, 13% yield).

IR (vmax, cm™) 2957, 2874, 1265, 1250, 1078

IH NMR (500 MHz, CDCls) & 7.55 (dd, J = 8.6, 6.0 Hz, 1H), 7.33 (d, J = 1.8 Hz, 1H),
6.98 — 6.87 (m, 2H), 6.16 (s, 1H), 5.81 (d, J = 1.6 Hz, 1H), 5.57 (d, J = 11.2 Hz, 1H), 5.47
(d, J = 11.2 Hz, 1H), 3.55 (dd, J = 9.0, 7.9 Hz, 2H), 2.56 — 2.40 (m, 2H), 1.61 — 1.42 (m,
2H), 0.88 (dd, J = 11.6, 4.3 Hz, 5H), -0.02 (s, 9H)

13C NMR (101 MHz, CDCls) & 162.56 (d, J = 246.1 Hz), 145.42, 142.29 (d, J = 7.4 Hz),
138.62, 134.31, 128.42 (d, J = 8.6 Hz), 115.95 (d, J = 21.0 Hz), 113.03 (d, J = 21.1 Hz),
107.78, 78.61, 66.83, 63.87, 34.32, 23.68, 17.99, 14.11, -1.39

19F NMR (471 MHz, CDCI3) § -114.87 (ddd, J = 10.4, 8.7, 6.1 Hz)

HRMS (ESI) m/z [M+H] calcd for C1gH30FN20,Si 365.2055, found 365.2057
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4-Bromo-1-tosyl-1H-imidazole (3.53)%2

%L
=S

N
L

N

4-Bromo-1H-imidazole (74 mg, 0.5 mmol) was dissolved in THF (2 mL) and cooled to 0

Br

°C before adding sodium hydride (30 mg, 0.75 mmol). The reaction mixture was stirred
for 10 mins before addition of tosyl chloride (114 mg, 0.6 mmol) and the reaction was
stirred overnight, raising to room temperature slowly. The reaction was concentrated in
vacuo, diluted with EtOAc (5 mL) and washed with water (3x 5 mL). The organics were
dried with NaxSOs, filtered and concentrated in vacuo to yield 3-bromo-1-tosyl-1H-

pyrazole (154 mg, 0.5 mmol, quant.) as a white powder.
IR (Vmax, cm™) 1371, 1359, 534

IH NMR (500 MHz, CDCls) § 7.88 (s, 1H), 7.83 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz,
2H), 7.26 (s, 1H), 2.45 (s, 3H)

13C NMR (126 MHz, CDCl3) 6 146.93, 136.25, 134.28, 130.64, 127.58, 118.61, 116.45,
21.78

LCMS (ESI) m/z [M+H] calcd for C10H10BrN202S 300.96, found 301.0 and 303.0

Consistent with previously reported data.
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1-(4-Fluoro-2-propylphenyl)prop-2-yn-1-ol (3.56)

OH
X
E
4-Fluoro-2-propylbenzaldehyde (220 mg, 1.3 mmol) was added to a dried and purged
microwave vial as a solution in THF (1.5 mL) and cooled to 0 °C. Ethynylmagnesium
bromide (5.2 mL, 2.5 mmol, 1.1 eq.) was then added dropwise at 0 °C. The reaction
mixture was warmed to room temperature and stirred for 3 hours then quenched with
saturated ammonium chloride solution (3 mL). The resulting solution was extracted into
ethyl acetate (3x 15 mL) and the organics combined, dried with Na.SO4 and filtered. The
filtrate was concentrated in vacuo yielding 1-(4-fluoro-2-propylphenyl)prop-2-yn-1-ol
(200 mg, 1.04 mmol, 79% yield) as a yellow oil.

IR (vmax, cm™) 3361, 3302, 2110, 1234

IH NMR (500 MHz, CDCl3) § 7.71 (dd, J = 8.3, 5.9 Hz, 1H), 6.99 — 6.91 (m, 2H), 5.65
(d, J = 2.1 Hz, 1H), 2.80 — 2.69 (M, 2H), 2.68 (d, J = 2.2 Hz, 1H), 1.74 — 1.64 (m, 2H),
1.03 (t, J = 7.3 Hz, 3H)

13C NMR (126 MHz, CDCl3) 8 162.64 (d, J = 246.9 Hz), 142.90 (d, J = 7.6 Hz), 133.41
(d, J = 2.9 Hz), 128.73 (d, J = 8.7 Hz), 116.05 (d, J = 21.2 Hz), 112.89 (d, J = 21.2 Hz),
83.50, 74.68, 60.91, 34.04, 23.98, 13.91

F NMR (471 MHz, CDCl3) § -113.87 (ddd, J = 10.5, 8.7, 6.1 Hz)

HRMS (ESI) m/z [M-H] calcd for C12H12FO 191.0872, found 191.08609.
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1-(4-Fluoro-2-propylphenyl)prop-2-yn-1-one (3.57)

X
E
1-(4-Fluoro-2-propylphenyl)prop-2-yn-1-ol (180 mg, 0.94 mmol) was added as a solution
in dichloromethane (5 mL) to a microwave vial containing manganese dioxide (817 mg,
9.4 mmol). The reaction mixture was then stirred at room temperature for 16 hours before
diluting in dichloromethane and filtering through a pad of celite. After washing with
further dichloromethane, organics were concentrated in vacuo to yield 1-(4-fluoro-2-

propylphenyl)prop-2-yn-1-one as a yellow oil (134 mg, 0.70 mmol, 75% yield).
IR (vmax, cm™) 3294, 1651, 2092, 1226, 999

IH NMR (500 MHz, CDCl3) § 8.26 (dd, J = 8.7, 5.9 Hz, 1H), 7.02 — 6.89 (m, 2H), 3.40
(s, 1H), 3.01 — 2.85 (m, 2H), 1.68 — 1.45 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDCls) § 176.74, 164.81 (d, J = 256.5 Hz), 148.83 (d, J = 8.6 Hz),
136.38 (d, J = 9.7 Hz), 130.44, 117.72 (d, J = 21.4 Hz), 112.46 (d, J = 21.7 Hz), 81.03,
79.14, 35.74, 23.55, 13.51

19F NMR (471 MHz, CDCls) & -104.54 (ddd, J = 9.6, 7.8, 6.2 Hz)

HRMS (ESI) m/z [M+H] calcd for C12H1,FO 191.0872, found 191.0867.
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(4-Fluoro-2-propylphenyl)(1H-1,2,3-triazol-4-yl)methanone (3.58)

E NH

1-(4-Fluoro-2-propylphenyl)prop-2-yn-1-one (34 mg, 0.18 mmol) was added as a solution
in DMF (2 mL) to a sealed microwave vial containing sodium azide (12.6 mg, 0.19 mmol).
The reaction mixture was then stirred for 16 hours before diluting with H20 (2 mL) and
EtOAc (5 mL). After separation, the organics were washed twice with brine (10 mL) and
twice with saturated LiCl solution (10 mL). The organics were then dried with using
Na2SOyg, filtered and concentrated to yield (4-fluoro-2-propylphenyl)(1H-1,2,3-triazol-4-
yl)methanone (19.9 mg, 0.09 mmol, 47% vyield) as a yellow oil.

