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Abstract

Proteolysis targeting chimeras (Protacs) are heterobifunctional small molecules which
induce targeted protein degradation by hijacking the natural intracellular quality
control mechanism, the ubiquitin-proteasome system. Protacs simultaneously bind
both a target protein and an E3 ubiquitin ligase, forming a ternary complex. The close
proximity of the target protein and the E3 ligase allows transfer of the post-
translational modifier ubiquitin onto the target protein, which allows the protein to be
recognised and degraded into small peptidic fragments by the proteasome. The Protac
approach offers several advantages over small-molecule inhibition alone as efficacy
can be driven from low drug concentrations, extended duration of action can be

achieved, and scaffolding functions of the target protein can be removed.

In this thesis, the application of Protac technology towards a series of disease-relevant
proteins is explored. In Chapters 2 and 3, Protacs targeting the kinase ActR2B and the
thyroid hormone receptor were developed as potential treatments for sarcopenia and
hyperthyroidism, respectively. However, in both cases, no target degradation was

observed.

Given the lack of degradation with the initial empirically selected targets, a distinct,
non-selective approach to protein degradation was considered in Chapter 4. Protacs
based on a highly promiscuous kinase inhibitor were designed and synthesised, then
profiled using proteome-wide expression proteomics. This strategy allowed
identification of several novel degradable targets, and also indicated proteins that may
be more challenging to degrade. The opportunity for degradation selectivity in the

absence of binding selectivity was also highlighted.

Having identified Bruton’s tyrosine kinase (BTK) as one of these degradable targets,
selective BTK Protacs were then studied in Chapter 5. Protacs based on the covalent
inhibitor Ibrutinib led to the surprising discovery that covalent inhibition prevents
Protac-mediated degradation of BTK. Protacs developed from a selective, reversible

BTK inhibitor allowed rapid interrogation of the kinase as a prototypical Protac target.
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1. Introduction

1.1 Contemporary Drug Discovery

The goal of much contemporary drug discovery is the inhibition of a biological process
leading to a beneficial effect on a disease state. For intracellular targets, the
predominant paradigm for achieving this is the use of synthetic small molecules which
bind to and antagonise or inhibit a specific biological target through an appropriate
functional binding site (Figure 1). However, for functional silencing of a specific

target, this approach suffers from some key limitations.

Modulation of
target affects

Optimise PK or
residence time
in target tissue

In vivo/clinical
disease efficacy

phenotype

Figure 1. Traditional small-molecule drug discovery process

Firstly, antagonistic efficacy is generally only achieved when the drug molecule is
directly bound to and inhibiting the function of its target at high levels of occupancy
(often >90 %).! Once the drug has been removed by metabolism or other clearance
mechanisms, occupancy at the target site drops, biological function is restored, and the
desired therapeutic effect diminishes. The requirement for high target exposure, high
target occupancy along with the desired pharmacological effect has developed into a

key indicator of Phase Il survival of small molecules.?

Secondly, for a small molecule antagonist to be effective, it needs to bind with good
affinity to its target with the direct consequence of inhibition of a specific biological
function. This can usually be achieved when the biological target has a suitable binding
site for a natural substrate or co-factor, often referred to as a ‘druggable’ target.
Generating ligands for poorly tractable or ‘undruggable’ targets is particularly
challenging when the protein to be modulated lacks high-affinity small molecule
binding sites, or when the protein possesses multiple functions mediated through distal
domains. This limits the number of proteins that may be targeted using small molecules
alone; accordingly, a large proportion of the human disease-modifying proteome
remains untapped by currently approved drugs.®
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Strategies for the enhancing the pharmacodynamic efficacy of small molecule
antagonists have become highly sought after in order to overcome the potential for
attrition based on efficacy. One approach is modulation of binding kinetics of an
inhibitor, where slowly dissociating ligands can extend target occupancy in order to
sustain the desired pharmacodynamic effect (i.e. extension of ko, Figure 2).*° The
issue with this approach is that slow dissociation can be challenging to design
prospectively and such agents are often discovered through serendipitous processes.®

Reversible inhibitor

kon kinact
E+l E~I —— E—I
Kotf
reversible covalent
complex adduct
Covalent inhibitor
Figure 2. Comparing reversible and covalent inhibitors (E = enzyme, | = inhibitor)

The pinnacle of extended target occupancy is the use of irreversible covalent
inhibitors, which form a permanent adduct with the target protein following reversible
association (Figure 2). Pharmacodynamic effects are potentiated in this case since
recovery of function is only possible after de novo cellular resynthesis of the protein,
which for many targets can be slow.”® This allows uncoupling of pharmacokinetics
from pharmacodynamics to give extended duration of action in the absence of a freely
circulating inhibitor (Figure 3).

Conc.
Conc.

Minimum inhibition
needed for efficacy

Minimum inhibition
"= needed for efficacy

Figure 3.° Reversible inhibitors directly correlate drug concentration to continued
efficacy (left), while covalent inhibitors do not require continued exposure to maintain

efficacy (right)
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While covalent inhibitors have clear advantages over reversible inhibitors, they also
suffer from significant risks. Covalent protein-inhibitor adducts have the potential to
induce an immunogenic response by generation of antibodies which target the epitope
now rendered ‘foreign’ by the covalent modification, termed idiosyncratic toxicity. %!
High target selectivity is also required to prevent non-specific covalent binding which
may compound these toxicity issues, particularly when dosing provides highly local

drug exposure.

In order to overcome these limitations, new approaches are required which allow
movement beyond the occupancy-based efficacy paradigm and also allow a wider
range of less tractable targets to be modulated with small molecule agents. One such
way of doing this is by removal of the protein target from the cell rather than inhibiting
its function. Once a protein is physically removed from a cell, recovery of function
will again depend on de novo protein resynthesis, whilst circumventing the toxicity
risks associated with covalent inhibitors. Removal of the protein would also allow
disruption of secondary functions not available through inhibition of a small molecule

binding site.

Modulation of intracellular protein concentration can be achieved with nucleic acid-
based agents that interfere with protein synthesis, such as anti-sense oligonucleotides
and RNA interference (RNAI).2>1* However, these approaches often suffer from
issues with stability and delivery of nucleotides, and complexities of specific tissue
targeting, with toxicity often caused by accumulation in non-target organs, such as the
liver and kidney.’® An attractive strategy is to achieve protein knockdown using
synthetic small molecule agents, which offer many advantages in terms of dosing
convenience, tunable biodistribution, and lower production costs. A potential approach
to this is through hijacking of the physiological intracellular protein degradation
pathway, namely the ubiquitin-proteasome system (UPS), to induce targeted protein

degradation. This approach will be outlined and explored within this thesis.
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1.2 The Ubiquitin-Proteasome System

In all cells, proteins are constantly being degraded to their constituent amino acids and
replaced by newly synthesised protein.® The turnover rate of proteins can vary widely
from a matter of minutes for regulatory proteins to a number of months for
haemoglobin in red blood cells. There are two major degradative pathways in cells;
the UPS is the major pathway for degradation of intracellular proteins,!” while most
other exogenous and intracellular material not targeted by the UPS are degraded

through the lysosomal pathway.®

The UPS functions by localising targeted proteins to the 26S proteasome, a 2.5 MDa
complex which induces proteolysis. This process is initiated by post-translational
modification (PTM) of a protein substrate with ubiquitin, a 76 amino acid protein
(Figure 4).1%-2! First, ubiquitin must be activated by an E1 ligase by formation of a
thioester linkage between an E1 cysteine residue and the C-terminus of ubiquitin,

accompanied by consumption of adenosine triphosphate (ATP).

Hoﬁ s)o

@O — Ty —

” /// S

A ®® 2
}3\\){\“ N

Figure 4.22 The ubiquitin-proteasome system

The ubiquitin unit is then transferred to an E2 ligase, also known as a ubiquitin-
conjugating enzyme, through a further activated thioester linkage. The E2 ligase then
forms a ternary complex with an E3 ligase and the protein substrate, bringing the E2
and substrate into sufficiently close proximity to allow direct or indirect ubiquitin
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transfer onto a surface-exposed lysine residue of the substrate. Direct or indirect
ubiquitin transfer is dependent on the form of E3 ligase, which are either Really
Interesting New Gene (RING) finger domain or Homologous to the E6-AP Carboxyl
Terminus (HECT) domain type. RING finger domain proteins allow ubiquitin transfer
directly onto the substrate from the E2 ligase through an E2-E3-substrate ternary
complex, while HECT E3 ligases first accept ubiquitin to give a further E3 thioester
intermediate, which then leads to ubiquitin transfer onto the substrate (Figure 5).2

a— o %
N\

@% %g @~ B
@ _—
‘ F ] (— ‘

=]

D ol
Proteasome
Shuttling
- proteins
-
g A
A

Figure 5.2 The distinct pathways of RING and HECT E3 ligases (S = Substrate)

Although primarily recognised as a targeting signal for the UPS, ubiquitin transfer has
also been implicated in other cellular processes, such as signal transduction and
enzyme activation,?>2 endocytosis,?’ chromatin rearrangement,?® and DNA repair.?®
This is highly dependent on the form of ubiquitination, and the manner of ubiquitin
chain linkage (Figure 6).%° Traditionally, it has been shown that at least four ubiquitin
units linked by K48 residues are required to allow recognition of the target protein by
the proteasome,®32 though a series of shorter ubiquitin chains®® and even

monoubiquitination® have since been shown to be sufficient. Protein ubiquitination is
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also a fully reversible process, and a series of proteases known as deubiquitinases

(DUBs) can cause cleavage of ubiquitin.?-%3

(C-terminus - point of linkage)

Lys27 (9%)
(ubiquitin fusion
degradation)

W <— Lys48 (29%)
proteasomal degradation

Lys29 (3%)
(lysosomal degradation,
kinase modification)

Met1 - linear chains (ND)
signalling

~a—— Lys63 (17%)
signalling, trafficking,

Lys33 (39
y! (3%) DNA damage response

(kinase modification)

Lys6 (11%)
(DNA repair)

\ Lys11 (28%)
ERAD, cell cycle regulation

Figure 6.%° Diverse signalling resulting from polyubiquitin linkage patterns by their

relative abundance

Ubiquitin is necessary but not sufficient for protein degradation by the proteasome.®2
The 26S proteasome itself consists of two subunits; the 19S regulatory particle,
responsible for recognition and commitment of substrates to the 20S core particle,
which is responsible for proteolysis.®” The ubiquitin chain is first recognised by
ubiquitin receptors on the 19S proteasome (Rpnl0 and Rpnl13), then undergoes a
conformational change to begin substrate acceptance (Figure 7).%8 In order to enter the
proteasome channel, presentation of a structurally disordered region of the substrate is
required with which to initiate substrate engagement and unfolding.3®4° A further
conformational change occurs and the polyubiquitin chain is cleaved by Rpnl1 as the

linearised protein chain enters the 20S proteasome barrel.44?
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195
regulatory |
particle

20S core ]
particle

Figure 7.%3 Overview of a processing of a ubiquitinated substrate by the proteasome

After entering the gated channel of the 20S proteasome, proteolysis occurs mediated
by a series of threonine proteases. The linear chain docks at Thr! active sites, where
and is cleaved into short peptides by the mechanism outlined in Figure 8.** The cleaved
peptides are then ejected back into the cytoplasm and may then be employed for

incorporation into newly synthesised protein.

Figure 8. Thrl-dependent proteolysis mediated by the 20S proteasome
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1.3 Drug Discovery in the Ubiquitin-Proteasome System

Given the critical role of the UPS in intracellular protein regulation and cell cycle
control, it has become a rich target for modulation or inhibition using small molecules.
As intervention at different stages of the pathway can give varying levels of disruption
to cellular homeostasis, a wide range of both clinical agents and biological tools have
been generated. The key discoveries in this field will be summarised in this section.

1.3.1 Proteasome Inhibition

As the proteasome acts as a quality-control unit for newly synthesised proteins, and is
responsible for degradation of key regulators of cell cycle progression, inhibition of
the proteasome can rapidly perturb intracellular proteostasis. Myeloma cells are
particularly sensitive to disruption of proteostasis,* and proteasome inhibition has
evolved into a frontline treatment for multiple myeloma (MM).*® Small molecule
inhibitors mostly target the 20S proteasome and act by covalent adduct formation with
the nucleophilic terminal Thr residues in the B1, B3 and B5 subunits responsible for

substrate proteolysis (Figure 9).

® Chym-L (B5)
® TrL (B2

Figure 9.4 The 20S proteasome barrel, indicating the location of proteolytic active

sites

The first proteasome inhibitor to be identified was the peptidic aldehyde MG-132,

which inhibits Thr! by reversible acetal formation (Figure 10).174® This molecule has
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found widespread use as a biological tool, however rapid in vivo oxidation of the key

aldehyde group limits the therapeutic use of this structural class of proteasome

inhibitors.*°
o o NH
H 2
O)J\N/d;\‘_QJ\Né\ RHNW/':E)WNHR'
(jA Ho W/H 0 O OH 0
Thr!

Figure 10. Aldehyde-containing proteasome inhibitor MG132 (left) and mode of
action (right)

The boronate-containing dipeptide bortezomib (marketed as Velcade; Figure 11, left)
was the first proteasome inhibitor to be FDA-approved for treatment of MM®® and
mantle cell lymphoma.®! The boronate moiety reversibly inhibits the terminal Thr
residues with a slower dissociation rate than aldehydes such as MG-132, due to an H-

bonding interaction with the terminal Thr N-H (Figure 11, right).>?

Figure 11. Clinical proteasome inhibitor Bortezomib (Velcade) and mechanism of
proteasome inhibition

This interaction also results in inhibition of off-target serine proteases, believed to be
the cause of dose-limiting peripheral neuropathy observed upon bortezomib
treatment.> A further issue with the slow off-rate of bortezomib is that it rapidly
inhibits the proteasome in red blood cells and does not readily dissociate, resulting in
poor distribution into tissue.>* This has led to development of second generation
boronates with a faster off-rate (CEP-18770) and boronate produgs (Ixazomib),
presented in Figure 12.5** Ixazomib citrate is once-weekly orally bioavailable
prodrug which has been recently approved for treatment of MM (marketed as

Ninlaro).%®
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Figure 12. Second generation boronate proteasome inhibitors CEP-18770 (left) and

Ixazomib citrate (right)

The tetrapeptide natural product epoxomicin was first described as an antitumour agent
long before its mechanism of action was known (Figure 13, top left).>” The origin of
this activity was later uncovered, as epoxomicin was found to be a selective and potent
inhibitor of the proteasome.®® The high selectivity for proteasome inhibition over off-
target serine and cysteine proteases is thought to be driven by the unique formation of

a morpholine adduct with the a-amino group of Thr! (Figure 13, bottom).>®

Figure 13. Natural product epoxomicin (top left) and clinical proteasome inhibitor
carfilzomib (top right); mechanism of action of a-epoxyketone proteasome inhibitors

(bottom)

Carfilzomib (marketed as Kyprolis) was developed by direct elaboration of
epoxomicin, retaining the key epoxyketone fragment and has subsequently been
approved by the FDA for treatment of MM (Figure 13, top right).%° As for bortezomib,
further medicinal chemistry efforts have identified orally bioavailable analogues (PR-

047) for more flexible dosing strategies.®*

1.3.2 Inhibition of E1 and E2 Ligases

10
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As inhibition at the ubiquitin-activation (E1) stage of the UPS would prevent global
ubiquitination, degradation of proteins would be prevented. This would result in
effects mirroring that of proteasome inhibition, also preventing the many regulatory
functions of ubiquitin. However, E1 enzymes are also responsible for transfer of
further ubiquitin-like proteins, which play equally important roles in the UPS.5
Though some ubiquitin-activating enzyme (UAE) inhibitors have been reported, few
have appropriately drug-like properties for therapeutic use.®

The most advanced example of an E1 inhibitor does not target a UAE, rather a
ubiquitin-like activating enzyme, neural precursor cell-expressed developmentally-
downregulated 8 (NEDDS) activating enzyme (NAE). NEDDS is a ubiquitin-like PTM
which is essential for activation of Skp Cullin F-box (SCF) E3 ligases;** NAE
catalyses this SCF NEDDylation event. MLN4924 (Pevonedistat, Figure 14)
covalently inhibits NAE and prevents activation of SCF ligase function resulting in
accumulation of its substrates, several of which play fundamental roles in cancer
development.® MLN4924 has demonstrated potent inhibition of cancer cell
proliferation in preclinical models and some clinical activity in acute myeloid
leukaemia (AML) patients.%®
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Figure 14. NAE inhibitor MLN4924

In the case of E2 ligases, even fewer inhibitors have been identified. The most
prominent example is CC0651 (Figure 15), which inhibits the E2 enzyme Cdc34A.%
The mechanism of action of CC0651 is unusual as it binds an allosteric pocket of
Cdc34A, remote from the active site cysteine onto which ubiquitin is transferred.
Subsequently, it has been found that CC0651 induces a conformational change which
stabilises a low-affinity interaction between Cdc34A and ubiquitin, allowing priming
mediated by the E1 ligase but preventing ubiquitin transfer to an E3 ligase or target

protein.®

11
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Figure 15. Structure of E2 ligase inhibitor CC0651
1.3.3 Inhibition of E3 Ligases

As E3 ligases are responsible for ubiquitination of specific substrates, small molecule
intervention at this stage should allow more precise therapeutic targeting and cause
less global disruption to the UPS.® Inhibitors developed in this area mostly target the
ligase-substrate protein-protein interaction (PPI), which are often challenging to drug
due to the size of the PPI interface and lack of a traditional catalytic sites, often
requiring recognition of polar PTMs.%® Development of small-molecules targeting
these PPIs often begin with identification of peptide truncates, which in isolation are
often not cell-permeable.”® Rational design strategies are often employed to develop
more drug-like inhibitors from these peptides, while some have been discovered
serendipitously. Discovery of inhibitors for three of these E3 ligases will be described

in this section.
1.3.3.1 VHL Inhibition

The transcription factor hypoxia-inducible factor 1-alpha (HIF-1a), an 850 amino acid
protein) is critical in oxygen sensing and the hypoxic response.’"> Under hypoxic
conditions HIF-1a is constitutively expressed and stable, however under normoxic
conditions, HIF-1a undergoes hydroxylation (Pro564->Hyp564) mediated by prolyl
hydroxylase domain enzymes. Hydroxylated HIF-1a is the primary substrate for the
E3 ligase Von-Hippel Lindau protein (VHL), which polyubiquitinates HIF-1la

resulting in its proteasomal degradation.”

As small molecule inhibition of the HIF-1a VHL PPI would result in HIF-1a
accumulation, this would artificially induce the hypoxic response and could provide

therapeutic benefit for conditions such as anemia.” Recently, some advances have

12



CONFIDENTIAL — Do Not Copy

been made targeting this interaction using a small molecule approach, particularly for
application in protein degradation strategies (vide infra). As hydroxylated HIF-1a
binds VHL most strongly at the Hyp564 residue, research carried out by Crews and
co-workers focusing on a hydroxyproline core and modification of the surrounding
structure. This led to small molecule VHL binders with moderate potency, an example

of which is presented in Figure 16.”>"7

N

_ %NH o

Figure 16. First-generation small molecule VHL binder (VHL plICso = 5.4)

These compounds were further optimised within our laboratories,’”® improving on
potency and lipophilicity to give the sub-micromolar binding affinity ligand presented

in Figure 17. Additional characterisation of this ligand has been reported

subsequently.”

oH
S

Figure 17.” Co-crystal structure of VHL and optimised ligand (surface coloured by

pocket region: red = polar, green = hydrophobic, blue = solvent exposed)

13
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Further research within our laboratories identified a more lipophilic isoindolinone-
containing VHL binder (Figure 18), allowing physicochemical modulation whilst

maintaining binding affinity."

oH
S
° o

Figure 18.2° Co-crystal structure of an isoindolinone-containing ligand and VHL,

which contains an alternative exit vector accessible through the phenyl group

1.3.3.2 Cereblon Inhibition

The infamous drug thalidomide (Figure 19) was first prescribed in the late 1950s to
pregnant women as an anti-nausea and sedative drug, however before its teratogenic
effects were discovered, thousands of children had been inflicted with severe birth
defects.8283 The protein cereblon, a member of the CUL4REN (Roc1-CUL4-DDB1-
CRBN) E3 ligase complex, has since been identified as the primary target of

thalidomide teratogenicity.3*

o O

Figure 19. Structure of cereblon inhibitor thalidomide

14
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The structural class of molecules which bind to cereblon, known as
immunomodulatory imide drugs (IMiDs), also include the phthalimide analogues

pomalidomide and lenalidomide (Figure 20).

o o)
N o N o
NH NH
NH, O O NH, o

Figure 20. Structures of pomalidomide (left) and lenalidomide (right)

Upon binding to cereblon, IMiDs cause formation of a neomorphic surface allowing
recruitment, ubiquitination and subsequent degradation of neosubstrates, primarily the
transcription factors lkaros and Aiolos (also known as IKZF1 and IKZF3, Figure
21).8587 Degradation of these neosubstrates results in IL-2 secretion and stimulation
of T cells, critical for the anti-myeloma activity of IMiDs.8>8 IMiD binding also
prevents engagement of the endogenous cereblon substrate MEIS2, which then
accumulates as its degradation is prevented.8 MEIS2 is a transcription factor involved
in proximal limb development, and its accumulation is one possible explanation for

the teratogenic effects observed upon cereblon inhibition.

DDB1

IMiDs
&

'

(S

Endogenous Endogenous
substrates Neo-substrates substrates
(MEIS2) (IKZF1 & 3, CK1a)

Figure 21.%° IMiD binding prevents binding of endogenous cereblon substrates such

as MEIS2 and allows degradation of neosubstrates such as Ikaros and Aiolos

Minor modification of the IMID ligands result in formation of differentiated
neomorphic surfaces which can engage and degrade diverse neosubstrates.
Lenalidomide, but not pomalidomide, has been shown to induce degradation of casein
kinase la (CKla), indicating that neosubstrate recruitment to cereblon is highly
sensitive to minor structural variation.®* A further cereblon modulator, CC-885 (Figure

22), has been shown to selectively recruit the translation termination factor GSPT1 to

15
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the cereblon ligase complex over pomalidomide and lenalidomide.®? CC-885 creates
an interaction hotspot for GSPT1 allowing a cereblon-GSPT1 PPI to occur, resulting
in CUL4CRBN-mediated ubiquitination and degradation.

Figure 22. Cereblon modulator CC-885 which recruits neosubstrate GSPT1

As indicated in the co-crystal structure of pomalidomide displayed in Figure 23, the
glutarimide ring common to all IMiDs is buried in the substrate binding site. The
solvent exposure of the phthalimide ring accounts for the apparent flexibility of

neosubstrate recruitment, allowing formation of distinct neomorphic surfaces.

Figure 23.%% Crystal structure of pomalidomide (surface coloured by pocket region;
blue = solvent exposed, green = hydrophobic, red = polar)
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1.3.3.3 IAP Inhibition

Inhibitor of apoptosis proteins (IAPs) are critical mediators of apoptosis which
promote cell survival by inhibiting activation of caspases.®** The most important
members of the family include X-linked IAP (XIAP), cellular IAP1 (clAP1), clAP2
which contain three baculovirus IAP repeat (BIR) domains and a C-terminal RING
domain which give them E3 ligase activity.?>°® XIAP inhibits apoptosis by binding to
caspase-9 through its BIR3 domain and caspase-3/7 through its BIR2 domain,®"%
while the clAPs prevent activation of tumour necrosis factor alpha (TNF-a) through
inhibition of caspase-8.%° The protein second mitochondria-derived activator of
caspases (Smac) is the endogenous antagonist of the IAPs.1%01%1 Antagonism of XIAP
by Smac results in displacement of caspase-3/7/9,1%219 while antagonism of the clAPs
activates their E3 ligase activity resulting in their autoubiquitination and degradation,

releasing caspase-8 (Figure 24).104

"UBA | Ubiquiti 3% Lys
[BRTH ERz H RS HUEA-CARD HRING] @ ubiquitin ys

~ Thioester bond A Catalytic Cys

UBA SMAC
’ |mimetic Ub
=]
020 - 8%Oms0 @ 0°¢
BIR3 RING CARD

Figure 24.1% Mechanism of clAP1 activation. When inactivated, clAP1 is stable in a
closed conformation and the RING domain is internalised. Upon activation by a Smac
mimetic, the complex opens and dimerises, exposing the RING domain. The RING

domain is then available to bind to an E2 ligase

As IAPs are often overexpressed in tumour cells,’®® a number of Smac mimetics have
been developed for cancer therapy in order to promote these pro-apoptotic
pathways.'%” Despite its large size, the BIR binding motif of Smac consists of a short
AVPI tetrapeptide, from which the majority of small-molecule IAP inhibitors have
been directly developed (Figure 25).
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Figure 25. Structure of Smac AVPI tetrapeptide

Both monovalent and bivalent Smac mimetics have been developed, and some
exemplar Smac mimetics currently in clinical trials are displayed in Figure 26.1% In
this context, bivalent IAP antagonists prove to be significantly more efficacious than
monovalent pre-clinically,'% believed to be an avidity effect driven by simultaneous
engagement of both BIR2 and BIR3,103:110

Figure 26. Examples of clinical monomeric and dimeric Smac-mimetic IAP inhibitors
LCL-161 (left), Birinapant (centre), Debio1143 and (right)
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1.4 Small Molecule-mediated Protein Degradation

1.4.1 Proteloysis Targeting Chimera

A proteolysis targeting chimera (Protac) is a heterobifunctional small molecule which
manipulates the UPS to degrade a targeted protein.!!* This approach was originally
conceived by Prof. Craig Crews and Prof. Ray Deshaies in 2001; the proposed
mechanism of action is outlined in Figure 27.112 The structure of a Protac consists of
two moieties, respectively designed to bind to an E3 ligase and a target protein
connected through a linker. Simultaneous interaction of the two subunits with their
respective targets is thought to result in the formation of a target-Protac-ligase ternary
complex.'**14 The proximity of the E3 ligase complex to the target protein results in
non-physiological polyubiquitination of the target protein on a lysine residue, leading

to recognition of by the proteasome and subsequent degradation.

E2 go) y M E2 ‘;@/\NHZ
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/
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Figure 27.1% Proposed mechanism of action of Protacs. Protac-mediated ternary
complex formation allows ubiquitin transfer from the E3 ligase complex onto the target
protein. Following polyubiquitination, the target protein is recognised and degraded

by the proteasome.
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As the role of the Protac is simply to facilitate the interaction between the E3 ligase
complex and the target protein, the Protac can dissociate and is free to mediate the
ubiquitination and degradation of multiple substrate molecules. This catalytic activity
potentially allows efficient degradation to be driven from low drug concentrations, as
only low levels of equilibrium occupancy are required to drive an efficient Kinetic

process.

Additionally, as the Protac need only bind to the target protein rather than inhibit a
specific function, an affinity probe that binds at any orthosteric or other site could be
derivatised to give an efficacious Protac. This opens up the potential to target proteins
which have no classical binding site or for which functional inhibitors cannot be found.
Equally, Protacs may be advantageous in cases where an inhibitor alone has
insufficient potency or half-life to drive useful occupancy-driven in vivo efficacy.
Furthermore, as the target protein is being removed from the cell rather than simply
being inhibited, there is the potential to modulate secondary or scaffolding functions
of a protein that cannot be altered by inhibition alone.

As the Protac mechanism proceeds through formation of a ternary complex, the
associated equilibria are more complex than for a simple protein-inhibitor binary

system (Figure 28).116

Kas
A+B+C AB +C
KBC KBc/(X
KAc/(X
A+BC ABC

Figure 28. Ternary complex formation and associated equilibria (a = cooperativity in
ABC complex formation;, a > 0 = positive cooperativity, a < 0 = negative

cooperativity)
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In particular, ternary equilibria are subject to the ‘hook effect,” often otherwise
described as the ‘prozone effect’ or ‘dose-limited activity’ as a result of a bell-shaped
dose response (Figure 29).11 Increasing concentration of the intermediary species B
first reaches an optimal concentration, where maximal degradation will occur. With
increasing concentration, B begins to saturate occupancy at both binding partners A
and C, and binary complexes dominate, decreasing the population of ternary
complexes and reducing the levels of degradation.

Low Concentration i Optimal Concentration | High Concentration

€J &3 &, .5
¢3 &3 & .5
C) &) &

Figure 29. Rationalisation of the hook effect observed in ternary systems

The first Protacs synthesised by Crews and co-workers contained a phosphopeptide to
bind the E3 ligase SCF (Figure 30). This ligase binder was linked to ligands that bind
to methionine aminopeptidase 2 (MetAP2),'*? the androgen receptor (AR), and the
estrogen receptor (ER), respectively.!!” However, it is likely that these compounds

lacked cell permeability due to the highly polar phosphopeptide SCF binder.

Figure 30. Crews’ MetAP2-SCF Protac (R = GGGGGGRAEDS*GNES*EGE-COOH
or GGGGGGDRIIDS*GLDS*M-COOH; * = phosphorylated residue)
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In attempts to increase permeability, several Protacs were synthesised containing
peptidic binders, derived from HIF 1a, to bind to the VHL. These Protacs were targeted
towards ER (Figure 31),1812 the aryl hydrocarbon receptor,}?122 the cis-trans
isomerase FKBP1A, and AR.™° Although degradation of some of the targets was
reported, this was only observed at high concentrations (>10 uM) at which competing

effects due to cytotoxicity cannot be ruled out.
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Figure 31. Structure of ER-VHL pentapeptide Protac (R = Leu-Ala-Hyp-Tyr-Ile-
COOH)

It is believed that the peptidic Protacs reported in the literature fail to show degradation
at physiologically useful concentrations due to the poor permeability of their E3 ligase
binders. The advent of non-peptidic E3 ligase ligands has more recently allowed
design of Protac molecules which overcome many of the limitations of these previous
agents. Most effort has focussed on the small set of ligases VHL, cereblon, the IAP
family and MDM2.

Despite a molecular weight of over 1000 Da, which places Protacs well outside more
traditional areas of drug-like small molecule property space,'? they have shown potent
cellular effects and even in vivo activity. Progress with non-peptidic Protacs has been
rapid, but no Protac molecule has yet been reported to have entered clinical
development. Whether a Protac-induced protein knockdown strategy will be limited
to use in chemical biology or find wider application in therapeutic development will
depend on a number of factors including the pharmacokinetics, dose level, selectivity,
safety and tolerability, ability to synthesise on scale and a range of other factors. In the
following section the potential advantages and issues of advancing Protacs designed

to recruit different E3 ligases in a drug discovery setting are discussed.
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1.4.1.1 VHL Protacs

The VHL ligand described in Section 1.3.3.1 was combined with a cell-active small
molecule inhibitor of the serine-threonine kinase receptor-interacting serine/threonine-
protein kinase 2 (RIPK2) resulting in a RIPK2-VHL Protac (Figure 3).12* This Protac
was able to induce highly potent degradation of RIPK2 was observed, with a DCsg =
1.4 nM (DCsp is the concentration at which 50 % of substrate is degraded) and almost
complete knockdown (Dmax >95 %, where Dmax = maximal level of degradation) in
THP-1 monocytes at concentrations above 10 nM following 16 h incubation. At
concentrations over 3 uM, Protac-induced reduction of protein levels was partially
abrogated, consistent with the three-body binding predicted from the Protac
mechanism whereby saturation of RIPK2 and VHL binding sites disfavours formation

of the ternary complex required for ubiquitin transfer.®
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Figure 32.12* Structure of RIPK2 Protac (above) and western blot demonstrating dose-
dependent RIPK2 degradation following 16 h incubation in THP-1 cells (below) and

the ‘hook effect’” observed at high concentrations

The rapid onset of action of RIPK2 degradation was also demonstrated, with
knockdown observed as early as 1 h after treatment, and almost complete knockdown
by 4 h. After complete RIPK2 knockdown and washout of the Protac from cells,
protein levels were found to require around 24 h to return to basal levels, which

suggests the potential for efficacy even after drug clearance.
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Figure 33.1* Western blot demonstrating rapid onset of RIPK2 degradation following
treatment with 30 nM RIPK2 Protac (above), and the extended duration available after
Protac washout (below)

To confirm that the observed effect is proceeding by the proposed Protac mechanism,
a number of controls were carried out (Figure 34). In the presence of the epimer of the
RIPK2 Protac, which does not bind to VHL, no degradation was observed, indicating
the effect is driven by binding to both target protein and E3 ligase. Inhibition of the
proteasome with epoxomicin resulted in no change to RIPK2 levels, demonstrating
that the effect is proteasome-dependent. Incubation with either parent RIPK2 or VHL
ligand, or combination of both ligands, resulted in no RIPK2 degradation highlighting
the necessity of ternary complex formation.
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Figure 34.12* Protac-mediated degradation of RIPK2 is dependent on the
stereochemistry of the VHL binder (Epi refers to the epimer of the RIPK2-VHL
Protac), the proteasome and the linkage between the RIPK2 and VHL ligand (THP-1
cells treated with 30 nM indicated compound, apart from epoxomicin which was

employed at 1 pM concentration)

Cellular expression proteomics, which allows quantification of relative protein
abundance before after compound treatment, was carried out using the RIPK2-VHL
Protac (Figure 35). This demonstrated displayed the high levels of degradation
selectivity attainable using a Protac strategy. Taking advantage of the high selectivity
intrinsic to the RIPK2-binding ligand, RIPK2 was found to be one of only two proteins
significantly knocked down from ~7000 quantified proteins following incubation with
30 nM of RIPK2 Protac for 18 h. Interestingly, modest knockdown of a second kinase,
MAPKAPK3, was also observed, despite the Protac showing only very weak binding
to this protein (Kg¢ > 3 uM).
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Figure 35.12* Variation in protein level abundance following incubation with 30 nM
RIPK2 Protac for 18 h in THP-1 cells indicating high degradation selectivity for
RIPK2

Further characterisation of the RIPK2 Protac validated the E3-ligase-dependent nature
of the degradation. The presence of a RIPK2-Protac-VHL ternary complex was
confirmed by co-immunoprecipitation and, by reconstitution of the E1-E2-E3 cascade
in vitro, Protac-mediated direct ubiquitination of RIPK2 was demonstrated. This latter
system was also used to demonstrate quantitatively the catalytic nature of Protac
action, with super-stoichiometric ubiquitination of RIPK2 observed. It should be noted
that the system generated in this experiment is highly artificial and the Protac:protein
stoichiometry is almost certainly an underestimate, given the significantly enhanced
efficacy of this Protac in cells.!?® This observation of a small molecule agent acting
catalytically may offer the possibility of high in vivo efficacy from low drug exposure,
thus beginning to move beyond the limitations of current equilibrium, occupancy-

based methods.
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Figure 36.12* Super-stoichiometric ubiquitination is observed upon reconstitution of
the E1-E2-E3 ubiquitin transfer cascade in vitro, indicating the catalytic nature of the

Protac mechanism

Protacs are designed to redirect the function of E3 ligases towards ubiquitination of
unnatural substrates, and as such carry the potential risk of unwanted modulation of
endogenous ligase substrate processing. With VHL-dependent Protacs, unwanted
inhibition of basal HIF-1a ubiquitination may result in its accumulation, potentially
triggering the hypoxic response as an undesired ligase-dependent effect. However,
using the RIPK2-VHL Protac, the increase of a hypoxic marker in an reporter model
was only observed at 30 uM concentration.'?* This suggests up to a thousand fold
window between cellular RIPK2 degradation and HIF-1a stabilisation, indicating

minimal potential for undesired pharmacological effects via VHL inhibition.