IR (Vimax, cm') 3120, 1662, 1234

IH NMR (400 MHz, CDCls) § 8.29 (s, 1H), 7.71 (dd, J = 8.4, 5.9 Hz, 1H), 7.07 (dd, J =
9.9, 2.3 Hz, 1H), 7.00 (td, J = 8.3, 2.3 Hz, 1H), 2.85 — 2.75 (m, 2H), 1.71 — 1.57 (m, 2H),
0.94 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDCls) 8 187.47, 163.86 (d, J = 253.0 Hz), 146.23 (d, J = 8.3 Hz),
145.86, 133.25, 132.51, 131.82 (d, J = 9.4 Hz), 117.06 (d, J = 21.3 Hz), 111.97 (d, J =
21.7 Hz), 34.81, 24.17, 13.42

19F NMR (471 MHz, CDCl3) & -108.08 — -108.35 (m)

HRMS (ESI) m/z [M+H] calcd for C12H13FN3O 234.1043, found 234.1041.
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(4-Fluoro-2-propylphenyl)(1H-1,2,3-triazol-4-yl)methanol (3.9)

OH

()

F
(4-Fluoro-2-propylphenyl)(1H-1,2,3-triazol-4-yl)methanone (10 mg, 0.05 mmol) was
added to a dried and purged microwave vial as a solution in THF (2 mL) before adding
LiAIH4 (1 M in Et20) (180 pL, 0.18 mmol) at 0 °C under nitrogen. The reaction mixture
was then warmed to room temperature and stirred for 30 mins. The reaction was quenched
with H20 (2 mL) and extracted in EtOAc (10 mL). Organics were then washed with brine
(2x 10 mL), dried with Na,SO4 and filtered. The filtrate was concentrated in vacuo and
the crude residue taken up in CH2Cl (2 mL) and hexane (2 mL). The resulting solution
was concentrated under constant flow of air until a solid precipitated. The solid was
filtered and washed with hexane to provide (4-fluoro-2-propylphenyl)(1H-pyrazol-4-
yl)methanol (2.6 mg, 0.01 mmol, 22% yield) as a white solid.

IR (Vimax, cm™L) 3136, 1230

IH NMR (500 MHz, DMSO) § 14.79 (s, 1H), 7.60 (s, 1H), 7.55 — 7.47 (m, 1H), 7.05 —
6.92 (M, 2H), 6.02 (s, 1H), 5.94 (s, 1H), 2.66 — 2.52 (m, 2H), 1.55 — 1.39 (m, 2H), 0.87 (t,
J=7.3Hz, 3H).

13C NMR (101 MHz, DMSO) § 165.59, 161.15 (d, J = 241.9 Hz), 141.79 (d, J = 6.9 Hz),
128.70 (d, J = 8.4 Hz), 115.22 (d, J = 21.0 Hz), 112.40 (d, J = 20.7 Hz), 63.83, 33.50,

23.50, 13.84. Two carbon atoms were unaccounted for due to peak broadening.
BF NMR (471 MHz, DMSO) § -116.08 — -116.54 (m)

HRMS (ESI) m/z [M-OH] calcd for C12H13FN3 218.1099, found 218.1090
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(4-Fluoro-2-propylphenyl)(1H-pyrazol-4-yl)methanone (3.59)

E NH

1-(4-Fluoro-2-propylphenyl)prop-2-yn-1-one (34 mg, 0.18 mmol) was added to a sealed
microwave vial before adding (diazomethyl)trimethylsilane (2.0 M in hexanes) (100 pL,
0.19 mmol) and hexane (1 mL). The reaction mixture was stirred at room temperature for
16 hours before concentrating in vacuo to yield (4-fluoro-2-propylphenyl)(1H-pyrazol-4-
yl)methanone (39 mg, 0.17 mmol, 93% vyield) as a yellow oil.

IR (Vimax, cm'L) 3327, 1112

IH NMR (500 MHz, CDCls) § 7.49 (s, 1H), 7.40 (dd, J = 8.5, 5.9 Hz, 1H), 6.87 (dd, J =
9.9, 2.5 Hz, 1H), 6.77 (td, J = 8.3, 2.5 Hz, 1H), 6.50 (s, 1H), 2.63 — 2.54 (m, 2H), 1.50 —
1.37 (m, 2H), 0.72 (t, J = 7.3 Hz, 3H)

13C NMR (126 MHz, CDCls) & 189.39, 164.15 (d, J = 251.5 Hz), 146.15 (d, J = 8.0 Hz),
134.25, 131.74 (d, J = 8.9 Hz), 131.54 (d, J = 9.2 Hz), 117.45 (dd, J = 21.1, 17.8 Hz),
112.44 (dd, J = 29.5, 21.6 Hz), 110.08, 35.34, 24.87, 14.14

19 NMR (471 MHz, CDCls) § -108.75 — -109.17 (m).

HRMS (ESI) m/z [M+H] calcd for C13H14FN2O 233.1090, found 233.1090.
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(4-Fluoro-2-propylphenyl)(1H-pyrazol-4-yl)methanol (3.8)

F

(4-fluoro-2-propylphenyl)(1H-pyrazol-4-yl)methanone (20 mg, 0.09 mmol) was added to
a dried and purged microwave vial as a solution in THF (2 mL) before adding LiAIH4 (1
M in Et,0) (180 pL, 0.18 mmol) at 0 °C under nitrogen. The reaction mixture was then
warmed to room temperature and stirred for 30 mins. The reaction was quenched with
H>O (2 mL) and extracted in EtOAc (10 mL). Organics were then washed with brine (2x
10 mL), dried with Na2SOg4 and filtered. The filtrate was concentrated in vacuo and the
crude residue taken up in CH2Cl> (2 mL) and hexane (2 mL). The resulting solution was
concentrated under constant flow of air until a solid precipitated. The solid was filtered
and washed with hexane to provide (4-fluoro-2-propylphenyl)(1H-pyrazol-4-yl)methanol
(11 mg, 0.05 mmol, 56% yield) as a white solid.

IR (vmax, cm™) 3157, 1226, 1031

IH NMR (500 MHz, Acetone-ds) & 7.61 (dd, J = 8.3, 6.2 Hz, 1H), 7.52 (d, J = 1.9 Hz,
1H), 6.97 — 6.88 (m, 2H), 6.13 (s, 1H), 6.04 (d, J = 1.8 Hz, 1H), 2.75 — 2.57 (m, 2H), 1.62
—1.47 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H)

13C NMR (126 MHz, Acetone-ds) & 170.92, 162.73 (d, J = 242.6 Hz), 143.27 (d, J = 7.3
Hz), 138.87 (d, J = 2.8 Hz), 132.82, 129.64 (d, J = 8.3 Hz), 116.08 (d, J = 20.9 Hz), 113.03
(d, J = 21.0 Hz), 103.37, 66.97, 34.86, 24.74, 14.31

19F NMR (471 MHz, Acetone-ds) & -117.96 — -118.12 (m)

HRMS (ESI) m/z [M-H] calcd for C1sH14FN2O 233.1090, found 233.1089.
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(2,5-dibenzylhexahydropyrrolo[3,4-c]pyrrol-3a(1H)-yl)(4-fluoro-2-
propylphenyl)methanone (3.61)

1-(4-Fluoro-2-propylphenyl)prop-2-yn-1-one (34 mg, 0.18 mmol) was added to a sealed
microwave vial before adding CH2Cl> (1 mL). The solution was then cooled to 0 °C and
N-benzyl-1-methoxy-N-((trimethylsilyl)methyl)methanamine (214 mg, 0.9 mmol) and
TFA (20 pL) were added. The reaction mixture was then warmed to room temperature
and stirred for 16 hours before concentrating in vacuo to provide the crude product. The
crude residue was then purified by flash chromatography, eluting with 0-30%
EtOAc/petroleum ether to yield (2,5-dibenzylhexahydropyrrolo[3,4-c]pyrrol-3a(1H)-
yl)(4-fluoro-2-propylphenyl)methanone (37.8 mg, 0.08 mmol, 46% yield) as a yellow oil.

IR (vimax, cmY) 1681, 1236

IH NMR (400 MHz, CDCls) § 7.38 (dd, J = 8.6, 5.7 Hz, 1H), 7.36 — 7.23 (m, 10H), 6.95
(dd, J = 10.1, 2.5 Hz, 1H), 6.85 (td, J = 8.3, 2.5 Hz, 1H), 3.70 — 3.56 (m, 4H), 3.23 — 3.13
(m, 1H), 2.91 (d, J = 9.2 Hz, 2H), 2.81 (t, J = 8.1 Hz, 2H), 2.75 (d, J = 9.2 Hz, 2H), 2.65
—2.56 (m, 2H), 2.49 (dd, J = 8.7, 4.7 Hz, 2H), 1.62 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDCls) § 209.16, 162.52 (d, J = 249.1 Hz), 143.84 (d, J = 7.2 Hz),
138.55, 134.88 (d, J = 2.4 Hz), 127.89, 127.72, 127.37 (d, J = 8.8 Hz), 126.41, 116.36 (d,
J=20.8 Hz), 111.41 (d, J = 21.4 Hz), 65.93, 63.04, 59.05, 58.61, 46.84, 34.90, 23.98,
13.54

F NMR (376 MHz, CDCI3) § -111.04 — -111.49 (m)

HRMS (ESI) m/z [M+H] calcd for CsoHa4FN2O 457.2655, found 457.2650.
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(1-Benzyl-2,5-dihydro-1H-pyrrol-3-yl)(4-fluoro-2-propylphenyl)methanone (3.60)

0 p
| N
E

1-(4-fluoro-2-propylphenyl)prop-2-yn-1-one (20 mg, 0.11 mmol) was added to a sealed
microwave vial before adding CH.Cl> (500 pL). The solution was then cooled to 0 °C and
N-benzyl-1-methoxy-N-((trimethylsilyl)methyl)methanamine (25 mg, 0.11 mmol) and
TFA (20 pL) were added. The reaction mixture was then warmed to room temperature
and stirred for 16 hours before concentrating in vacuo to provide the crude product. The
crude residue was then purified by flash chromatography, eluting with 0-40%
EtOAc/petroleum ether to vyield (1-benzyl-2,5-dihydro-1H-pyrrol-3-yl)(4-fluoro-2-
propylphenyl)methanone (22 mg, 0.07 mmol, 62% vyield) as a yellow oil.

IR (vimax, cmY) 1635, 1031, 738

IH NMR (500 MHz, CDCls) & 7.34 — 7.18 (m, 6H), 6.90 (dd, J = 10.0, 2.5 Hz, 1H), 6.82
(td, J = 8.3, 2.6 Hz, 1H), 6.27 — 6.23 (m, 1H), 3.80 (s, 4H), 3.67 (s, 2H), 2.63 — 2.52 (m,
2H), 1.51 (dg, J = 14.8, 7.4 Hz, 2H), 0.85 (t, J = 7.3 Hz, 3H).

13C NMR (126 MHz, CDCls) & 193.35, 163.55 (d, J = 250.2 Hz), 144.82 (d, J = 7.7 Hz),
143.42, 143.16, 134.44 (d, J = 2.4 Hz), 130.33 (d, J = 8.9 Hz), 128.99, 128.75, 128.52,
127.34,117.01 (d, J = 21.1 Hz), 111.99 (d, J = 21.6 Hz), 60.67, 60.08, 58.11, 35.04, 24.50,
13.93

19F NMR (471 MHz, CDCls) § -110.00 — -110.41 (m)

HRMS (ESI) m/z [M+H-H2]" calcd for C2:H21FNO 322.1602, found 322.1610 (Possible
aromatization of pyrroline)
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6.3.4.3 Characterisation Data for Synthesis of Linker Analogues
(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-
yl)methanone (3.62)

o) //O

N

W zsnvleg

(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-

F

yl)methanol (50 mg, 0.14 mmol) was added to a microwave vial with dichloromethane (2
mL) and 3 A molecular sieves. Pyridinium dichromate (79 mg, 0.21 mmol) was then
added and the the reaction stirred for 16 hours. The reaction mixture was then concentrated
in vacuo onto silica and purified by flash chromatography eluting with 0-30% ethyl acetate
in petroleum ether (40-60 °C) to provide (4-fluoro-2-propylphenyl)(1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-yl)methanone as a colourless oil (10 mg,
0.03 mmol, 20% yield).

IR (Vmax, cm™) 1712, 1234, 1095

IH NMR (500 MHz, CDCls) § 7.61 (dd, J = 8.5, 5.9 Hz, 1H), 7.36 (s, 1H), 7.23 (s, 1H),
6.99 (dd, J = 10.0, 2.5 Hz, 1H), 6.94 (td, J = 8.3, 2.6 Hz, 1H), 5.87 (s, 2H), 3.69 — 3.61
(m, 2H), 2.70 (dd, J = 8.7, 6.9 Hz, 2H), 1.71 — 1.51 (m, 2H), 1.00 — 0.94 (m, 2H), 0.91 (t,
J=7.3Hz, 3H), -0.01 (s, 9H)

13C NMR (101 MHz, CDCls) & 187.14, 164.13 (d, J = 250.7 Hz), 146.04 (d, J = 7.8 Hz),
143.69, 133.97 (d, J = 2.6 Hz), 132.73 (d, J = 9.1 Hz), 130.36, 124.94,117.02 (d,J=21.4
Hz), 112.24 (d, J = 21.9 Hz), 67.18, 35.48, 24.60, 18.05, 14.16, -1.33. One carbon not
observed due to solvent peak.

F NMR (471 MHz, CDCls) § -109.24 (ddd, J = 10.1, 8.8, 6.5 Hz)

HRMS (ESI) m/z [M+H] calcd for C19H28FN202Si 363.1904, found 363.1901.
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(4-Fluoro-2-propylphenyl)(1H-imidazol-2-yl)methanone (3.13)

O
H
N

{7

(4-Fluoro-2-propylphenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-

F

yl)methanone (10 mg, 0.3 mmol) was added to a microwave vial as a solution in THF (1
mL). TBAF in THF (1 M, 1 mL) was then added and the reaction stirred for 16 hours. The
reaction mixture was concentrated in vacuo and taken up in ethyl acetate (5 mL) before
washing with brine (3x 5 mL), drying with Na,SO4 and filtering. The organics were then
concentrated onto silica and purified by flash chromatography, eluting with 0-100% ethyl
acetate in petroleum ether (40-60 °C) to provide (4-fluoro-2-propylphenyl)(1H-imidazol-
2-yl)methanone (2.4 mg, 0.01 mmol, 33% yield) as a pale yellow oil.

IR (Vmax, cm™) 3367, 1701, 1641, 1232

IH NMR (600 MHz, Acetone-ds) & 8.04 (dd, J = 8.6, 6.1 Hz, 1H), 7.50 (s, 1H), 7.25 (s,
1H), 7.12 (dd, J = 10.2, 2.6 Hz, 1H), 7.07 (td, J = 8.5, 2.6 Hz, 1H), 2.81 — 2.76 (m, 2H),
1.64 — 1.56 (m, 2H), 0.88 (t, J = 7.3 Hz, 3H)

13C NMR (126 MHz, Acetone-ds) 5 185.38, 164.55 (d, J = 248.3 Hz), 146.94 (d, J = 8.1
Hz), 146.48, 134.82 (d, J = 2.8 Hz), 134.49 (d, J = 9.0 Hz), 131.46, 123.18, 117.34 (d, J
= 21.3 Hz), 112.45 (d, J = 21.4 Hz), 36.03, 25.45, 14.33

19F NMR (471 MHz, Acetone-ds) & -111.92 (ddd, J = 9.5, 7.8, 6.0 Hz)

HRMS (ESI) m/z [M+H] calcd for C13H14FN2O 233.1085, found 233.1087.
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(£)-N-(4-Fluoro-2-propylbenzylidene)-2-methylpropane-2-sulfinamide (3.64)

Q
S
N“7<
|
F

4-Fluoro-2-propylbenzaldehyde (75.3 mg, 0.45 mmol) was added to a round bottom flask
as a solution in CH2Cl, (5 mL) along with titanium ethoxide (476 pL, 2.3 mmol, 5 eq.).
2-methylpropane-2-sulfinamide (54.5 mg, 0.45 mmol, 1 eq.) was then added slowly and
the reaction mixture stirred for 12 hours at room temperature. A saturated solution of
sodium bicarbonate was added to the reaction mixture until a solid precipitated, which
was filtered off on a pad of celite before washing with CH.Cl,. The organics were
concentrated in vacuo and the resulting residue taken up in ethyl acetate (10 mL) and
washed with brine. Organics were dried (Na2SOs), filtered and concentrated to yield (+)-
N-(4-fluoro-2-propylbenzylidene)-2-methylpropane-2-sulfinamide (60 mg, 0.22 mmol,