Degradation of the estrogen-related receptor alpha (ERRa), an orphan nuclear
receptor, has also been described.'?* The ERRa-VHL Protac (Figure 37) demonstrated
dose-dependent ERRa knockdown with an observed DCso ~100 nM in MCF-7 cells.
This Protac was found to be efficacious in vivo; mice dosed with 100 mg/kg of ERRo-
VHL showed reduced ERRa levels, with ~40 % knockdown observed in heart, kidney
and MDA-MD-231 tumours relative to vehicle-treated mice.
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Figure 37. Structure of a VHL Protac targeting ERRa (above) and a western blot
indicating dose-dependent ERRa. degradation upon incubation with ERRa Protac for
8 hin MCF7 cells

VHL-mediated degradation of BET (Bromodomain and Extra Terminal) proteins has
also been investigated.*?® Conjugation of the pan-BET inhibitor JQ1 to the VHL binder
resulted in JQ1-VHL Protac (Figure 38), which demonstrated degradation of
bromodomain containing proteins BRD2/3/4 following 24 h incubation in HeLa cells.
Although this JQ1-VHL Protac showed no binding selectivity between the BRD
isoforms, it was reported to show modestly selective degradation of BRD4 over
BRD2/3, (though Western blot characterisation of this Protac using different
antibodies failed to demonstrate any selectivity between degradation of the BRD

isoforms).1%’

Cl

Figure 38. Structure of an initial VHL Protac targeting BET proteins

A further pan-BET VHL Protac ARV-771 (Figure 39) has been described as a potential
treatment for metastatic castration-resistant prostate cancer (CRPC).'® This JQ-1-
VHL Protac, which employs a slightly modified VHL binder, induces BRD2/3/4
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degradation with a DCsp <5 nM resulting in transcriptionally controlled c-MYC
inhibition with an 1Csg < 1 nM following 16 h incubation in 22Rv1 cells. In a 22Rv1
murine xenograft model, subcutaneous administration of ARV-771 resulted in a dose-
dependent decrease in tumour size, with tumour regression after 30 mg/kg treatment.
In a further VCaP xenograft model, 30 mg/kg daily dosing was not tolerated, indicating
potential for significant compound-related toxicity. Dosing every 3 days resulted in 60
% tumour growth inhibition over a 16 day period, though some toxicity was also
observed. The BET family of proteins appear to be susceptible to facile degradation
and have also been degraded using the E3 ligase cereblon (vide infra).
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Figure 39. Structure of a further VHL Protac targeting BET proteins employing a
modified VHL inhibitor

In the development of a series of Protacs exploring the degradation of oncogenic
kinases, conjugation of the tyrosine kinase inhibitors (TKIs) dasatinib and bosutinib to
a VHL binder gave the TKI Protacs displayed in Figure 40.12° Whilst the dasatinib-
VHL Protac (Figure 40, top) proved to be an active degrader, demonstrating ABL
knockdown, the bosutinib-VHL Protac (Figure 40, bottom) gave no ABL degradation.
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Figure 40. VHL Protacs targeting BCR-ABL employing dasatinib (above) and

bosutinib (below)

Similarly, neither compound degraded the prototypical target BCR-ABL, despite
evidence of cellular uptake as adjudged by inhibition of kinase function. This is in
stark contrast to related Protacs utilising the same TKIs linked to the ligand for the E3
ligase cereblon (vide infra). This highlights a subtle interplay between target protein
binder and ligase binder in Protac design, as certain combinations may result in

mismatched protein orientations, preventing efficient target degradation.

In summary, recruitment of VHL as a targeted degradation strategy has demonstrated
effective knockdown of a variety of both nuclear and cytoplasmic target proteins. With
highly selective and potent effects also shown in vivo, more extensive use of VHL-

dependent Protacs may offer attractive options for drug discovery.
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1.4.1.2 Cereblon Protacs

While cereblon ligands themselves formally act as a Protac by allowing recruitment
and degradation of neosubstrates (Section 1.3.3.2), they have also found use as a
ligase-recruiting module in specifically targeted Protacs. With the knowledge that
thalidomide and its analogues can effectively recruit the E3 ligase function of cereblon,
several groups have successfully designed Protacs using these ligands. Bradner and
co-workers conjugated a phthalimide-derived cereblon binder to the pan-BET inhibitor
JQ1 to give a pan-BET Protac (dBET1, Figure 41) able to degrade BRD4 with a Dmax
> 85 % at concentrations as low as 100 nM in MV4-11 cells.*3 In a similar manner to
VHL-dependent Protacs, degradation was found to have a rapid onset, with complete
BRD4 knockdown observed within 2 h after incubation with 100 nM of dBET1.

H O
N o
Cl NH
o

Figure 41. Structure of Bradner’s JQ1-cereblon Protac dBET1

In order to delineate the effects of BRD4 inhibition and degradation, Protac dBET1
was directly compared to the parent binder JQ1. Firstly, expression proteomics were
carried out to a depth of ~7400 proteins following incubation with 250 nM of JQ1 or
dBET1 for 2 h. JQ1 alone was found to only cause limited knockdown of oncogenes
MYC and PIM1, while incubation with dBET1 caused significant knockdown of
BRD2/3/4, consistent with the pan-BET inhibition of JQ1, and induced similar
downregulation of MYC and PIM1. This demonstrates the high proteome level
selectivity attainable using a cereblon-recruiting Protac, as previously demonstrated

by recruitment of VHL.
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Figure 42.1% Proteomic selectivity profile of dBET1

Pan-BET Protac dBET1 demonstrated inhibition of cell proliferation in MV4-11 cells
superior to inhibitor treatment and enhanced apoptotic response in primary leukemic
patient blasts, signifying the potential advantages of degradation over inhibition. In a
disseminated MV4-11 xenograft model, the Protac was found to reduce the number of
leukemic cells in bone marrow more potently than BET inhibitor JQ1 following daily

treatment for 19 days.

An analogous approach to BRD4 degradation by Crews and co-workers also made use
of JQ1 linked to a cereblon binder through an alternate linker (ARV-825, Figure 43).13!
This JQ1-cereblon Protac induced more potent degradation of BRD4, with an observed
DCso < 1 nM in Burkitt’s lymphoma (BL) cell lines, demonstrating the profound effect
length and physicochemical properties of the linking module can have on induced
degradation and the importance of optimal linker design in achieving efficient

degradation.
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Figure 43. Crews’ JQ1-cereblon Protac ARV-825
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This Protac demonstrated more pronounced downregulation of the oncogene c-MYC
and its downstream target SLC19A1 compared to treatment with JQ1 in BL cells, with
sustained suppression of SLC19A1 after Protac washout. Again, Protac treatment was
found to more effectively inhibit proliferation and induce apoptosis than the inhibitor
alone. These examples of JQ1-based Protacs show how a degradation approach can
significantly enhance the cellular activity of known ligands and also demonstrate
effects which are sustained after drug removal, suggestive of the potential for potent

in vivo effects from lower drug exposures and durations.

Degradation of the cis-trans isomerase FKBP12 has also been demonstrated using a
FKBP12-cereblon Protac, with a DCso of approximately 10 nM in MV4-11 cells
(Figure 44).1%
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Figure 44. FKBP12-cereblon Protac

The incorporation of various tyrosine kinase inhibitors into Protacs targeting BCR-
ABL has been demonstrated by recruitment of VHL (vide supra),'?® however stark
differences were displayed upon replacement with a cereblon binder. Whilst dasatinib-
VHL Protac 6 degraded ABL only, the corresponding dasatinib-cereblon Protac
(Figure 45, top) degraded both ABL and BCR-ABL with a Dmax (ABL) > 85 % and
Dmax (BCR-ABL) > 60 % after 24 h incubation at 1 uM in K562 cells. Similarly, while
a bosutinib-VHL Protac was unable to degrade ABL or BCR-ABL, the corresponding
bosutinib-cereblon Protac (Figure 45, bottom) induced degradation of both targets,
with @ Dmax (ABL) = 90 % and Dmax (BCR-ABL) = 80 % under the same conditions.
These data demonstrate how different E3 ligases may degrade proteins with differing
levels of efficiency, lending greater flexibility to apply Protac strategies to new

proteins or families of proteins.
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Figure 45. Cereblon Protacs targeting BCR-ABL employing dasatinib (above) and

bosutinib (below)

A potential issue around using IMiD-based cereblon Protacs is their limited in vivo
stability. Not only are the parent binders subject to facile hydrolysis in vitro,*3 but are
prone to rapid clearance in vivo with the parent IMiDs having relatively short half-
lives (3 — 9.5 h),!® due in large part to oxidative metabolism and glutarimide
hydrolysis.!3* Further medicinal chemistry optimisation of pharmacokinetics may be
required in order to increase in vivo duration of action, although for Protacs which
show very fast degradation, drug exposure for a relatively short period of time may be
sufficient to degrade a significant amount of target protein to deliver a desired clinical
response. For target proteins which are resynthesised slowly, further sustained effects
may also be seen offering the possibility of long-acting drug action where the Protac
may not actually be present in significant concentration for a large part of the dosing
interval, leading to potential advantages in minimising unwanted pharmacology driven

by high drug exposure.

Additionally, although the molecular properties which contribute to achieving oral
bioavailability for molecules with molecular weights >500 are not yet fully
understood,*3 the cereblon binding moiety represents one of the smallest ubiquitin E3
ligase recruiting modules, so can give Protacs with lower molecular weights,
potentially increasing the chance to achieve oral bioavailability, which in turn may

allow an increased range of dosing routes and clinical applications.

A further issue of using Protac derivatives of IMiDs is the potential to observe the

teratogenic effects of the parent IMiDs, which may have significant implications for
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the breadth of clinical application of the molecules. The exact molecular mechanism
for IMiD-induced tetratogenicity has not been definitively identified, though it may be
mediated by inhibition of endogenous function and accumulation of substrates such as
MEIS2.8° Further work will be required to show whether IMiD-containing Protacs do
inherit these teratogenic effects and if increased therapeutic indices are possible

relative to the IMiDs themselves.
1.4.1.3 1AP Protacs

A series of Protacs developed by Naito and co-workers, which have been termed
Specific and Non-genetic IAP-dependent Protein ERasers (SNIPERS), contain a target
protein binder conjugated to an IAP binder, recruiting its E3 ligase functionality. Early
SNIPERs targeting the cellular retinoic acid binding protein Il (CRABP-I1) employed
derivatives of the IAP ligand methyl bestatin (Figure 46). Although methyl bestatin
binds the BIR3 domain of clAP1,'% it is also highly unselective and its significant

toxicity profile limits its suitability for further development.®*’
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Figure 46. Structure of methyl bestatin

A CRABP-II-bestatin Protac (Figure 47, left) was effective in degrading CRABP-II,
however degradation was observed only at high concentrations.*3* A more selective
Smac-mimetic IAP ligand, MV-1,1% has been employed as a pan-1AP antagonist in a
CRABP-II SNIPER (Figure 47, right) which demonstrated complete knockdown of
both CRABP-II and cIAP1 at 3 uM.
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Figure 47. SNIPERs targeting CRABP-II using bestatin (left) or MV-1 (right) to
recruit I1AP

Further SNIPERs targeting a series of nuclear receptors (retinoic acid receptor,
estrogen receptor (ER) and androgen receptor) employed bestatin to recruit clAP1,
however degradation was only observed at high concentrations (>10 uM), with
retention of the potentially labile ester of bestatin.’*® An ER SNIPER was designed
employing the ER antagonist Tamoxifen which demonstrated ER degradation at 10
uM concentration.’*1%2 At 3 uM concentration, protein levels were observed to
increase, potentially as a result of ER antagonism, however the high concentrations

required for degradation prevent firm conclusions from being drawn due to the
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potential for cytotoxicity.

Figure 48. Bestatin-containing ERa SNIPER

Incorporation of IAP ligands into Protacs may yet be an attractive and novel strategy
though reports so far have not shown the highly potent and selective cellular effects
associated with use of VHL or cereblon recruitment. The vast majority of current
reported SNIPERs use bestatin, which suffers from poor selectivity and moderate
clAP1 inhibition.’3” As many IAP inhibitors have been developed as potential anti-
tumour agents, alternative molecules may offer new opportunities to increase the range

of its application to protein degradation.
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1.4.1.4 MDM2 Protacs

The tumour suppressor p53 is a is vital for the regulation of cellular processes and a
common response to cellular stress is to activate and stabilise p53.143-147 It is proposed
that tumour survival in many cancers is promoted by deactivation of the p53 pathway.
The E3 ligase human murine double minute 2 (MDM2), downregulates p53 by a direct
PPI, one result of which is proteasomal degradation following p53 ubiquitination by
MDM2 148149 Disruption of the MDM2-p53 interaction prevents deactivation of the
p53 pathway and presents a potential therapy for multiple cancers.*® The first report
of an MDM2 antagonist was in 2004, when a subclass of molecules known as Nutlins
were discovered (Nutlin-3a is presented in Figure 49).1%! Nutlin-3a was found to be a
highly effective activator of the p53 pathway in cancer cells, resulting in cell cycle

arrest, apoptosis and growth inhibition of tumour xenografts.
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Figure 49. Nutlin-3a, an MDM2 inhibitor

In an attempt to degrade the androgen receptor (AR) by recruitment of MDM2, a nutlin
inhibitor was conjugated to non-steroidal AR binder to give AR-MDMZ2 Protac (Figure
50).1°2 Modest AR degradation was observed at 10 uM in HeLa cells, though little
characterisation of the mechanism was carried out, meaning it is very difficult to assess
the exact mode of action and specificity of degradation. Use of more recent MDM2
ligands may represent an attractive strategy for Protac design,*® though currently, the

utility of this E3 ligase for inducing protein degradation remains poorly described.
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Figure 50. Structure of an AR-MDM2 Protac
1.4.2 HaloProtacs

A HaloTag is a protein tag designed to covalently bind synthetic chloroalkane ligands
used to bioorthogonally label fusion proteins in vitro.'> HaloProtacs are a subclass of
Protacs used to degrade proteins fused to a HaloTag 7 label by recruitment of an E3
ligase. Conjugation of a VHL ligand to a hexyl chloride tag resulted in a VHL
HaloProtac (Figure 51), which demonstrated dose-dependent degradation of a green
fluorescent protein (GFP) - HaloTag7 fusion with a DCsp = 19 nM.' Use of the
enantiomer of the VHL HaloProtac resulted in no degradation indicating the effect is
dependent on ligase recruitment. This VHL HaloProtac was also able to demonstrate
degradation of both ERK-1 and MEK-1 HaloTag 7 fusion proteins, indicating the
potential generality of this strategy.

m
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Figure 51. Structure of a VHL HaloProtac

The proposed mechanism of action of a HaloProtac is analogous to a Protac, however
in this case a binary complex is formed, as the hexyl chloride tag forms a covalent
bond to the HaloTag7 protein (Figure 52).1%° The HaloTag7 protein itself is thought to
be resistant to ubiquitination and degradation,**® hence it is believed that the fusion
protein-ligand complex recruits VHL, allowing ubiquitin transfer onto the target

protein and ultimately causing its degradation via the proteasome.
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Figure 52.1 Proposed mechanism of action of a HaloProtac (POl = protein of

interest)

An analogous HaloProtac recruiting IAP has been reported employing IAP ligand MV-
1 previously used in a CRABP-II IAP Protac (Figure 53),7 however significantly
higher concentrations of IAP HaloProtac were required to demonstrate any effect on

protein levels.
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Figure 53. Structure of an IAP HaloProtac incorporating IAP ligand MV-1
1.4.3 Inhibitor-mediated Protein Degradation

Inducing direct degradation of a target protein removes the requirement for recruitment
of an E3 ligase using a Protac. The most notable example of this is Fulvestrant (also
known as faslodex; Figure 54, left), a selective estrogen receptor degrader (SERD),
which is FDA-approved for the treatment of breast cancer.'*® Fulvestrant mediated ER
degradation is believed to proceed by inducing a conformational change, resulting in
exposure of a hydrophobic surface causing its ubiquitination and proteasomal
degradation.t® Fulvestrant is required to be administered by intramuscular injection
and does not achieve complete ER engagement clinically.*®® Recently, a non-steroidal
orally bioavailable SERD, GDC-0810 (Figure 54, right), has been described to have
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superior activity over fulvestrant due to greater levels of exposure achievable using

this dosing strategy. 6!
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Figure 54. Structure of SERDs Fulvestrant (left) and GDC-0810 (right)

CI1-1033 is a covalent inhibitor of the kinase ErbB2 (Figure 55), which also causes its
degradation by the proteasome.*®? It is thought that covalent modification results in a
conformational change in the ATP binding site and proteasomal degradation proceeds

by a chaperone-mediated response.
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Figure 55. Structure of ErbB2 degrader CI-1033

Inhibitors that also induce protein degradation span multiple target classes. RNA
polymerase | inhibitor BMH-21 (Figure 56, left) causes its proteasomal degradation
by destabilisation of catalytic subunit RPA194.1% The calcium-activated chloride
channel Anoctamin-1 (ANOL) is highly expressed in cancer, however inhibition alone
does not inhibit proliferation.'®* Inhibitor CaCCinn-AO1 (Figure 56, right) was found
to increase ubiquitination of ANOL, resulting in its degradation by the proteasome and
inhibiting cancer cell proliferation. Again, this process is thought to proceed by

causing a conformational change in ANO1.
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Figure 56. RNA polymerase | degrader BMH-21 (left) and ANO1 degrader CaCCinn-
AO1 (right)
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The majority of inhibitors that directly induce protein degradation have been
discovered serendipitously; though the attractive pharmacodynamic profile attainable
using an inhibitor/degrader has triggered more targeted strategies to induce this effect.
One of these strategies, known as ‘hydrophobic tagging,” involves conjugation of an
inhibitor to a hydrophobic group to mimic a partially misfolded protein state, resulting
in degradation via the proteasome (as observed using Fulvestrant). This strategy was
initially used to target HaloTag fusion proteins,'*®1%> however has since developed into

an approach amenable towards targeted proteins.

A ligand-finding strategy targeting the pseudokinase Her3 led to the discovery of the
first selective Her3 covalent ligand TX1-85-1 (Figure 57, left).1®® This molecule alone
was found to fully inhibit Her3 in cells, however did not inhibit Her3-dependent
downstream function. Modification of this ligand with an adamantyl hydrophobic tag
gave TX2-121-1 (Figure 57, right) which caused partial degradation of Her3 at 0.5 uM
and 2 uM.
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Figure 57. Her3 ligand (TX1-85-1, left) and Her3 degrader (TX2-121-1, right)
generated using a hydrophobic tagging strategy

This tagged molecule was able to inhibit downstream effectors Erk and Akt, and cause
cell death of Her3-dependent cell lines at 1 uM concentration.'®® Degradation was
found to be dependent on the both the proteasome and molecular chaperones Hsp70
and Hsp90, which are involved in sensing protein misfolding.*®” These chaperones
may recognise the hydrophobic tag and direct Her3 to the proteasome; a proposed

mechanism is outlined in Figure 58.
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Figure 58.1% Proposed mechanism for Her3 degradation by a hydrophobic tagging
strategy

In an analogous manner to SERDs, a hydrophobic tagging approach has been taken
towards AR degradation as a strategy to combat AR antagonist resistance in CRPC.168
By modification of an AR agonist RU59063 (Figure 59, top left) with a hydrophobic
tag resulted in SARD279 (Figure 59, top right), which demonstrated concentration-
dependent AR degradation with a DCsp = 1 uM (Figure 59, bottom)
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Figure 59.1% AR agonist RU59063 (top left) and AR degrader SARD279
incorporating a hydrophobic tag (top right); western blot indicating hydrophobic tag
induced AR degradation (bottom)

By a similar approach, Boc-protected arginine (BocsArg) has been identified as a
degron to induce protein degradation.'®® Though initially believed to proceed in a
similar manner to the adamantyl conjugation strategy, the BoczsArg tag is now thought
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to act by directly localising the target protein to the 20S proteasome and does not
involve target protein ubiquitination.1”® Degradation of glutathione-S-transferase has
been demonstrated by BoczArg conjugation of covalent inhibitor ethacrynic acid
(Figure 60, top).1®® BocsArg-mediated degradation of dihydrofolate reductase has also
been demonstrated by tagging of non-covalent ligand trimethoprim (Figure 60,
bottom), however a higher concentration was required, suggesting that covalent
inhibition may be preferable for this approach.
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Figure 60. BocsArg tagged ligands targeting glutathione-S-transferase (above) and
dihydrofolate reductase (below)
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1.5 Aims and Objectives

Small molecule-mediated targeted protein degradation using Protacs has recently been
validated as a highly promising approach for application in drug discovery. In this
thesis, development of Protacs targeting a series of disease-relevant proteins will be
explored. For each protein, the biological rationale for functional inhibition will first
be outlined, then the potential therapeutic benefit of targeting these proteins using a
Protac-mediated degradation approach will be proposed.

Once a suitable ligand for a target protein of interest is identified, the design of Protacs
based on this ligand will be described. An appropriate linking vector to the E3 ligase
will be determined using available X-ray crystallography data or other literature
sources, and will then be synthesised to give a sufficient amount of desired product.

The designed Protacs will then assessed to determine that biochemical inhibition of
the target protein is consistent with the parent inhibitor, and that the physicochemical
properties of the molecule are appropriate for further intracellular profiling. Having
confirmed this, western blotting will be performed to validate target protein
degradation in a relevant cell line. Identification of an active protein degrader will then
allow determination of the potential advantages of target protein degradation over

traditional functional inhibition.
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2. ACtR2B Protacs

2.1 The ActR2B Receptor

Myostatin is a protein which regulates muscle growth.!’* Myostatin null mice are

viable and have a lean, muscled phenotype (Figure 61),*%'"2 while knockout or

overexpression of the gene in adult mice results in muscle gain or loss, respectively.1

175 Myostatin initiates signalling by binding to type I and type Il transforming growth

factor beta (TGFB) family receptors, which are transmembrane protein kinases.’6178

Figure 61.172 Increased skeletal muscle mass in myostatin-null mice (right) compared

to wild-type mice (left)

The primary receptor for myostatin is the Activin receptor type 11B (ActR2B), which
recruits a type | acceptor, the Activin receptor-like kinase (ALK) 4 or 5, when
myostatin is bound (Figure 62).1° The type | acceptor is phosphorylated by ActR2B,
leading to downstream phosphorylation of the proteins Smad2/3 inside the cell 8018
This is thought to be followed by translocation to the nucleus by complexation of
Smad2/3 with Smad4, resulting in nuclear transcription. Hence, artificial disruption of
the myostatin pathway could lead to muscle gain, which could have potential

therapeutic use in the treatment of sarcopenia and other muscle wasting illnesses.
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Figure 62.1"® The myostatin signalling pathway

The potential for ALKS5 inhibition as a treatment for sarcopenia has been reported by
Ohsawa and co-workers,*8 however ALKS5 inhibitors have been reported to cause
heart valve lesions in rats.'® Therefore, inhibition of the ActR2B receptor selectively
over ALKS5 is required. Research undertaken within our laboratories resulted in the
discovery of a series of pyridone compounds, which demonstrated good binding to
ActR2B and over 100 fold selectivity over ALK5 (Figure 63).13* Despite high levels
of binding to ActR2B biochemically, none of the inhibitors from this series were able

to block myostatin signalling in cells.
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Figure 63. Small molecule ActR2B inhibitor (biochemical ActR2B pICso = 8.5, ALK5
pICso = 6.1)
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As the ActR2B binder demonstrated potent biochemical binding but induced no
cellular effect, it was thought that a Protac approach could exploit the high binding
potency of the ligands. The target protein binder in an ActR2B Protac would not need
to alter signalling by occupancy-driven kinase inhibition, it is only required to be
sufficiently potent to anchor to the binding site and allow ternary complex formation,
leading to ubiquitin transfer and subsequent degradation. Degradation of ActR2B
should result in the same effect as sSiRNA-mediated ActR2B knockdown, which does
antagonise myostatin signalling.*®* Therefore, degradation of ActR2B could also be a

potential treatment for muscle wasting illnesses such as sarcopenia.

2.2 ActR2B Protac Design

Design of a Protac targeting ActR2B requires a combination of the VHL binding
fragment and ActR2B binding fragment through a linker. The length of the linker is
believed to be important as it must allow both proteins (ActR2B and VHL) to
simultaneously bind to the Protac without clashing. However, designing this linker
length using molecular modelling software is challenging as both proteins are

extremely large in size.

The linking position to the ActR2B binder (Figure 63) was rationalised using X-ray
crystal data generated from the ActR2B binder indicated in Figure 64. The pyridone
and phenol fragments bind to the kinase via hydrogen bond interactions, while the
bicyclic heterocycle extends away from the binding site and is solvent exposed.
Linking as far as possible from the binding site should lead to minimal disruption of
binding, thus the exit vector for the linker was chosen on the solvent front of the

bicyclic heterocycle.
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Figure 64.184 Co-crystal structure of a lead compound and ActR2B

Two forms of VHL binder are available within our laboratories which have different
linking positions.!?® This could potentially alter the angle of approach of the two
proteins in the protein-Protac-protein ternary complex which may allow more efficient
ubiquitination. The structures of the fragments are an amine-linked VHL binder
(Figure 65, left), and a phenol-linked VHL binder (Figure 65, right).

Ej\Q\ﬂ o EW o @

Figure 65. Active VHL binders with linking points highlighted (left, amine-linked
VHL,; right, phenol-linked VHL)

To confirm the mode of action of the Protacs, active and inactive VHL binding
fragments are required to be linked to the ActR2B binders. Only the Protacs with the
active VHL binding moiety should be able to degrade the kinase by engagement of the
E3 ligase. If degradation is observed with the Protac containing the inactive VHL
binding moiety, it will be concluded that this degradation does not involve the
formation of the ternary complex and is related to other protein degradation pathways
or cytotoxicity. The inactive VHL binders are the enantiomers of the active VHL
binders (Figure 66).
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Figure 66. Inactive VHL binders with linking points highlighted (left, amine-linked
VHL,; right, phenol-linked VHL)

Combining these fragments resulted in the general structure of proposed ActR2B
amine-linked VHL Protacs and phenol-linked VHL Protacs (Figure 67). A
polyethylene glycol (PEG) linker was chosen to connect the two binding partners with

an arbitrary chain length of four EG units.
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Figure 67. Structure of target active ActR2B-VHL Protacs
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2.3 ActR2B Protac Synthesis

Synthesis of the ActR2B binding fragment was first investigated (Scheme 1).
Commercially available 3-bromo-2-chloropyridine was treated with sodium
methoxide, resulting in the formation of methoxypyridine 2 via nucelophilic aromatic
substitution in 77 % yield. This was then treated with N-iodosuccinimide (NIS) in the
presence of trifluoroacetic acid (TFA),' to give the iodinated species in 82 % yield.
A Suzuki coupling was then performed using 3-bromo-5-iodo-2-methoxypyridine and
commercially available (4-hydroxy-2-methylphenyl)boronic acid, selectively
coupling at the iodo-substituted position over the bromo-substituted position, in line
with literature precedent.'8187 This delivered phenol 3 in 61 % yield, alongside some

bis-coupled product observed during the reaction due to a second coupling at the

(HO),B, ;

bromo-substituted carbon.

OH MeO
—N
a MeO MeO Pd(dppf)Cl, (7.5 mol%), Br \ )
N NaOMe N NIS,TFA(2eq) —N NayCO5 (2 M ag.)
= - = — > B _
Br—\ / MeOH, reflux, 2h  B"™X ,  DCE, 60°C,20h \ 7/ 1,4-Dioxane, 60 °C, 3.5 h
7% 82 % | 61%
1
2 OH

3

MOMCI, NaH
DMF, 0 °C—rt, 0.5 h
quantitative

OH MeO ? MeO
e N N B _N
I, NaH, 0, ° "\Y

MeOH:THF (1:1) Pd(dppf)Cl, (15 mol%),
0°C,05h O Na,CO3 (2 M aq.)
93 % 1,4-Dioxane, 90 °C, 2.5 h

OMOM OMOM 65 % OMOM
6 5

Scheme 1. Synthesis of ActR2B-binding fragment precursor

The phenol was then protected with methoxymethyl chloride (MOM-CI) in the
presence of sodium hydride to yield MOM-protected 4 quantitatively. The acid-
sensitive protecting group was chosen to facilitate a late stage 3-fold acid deprotection
of the phenol, 2-methoxypyridine and carboxylic acid (vide infra) moieties in one step.
This protection reaction was also tested in the presence of weaker base N,N-
diisopropylethylamine (DIPEA), however the reaction failed to reach greater than 60
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% conversion, even after addition of excess MOM chloride and base. Substrate 4 was
then subjected to a further Suzuki coupling using an aldehyde-containing boronic ester
synthesised within our laboratories, ' delivering aldehyde 5 in 65 % yield. Reduction

of 5 with sodium borohydride generated benzylic alcohol 6 in 93 % yield.

In order to assess the binding ability of compound 7 alone (Scheme 2), a full
deprotection of 6 was attempted. Using HCI (4 M in dioxane) at 70 °C or TFA in
dioxane at reflux led to deprotection of the MOM group only, failing to demethylate
the 2-methoxypyridine moiety. Changing the acidic media to HCI (6 M aqueous (ag.))
resulted in obtaining the fully deprotected product 6 with a 19 % yield. This low yield
was the consequence of partial chlorination of the benzylic alcohol in the product and
formation of the partially deprotected intermediate (compound 7a and 7b, Figure 68)
observed during the course of the reaction (these side products were observed by
LCMS and were not isolated). Compound 7 was submitted to the ActR2B binding

assay and the data is presented later in Table 1.

HO e HO O N NH
g 7/ HCI (6 M aq.) s \ 7
THF, rt > 80 °C, 3 h
@ &
OMOM OH
6 7

Scheme 2. Deprotection reaction yielding the ActR2B binder 7

o MeQ N
NH Cl -
cl A O A\
O g \ 7 ¢ Y

OH OH
7a 7b

Figure 68. Side products observed by LCMS during the deprotection reaction

described in Scheme 2

In order to synthesise amine-linked VHL Protacs, an O-alkylation was carried out
using sodium hydride in N,N-dimethylformamide (DMF) with a tosylated tert-butyl
ester PEG chain linker synthesised within our laboratories.*? This process proceeded
with concomitant ester deprotection, resulting in acid 8 in 65 % vyield (Scheme 3).
Treatment of acid 8 with HCI (6 M aq.) afforded deprotected acid 9 in 39 % vyield.
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o
OMOM
7
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65 %
MeO
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o O g \ 7/
9 (80% pure) OH

VHL-NH, HCI
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10a 27 % yield OH
10b (ent-10a) 31 % yield

)
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Scheme 3. Synthesis of active/inactive amine-linked VHL Protacs 10a and 10b

Intermediate 9 was then coupled to the active and inactive VHL amines, synthesized
within ~ our  laboratories,®  using amide  coupling  reagent  1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) in the presence of DIPEA.® This resulted in attainment
of the desired Protacs 10a and 10b in moderate yields (27 % and 31 %, respectively).

Since the available phenol-linked VHL binders are linked through a different
functional group, an alternative approach was required to synthesise the corresponding
Protacs. Previously synthesised protected alcohol 6 was alkylated with a dichlorinated
PEG linker to give the intermediate 11 in 61 % yield (Scheme 4). This was linked to
active and inactive phenol-linked VHL binders to give precursors 12a and 12b in low
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yield in the presence of K>COsz (13 % and 22 %, respectively), followed by
deprotection with HCI (4 M in dioxane) to give phenol-linked VHL Protacs 13a and
13b in moderate yield (63 % and 58 %, respectively). Deprotection under these
conditions proceeded in improved yield compared to a previous synthesis of 13a and
13b, where use of HCI (6 M aq.) delivered the same product in significantly lower

yields.