50% yield) as an amorphous solid.
IR (Vmax, cm™) 1587, 1247

'H NMR (500 MHz, CDCls) § 8.74 (s, 1H), 7.90 (dd, J = 8.6, 6.1 Hz, 1H), 6.94 — 6.87
(m, 2H), 3.00 — 2.66 (M, 2H), 1.62 — 1.52 (m, 2H), 1.19 (s, 9H), 0.91 (t, J = 7.3 Hz, 3H)

13C NMR (101 MHz, CDCls) & 164.39 (d, J = 253.7 Hz), 159.63, 146.73 (d, J = 8.3 Hz),
131.28 (d, J = 9.3 Hz), 127.71 (d, J = 2.5 Hz), 116.58 (d, J = 21.1 Hz), 113.29 (d, J = 22.1
Hz), 57.15, 34.18, 24.33, 22.07, 13.29

19F NMR (471 MHz, CDCls) § -107.30 (ddd, J = 9.3, 8.1, 6.4 Hz)

HRMS (ESI) m/z [M-H+H2SO4]" calcd for C14H19FNOsS> 366.0851, found 366.1815
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6.3.4.4 Characterisation Data for Synthesis of Propyl Analogues
Synthesis of (2-bromo-4-fluorophenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-
imidazol-2-yl)methanol (3.65)

Br OH //O
N SiME3

{7

Prepared according to General Procedure C using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (198 mg, 1.0 mmol), THF (2 mL), "BuL.i (560 puL, 1.1 mmol) and 2-bromo-
4-fluorobenzaldehyde (244 mg, 1.2 mmol) in THF (2 mL). The crude residue was purified

F

by flash chromatography, eluting in 0-50% EtOAc in petroleum ether to afford (2-bromo-
4-fluorophenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-yl)methanol (261
mg, 65% yield) as a yellow oil.

IR (vmax, cm™t) 3134, 1249, 1220, 1095, 750

IH NMR (500 MHz, CDCls) & 7.59 (dd, J = 8.7, 6.1 Hz, 1H), 7.30 (dd, J = 8.1, 2.5 Hz,
1H), 7.03 (td, J = 8.4, 2.5 Hz, 1H), 6.96 (s, 1H), 6.83 (s, 1H), 6.20 (s, 1H), 5.28 (d, J =
10.8 Hz, 1H), 5.19 (d, J = 10.8 Hz, 1H), 3.39 (t, J = 8.4 Hz, 2H), 0.93 — 0.76 (m, 2H), -
0.00 (s, 9H)

13C NMR (126 MHz, CDCls) § 163.24 (d, J = 250.8 Hz), 149.75, 137.78 (d, J = 3.3 Hz),
131.69 (d, J = 8.4 Hz), 128.60, 124.24 (d, J = 9.6 Hz), 121.91, 121.23 (d, J = 24.5 Hz),
116.17 (d, J = 20.8 Hz), 76.55, 68.63, 67.76, 19.20, -0.01

F NMR (471 MHz, CDCl3) 6 -112.45 — -112.55 (m)

HRMS (ESI) m/z [M+H] calcd for CieH23BrFN202Si 401.0691, found 401.0690 and
403.0667
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(2-Bromo-4-fluorophenyl)(1H-imidazol-2-yl)methanol (3.16)

Br OH
H
N
W,

Prepared according to General Procedure D using (2-bromo-4-fluorophenyl)(1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-yl)methanol (160 mg, 0.40 mmol), CH>Cl.
(2mL) and TFA (2 mL). The crude was then diluted in CH2Cl, (2 mL) and hexane (2 mL)

and concentrated under a constant flow of air until a solid crashed out. The solid was

F

filtered off and washed with hexane to yield (2-bromo-4-fluorophenyl)(1H-imidazol-2-
yl)methanol (72 mg, 0.25 mmol, 63% yield) as a white solid.

IR (Vmax, cm™) 3184, 1219, 744

IH NMR (500 MHz, DMSO) & 111.95 (s, 1H), 7.70 — 7.61 (m, 1H), 7.50 (dd, J = 8.5, 2.1
Hz, 1H), 7.29 (dd, J = 11.7, 5.3 Hz, 1H), 6.88 (s, 2H), 6.32 (s, 1H), 5.95 (s, 1H)

13C NMR (126 MHz, DMSO) § 161.38 (d, J = 247.4 Hz), 148.82, 138.98 (d, J = 3.1 Hz),
130.85 (d, J = 8.6 Hz), 122.48 (d, J = 9.8 Hz), 119.43 (d, J = 24.5 Hz), 115.11 (d, J = 20.8

Hz), 68.33. C4 and Cs of imidazole not observed due to peak broadening.
F NMR (471 MHz, DMSO) § -113.56 —-113.68 (m)

HRMS (ESI) m/z [M+H] calcd for CioHeBrFN.O 270.9882, found 270.9884 and
272.9863
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2-Cyclopropyl-4-fluorobenzaldehyde (3.80)%*3

—0O

F

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1.0 mmol), cyclopropylboronic acid (129 mg, 1.5 mmol), caesium carbonate (977 mg,
3.0 mmol) and [1,1'-Bis(diphenylphosphino)ferrocene]-dichloropalladium(Il) (82 mg, 0.1
mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was purified by flash
chromatography, eluting with 0-30% CH2Cl./petroleum ether, yielding 2-cyclopropyl-4-
fluorobenzaldehyde (127 mg, 0.77 mmol, 77% yield) as a pale yellow oil.

IR (Vimax, cm'L) 2926, 2870, 1236

IH NMR (500 MHz, CDCl3) § 10.43 (s, 1H), 7.77 (dd, J = 8.6, 6.1 Hz, 1H), 6.91 (td, J =
8.3, 2.5 Hz, 1H), 6.70 (dd, J = 10.2, 2.4 Hz, 1H), 2.73 — 2.49 (m, 1H), 1.16 — 0.93 (m,
2H), 0.80 — 0.64 (m, 2H)

13C NMR (126 MHz, CDCls) & 191.11, 166.47 (d, J = 255.7 Hz), 150.04 (d, J = 9.1 Hz),
133.32 (d, J = 10.3 Hz), 131.67 (d, J = 2.6 Hz), 113.58 (d, J = 22.0 Hz), 113.50 (d, J =
22.4 Hz), 11.91, 9.13

19F NMR (471 MHz, CDCl3) § -103.37 — -103.57 (m)

HRMS (ESI) m/z [M-H]+ calcd for C10HsFO 163.0559, found 163.0563
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5-Fluoro-[1,1'-biphenyl]-2-carbaldehyde (3.82)%**
i 0
|
i

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (102
mg, 0.5 mmol), phenylboronic acid (122 mg, 1 mmol), caesium carbonate (489 mg, 1.5
mmol) and [1,1'-Bis(diphenylphosphino)ferrocene]-dichloropalladium(l1l) (40.8 mg, 0.05
mmol) in dioxane (800 pL) and water (200 pL). The crude residue was purified by flash
chromatography, eluting with 0-20% CH.Cl./petroleum ether, yielding 5-fluoro-[1,1'-
biphenyl]-2-carbaldehyde (76 mg, 0.38 mmol, 76% vyield) as a pale yellow oil.

IR (vmax, cm) 3129, 2926, 2852, 1685, 1602, 1570, 1271

IH NMR (500 MHz, CDCls) § 9.78 (s, 1H), 7.95 (dd, J = 8.7, 6.0 Hz, 1H), 7.40 — 7.32
(m, 3H), 7.30 — 7.21 (m, 2H), 7.06 (td, J = 8.2, 2.0 Hz, 1H), 7.01 (dd, J = 9.3, 2.4 Hz, 1H).

13C NMR (126 MHz, CDCls) 5 190.66, 165.46 (d, J = 256.6 Hz), 148.80 (d, J = 9.3 Hz),
136.60, 130.62 (d, J = 10.0 Hz), 130.37 (d, J = 2.7 Hz), 129.89, 128.66, 128.61, 117.42
(d, J = 22.0 Hz), 115.29 (d, J = 22.0 Hz)

19F NMR (471 MHz, CDCl3) & -103.63 (td, J = 8.2, 6.5 Hz)

HRMS (ESI) m/z [M+H] calcd for C13H10FO 201.0710, found 201.0713
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5-Fluoro-2'-methyl-[1,1'-biphenyl]-2-carbaldehyde (3.83)%*°
i 0
|
L

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), o-tolylboronic acid (204 mg, 1.5 mmol), caesium carbonate (977.5 mg, 3
mmol) and [1,1’-Bis(diphenylphosphino)ferrocene]-dichloropalladium(ll) (82 mg, 0.1
mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was purified by flash
chromatography, eluting with 0-20% CH.Cl./petroleum ether, yielding 5-fluoro-[1,1'-
biphenyl]-2-carbaldehyde (118 mg, 0.55 mmol, 55% yield) as a pale yellow oil.

IR (vmax, cm™) 2954, 2848, 1693, 1606, 1577, 1269

IH NMR (500 MHz, CDCls) § 9.55 (s, 1H), 7.95 (dd, J = 8.7, 6.0 Hz, 1H), 7.27 — 7.14
(m, 3H), 7.10 — 7.04 (m, 2H), 6.89 (dd, J = 9.1, 2.5 Hz, 1H), 2.01 (s, 3H)

13C NMR (126 MHz, CDCls)  189.48, 164.62 (d, J = 257.4 Hz), 147.49 (d, J = 9.2 Hz),
135.24, 134.94, 129.54 (d, J = 2.8 Hz), 129.22, 129.05 (d, J = 10.0 Hz), 128.87, 127.69,
124.80, 116.51 (d, J = 21.6 Hz), 114.36 (d, J = 21.9 Hz), 19.14

19F NMR (471 MHz, CDCl3) & -103.39 (td, J = 8.5, 6.1 Hz)

HRMS (ESI) m/z [M+H] calcd for C14H12FO 215.0867, found 215.0872
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5-Fluoro-3'-methyl-[1,1'-biphenyl]-2-carbaldehyde (3.84)
E 0
I
1

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), m-tolylboronic acid (204 mg, 1.5 mmol), caesium carbonate (977.5 mg, 3
mmol) and [1,1’-Bis(diphenylphosphino)ferrocene]-dichloropalladium(ll) (82 mg, 0.1
mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was purified by flash
chromatography, eluting with 0-20% CH.Cl./petroleum ether, yielding 5-fluoro-[1,1'-
biphenyl]-2-carbaldehyde (146 mg, 0.68 mmol, 68% yield) as a pale yellow oil.

IR (vmax, cm™) 3035, 2920, 2850, 1689, 1602, 1573, 1274

IH NMR (500 MHz, CDCls) § 9.79 (s, 1H), 7.94 (dd, J = 8.6, 6.0 Hz, 1H), 7.25 (t, J= 7.6
Hz, 1H), 7.16 (d, J = 7.7 Hz, 1H), 7.09 — 6.98 (m, 4H), 2.31 (s, 3H).

13C NMR (126 MHz, CDCls) § 189.77, 164.39 (d, J = 256.6 Hz), 147.97 (d, J = 9.2 Hz),
137.34, 135.50, 129.53, 129.45 (d, J = 10.1 Hz), 129.33 (d, J = 2.7 Hz), 128.33, 127.42,
126.01, 116.30 (d, J = 22.0 Hz), 114.11 (d, J = 21.9 Hz), 20.34

19F NMR (471 MHz, CDCl3) § -103.77 (td, J = 8.7, 6.1 Hz)

HRMS (ESI) m/z [M+H] calcd for C14H12FO 215.0867, found 215.0871

263



5-Fluoro-4'-methyl-[1,1'-biphenyl]-2-carbaldehyde (3.85)%*°

I 0]
I
1

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), p-tolylboronic acid (204 mg, 1.5 mmol), caesium carbonate (977.5 mg, 3
mmol) and [1,1’-bis(diphenylphosphino)ferrocene]-dichloropalladium(ll) (82 mg, 0.1
mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was purified by flash
chromatography, eluting with 0-20% CHClz/petroleum ether, yielding 5-fluoro-4'-
methyl-[1,1'-biphenyl]-2-carbaldehyde (112 mg, 0.52 mmol, 52% vyield) as a pale yellow

oil.
IR (Vmax, cM™) 2922, 2850, 1687, 1602, 1587, 1269

IH NMR (500 MHz, CDCls) § 9.79 (s, 1H), 7.94 (dd, J = 8.6, 6.0 Hz, 1H), 7.20 — 7.12
(m, 4H), 7.06 — 6.97 (m, 2H), 2.32 (s, 3H)

13C NMR (126 MHz, CDCls) 8 190.87, 165.48 (d, J = 256.3 Hz), 148.88 (d, J = 9.2 Hz),
138.68, 133.68, 130.60 (d, J = 10.0 Hz), 130.40 (d, J = 2.6 Hz), 129.82, 129.32, 117.36
(d, J = 21.9 Hz), 115.06 (d, J = 22.0 Hz), 21.19

19F NMR (471 MHz, CDCl3) § -103.81 (dd, J = 8.4, 6.2 Hz)

HRMS (ESI) m/z [M+H] calcd for C1aH12FO 215.0867, found 215.0869
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4'-(tert-Butyl)-5-fluoro-[1,1'-biphenyl]-2-carbaldehyde (3.86)

‘ 0
I
12

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), (4-(tert-butyl)phenyl)boronic acid (267 mg, 1.5 mmol), caesium carbonate
(977.5 mg, 3 mmol) and [1,1'-Bis(diphenylphosphino)ferrocene]-dichloropalladium(ll)
(82 mg, 0.1 mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was
purified by flash chromatography, eluting with 0-20% CH2Cl/petroleum ether, yielding

4'-(tert-butyl)-5-fluoro-[1,1'-biphenyl]-2-carbaldehyde (256 mg, 0.50 mmol, 50% yield)

as a pale yellow oil.
IR (vmax, cm™) 2966, 2860, 1680, 1602, 1577, 1269

IH NMR (500 MHz, CDCls) & 9.82 (s, 1H), 7.96 (dd, J = 8.5, 6.0 Hz, 1H), 7.41 (d, J =
8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 7.08 — 7.01 (m, 2H), 1.28 (s, 9H).

13C NMR (126 MHz, CDCls) § 190.98, 165.49 (d, J = 256.3 Hz), 151.86, 148.88 (d, J =
9.4 Hz), 133.62, 130.54 (d, J = 10.0 Hz), 130.44 (d, J = 2.5 Hz), 129.70, 125.58, 117.36
(d, J = 21.9 Hz), 115.06 (d, J = 22.0 Hz), 34.73, 31.31

19F NMR (471 MHz, CDCl3) & -103.83 (td, J = 8.5, 6.3 Hz)

HRMS (ESI) m/z [M+H] calcd for C17H1sFO 257.1342, found 257.1340
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5-Fluoro-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-carbaldehyde (3.87)%%

CF3

I O
I
e

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), (4-(trifluoromethyl)phenyl)boronic acid (285 mg, 1.5 mmol), caesium
carbonate (9775 mg, 3 mmol) and [1,1'-Bis(diphenylphosphino)ferrocene]-
dichloropalladium(I1) (82 mg, 0.1 mmol) in dioxane (1600 pL) and water (400 pL). The
crude residue was purified by flash chromatography, eluting with 0-40%
CHyCly/petroleum  ether, yielding  5-fluoro-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-
carbaldehyde (256 mg, 0.50 mmol, 50% yield) as a pale yellow oil.