TS e

NaH, DMF, rt, 4 h
61 %

VHL-OH VHL-OH
N K2COs /'NMP, 120 °C, NMP, 90 °C "\ K2COs3
ﬂs 4 days, 13% 3 days, 22 %
N (used crude)

12b - Inactive VHL

(0] o) =N
0 OO O A \HCI (4 M in dioxane)

DMF, 50 °C, 5 h
58 %
o s
N_o
f OMOM 13b - Inactive VHL
N~
// 12a - Active VHL

o

DMF, 50 °C, 5 h

HCI (4 M in dioxane)
63 %

S
(0]
o/\/o\/\o/\/o\/\o O A NH
HN ¢ Y
N
fo OH
o 13a - Active VHL

Scheme 4. Synthesis of phenol-linked VHL Protacs 13a and 13b
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2.4 ActR2B Protac Profiling

The synthesised compounds were first tested in a biochemical ActR2B fluorescence
polarisation (FP) binding assay, measuring displacement of a fluorescent ligand from
the ActR2B kinase domain, and also in an ALKS5 biochemical assay to assess whether

binding to ActR2B was maintained and selectivity over ALK5.

Table 1. Data collected for ActR2B-related compounds

Compound ActR2B ALKS5 VHL A204 Chrom | Solubility
P pICso pICso pICso pICsol LogD (UM)2
7 8.2 6.9 <4 5.1 2.7 37
9 8.0 6.7 <4 <4.3 2.1 382
10a 6.8 6.0 6.4 5.6 43 40
10b 6.4 6.3 <4 <4.3 43 19
13a 6.1 5.9 nd <4.3 48 >498
13b 6.2 5.6 <4 <4.3 4.8 328

16 h incubation with compound in A204 cells with 2 nM myostatin; lower limit of assay = 4.3 2Solubility

measured by chemiluminescent nitrogen detection (CLND)

Compound 7, the proposed ActR2B binder, proved to be potent towards ActR2B with
approximately 10 fold selectivity over ALKS5 in biochemical assays. Attachment of the
linker in compound 9 mostly retained potency and selectivity towards ActR2B in the
same assays. However, in the resulting Protacs 10a/10b and 13a/13b, the plCso
towards ActR2B decreased by 1-1.5 log units and selectivity over ALK5 was lost. The
reason for this decrease in potency is explored below. As expected, the active VHL
Protac 10a was found to be potent at VHL (plCso = 6.4) compared to the inactive VHL
Protac 10b (pICso < 4). Compounds 7 and 9 were also inactive towards VHL, which

confirms no interference of the ActR2B binder at the VHL binding site.

The compounds were tested in a cellular myostatin signalling assay based on assays
reported in the literature,*"®*8! carried out by incubation with the compound in A204

rhabdomyosarcoma cells with 2 nM myostatin for 6 h and measuring luciferase activity
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of a phospho-SMAD?2/3 dependent promoter. ActR2B binder 7 was found to be
weakly active in this assay; however, this is may be due to inhibition of ALKS5. Protac
10a appeared to show activity in the cellular assay (pICso = 5.6), however, the raw data
indicated little difference between 10a and 10b. Accordingly, the registered activity is
believed to be due to an artefact from the curve fitting software; therefore it was

concluded that Protac 10a was inactive in the cell assay.

The four Protacs were then tested to assess whether degradation of ActR2B would be
observable by western blotting, a semiquantative measure of the level of specific
proteins in a cell lysate relative to an internal control.’®*-1% A204 cells were treated
with increasing concentrations (0.5 uM to 18 uM) of active and inactive Protacs for 6
h and 24 h and the ActR2B levels in the cell lysates were analysed and compared to a
cellular reference protein (actin), which should not be degraded by the Protac
mechanism (Figure 69). The intensity of the ActR2B and actin bands remained
relatively constant (within experimental error) across the various concentrations and
incubation times and no significant differences were observed between the active and
inactive Protacs. It was therefore concluded that none of the Protacs demonstrated
significant degradation of ActR2B, which was consistent with the lack of activity

observed in the A204 cell assay.

6h 24 h 6h 24 h

I
10aM) 0 05 2 6 18 05 2 6 18 13a@M) 0 05 2 6 18 05 2 6 18

e | ACHRIIB ‘1 ——

ACHN | = vy v gy ymmy yy oy ey Actin -.--.-q

ActRIIB

Figure 69.1% Western blots assessing degradation of ActR2B in A204 cells using
Protacs 10a and 13a relative to actin as an internal control
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2.5 Conclusions

The synthesis of Protacs targeting ActR2B was successfully performed in 9 linear
steps. These Protacs were found to have moderate potency towards ActR2B, however
failed to show any functional response in cellular assays or degradation experiments.
A potential reason for this lack of observable activity may depend on the subcellular

localisation of the protein, which will be explored below.

At the same time as the synthesis of ActR2B Protacs was carried out, research
elsewhere within our laboratories aimed to further explore kinase degradation.
Vandetanib (A), a non-selective kinase inhibitor,'*> was modified into a Protac using
the same crystal structure-based rationale used for the ActR2B Protacs.'®® The
Vandetanib-based Protacs were found to have similar levels of potency at kinases
RIPK2 and vascular endothelial growth factor receptor 2 (VEGFR2) as for the ActR2B

Protacs, and equally comparable physicochemical properties (Table 2).

OH
o s
r/N O\/\O/\/O\/\O/\/O\)J\’\I‘/Q
Na _ H o
(o) g NH
QNH O
Br F S"/J
Figure 70. Vandetanib (above) and Vandetanib-VHL Protac (below)

The Vandetanib Protac demonstrated some potency in a cellular RIPK2 assay,
confirming that the molecule was able to engage RIPK2 inside a cell (pICso = 6.5,
Table 2).
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Table 2. Profiling of Vandetanib-based compounds
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Combound RIPK2 RIPK2 VEGFR2 VHL Chrom | Solubility
P plCso cell pICso plCso plCso LogD (uM)?
Vandetanib 7.2 6.4 7.9 <4 3.1 296
Vandetanib 5.8 6.0 6.2 6.5 4.9 25
Protac (active)

1Solubility measured by CLND

The Vandetanib based Protac was then tested in western blotting experiments to assess
the potential degradation of RIPK2. The active VHL Vandetanib Protac demonstrated
concentration-dependent degradation of RIPK2, with a DCso = 800 nM following 4 h
incubation in HEK?293 cells (Figure 71, top). RIPK2 protein levels partially recovered
at higher concentrations (10 pM), indicative of the hook effect. The corresponding

inactive VHL Protac had no effect on RIPK2 protein levels (Figure 71, bottom).

Active VHL Protac
Concentration (uM)

RIPK2
B-Actin
Inactive VHL Protac
Concentration (uM)
RIPK2
B-Actin

Figure 71. RIPK2 degradation observed with active VHL Vandetanib Protac (top) and
not with the corresponding inactive VHL Protac (bottom) following 4 h incubation in

HEK?293 cells
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Despite a similar binding for RIPK2 and VEGFR?2 in the biochemical assays (Table
2), the Vandetanib-VHL Protac did not degrade VEGFR?2 at any of the concentrations
tested (Figure 72). Although both kinases are intracellular, they are located in different
parts of the cell: whilst RIPK2 is mostly located in the cytoplasm,'®® VEGFR2 is a

transmembrane receptor tyrosine kinase (RTK).*’

Concentration Concentration

Active VHL Inactive VHL

Protac (uM) Protac (uM)
NAEEVESEENAIN R

S e m SN M \/CGFR2 W pee e M VEGFR2

-— B-Actin — B-Actin

Figure 72. No degradation of transmembrane kinase VEGFR2 is observed with

active/inactive VHL Vandetanib Protacs following 4 h incubation in SW579 cells

It was therefore hypothesised that the subcellular localisation of the kinase may
influence whether degradation is observed. It is known that ubiquitination of
transmembrane proteins is possible, and is often a signal for their endocytosis and
degradation through the lysosomal pathway.'®® As ActR2B and VEGFR2 are both
transmembrane kinases, and VEGFR?2 is not degraded by a functioning Protac despite
evidence of binding, this class of proteins may not be amenable to Protac-mediated
degradation. Their localisation in the membrane may sterically hinder the approach of
the E3 ligase complex, thus preventing ubiquitin transfer onto the protein. Equally,
this class of proteins may not present a significant number of cytoplasm-exposed
lysines when compared to cytosolic kinases, for which a greater degree of potential
conformations and surface area will be accessible. Due to the lack of degradation or
cellular effects observed with the synthesised ActR2B Protacs, no further experiments

were conducted and an alternate disease-modifying target was selected.
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3. TR Protacs

3.1 The Thyroid Hormone Receptor

3.1.1 Biological Role and Structure

The thyroid hormone receptor (TR) belongs to the nuclear receptor family, a class of
intracellular, ligand-regulated transcription factors.!®2! TR is regulated by the
endogenous thyroid hormone ligands triiodothyronine (T3) and its precursor thyroxine

(T4), which play an important role in growth, development, and homeostasis (Figure

73).202
! |
HO | O HO | O
0 | 0
Ts Ta

Figure 73. Structures of endogenous TR ligands T3 (left) and T4 (right)

There are two thyroid hormone receptor subtypes (TRa and TR), which are expressed
by two different genes, located on chromosomes 17 and 3, respectively.?2 Each gene
produces two isoforms, however only the TR isoforms a1, 1, and B2 bind Tz and Ta.
Like other nuclear receptors, these TR isoforms are comprised of mostly homologous
deoxyribonucleic acid (DNA) binding domains (DBDs) and ligand binding domains
(LBDs). The LBDs of TRa and TR differ by a single amino acid residue (Ser-277 vs.
Asn-311), however, their N-terminal domains are unconserved and are of variable
length (Figure 74).20?
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The TR isoforms are the most predominant; TRB1 has high expression in the brain,
liver, and kidney,?%32% while the mMRNA for TRp2 is most abundant in the anterior
pituitary, yet undetectable in the liver, kidney, heart, cerebrum, and other organs of
adult rats.?® Unlike the highly localised TRB2, TRa1 and TRB: are expressed in almost
all tissues with variable distributions, with TRaz showing high abundance in skeletal

muscle and the brain.2%

TRp, H N Y | LBD

Chromosome 17 100% 100%

86% 82%
Chromosome 3 TR, H,N . DBD . LBD

Figure 74.2°" Comparison of the TR isoforms B1, B2, and az. Amino acid homology

with isoform B is indicated as a percentage above each domain

TR is mostly transcriptionally active as a heterodimer with the retinoid X receptor
(RXR),2%:20% and is activated or repressed by interacting with co-activators or co-
repressors when T3 is bound or unbound, respectively (Figure 75, above).?*® The
TR/RXR dimer is bound to DNA at thyroid response elements (TRE) regardless of
binding site occupancy, unlike steroid hormone receptors such as ER.?!! Helix 12
(H12) is relatively mobile and acts as a ‘molecular switch’ for the receptor. When T3
is bound, H12 closes over and a hydrophobic cleft is formed by residues on H3, H5,
and H12, acting as a docking site for the LXXLL motif of the co-activator (where L =
lecuine and X = any amino acid), eventually resulting in nuclear transcription (Figure

75, below).?*2
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co-activators

CO-Tepressors

Corepressor Coactivator Coactivator
binding surface binding surface Binds to surface
unformed forms

Figure 75.297213 Apove: The RXR/TR heterodimer and the role of co-activators/co-

repressors in transcription. Below: The role of Tz and H12 in co-activator binding

The multiply halogenated structures of T3 and T4 are not particularly amenable to
systematic modification,?'* however halogen-free thyromimetic scaffold GC-1 is a
TRp-selective agonist with sub-nanomolar affinity, offering easy access to analogues
(Figure 76).2™ The solved X-ray crystal structure of GC-1 like TRp-selective agonist
KB141 in complex with TR indicates the key interactions made in the LBD (Figure
77).28 A hydrogen bond between the 4’-phenol and His-435 is important for binding
and activity. Substituents at the 3-, 5- and 3’- positions occupy hydrophobic pockets
of the receptor, and sterically force the perpendicular conformation of the two rings.

Figure 76. Structure of thyromimetic GC-1 including ring numbering system
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Figure 77.2%8 Left: The ligand binding domain of TRB1 in complex with the TR agonist
KB141 (green, structure inset). H12 (yellow) covers the entrance to the binding pocket.
Right: Key interactions made by agonist KB141 (green) in complex with TRp:
(yellow).

3.1.2 TR Direct Antagonists

Although the crystal structures of several bound TR agonists have been solved, there
is no crystal structure of unbound or antagonist-bound TR; thus assumptions have to
be made in TR antagonist design. The structures and affinities of the most significant
direct TR antagonists are outlined in Figure 78 and Table 3, respectively. All three
antagonists bind to human TRo/p with pICso/pKg > 6.8 and demonstrate no significant

selectivity between each isoform.
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Table 3. Binding affinities of TR antagonists

NEIE Human TRe | Human TR
(nM) (nM)
NH-32Y7 93 £23 20 7
HY-4218 112 +18 149 £13
KK-1219 36 £3 22 %3

Data for NH-3/HY-4 expressed as mean Kps #SE.

Data for KK-1 is expressed as a mean I1Csq £SE.

oaN Cﬂ OYN\/\/
A (CH2)10
(I on T
HO (@] OH
/\lof HO oY
(o]
NH-3 HY-4
N= | Br
N = O
HO Br OH
O
KK-1

Figure 78. Literature TR antagonists

The TR antagonist NH-3 was designed following an extension hypothesis, by which
direct projection from the 5’ position could disturb the packing of H12 and prevent
formation of the co-activator binding surface.?!’” NH-3 was the first TR antagonist to
exhibit inhibition of thyroid hormone in vivo;??° however, pharmacological assessment
of NH-3 in rats revealed that it acts as a partial agonist at higher doses.??! It important
to note that the nitro group can be metabolically activated to a nitroso species which is
associated with toxicity,??? yet also appears to be important with respect to antagonist
activity. A large number of alternative substituents on the extension resulted in agonist

activity.?®

KK-1, another TR antagonist, was designed following the same extension hypothesis.
A pyridyl vinyl group was selected in order to increase water solubility and molecular

modelling indicated that the extension would cause a steric clash with the H12 agonist
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conformation (Figure 79), promoting antagonism.?*® KK-1 was found to act as a full

antagonist in a reporter assay in Chinese hamster ovary K1 cells.

Figure 79.21° TR antagonist KK-1 docked into the TRB binding site indicating the

agonist bound (red) and antagonist bound (purple) conformations of H12

HY-4 (Figure 78, right) was designed following the solved crystal structure of ER
antagonist 1CI-164,384 bound to ER (Figure 80, left);?242% jt was believed that a
similar alkylamide extension from the bridge position of GC-1 would project out in
the same direction, leading to TR antagonist activity.?'® HY-4 was found to behave as
a competitive antagonist, while shorter chain extensions led to weak agonist activity
(Figure 80, right); hence, it is believed that the amide and long carbon chain prevents
binding of co-activators.

=
| 0
HO o/\n/OH
0

Figure 80. Left: ER antagonist 1CI1-164,384, used to design the TR antagonist HY-4.

(0]

Right: TR agonist with a short bridge extension.
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3.2 TR Protac Project Aims

3.2.1 Potential Clinical Application

Low circulating levels of thyroid hormone leads to hypothyroidism, which is
commonly treated by hormone replacement using synthetic T4 (also known as
Levothyroxine).??® Conversely, elevated levels of T3 or Ta result in hyperthyroidism,
manifesting as weight loss, muscle wasting, tachycardia, cardiac arrhythmia, bone
loss, and anxiety.??” The underlying cause of 50-80 % of cases of hyperthyroidism is
Graves’ disease, where antibodies bind to the thyroid gland and promote thyroid

hormone secretion.??

Current treatments for hyperthyroidism include treatment with methimazole (or
carbimazole), propyluracil, radioiodine treatment, or complete thyroid removal. The
thioamide drugs methimazole, its corresponding prodrug carbimazole, and
propyluracil (Figure 81) inhibit thyroperoxidase, an enzyme involved in thyroid
hormone synthesis; however these drugs take 4-8 weeks to show an effect since the
existing high levels of thyroid hormone must first be depleted.??®>-%! Treatment with
radioiodine reduces the size of the thyroid gland, however can reduce the gland to such
an extent that the patient is rendered hypothyroidic.?*? Radioiodine treatment is also
not tolerable for a number of patients, including pregnant women, children, and
patients with severe thyrotoxicosis. In severe cases, removal of the thyroid gland is

necessary, with the patient requiring permanent treatment with thyroxine.?%

/
/ N

[L [)QS /\/ELNH

¥ LA s

EtO” ~O

Figure 81. Marketed thioamide antithyroid agents: methimazole (left), carbimazole

(middle) and propyluracil (right)

There is a clinical need for a fast-acting, titratable medicine to treat hyperthyroidism,
however no described TR antagonists are adequate for this purpose; therefore a Protac
approach may be relevant in this case. By reducing protein levels by degradation of

TR, the amount of circulating Ta/T4 that is recognised by the receptor would be reduced
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and decrease the activity of the thyroid, therefore this approach may be a potential
therapy for hyperthyroidism. Previous success with degradation of ER, another nuclear
receptor, gives confidence in the prospect of inducing TR degradation.?®

3.2.2 TR Protac Design

In order to design a TR Protac, an existing antagonist is required to be modified in
order to effectively bind TR. Agonism is not desirable in this context; activation of the
receptor before degradation of the target would be detrimental to a patient with
hyperthyroidism. Ideally, the TR antagonist should be non-selective across TR
subtypes (or TRa selective); since selective TRB degradation could leave TRp
containing organs hypothyroidic (liver, kidneys, pituitary), while other organs would

remain at basal TR levels.2%’

The structure of TR antagonist NH-3 suggests that linking to the VHL binder through
the 5’-extension may result in a TR antagonist Protac (Figure 82). Preparative studies

relating to potential NH-3 based Protac structures will be described in later sections.