IR (vmax, cm™) 3128, 3053, 2858, 2763, 1687, 1602, 1571, 1321, 1274

IH NMR (500 MHz, CDCls) § 9.86 (s, 1H), 8.08 (dd, J = 8.7, 5.9 Hz, 1H), 7.76 (d, J =
8.1 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.23 (td, J = 8.3, 2.3 Hz, 1H), 7.12 (dd, J = 9.0, 2.5
Hz, 1H)

13C NMR (126 MHz, CDCls) 8 189.77, 165.49 (d, J = 257.6 Hz), 146.95 (d, J = 8.6 Hz),
140.37, 131.20 (d, J = 9.7 Hz), 130.90 (q, J = 32.9 Hz), 130.34, 130.18, 125.59, 123.92
(g, J = 272.5 Hz), 117.50 (d, J = 22.4 Hz), 116.04 (d, J = 21.8 Hz)

19F NMR (471 MHz, CDCls) § -62.72 (s), -103.01 (td, J = 8.5, 6.0 Hz)

LCMS (ESI) m/z [M+0O-H] calcd for C14H7F402 283.0, found 283.0
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4'-(Dimethylamino)-5-fluoro-[1,1'-biphenyl]-2-carbaldehyde (3.88)%'
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Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), (4-(dimethylamino)phenyl)boronic acid (248 mg, 1.5 mmol), caesium
carbonate (9775 mg, 3 mmol) and [1,1'-Bis(diphenylphosphino)ferrocene]-
dichloropalladium(ll) (82 mg, 0.1 mmol) in dioxane (1600 uL) and water (400 pL). The
crude residue was purified by flash chromatography, eluting with 0-40%
CHxCly/petroleum  ether, vyielding 4'-(dimethylamino)-5-fluoro-[1,1'-biphenyl]-2-
carbaldehyde (82 mg, 0.34 mmol, 34% vyield) as a brown oil.

IR (vmax, cm™) 2850, 1683, 1602, 1581, 1271, 1192

IH NMR (500 MHz, CDCls) 8 9.97 (s, 1H), 8.04 (dd, J = 8.6, 6.1 Hz, 1H), 7.31 — 7.19
(m, 2H), 7.22 — 7.01 (m, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.06 (s, 6H)

13C NMR (126 MHz, CDCls) § 191.52, 165.55 (d, J = 255.6 Hz), 150.62, 149.27 (d, J =
9.5 Hz), 130.98, 130.62 (d, J = 10.1 Hz), 130.26 (d, J = 2.5 Hz), 123.95, 116.95 (d, J =
21.4 Hz), 114.21 (d, J = 22.1 Hz), 112.04, 40.32

19F NMR (471 MHz, CDCl3) § -104.31 (ddd, J = 9.5, 7.8, 6.1 Hz)

LCMS (ESI) m/z [M+H]" calcd for C1sH1sFNO 244.11, found 244.2
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Synthesis of 4-fluoro-2-(pyridin-3-yl)benzaldehyde (3.89)%®

Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), pyridin-3-ylboronic acid (184 mg, 1.5 mmol), caesium carbonate (977.5
mg, 3 mmol) and [1,1’-Bis(diphenylphosphino)ferrocene]-dichloropalladium(ll) (82 mg,
0.1 mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was purified by
flash chromatography, eluting with 0-40% CH.Cl./petroleum ether, yielding 4-fluoro-2-
(pyridin-3-yl)benzaldehyde (134 mg, 0.67 mmol, 67% yield) as a brown oil.

IR (vmax, cm™) 3066, 1674, 1604, 1581, 1273, 1199

IH NMR (500 MHz, CDCl3)  9.92 (s, 1H), 8.76 (d, J = 4.0 Hz, 1H), 8.70 (s, 1H), 8.13
(dd, J = 8.7, 5.9 Hz, 1H), 7.77 (dt, J = 7.8, 1.8 Hz, 1H), 7.49 (dd, J = 7.7, 4.9 Hz, 1H),
7.29 (td, J = 8.3, 2.4 Hz, 1H), 7.15 (dd, J = 8.9, 2.5 Hz, 1H)

13C NMR (126 MHz, CDCl3) 5 189.55, 165.58 (d, J = 258.2 Hz), 149.44, 149.40, 144.27
(d, J = 9.2 Hz), 137.45, 132.89, 131.87 (d, J = 10.0 Hz), 130.47 (d, J = 2.7 Hz), 123.42,
117.92 (d, J = 22.5 Hz), 116.30 (d, J = 21.7 Hz)

19F NMR (471 MHz, CDCl3) & -102.56 (td, J = 8.3, 6.3 Hz)

LCMS (ESI) m/z [M+H]* calcd for C12HsFNO 202.07, found 202.2
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4-Fluoro-2-(furan-3-yl)benzaldehyde (3.90)?%°
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Prepared according to General Procedure A using 2-bromo-4-fluorobenzaldehyde (203
mg, 1 mmol), furan-3-ylboronic acid (333 mg, 3.0 mmol), caesium carbonate (977.5 mg,
3 mmol) and [1,1'-Bis(diphenylphosphino)ferrocene]-dichloropalladium(ll) (82 mg, 0.1
mmol) in dioxane (1600 pL) and water (400 pL). The crude residue was purified by flash
chromatography, eluting with 0-40% CH:Cl/petroleum ether, yielding 4-fluoro-2-(furan-
3-yl)benzaldehyde (125 mg, 0.66 mmol, 66% yield) as a brown oil.

IR (vmax, cm™) 3128, 2858, 1685, 1600, 1573, 1284

IH NMR (500 MHz, CDCls) & 10.14 (s, 1H), 8.02 (dd, J = 8.6, 6.5 Hz, 1H), 7.61 — 7.50
(m, 2H), 7.18 — 7.08 (m, 2H), 6.58 (m, 1H).

13C NMR (126 MHz, CDCls) § 190.46 (s), 165.78 (d, J = 256.4 Hz), 143.83 (s), 141.49
(s), 139.26 (d, J = 9.9 Hz), 130.90 (d, J = 10.1 Hz), 130.58 (d, J = 2.9 Hz), 121.67 (5),
117.11 (d, J = 22.2 Hz), 115.31 (d, J = 21.9 Hz), 111.94 (s).

19F NMR (471 MHz, CDCl3) & -103.54 (td, J = 8.5, 6.1 Hz)

LCMS (ESI) product did not ionise
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(2-Cyclopropyl-4-fluorophenyl)(1H-imidazol-2-yl)methanol (3.17)

OH
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Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (99 mg, 0.5 mmol), THF (1 mL), "BuLi (254 pL, 0.5 mmol) and 2-
cyclopropyl-4-fluorobenzaldehyde (90 mg, 0.55 mmol) as a solution in THF (1 mL). The
deprotection was performed in a microwave vial with the crude, CH2Cl> (2 mL) and TFA
(2 mL), yielding (2-cyclopropyl-4-fluorophenyl)(1H-imidazol-2-yl)methanol (25 mg,
0.13 mmol, 26% yield) as a white solid.

IR (vmax, cm™) 3190, 2802, 2657, 1282

IH NMR (500 MHz, DMSO) & 11.89 (s, 1H), 7.55 (dd, J = 8.6, 6.3 Hz, 1H), 7.03 (td, J =
8.6, 2.7 Hz, 2H), 6.81 (s, 1H), 6.78 (dd, J = 10.7, 2.7 Hz, 1H), 6.23 (d, J = 3.8 Hz, 1H),
6.12 (d, J = 4.2 Hz, 1H), 2.25 — 2.15 (m, 1H), 1.03 — 0.94 (m, 1H), 0.90 — 0.83 (m, 1H),
0.77 (td, J = 10.0, 5.5 Hz, 1H), 0.59 (td, J = 9.5, 5.7 Hz, 1H)

13C NMR (126 MHz, DMSO) § 162.00 (d, J = 241.9 Hz), 150.22, 143.32 (d, J = 7.6 Hz),
139.10 (d, J = 2.7 Hz), 128.66 (d, J = 8.5 Hz), 127.41, 116.26, 112.33 (d, J = 20.9 Hz),
111.81 (d, J = 21.7 Hz), 66.26, 12.63, 8.68, 7.40

19F NMR (471 MHz, DMSO) & -115.84 — -115.96 (m)