Figure 82. General structures of proposed Protacs based on TR antagonist NH-3
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3.2.3 TR Assay Systems

In order to assess the potency and binding mode of the Protac, a TRa and TR time
resolved fluorescence resonance energy transfer (TR-FRET) assay was available,?%*
the principle of which is outlined in Figure 83. Recombinant TRa or TR ligand
binding domain modified with a glutathione S-tranferase (GST) tag binds to an anti-
GST tagged antibody modified with a terbium cryptate, which acts as the fluorescence

donor.

The fluorescence acceptor is a streptavidin conjugate bound to an LXXLL co-activator
motif; this can only bind when the co-activator binding site is formed (when H12 is
closed, see Section 3.1.1). In the agonist mode of the assay, the LXXLL conjugate
does not bind in the absence of an agonist ligand, however as the concentration of
agonist is increased, the level of binding between the LXXLL conjugate and the
receptor increases, resulting in an increased FRET signal. An antagonist would show

no effect in this assay, since the co-activator binding site cannot form.

In antagonist mode, a fixed level of agonist (T3) is present, resulting in a baseline non-
zero FRET signal. As the TR ligand is titrated in, an agonist would lead to increased
co-activator binding, increasing the FRET signal, while titrating an antagonist would
reduce co-activator binding, reducing the FRET signal. For all the assays, potencies
are derived from a dose response curve comparing FRET signal and ligand
concentration and presented as ECso or ICso values, depending on whether the

compound is an agonist or antagonist, respectively.
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Figure 83.2%¢ TR TR-FRET assay in agonist mode (above) and antagonist mode
(below)

To assess the cellular potency and binding mode of the Protacs, they are also tested in
a Gal4 reporter gene assay, the principle of which is outlined in Figure 84. HEK293
cells are transfected with a reporter plasmid (pFR-Luc) containing a synthetic
promoter with five repeats of the yeast Gal4 binding site that control expression of the
firefly luciferase gene and pCMV-BD, a gene encoding the TR ligand binding domain
fused to the DNA binding domain of yeast Gal4. Recruitment of the co-activator to the
TR binding domain results in activation of the Gal4 promoter via the Gal4 DNA
binding domain. This results in activation of the firefly luciferase reporter gene,
leading to expression of the firefly luciferase enzyme. The firefly luciferase enzyme
promotes oxidation of luciferin to oxyluciferin, which results in a luminescence signal.
A control reporter (Renilla luciferase) is also included to account for any cytotoxic
effects, since it constitutively expressed and should give little variability between

assays.

In agonist mode, the compound is incubated in the system for 16 h before cell lysis.
When the compound is titrated in, an agonist will engage with the ligand binding

domain, leading to closing of H12 and co-activator recruitment (Figure 84, left). An

68



CONFIDENTIAL — Do Not Copy

antagonist will give no luminescence in this mode of the assay since there is no

competing agonist to give a basal signal.

inactive
NR (LBD)

GAL4 DNA
binding domaind
GAL4
(promoter)
g 1

titration of b
full agonist

luci-
ferin

A
v -
2l
A lmesarc

inactive

0...

activated

NR (LBD)

(GAL4 DNA
binding domain

GAL4 DNA
binding domal
GAL4
(promoter)

(promoter)

Figure 84.2%* Principle of the TRB cell based assay in agonist mode (left) and

antagonist mode (right)

In antagonist mode, T3 is added to the system to give a baseline luminescence signal,
then the compound is titrated in (Figure 84, right). If the compound acts as an
antagonist then Tz is displaced; subsequently H12 is displaced leading to disruption of
the co-activator binding site, preventing transcription and reducing the luminescence
signal. In this assay, an agonist will result in further agonism and increase the basal

luminescence signal.
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3.3 5’-Linked TR Protac Synthesis

The synthesis of 5’-substituted GC-1 based TR binders have been previously described
in the literature;?"?22% hence, modification of these routes to incorporate the PEG
linker and VHL binder would be required. The synthesis of Protacs targeting TR will
be outlined within this section.

3.3.1 TR Binder Synthesis

Bromination of 2-isopropylphenol was first carried out to give phenol 14 in 68 % yield,
which was subsequently protected with a MOM group to give compound 15 in 64 %
yield (Scheme 5). 4-Bromo-3,5-dimethylphenol was protected with a triisopropylsilyl
(TIPS) group to give bromide 16 in 95 % vyield, then lithium-halogen exchange was
carried out; subsequent trapping with DMF afforded the corresponding aldehyde 17 in
74 % yield. The two fragments were combined by lithium-halogen exchange of 15 and
trapping with aldehyde 17 to give bridged alcohol 18 in 62 % yield, which was then
deoxygenated under an atmosphere of hydrogen to give protected TR binder fragment

19 in 94 % vyield.
OH OMOM
OH
Br, MOMCI, NaH
/k© DCM, rt, 1 h )\(; DMF rt, 10 min )\©
68 %

Br 64 %

OTIPS OTIPS

TIPSCI imidazole nBuLu DMF
DCM. . 16 h THF, 78°Clort 15h
74% &Ho
OH
n-BuLi Hy, Pd/C
15417 —————— o,
THF,-78°Ctort, 5h  MOMO OTIPS  ACOH/EtOH, rt, 24 h MOMO oTIPS

62 % 94%

18 19

Scheme 5. Synthesis of protected TR binder fragment 19

lodination and subsequent silyl deprotection of compound 19 proceeded in moderate
yield to give phenol 20 in 23 % yield over two steps and 50 % purity, since the desired

product proved to be inseparable from the des-iodo corresponding dehalogenated
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material (Scheme 6). Coupling reactions were then tested on substrate 20 to determine

the viability of this route in the synthesis.

i) n-BuLi, NIS

MeO.
THF/Cyclohexane \©\
78 °Ctort,6h .
_ No observed reaction
MOMO OTIPS ||) TBAF, THF, rt, 1h MOMO OH Pd(PPh3)Cl,, Cul
23 % over 2 steps THF, rt to 50 °C

19 20, 50 % pure

®
Li
Pd(PPh;),Cl, (25 mol%)
o ~ THF, 50 °C, 24 h
— “OMe 51 %
MeO

MeO !

x

MOMO I I OH

21, 90 % pure

Scheme 6. Synthesis of TR binder precursor 21 (TBAF = Tetra-N-butyl ammonium
fluoride). Yields based on amount of starting material in impure samples

Standard Sonogashira conditions led to no observed reaction of starting material. A
possible explanation for this lack of reactivity is likely to involve the transmetallation
of the copper acetylide; the Pd(I1) intermediate formed after oxidative addition may be
unreactive to transmetallation due to stabilisation by the neighbouring MOM group.
Instead, a Suzuki reaction was carried out via an alkynyl boronate as previously
reported for the synthesis of other 5’-substituted TR binders, which delivered phenol
21 in 51 % yield and 90 % purity.?*’

3.3.2 Initial TR Protac Synthesis

Synthesis of the linking fragment was first performed. Displacement of the 4-PEG
tosylate was carried out to give the ester 22 in 91 % vyield, followed by acidic

deprotection to give acid 23 in 84 % yield (Scheme 7).
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HO.

>L0J\QO\/>;O/\/OTS -~ >LOMO\/>;O/\/O\©\I

Cs,CO;, DMF
1,24 h
91% 22

HCI (4 M in dioxane)
1,4-Dioxane, 50 °C, 24 h
84 %

o
HOMO\/EO/\/OQ
|
23

Scheme 7. Synthesis of linker 23

Due to the poor reactivity previously observed in the attempted Sonogashira coupling
of iodinated binder 20, it was thought that extension of the alkyne out from the TR
fragment would allow a subsequent Sonogashira coupling to occur. Stepwise alkyne
extension of a separate batch of 20 (with 60 % purity) using trimethylsilylacetylene,
alkylation, and silyl deprotection was carried out to give alkyne 24 (Scheme 8) in 30
% vyield over three steps, however the product was again not separable from the

corresponding alkylated des-iodo starting material impurity.

@
Li m
) LMS GB\ ~ ]

OMe

| Pd(PPh;),Cl, (25 mol%) AN
O O THF, reflux, 22 h O O
o
MOMO OH ii) BrCH,CO,'Bu, Cs,CO5 MOMO oY 7<
DMF, 50 °C, 42 h o)

iii) TBAF, THF, rt, 10 min 24, 60 % pure
30 % over 3 steps

20, 60 % pure

Scheme 8. Synthesis of protected TR binder 24

Sonogashira coupling was then attempted between compounds 23 and 24;
unfortunately, this resulted in the Glaser coupled product 25 which was observed by
LCMS but not isolated (Scheme 9).2%¢ In an attempt to avoid Glaser coupling, a copper-
free Sonogashira was carried out following reported conditions,?®” however, this also
resulted in undesired product 25. Following this, the previously used Suzuki alkynyl
boronate coupling was carried out leading to formation of the desired product 26,

however in only 11 % yield (Scheme 10).
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x

O O conditions
- .
MOMO O/Yo\’<
o

24

Coniditions:
a) 23, Pd(PPh;),Cl, (5 mol%), Cul (5 mol%), NEts, THF, rt, 16 h
b) 23, PdCl, (5 mol%), pyrrolidine, water, rt, 5 h

Scheme 9. Conditions leading to undesired Glaser coupled product 25

HO. 0.
\ﬂ/\fo/\%
LiIHMDS, then 9-OMe-BBN o) 4

AN THF,-78°C, 1h X

0 0
MOMO o/\[(o\’< MOMO o/}(o\y<
o

Pd(PPhs),Cl, (25 mol%)
THF, 50 °C, 3 h o]

1%
24 26

Scheme 10. Suzuki coupling of alkyne 24

This poor yield was deemed insufficient to allow completion of the Protac synthesis,
hence an alternative approach was considered, focusing on optimisation of a coupling

step between compound 20 and an alkyne-containing linker.
3.3.3 Improved TR Protac Synthesis

Due to the shortcomings of the initial synthesis, it was decided that optimisation of the
alkyne-iodo coupling would be most useful to allow synthesis of the TR Protacs in
reasonable yield. First, Sonogashira coupling of 4-iodophenol with
trimethylsilylacetylene led to phenol 27 in 92 % yield (Scheme 11). However,
attempted deprotection of this using TBAF resulted in polymerisation of the product.
In contrast, displacement of the 4EG tosylate with phenol 27 followed by silyl
deprotection led to ester 28 without polymerisation. Basic hydrolysis using sodium
hydroxide (2 M ag.) gave acid 29 in 70 % yield.
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Ho = SiMe, HO.
-
\©\| Pd(PPhy),Cly, (2 mol%), X

Cul (2 mol%)
NEt;, 80 °C, 2 h 27
92 %

SiMe,

i) 27, Cs,COs, DMF

[¢]

(o} j\

50°C, 14 h Mo o

Sl o Ao o oA
3 i) TBAF, THF, rt, 20 h

74 % over 2 steps X

28

NaOH (2 M aq.)
THF, 50 °C, 15 h
70 %

[¢]
HONO\/tO N O\©\
X

29

Scheme 11. Synthesis of phenylacetylene-containing linker 29

Sonogashira coupling was attempted between iodinated binder 20 and acid 29; the
Glaser coupled product 30 was observed as in the previous synthesis (Scheme 12).
Encouragingly, by switching the copper(l) catalyst to the gold(l) catalyst Au(PPhs)Cl,
the desired acid 31 was obtained in 34 % yield, following conditions reported by Panda
and Sarkar.?® It is believed that Glaser coupling is suppressed since Au(l) is less prone
to oxidation than Cu(l); the gold acetylide may also be more amenable to

transmetallation, allowing the Sonogashira coupling to occur.
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o
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| 38, Pd(PPhj),Cl, (5 mol%) HOM V‘io/\/
Au(PPh3)Cl (5 mol%)
X
NAN
o0™o OH  NEt, DMF,80°C,3h O O
34% MOMO OH

20

38, Pd(PPh,),Cl, (5 mol%) 31
Cul (5 mol%),
NEt3, 50 °C, 1 h
(0]
HOMO\/};O/\/O O
A
e
O/\/O\é/\ONOH
3
(0]

30

Scheme 12. Formation of Glaser coupled product 30 observed under standard
Sonogashira conditions and the desired product 31 formed under Au(l) modified

conditions

Although the yield of the reaction was relatively low, it was an improvement compared
to the initial route (Scheme 10) and produced a sufficient amount of compound 31 to
complete the synthesis. Subsequent amide coupling, alkylation, and acid/base
deprotection of intermediate 31 led to the desired Protacs 32 and 33 in
16 % and 14 % vyields, respectively, over three steps (Scheme 13). Acidic conditions
removed the MOM protecting group (observed by LCMS), but failed to deprotect the

tert-butyl ester, therefore basic hydrolysis was carried out in situ.
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o
HOJVO\/\ o/\/o\/\ 1) ~0 O

O
MOMO OH

31

ii) BrCH,CO,Bu, Cs,CO3, DMF, 1t, 24 h
iii) HCI (4 M in dioxane), 1,4-dioxane, 50 °C, 72 h

i) VHL-NH,.HCI , HATU, DIPEA, DMF, t, 2 h
then NaOH (2 M aq.), 50 °C, 24 h

H
[¢]
HOw- N, O

o
%HLO\/\O/\/O\/\O/\/O O

X

RS S Wy

(0]

32 -Active VHL - 16 % yield over 3 steps
(33 - Inactive VHL - 14 % yield over 3 steps)

Scheme 13. Final steps of 5°-TR Protac synthesis

Protac 33 was tested in the TRa/p FRET assays, the data for which is outlined in Table
4; Protac 32 was not profiled due to insufficient material, however, it is likely to have
the same TR binding profile due to high structural similarity. Protac 33 was found to
act as an agonist, with sub-micromolar potency at TR (TRa/p ECso = 650/840 nM), in
contrast to the known TR antagonist NH-3. It was thought that the extension of the
PEG chain away from the binding site would have led to displacement of H12,
resulting in an antagonist response due to disruption of co-activator recruitment. As
Protac 33 is observed to act as an agonist, H12 must be sufficiently mobile to
compensate for the potential steric clash induced by the PEG chain extension out of

the TR binding site and allow an agonist response.

Table 4. Data for Protacs 32 and 33

Binding | TRa/p FRET ECso | TRa/p FRET ECso
SOLZIITE mode agonist mode ("M) | antagonist mode (nm)t | YL P1Cs
32 - - - 55
33 Full agonist 650/840 770/250 <4

!Antagonist mode measured in the presence of 1 nM T3 (TRa) or 3 nM Ts (TRB)
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The potency at VHL for active VHL Protac 32 was found to be reduced by ~1 log unit
compared to the parent VHL binder, the reason for which is unclear. Protac 32 was
then submitted to the TR degradation assay, however the Protac failed to show any
effect on TR levels despite observation of biochemical target engagement. This may
be caused by Protac 32 only having moderate potency at both TR, by inference from
Protac 33, and VHL.

Following on from the collection of these data, it was thought that direct modification
of a TR antagonist, retaining as many structural features as possible, would lead to an
antagonistic response in the corresponding Protac and improve TR potency over Protac
32.

3.4 NH-3-based Protacs

As Protac 32 was found to be an agonist with moderate potency, it was thought that
direct modification of literature antagonist NH-3 would yield a Protac which acts as a
TR antagonist and retains the potency of the parent binder. Docking of the NH-3 ligand
into the co-crystal structure of GC-1 and TRp1 suggested that linking from the ortho
or meta position of the 5’-phenylacetylene extension would have a minimal effect upon
ligand binding (Figure 85).2%°
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Figure 85. Docking of NH-3 ligand (based on co-crystal structure of GC-1 and TR1).