HRMS (ESI) m/z [M+H]" calcd for C13H14FN2O 233.1085, found 233.1085
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(5-Fluoro-[1,1'-biphenyl]-2-yl)(1H-imidazol-2-yl)methanol (3.21)
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Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (99 mg, 0.5 mmol), THF (1 mL), "BuL.i (254 pL, 0.5 mmol) and 5-fluoro-
[1,1'-biphenyl]-2-carbaldehyde (110 mg, 0.55 mmol) as a solution in THF (1 mL). The
deprotection was performed in a microwave vial with the crude, CH.Cl, (2 mL) and TFA
(2 mL), yielding (5-fluoro-[1,1'-biphenyl]-2-yl)(1H-imidazol-2-yl)methanol (34 mg, 0.13

mmol, 26% yield) as a white solid.
IR (Vmax, cm™) 3215, 2546, 1296

IH NMR (500 MHz, DMSO) & 12.16 (s, 1H), 7.67 — 7.58 (m, 3H), 7.56 — 7.44 (m, 3H),
7.27 (td, J = 8.6, 2.7 Hz, 1H), 7.11 (dd, J = 9.9, 2.7 Hz, 1H), 6.97 (s, 2H), 6.13 (d, J = 4.0
Hz, 1H), 5.77 (d, J = 4.0 Hz, 1H)

13C NMR (126 MHz, DMSO) 6 161.25 (d, J = 243.8 Hz), 150.57, 142.66 (d, J = 7.7 Hz),
139.55, 137.44 (d, J = 3.0 Hz), 130.89 (d, J = 8.6 Hz), 129.92, 128.65, 128.05, 116.05 (d,
J=21.3 Hz), 114.82 (d, J = 21.1 Hz), 65.96. C4 and Cs of imidazole not observed due to

peak broadening.
BF NMR (471 MHz, DMSO0) -115.39 — -115.48 (m)

HRMS (ESI) m/z [M+H]" calcd for C16H14FN20 269.1085, found 269.1084
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(5-Fluoro-2'-methyl-[1,1'-biphenyl]-2-yl)(1H-imidazol-2-yl)methanol (3.24)

N
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Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (99 mg, 0.5 mmol), THF (1 mL), "BuL.i (254 pL, 0.5 mmol) and 5-fluoro-
2'-methyl-[1,1'-biphenyl]-2-carbaldehyde (118 mg, 0.55 mmol) as a solution in THF (1
mL). The deprotection was performed in a microwave vial with the crude, CH2Cl> (2 mL)
and TFA (2 mL), yielding (5-fluoro-2'-methyl-[1,1'-biphenyl]-2-yl)(1H-imidazol-2-
yl)methanol (11 mg, 0.04 mmol, 8% yield) as a white solid.

IR (Vmax, cM'Y) 3347, 1618, 1570, 1242

IH NMR (500 MHz, DMSO) § 11.78 (m, 1H), 7.61 (m, 1H), 7.34 — 6.87 (m, 8H), 5.91
(m, 0.5H), 5.86 (m, 0.5H), 5.37 (m, 0.5H), 5.33 (m, 0.5H), 2.11 (s, 1.5H), 1.90 (s, 1.5H)

13C NMR (126 MHz, Acetone-ds) 5 160.66 (d, J = 243.7 Hz), 149.86, 149.42, 141.37 (d,
J=7.8Hz), 138.89, 138.67, 137.32 (d, J = 2.8 Hz), 137.26 (d, J = 3.0 Hz), 136.19, 135.15,
130.02 (d, J = 8.7 Hz), 129.86, 129.73, 128.92, 127.68, 127.63, 125.27, 125.19, 115.34
(d, J = 20.6 Hz), 114.18 (d, J = 21.6 Hz), 65.82, 65.78, 19.93, 19.72

19F NMR (471 MHz, DMSO) 5 -115.85 (td, J = 9.1, 6.4 Hz), -115.99 (td, J = 9.1, 6.4 Hz)

HRMS (ESI) m/z [M+H]" calcd for C17H16FN20 283.1247, found 283.1246
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(5-Fluoro-3'-methyl-[1,1'-biphenyl]-2-yl)(1H-imidazol-2-yl)methanol (3.25)

OH
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Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (111 mg, 0.56 mmol), THF (1 mL), "BuLi (284 uL, 0.56 mmol) and 5-
fluoro-3'-methyl-[1,1'-biphenyl]-2-carbaldehyde (107 mg, 0.50 mmol) as a solution in
THF (1 mL). The deprotection was performed in a microwave vial with the crude, CH2Cl>
(2 mL) and TFA (2 mL), yielding (5-fluoro-3'-methyl-[1,1'-biphenyl]-2-yl)(1H-imidazol-
2-yl)methanol (30 mg, 0.11 mmol, 22% yield) as a white solid.

IR (vmax, cm™) 3213, 1680, 1209

IH NMR (400 MHz, DMSO) § 11.95 (s, 1H), 7.58 (dd, J = 8.7, 6.1 Hz, 1H), 7.37 — 7.25
(m, 3H), 7.25 — 7.15 (m, 2H), 7.02 (dd, J = 10.0, 2.8 Hz, 2H), 6.78 (s, 1H), 6.02 (s, 1H),
5.69 (s, 1H), 2.34 (s, 3H)

13C NMR (101 MHz, DMSO) § 160.73 (d, J = 243.7 Hz), 150.15, 142.25 (d, J = 7.5 Hz),
139.03, 137.34, 137.03 (d, J = 2.5 Hz), 130.37 (d, J = 8.4 Hz), 130.07, 128.15, 127.98,
126.52, 125.75, 121.26, 115.43 (d, J = 21.2 Hz), 114.18 (d, J = 20.8 Hz), 65.50, 21.02

19F NMR (471 MHz, CDCl3) § -113.70 — -113.85 (m)

HRMS (ESI) m/z [M+H]" calcd for C17H16FN20 283.1247, found 283.1248.
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(5-Fluoro-4'-methyl-[1,1'-biphenyl]-2-yl)(1H-imidazol-2-yl)methanol (3.26)

N
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Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (111 mg, 0.56 mmol), THF (1 mL), "BuLi (284 uL, 0.56 mmol) and 5-
fluoro-4'-methyl-[1,1'-biphenyl]-2-carbaldehyde (107 mg, 0.50 mmol) as a solution in
THF (1 mL). The deprotection was performed in a microwave vial with the crude, CH2Cl>
(2 mL) and TFA (2 mL), yielding (5-fluoro-4'-methyl-[1,1'-biphenyl]-2-yl)(1H-imidazol-
2-yl)methanol (50 mg, 0.18 mmol, 36% yield) as a white solid.

IR (vmax, cm™) 3188, 1681, 1211, 1029

'H NMR (500 MHz, DMSO) & 11.98 (s, 1H), 7.57 (dd, J = 8.7, 6.2 Hz, 1H), 7.44 (d, J =
8.0 Hz, 2H), 7.26 (d, J = 7.8 Hz, 2H), 7.18 (td, J = 8.6, 2.7 Hz, 1H), 7.01 (dd, J = 10.0,
2.7 Hz, 2H), 6.78 (s, 1H), 6.04 (s, 1H), 5.70 (s, 1H), 2.36 (s, 3H)

13C NMR (126 MHz, DMSO) § 161.22 (d, J = 243.8 Hz), 150.68, 142.62 (d, J = 7.7 Hz),
137.58 (d, J = 3.0 Hz), 137.33, 136.70, 130.87 (d, J = 8.6 Hz), 129.83, 129.23, 127.76,
116.22, 115.93 (d, J = 21.0 Hz), 114.57 (d, J = 21.0 Hz), 65.97, 21.20

19F NMR (471 MHz, DMSO) § -115.62 (td, J = 9.0, 6.8 Hz)

HRMS (ESI) m/z [M+H]" calcd for C17H16FN20 283.1247, found 283.1248
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(4’-(tert-Butyl)-5-fluoro-[1,1'-biphenyl]-2-y1)(1H-imidazol-2-yl)methanol (3.28)

N
SO,

Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (79 mg, 0.40 mmol), THF (1 mL), "BuL.i (203 pL, 0.40 mmol) and 4'-(tert-
butyl)-5-fluoro-[1,1'-biphenyl]-2-carbaldehyde (113 mg, 0.44 mmol) as a solution in THF
(1 mL). The deprotection was performed in a microwave vial using the crude, CH.Cl (2
mL) and TFA (2 mL), vyielding (4'-(tert-butyl)-5-fluoro-[1,1'-biphenyl]-2-yI)(1H-
imidazol-2-yl)methanol (87 mg, 0.27 mmol, 67% yield) as a white solid.