Note that H12 (top left) is in the closed agonist conformation

The basis for the antagonistic effect of exclusively electron-poor 5’-phenylacetylene
extensions can also be inferred using this model. In the agonist conformation, H12 is
primarily kept in place by a salt bridge, however, a phenylalanine residue is also
present on H12 in close proximity to the phenylacetylene extension (Figure 86).
Potentially, a m-stacking interaction between the phenylalanine on H12 and the
electron-poor extension prevents formation of the salt bridge, resulting in an
antagonistic effect. With an electron-rich extension, this interaction does not occur and
H12 moves in order to tolerate the steric clash, hence H12 can close resulting in an

agonistic effect, as observed with Protac 33.
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\ a I—‘

Figure 86. Docking of NH-3 indicating the close proximity of the 5* extension and

pendant phenylalanine of H12 (closed conformation)

To first explore whether linking from the phenylacetylene extension of NH-3 would
lead to retention of antagonism, a modified binder with a capped PEG linker was
synthesised. Phenol 20 was alkylated with tert-butyl bromoacetate to give ester 34,
which again proved inseparable from the des-iodo impurity of 20 (Scheme 14). The
capped linker extension was synthesised by tosylation of 2-(2-(2-
methoxyethoxy)ethoxy)ethanol to give tosylate 35 in 80 % vyield. 2-Bromo-5-
nitroanisole was demethylated with boron tribromide to give phenol 36 in 84 % vyield,
which was then alkylated with tosylate 35 to give aryl bromide 37 in 62 % vyield.
Subsequent Sonogashira reaction and TMS deprotection gave alkyne 38 in 68 % vyield

over two steps.
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MOMOj ‘ : i ~OH 052003 DMF
MOMO o/\ﬂ/ \’<

50°C, 16 h

20, 50 % pure quant.

34, 50 % pure

TsCl, NEtg
\O/\/O\/\O/\/o —_— /\/O\/\o/\/OTS
CH,Clp, it 16 h 35
80 %
O,N O,N
BBr; 35, Cs,CO3
_— _—
Br
Br CH,Cl,, 1, 16 h Br  DMF, 1,20 h ° )
84 % OH 62 % NN TN TN
36 37
i) =——SiMe;
Pd(PPh;),Cl, (2 mol%)
Cul (2.5 mol%)
NEt;, THF, 50°C 1 h
i) TBAF, THF, rt, 15 min
68 % over 2 steps
O,N
\Q\
\O/\/OV\O/\/O

38

Scheme 14. Synthesis of iodinated ester 34 and alkyne 38

Alkyne 38 was then coupled to protected iodide 34 and deprotected to give protected
binder 39 in 56 % yield (Scheme 15). Deprotection of 39 was then carried out to give
linked NH-3 binder 40 in 18 % yield.

O,N
- .
Pd(PPhs),Cl, (3 mol%)

Au(PPh)CI (3 mol%) o )t N

B e S N O O

O/ﬁ]/ \’< NEt,, DMF, 80 °C, 4 h MOMO O/YO\]<
0

39

| l l
MOMO

34

56 %

HCI (4 M in dioxane), DMF, 50 °C 4 h
then NaOH (2 M aq.), 50 °C, 18 h
18 %

o,N l

X
\O/\/O\/\O/\/O O O
HO o/\[(OH
o)

40

Scheme 15. Synthesis of linked NH-3 binder 40

Synthesis of the corresponding NH-3 based Protac was then carried out following a
similar procedure. Phenol 36 was alkylated with the 4EG tosylate to give bromide 41
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in 69 % yield (Scheme 16). Coupling to trimethylsilylacetylene and deprotection gave
alkyne 42 in 76 % yield over two steps.

o
L Ao 0
) NO oIk Ao >L
D/ z —>4 OJ\/O\/\Q/\/O\/\Q/\/OKJ/NOZ
Br Cs,CO;, DMF, 1t, 72 h .
69 %
40 41, 90 % pure

i) =——SiMe;
Pd(PPh3),Cl, (2 mol%)
Cul (2.7 mol%)
NEt;, 90 °C, 2 h
if) NaOH, THF, rt, 18 h
76 % over 2 steps

o
HO)K/O\/\O/\/O\/\O/\//O\Q/NOZ
=

42

Scheme 16. Preparation of alkyne 42

Coupling of alkyne 42 onto binder 34 gave acid 43 in 49 % vyield, which was
subsequently coupled onto the VHL amine and deprotected to give NH-3 based Protac
44 in 18 % yield (Scheme 17).

I 42, PA(PPhy),Cl (2 mol%)
O O Au(PPh3)Cl (3 mol%)
AN O.
0”0 oY j< NEt;, DMF, 80 °C, 14 h
o 49 %

34

if) HCI (4 M in dioxane), 50 °C, 5 h
then NaOH (2 M aq.), 50 °C, 16 h

i) VHL-NH,.HCI, HATU, DIPEA, DMF, rt, 1 h
18 %

H
o
HOw- N, O
[¢]
”J\/Ov\o/\/ov\o 0O ‘ NO,
=
Hoj]/\o O O OH
]

44

Scheme 17. Completion of NH-3 Protac synthesis

The synthesis of NH-3 was also carried out to compare its activity in the TR assay

systems. Coupling of 1-ethynyl-4-nitrobenzene onto aryl iodide 34 gave protected NH-
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345 in 23 % yield, however deprotection of 45 under literature conditions (first acidic

then basic conditions) led to benzofuran 46 by a 5-endo-dig cyclisation of the phenol

onto the ortho-alkyne (Scheme 18). This accounts for the low yielding deprotections

of the NH-3 linked binder and Protac as the benzofuran product would have also been

formed.

o A
0
MOMO oﬁ( j< Pd( PPh3)20I2 (6.7 mol%) O O
Au(PPh3)CI (9 mol%) MOMO O/\[( j<

NEt3;, DMF, 80 °C, 20 h

34
23 % 45

then NaOH (2 M aq.), 50 °C, 20 h
67 %

ox~ /a i
0 O/\n/OH
o]

46

l HCI (4 M in dioxane), DMF, 50 °C, 4 h

Scheme 18. Attempted synthesis of NH-3

The synthesis of NH-3 was then reattempted using an alternative deprotection strategy.

Coupling of 1-ethynyl-4-nitrobenzene onto a protected methyl ester binder available

within our laboratories®®® was carried out, as previously, to give protected NH-3 47 in

26 % yield, however the order of deprotection was reversed so the phenol was not

exposed to basic conditions (Scheme 19). Basic hydrolysis followed by acidification

gave NH-3 (48) in 44 % yield.

OzN\©\ O,N
| X O
0 - h
0.
MOMO O ~ Pd(PPhj3),Cl, (2.2 mol%) O O o
/\!I Au(PPh3)CI (2.2 mol%) MOMO OAI( ~
o

NEt;, DMF, 50 °C, 16 h

then Pd(PPhj),Cl, (2.2 mol%)
Au(PPh,)Cl (2.2 mol%), 50 °C, 5 h
26 %

47

LiOH (aq.), MeOH:THF (1:1), rt, 1 h

then HCI (4 M in dioxane), 50 °C, 1 h

44 %

O,N ]

X

OO .

O
48

Scheme 19. Synthesis of NH-3 (48)
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The linked binder 40, Protac 44 and NH-3 (48) were submitted to the TR FRET and
cellular assays, the results of which are outlined in Table 5. All the compounds were
found to act as full antagonists, as previously reported for NH-3,%7 and as predicted
for the corresponding linked binder and Protac. In the FRET assay, the linked binder
40 and Protac 44 were found to maintain the reported potency of NH-3 (TRa/p ICso
40 = 198/46 nM, TRo/B 1Cso 44 = 440/60 nM). The observed FRET potency of NH-3
itself (48) in this assay was lower than expected compared to literature values (TRa/3
ICs0 48 = 502/775 nM), however this may be due to assay variability.

Table 5. Comparison of NH-3 based binders and corresponding Protac

. TRo/p FRET TRp -
Compound Br':g(;:g ICs0 antagonist | Cell ICso (ihorolgn So(lulsll)lzty
mode (nM): (M) g M
Full )
40 . 198/46 75 4.8 >A478
antagonist
44 Full 440/60 150° 48 >508
antagonist
Full 3
48 (NH-3) . 502/775 50 4.6 28
antagonist

*Antagonist mode measured in the presence of 1 nM T3 (TRa) or 3 nM T3 (TRB). *Measured in the
presence of 5 nM Ts. 3Measured in the presence of 1.5 nM Ts. *Solubility measured by CLND.

In the cellular assay, the linked binder and Protac effectively maintained the potency
of NH-3, and also implies that the TR is engaged in cells (TRB Cell ICso 40 = 75 nM,
44 = 150 nM, 48 = 50 nM). NH-3 based Protac 44 was then submitted to the TR
degradation assay, however this molecule showed no effect on TRp levels, despite

cellular target engagement.
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3.6 Conclusions

In this chapter, the synthesis of a variety of TR-targeted Protacs was carried out, which
proved to be cell permeable and demonstrated intracellular TR engagement. Despite
this, no effect on TR protein levels were observed. It was thus considered that TR may

not be a degradable target when recruiting VHL as an E3 ligase.

One possible explanation for lack of degradation observed is that, unlike ER and some
other nuclear receptors, the TR/RXR heterodimer is permanently bound to DNA
regardless of binding site occupancy.?!* This implies that, although degradation of
nuclear-localised targets such as ER® and BRD43° has been demonstrated,
degradation of DNA-bound proteins may not be possible. Another possibility is that
the formation of the TR/RXR heterodimer sterically inhibits ubiquitin transfer. On the
other hand, as RXR is exclusively nuclear, and nuclear-cytoplasmic shuttling of TR
has been demonstrated in the literature (suggesting 10-15 % cytoplasmic localisation
of TRP),>! it may be expected that free TR in both nuclear and cytoplasmic
compartments should be degradable. Another unusual factor observed throughout the
programme was that VHL potency was found to be lower than expected in all Protacs,

which would reduce the efficiency of ternary complex formation.

In the absence of any observed TR degradation, no further work on this target was

carried out and a novel strategy towards target selection was considered.
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4. Promiscuous Kinase Protacs

4.1 Introduction

In previous chapters, target selection for a degradation approach has been guided by
the potential of demonstrating novel target pharmacology. Despite considerable
efforts, target degradation was not observed in both cases for various possible reasons.
Following on from this, an orthogonal approach to target degradation was considered:
rather than selecting a single target then assessing its degradability, an unselective
Protac may degrade multiple targets simultaneously, potentially allowing multiple
novel degradable targets to be identified. This approach may also give insight into the
wider susceptibility of the proteome to Protac-mediated degradation and the scope of

the approach in general.

Multiple potential approaches for selecting promiscuous binders were considered, for
example, several studies have demonstrated proteome-wide profiling of proteins using
molecules containing reactive warheads.?*? These warheads, such as epoxides and
Michael acceptors, probe for reactive cysteines or serines. However, most of these
reactive functional groups result in irreversible binding to the target, preventing the
event-driven pharmacology possible using a Protac approach. Some warheads are also
highly reactive, which may result in cell toxicity and incompatibility with the required
E3 ligase binders. It was thought that use of a protein subclass selective molecule

would allow simpler Protac design without high reactivity and irreversibility.

Initially, the kinase subclass of proteins was selected for this more promiscuous Protac
approach. Modern kinase drug discovery often requires highly selective inhibition to
avoid undesirable side effects mediated by off-target inhibition.?*® In contrast, in this
case a lack of selectivity is preferable to give maximal coverage of the kinome. Protein
kinases modulate intracellular processes by transfer of phosphate groups from
adenosine triphosphate (ATP, Figure 87), and contain a highly conserved ATP binding

site. 2
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Figure 87. Structure of ATP

Direct elaboration of ATP could result in a highly unselective Protac since it does not
exclusively bind to kinases; a vast array of non-kinase proteins have been reported to
bind ATP.2* However, an ATP-based Protac is likely to have poor cell permeability
due to its highly charged nature.?*® The most prominent example of an unselective
ATP-competitive kinase inhibitor is Staurosporine, a microbial alkaloid (Figure
88).247248 Though Staurosporine is highly unselective in its own right, analogues
incorporating linkers have demonstrated relatively poor kinome-wide binding in

cells.?#

Figure 88. Broad spectrum natural product kinase inhibitor, Staurosporine

CTx-0294885 has been identified in the literature as a broad spectrum kinase inhibitor
(Figure 89, left).?4%250 Within our laboratories, a modified version of this inhibitor with
a pendant amine was synthesised which retained the pan-kinase selectivity (Figure 89,
right), indicating a potential linking vector for modification into a Protac.?!

(\NH
N

| |
O HN \N)\N O HN \N)\N

(\N/\/\NH2
N

Figure 89. Broad spectrum kinase inhibitor (CTx-0294885, left), and linkable
equivalent (right)
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The kinase binding profile for the amine-modified kinase binder is indicated in Figure
90. The isolated binder engages 186 kinases with a plCso > 5, with little selectivity

between kinase subsets.

plCso range 5.0-6.0 [ 6.0-7.0 | 7.0-83

No. of affected

. 70 98 18
kinases

Figure 90. Kinome interaction tree for broad spectrum kinase inhibitor (top) and

kinase potencies (bottom)

CTx-0294885 was selected for elaboration into the desired promiscuous kinase
Protacs; a 4EG chain connecting the kinase and ligase binder was selected, taking into
account that the same linker length was previously employed with VVandetanib-based
Protacs and proved to be the most efficient (Section 2.5).12* Thus, the synthesis of a
series of Protacs based on the promiscuous binder was required, the general structure

for which is presented in Figure 91.
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Figure 91. General structure of proposed promiscuous kinase Protacs

The nature of this experiment allows us not only to identify novel degradable targets,
but also the effect of recruiting orthogonal E3 ligases. Beyond VHL, the ligase which
has been regularly employed in previous chapters, the E3 ligase cereblon had been
reported as a ligase amenable for recruitment by a Protac.3%13! As the ligase had only
been reported to demonstrate degradation for a small number of proteins (BRD2/3/4
and FKBP12), it was thought that conjugation to the promiscuous binder would allow
rapid assessment of the wider applicability of this ligase. The IMiD lenalidomide was
selected to recruit cereblon,?2 with a potential linking position available through the

pendant aniline suggested by the co-crystal structure (see Section 1.3.3.2; Figure 92,

Ieft).253
ol OO
NH Q N (o)
I o
\/NH >(\/E;\:

(@)
HN__

Figure 92. Further E3 ligase binders to be employed in this experiment with linking
positions: lenalidomide, which recruits cereblon (left) and an 1AP binder (right)

Protacs recruiting IAP as a ligase (also known as SNIPERs) have been reported to
degrade multiple proteins, however this effect has exclusively been observed at high
concentrations where degradation cannot be delineated from compound-related
toxicity (Section 1.2). To explore whether IAP is indeed a valid ligase to recruit in a
Protac, it was believed that a more selective 1AP binder would be necessary. At the

time of planning the experiment, a series of potent heterodimeric IAP antagonists have
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been reported which, since they simultaneously engage two BIR domains of IAP,

suggest a potential linking position for incorporation into a Protac (Figure 92, right).>*

Following the synthesis of the Protacs, rather than assess effects on individual proteins
by western blotting, a combination of MS strategies will be employed to assess both
kinome-wide intracellular target engagement and proteome-wide effects on protein
levels to allow identification of multiple degraded targets in a single experiment. The
nature of these strategies to assess both protein binding and protein degradation will

be outlined in greater detail in later sections.

4.2 Promiscuous Kinase Protac Synthesis

The synthesis of the promiscuous kinase Protacs was then carried out. First, an SNAr
reaction was performed between commercially available 2,4,5-trichloropyrimidine
and 2-amino-N-methylbenzamide to give pyrimidine 49 in 97 % yield (Scheme 20.
Displacement was observed selectively at the 4-position; the 5-position being
disfavoured due to lack of electronic conjugation onto adjacent nitrogen atoms and the
2-position disfavoured due to repulsion between the nucleophile and the two adjacent
nitrogen lone pairs. Another SNAr reaction was then attempted between 49 and 1-Boc-
4-(4-aminophenyl)piperazine, however no conversion to product was observed. A
Buchwald reaction was then carried out as an alternative, to give Boc-protected binder
50 in 41 % yield, however, this strategy was deemed inadequate to generate sufficient
material to continue the synthesis.
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o j\/\‘N PA(OAC), (5 mol%) oy N
;¢ DIPEA < BINAP (10 mol%) f)\\ /©/
<

OBOC

N J\AN _ DIPEA 0 HNTSN e
) - - 0 HN" NN
H cl N//I\CI iPrOH >\ Cs,CO3, Toluene, i
85°C, 3h H MW 170 °C, 1 h SN
97 % % H
49 50
(\NBoc
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Scheme 20. Synthesis of Boc-protected binder 50

It was thought that acid catalysis may promote the SnAr reaction, however these
conditions would be incompatible with the Boc protecting group of the required
aniline. Accordingly, trifluoroacetamide was selected as a viable alternative protecting
group for this developing route, hence the corresponding protected aniline was
required. An SNAr reaction was carried out between 1-fluoro-4-nitrobenzene and
piperazine, then protected with trifluoroacetic anhydride to give protected nitroaryl 51
in 78 % yield (Scheme 21). This was then reduced under an atmosphere of hydrogen

to give aniline 52 in 97 % yield.