IR (vmax, cm™) 1612, 1585, 1267, 1031

IH NMR (500 MHz, DMSO) & 12.00 (s, 1H), 7.59 — 7.45 (m, 5H), 7.18 (td, J = 8.6, 2.6
Hz, 1H), 7.05 (dd, J = 10.0, 2.7 Hz, 1H), 7.00 (s, 1H), 6.78 (s, 1H), 6.04 (s, 1H), 5.72 (s,
1H), 1.33 (s, 9H).

13C NMR (126 MHz, DMSO) & 161.24 (d, J = 243.7 Hz), 150.75, 150.43, 142.54 (d, J =
7.7 Hz), 137.63 (d, J = 3.1 Hz), 136.69, 130.92 (d, J = 8.1 Hz), 129.71, 125.45, 116.23,
115.93 (d, J = 20.7 Hz), 114.63 (d, J = 21.5 Hz), 65.95, 34.80, 31.61

19F NMR (471 MHz, DMSO) § -115.51 (td, J = 8.9, 6.3 Hz)

HRMS (ESI) m/z [M+H]" calcd for C20H22FN20 325.1716, found 325.1713
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(5-Fluoro-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-y1)(1H-imidazol-2-yl)methanol
(3.27)

CF;

N
IRV,

Prepared according to General Procedure E using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (99 mg, 0.50 mmol), THF (1 mL), "BuLi (254 pL, 0.50 mmol) and 5-fluoro-
4'-(trifluoromethyl)-[1,1'-biphenyl]-2-carbaldehyde (148 mg, 0.55 mmol) as a solution in
THF (1 mLThe deprotection was performed in a microwave vial with the crude, CH2Cl>
(2 mL) and TFA (2 mL), yielding (5-fluoro-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-yI)(1H-
imidazol-2-yl)methanol (41 mg, 0.12 mmol, 25% yield) as a white solid.

IR (vmax, cm™) 3201, 1321, 1282, 1163, 1022

IH NMR (500 MHz, DMSO) & 11.98 (s, 1H), 7.82 (d, J = 8.2 Hz, 2H), 7.76 (d, J = 8.1
Hz, 2H), 7.63 (dd, J = 8.8, 6.0 Hz, 1H), 7.28 (td, J = 8.6, 2.7 Hz, 1H), 7.12 (dd, J = 9.7,
2.7 Hz, 1H), 7.00 (s, 1H), 6.78 (s, 1H), 6.11 (d, J = 4.4 Hz, 1H), 5.63 (d, J = 4.3 Hz, 1H).

13C NMR (126 MHz, DMSO) & 161.26 (d, J = 244.2 Hz), 150.30, 143.74, 141.07 (d, J =
7.8 Hz), 137.67 (d, J = 3.2 Hz), 130.94 (d, J = 8.6 Hz), 130.76, 128.62 (g, J = 32.0 Hz),
125.49 (q, J = 3.4 Hz), 124.78 (g, J = 271.9 Hz), 116.28, 116.12 (d, J = 21.8 Hz), 115.55
(d, J = 21.0 Hz), 66.03

19F NMR (471 MHz, DMSO) & -60.92 (s), -115.19 (td, J = 8.9, 6.3 Hz)

HRMS (ESI) m/z [M+H]" calcd for C17H1sFaN,0 337.0959, found 337.0959
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Synthesis of (4-fluorophenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-

yhmethanol (3.15°)
OH O
N// \/\SIMeg
JORY;

Prepared according to General Procedure C using 1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole (198 mg, 1.0 mmol), THF (2 mL), "BuLi (560 pL, 1.1 mmol) and 4-
fluorobenzaldehyde (149 mg, 1.2 mmol) as a solution in THF (2 mL). The crude residue
was purified by flash chromatography, eluting in 0-50% EtOAc in petroleum ether to
afford (4-fluorophenyl)(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-yl)methanol

(320 mg, quant.) as a clear oil.
IR (Vmax, €M) 2953, 1602, 1247, 1099

IH NMR (500 MHz, CDCl3) § 7.34 (dd, J = 8.5, 5.4 Hz, 2H), 7.05 — 6.95 (m, 4H), 5.96
(s, 1H), 5.08 (d, J = 10.7 Hz, 1H), 5.03 (d, J = 10.7 Hz, 1H), 3.27 (t, J = 8.3 Hz, 2H), 0.80
—0.76 (m, 2H), -0.05 (s, 9H)

13C NMR (126 MHz, CDCl3) § 162.61 (d, J = 246.6 Hz), 149.24, 136.70 (d, J = 3.0 Hz),
128.52 (d, J = 8.2 Hz), 126.85, 121.05, 115.59 (d, J = 21.6 Hz), 75.33, 68.86, 66.57, 17.88,
-1.39

19F NMR (471 MHz, CDCl3) & -114.34 (tt, J = 8.7, 5.4 Hz)

HRMS (ESI) m/z [M+H]" calcd for C16H24FN20,Si 323.1586, found 323.1587
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(4-Fluorophenyl)(1H-imidazol-2-yl)methanol (3.15)

OH
N
o

Prepared according to General Procedure D using (4-fluorophenyl)(1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazol-2-yl)methanol (160 mg, 0.50 mmol), CH>Cl>
(2mL) and TFA (2 mL). The crude was then diluted in CH2Cl, (2 mL) and hexane (2 mL)
and concentrated under a constant flow of air until a solid crashed out. The solid was
filtered off and washed with hexane to yield (4-fluorophenyl)(1H-imidazol-2-yl)methanol
(25 mg, 0.13 mmol, 26% yield) as a white solid.

IR (vmax, cm™) 3167, 1604, 1552, 1224, 1055

IH NMR (500 MHz, DMSO) 8 11.88 (s, 1H), 7.41 (dd, J = 8.3, 5.8 Hz, 2H), 7.13 (t, J =
8.9 Hz, 2H), 7.01 — 6.73 (m, 2H), 6.17 (d, J = 4.3 Hz, 1H), 5.72 (d, J = 4.1 Hz, 1H)

13C NMR (126 MHz, DMSO) & 161.74 (d, J = 242.4 Hz), 150.40, 139.95 (d, J = 3.0 Hz),
128.76 (d, J=8.2 Hz), 115.11 (d, J = 21.2 Hz), 69.34. Cs and Cs of imidazole not observed

due to peak broadening.
F NMR (471 MHz, DMSO) § -115.97 (tt, J = 9.1, 5.6 Hz)

HRMS (ESI) m/z [M+H]* calcd for C1oH10FN2O 193.0777, found 193.0772
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6.3.5 Biological Methods
e All synthesised compounds submitted for biological testing were analysed by
HPLC to confirm purity of >95%
e The skin keratinocyte cell line NCTC2544, stably expressing both a human

PAR2 and NF-kB construct, were previously generated in-house

6.3.5.1 PAR2 Signal Transduction Assays (Performed by Dr K. A. Mclntosh)

NF-kB reporter cells were cultured in a Corning Black 96-well Assay Plate with Clear,
Flat Bottom in cell culture media to near confluence. Cell culture media was then removed
and serum-free media (100 uL) added to qu”iesce cell growth. After incubation overnight,
cells were pre-treated with drugs (10 pL in DMSO) for 60 minutes, prior to addition of
agonist (trypsin, 100 nM) for 4 hours. Serum-free media was then removed, and the cells
washed twice with 100 pL of cold PBS. The luciferase substrate was then added to the
cells as a solution in lysis buffer (100 pL, 0.15 mg/mL) and incubated for 5 minutes.
Luminescence (RLU) of each well was then measured at 450 nm using a Wallac Microbeta

luminometer (Perkin Elmer)

Lysis buffer consists of Tris Base (pH 7.8, 25 mM), MgCl. (8 mM), Triton X 100 (1%
v/v), Glycerol (15% v/v), ATP (1 mM), BSA (1% w/v) and DTT (1 mM) in distilled water
and pH modified to 7.8.
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Appendix | — 2D NMR Spectra for 3.50
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Appendix || - 2D NMR Spectra for 3.51
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Appendix lll - Variable Temperature Studies with 3.24
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