0 o
Piperazine, n-BuOH JJ\ Jk
/@/F 120°C, 16 h (NTYCF; My PaC (N7 CFs
= - > N
ON then TFAA, NEt N EtOH, rt, 2h -
DCM, rt, 2.5 h 97 %
80 O,N HoN
51 52

Scheme 21. Preparation of aniline 52

An acid-catalysed SnAr reaction was then carried out between pyrimidine 49 and
aniline 52 to give the desired protected binder 53 in 84 % vyield, then deprotection of
the trifluoroacetamide group delivered piperazine 54 in 81 % yield (Scheme 22). After
preparation of these compounds, a synthesis of 54 was reported in the literature making
use of microwave and flow synthesis.?® It is of note that the batch process carried out
within this section demonstrates an overall superior yield to that reported, with an

equal number of purifications.
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Scheme 22. Preparation of piperazine 54

Linker attachment was then carried out (Scheme 23). Alkylation with a 4EG chloro-
ester chain was first performed. Basic hydrolysis was then carried out to afford the
corresponding acid 55 in 67 % yield over two steps. Similarly, alkylation with a 4EG

bis-chloro ether was carried out to give chloride 56 in 35 % yield.

o
i)
(\NH I CI’{/\/O%O/ (\N/\/O\/\O/VO\/\OWOH

Ty N Nal, DIPEA iy NS 0
he DMF, 100 °C, 24 h Ie
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SN ,2h N
H 67 % over two steps H

54 55
\)NH (\N/\/OV\O/\/O\/\Q
Cl N cl N
e ohobme oy
O HN \N)\N _— X J\
H DMF, 150 °C, MW, 3 h O HN N H
N 35% ~N
H H

54 56

Scheme 23. Synthesis of linked kinase binders 55 and 56

Acid 55 was then coupled to commercially available cereblon binder, Lenalidomide,
to give cereblon Protac 57 in 32 % yield (Scheme 24). Further amide couplings were
carried out with VHL amine and its enantiomer to give active VHL Protac 58 and its

enantiomer 59 in 61 % and 89 % yield, respectively.
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Scheme 24. Synthesis of promiscuous kinase cereblon Protac 57 and active and
inactive VHL Protacs 58 and 59

Chloro-linked compound 56 was alkylated with a phenol-linked IAP binder available
within our laboratories to give IAP Protac 60 in 55 % yield (Scheme 25), assisted by
sodium iodide to induce a Finkelstein reaction, with transient iodide displacement
observed by LCMS.
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Scheme 25. Synthesis of promiscuous kinase IAP Protac 60

4.3 Promiscuous Kinase Protac Properties

The physicochemical properties of the prepared Protacs were then assessed to
determine their suitability for the expression proteomics study (Table 6). The cereblon
and VHL Protacs 57, 58 and 59 were found to have reasonable lipophilicities, with a
measured chrom logD of 4.1 and 5.2 respectively, with moderate solubilities: 81 uM
for cereblon and ~34 uM for both VHL Protacs. The IAP Protac 60 was found to be
highly lipophilic with a measured chrom logD of 6.8. However, as the molecule
retained some solubility (24 uM), it was deemed acceptable as a tool compound for
this experiment. The VHL Protac 58 and its enantiomer 59 were found to be

appropriately active and inactive, respectively, towards VHL.
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Table 6. Physicochemical properties and biochemical data for promiscuous kinase

Protacs
compouns | e | St [ | v |
57 Cereblon 4.1 81 n/a 0.7
58 VHL 5.2 32 6.2 16
59 VHL (inactive) 5.2 38 <4 1.9
60 IAP 6.8 24 n/a 24

1Solubility measured by CLND 2Cellular accumulation in HeLa cells

PAC is an approximate measurement of the intracellular concentration of
compounds.?® HelLa cells are incubated with a sample of the compound (10 uM
concentration), then the cells are lysed, extracted, and analysed by LCMS/MS to
determine intracellular compound concentrations. PAC describes the logarithmic ratio
of concentration of compound in cells compared to a control sample. PAC values in
the region of 0-1 imply good slight accumulation in cells, and values greater than 1
indicate significant cellular accumulation. All promiscuous kinase Protacs displayed
positive accumulation in cells, with increasing accumulation observed with increasing

lipophilicity from cereblon Protac 57 to IAP Protac 60.

A caveat to note regarding cellular accumulation data is that it does not distinguish
between species present in the cell membrane and cytoplasm; positive cellular
accumulation values may not reflect the true Protac intracellular free fraction in cells.
While the compounds may be accumulating within cells, the more lipophilic Protacs
are likely to be more highly protein bound and less free to engage the desired targets
(for example, highly lipophilic compounds may be strongly associated with the cell

membrane).

The Protacs were then submitted to a kinobead assay to determine whether their broad
spectrum inhibition across the kinome was maintained.?’ Kinobead technology allows

profiling of ATP competitive compounds in cells or lysates without compound or
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protein modification, which gives a more accurate reflection of target binding in cells
(compared to modified proteins used in typical cellular assays).?*® Broad spectrum
kinase inhibitors affixed to beads compete with the compound of interest for kinase
binding, the concentration dependence of which allows 1Csp measurement across a

large number of kinases (Figure 93).

No compound 10 nM A
ﬂ-\ ,——\
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E |
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T T T T T
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Figure 93.2°8 Kinobead assay workflow

A cell lysate is treated with a range of compound concentrations. Proteins are captured
by beads functionalised with broad spectrum kinase inhibitors; the free compound
competes with the beads for protein binding (Figure 93, top). Proteins bound to beads
are digested and labelled with isobaric tags (see Section 4.4) corresponding to the
inhibitor concentration; all labelled digests are then combined and analysed by
LCMS/MS (Figure 93, bottom left). If the free compound is more active at the target,
less protein will have been bound to the bead, leading to a reduced MS signal. Hence,

quantifying the decrease in signal intensity of labelled proteins compared to DMSO
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control reflects competition of the free compound for each kinase, allowing 1Cso

determination for multiple targets (Figure 93, bottom right).

Each Protac was profiled in a mixed lysate of HEK293/K562/Placenta cells, and were
found to mostly maintain broad spectrum kinase inhibition, though all Protacs tended
to be one log unit less potent across the measured kinome than the parent promiscuous
kinase binder (Figure 94). Activity was reduced compared to the parent binder for
kinases with pICso = 5-6, though highly potent targets mostly maintained activity.
Cereblon Protac 57 maintained the largest amount of kinase binding when compared
to the parent promiscuous binder, while IAP Protac 60 was found to have reduced
potency across a large number of targets, potentially caused by the high lipophilicity
and lower solubility of the Protac. The overall properties of the designed Protacs were
deemed appropriate for undertaking expression proteomics profiling, hence, these

were advanced into the experiment.

W7.00-831
[16.00-7.00
[5.00-6.00
[114.70-5.00

Figure 94. Kinobead profile of promiscuous kinase Protacs 57-60 plotted by ligase
compared to the parent amine-linked binder
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4.4 Expression Proteomics

Expression proteomics experiments were then carried out to quantify degradation
induced by the promiscuous kinase Protacs at the proteome level 12427 In this case, an
isobaric labelling strategy was used;?*° this approach allows labelling of peptides with
a chemically indistinguishable, but isotopically unique tag to allow derivation of
relative intracellular protein levels between treated and untreated states. Common
examples of isobaric mass tags include tandem mass tagging (TMT)?° and isobaric
tags for relative and absolute quantification (iTRAQ).2%!

In this experiment, TMT isobaric reagents were employed, the structures of which are
presented in Figure 95.25° The TMT tag itself consists of a dimethylpiperazine reporter
group and an amine-reactive N-hydroxysuccinimide (NHS) moiety. In order to keep
the tags chemically identical, the two groups are separated by a linker which acts to
counterbalance the molecular weight shift induced by the isotopic label. The structure
of the tag allows six unique isotopomers, termed TMT 6-plex reagents as six samples
can be uniquely tagged in multiplex. Further isotopomers with unique *C and °N
enrichment patterns permit up to 10-fold multiplexing.2622%3

Mass normalisation
group

o o °
qudop
H o)

-

Reporter N-reactive
group group
(@] o * o
O . o O . o O . o
N\)j\u/\*/l*ko’N N\)j\u/\*),#o’N N\)J\H/\)LofN
o (0] (0]
* * *
TMT-126 TMT-127 TMT-128
* (0] £ (0] £ (0]
(0] ) (0] (@] o (@] o
N\)’J\N/\)kO’N x N\)J\N/\)kO’N x N\)J\N/\)kO’N
H o) _ H o) _ H o)
TMT-129 TMT-130 TMT-131

Figure 95. General structure of a TMT reagent (above) and isotopic labelling patterns
of TMT 6-plex reagents (below; red = *3C/*®N reporter isotope, blue = *C/**N mass

balancing isotope)
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The NHS moiety of TMT isobaric mass tags allows labelling of the N-termini and
lysine residues of peptides which, in turn, allows tagging of peptides directly derived
from cell lysates (Figure 96). Following individual treatment of cell samples with
stimuli, proteins are then extracted from cells, followed by reduction, alkylation and
digestion to peptides. The individual peptide samples are then discretely labelled with

distinct TMT tags and pooled at equal concentrations.

= " >
cells U UU TMT tags

= — 00 G P P
[ —| Pratein Denature,

Samples extraction Reduce, Alkylate,

& tryptic digestion

Figure 96.25 TMT assay workflow

The differentially tagged peptide pools are then combined into one sample and
analysed by LCMS/MS (Figure 97), allowing separation of distinct peptides which
remain chemically indistinguishable. Following MS/MS, the specific fragmentation
patterns of the individual peptides can be deconvoluted and correlated back to the
parent proteins. Simultaneously, fragmentation of the TMT label occurs, resulting in
release of distinct TMT reporter group ions between m/z = 126-131. The relative
intensity of the reporter group ion indicates the relative amount of each peptide in the
parent sample, which, by extension, allows relative quantification of protein in the cell
sample.
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Figure 97.2%° Example MS readout from a TMT time course experiment

In this experiment, if individual protein levels are found to be significantly reduced in
a treated sample compared to the untreated sample, and binding to the protein has also
been observed through the previous kinobead experiments, this reduction in protein
level is highly probable to be a Protac-mediated effect (Figure 98). Hence, by
employing this technique, proteome-wide Protac profiling can be carried out in a single

experiment, rather than numerous experiments profiling degradation of individual

proteins by western blotting.
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Figure 98. An active Protac should induce protein degradation (left), which, in
combination with evidence of target engagement (kinobead plCso, right), results in

identification of novel degradable targets

For this expression proteomics experiment, THP-1 cells were treated for 6 h or 24 h
with 0.1 uM or 1 uM of each Protac in duplicate, then relative protein abundance was
then analysed to a depth of >7000 quantified proteins, including >260 kinases. The
resulting protein regulation is then plotted as fold change (log.) of the two replicate
experiments, the logarithmic scale producing a continuous spectrum of values
independently of upregulation or downregulation.?®® For example, a protein degraded
to approximately 20 % of the control sample corresponds to a log. (fold change) = -
2.3. Statistically significant upregulation and downregulation is considered to be [log

fold change| > 1, i.e. 50 % target degradation.
4.4.1 Cereblon Protac Expression Proteomics

Incubation of promiscuous cereblon Protac 57 resulted in protein degradation at all
concentrations and time points. At 0.1 uM concentration, the 6 h time point led to
significant degradation of a number of proteins (Figure 99, top), while at the 24 h time
point an increased number were observed (Figure 99, bottom), also downregulating

other unengaged proteins which will be discussed in greater detail in later sections.
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Figure 99. Expression proteomics following incubation with cereblon Protac 57 at 0.1
uM after 6 h (above) and 24 h (below). Points are coloured by kinobead plCso (red =
7.0-8.3, yellow = 6.0-7.0, green = 5.0-6.0, grey = <5.0).
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Closer examination of the degraded kinases corresponding to actively engaged targets
at 0.1 uM concentration of cereblon Protac 57 indicated significant degradation of 7
kinases at the 6 h time point (AAK1, AURKA, BTK, IRAK3, PTK2B, TEC and
WEEL; Figure 100). After 24 h, 5 further kinases (AURKB, GAK, LATS1, PTK2 and

RPS6KA1) were found to be degraded, totalling 12 proteins at this concentration
(WEEL1 was not found to be degraded).

8 AURKA AURKA
PTROB | WEET
TEC

GAK
. [AAK1

Kinobead plCsy
Kinabead plCey

2 2 15 1

Averagelog, (fold change) Averagelog, (fold change)

Figure 100. Significantly degraded targets by cereblon Protac 57 at 0.1 uM plotted
against kinobead potency

At 1 uM concentration, a similar degradation profile was observed at the 6 h time point
as with 0.1 uM concentration (Figure 101), with the majority the same proteins found
to be degraded (excluding TEC which could not be quantified at this time point, Figure
102). At the 24 h time point, a total of 15 kinases were found to be degraded; with
ABL1, MAPK9, PRKAAL and RPS6KAS3 degraded alongside all degraded proteins
previously observed at this time point following incubation with 0.1 uM cereblon

Protac (YES1 was not significantly degraded in this case).
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Figure 101. Expression proteomics following incubation with cereblon Protac 57 at 1
uM after 6 h (above) and 24 h (below). Points are coloured by kinobead plCso (red =
7.0-8.3, yellow = 6.0-7.0, green = 5.0-6.0, grey = <5.0).
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Figure 102. Significantly degraded targets by cereblon Protac 57 at 1 uM

The outcome of the expression proteomics indicates that recruitment of cereblon is a
highly effective strategy for Protac-mediated degradation, with 50 % of quantified
kinases found to be degraded (15/30 kinases both bound with plCso > 6 and degraded;
Figure 103). For this ligase, a minimum pICso = 6 at the target binder appears to be
necessary to induce protein degradation. Further interrogation of the data collected

with this molecule will be outlined in upcoming sections.

Expression
proteomics

Kinases
significantly
downregulated

Figure 103. Comparison of engaged, quantified and degraded kinases following 24 h

incubation with 1 uM cereblon Protac 57
4.4.2 VHL Protac Expression Proteomics

Active VHL Protac 58 induced significantly less protein degradation across all
concentrations; at the 6 h time point, no degradation was observed at both

concentrations (Figure 104).

105



CONFIDENTIAL — Do Not Copy

3
25
2
15
P
LY
[=1]
[~
T 05
=
L&}
2
£ ®
o
05
3 [}
-1
® e
15
®
2
25
3
"3 25 2 45 4 05 0 05 1 15 2 25 5
Log, (fold change)
3
25

Lag;(feld change)

’ -3 25 -2 -15 -1 -05 0 05 1 15 2 25 3

Log, (fold change)

Figure 104. Expression proteomics following incubation with VHL Protac 58 at 0.1
uM after 6 h (above) and 24 h (below). Points are coloured by kinobead plCso (red =
7.0-8.3, yellow = 6.0-7.0, green = 5.0-6.0, grey = <5.0)
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At the 24 h time point, incubation with Protac 58 led to modest degradation at both
concentrations (Figure 105).
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Figure 105. Expression proteomics following incubation with VHL Protac 58 at 1 pM
after 6 h (above) and 24 h (below). Points are coloured by kinobead pICso (red = 7.0-
8.3, yellow = 6.0-7.0, green = 5.0-6.0, grey = <5.0)
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These results starkly contrast with results observed using cereblon Protac 57, as some
previously observed degradable kinases are not degraded by employing VHL despite
target engagement. Degraded targets such as IRAK3 and PTK2 are potently engaged
by the VHL Protac, suggesting that highly potent target binding may be necessary for
VHL-mediated degradation. The observation that some weakly engaged kinases (pICso
= 5-6) are degraded by this Protac implies that these targets may be particularly
susceptible to degradation. This is similar to the case of degradation of MAPKAPK3
using a RIPK2-VHL Protac reported by our laboratories,'?* where unrelated kinase
MAPKAPK3 was found to be degraded while not being significantly engaged by the
Protac (Kq >3 uM). It is of note that the magnitude of degradation is also relatively
weak compared to the corresponding cereblon Protac, with |log. fold change| < 1.5
observed for the most potently inhibited targets.

IRAK3

Kinobead plCg,

RPSBKA1

Kinobead plCq,

Averagelog, (fold change) Averagelog; (fold change)

Figure 106. Significantly degraded targets by VHL Protac 58 after 24 h plotted against
kinobead potency at 0.1 uM (left) and 1 uM (right)

Inactive VHL Protac 59 led to no protein degradation at all concentrations and time
points. As this Protac does not recruit a ligase, the compound acts as an effective
control for this experiment. The significance of the proteins upregulated in the
presence of this Protac compared to Protacs with active ligase binders will be outlined
in later sections.
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Figure 107. Lack of kinase degradation by inactive VHL Protac 59 at 0.1 uM (left)
and 1 uM (right) plotted against kinobead potency after 24 h incubation

Based on the relative paucity of targets found to be degraded by active VHL Protac
58, with ~5 % (1/21 kinases both bound with plCso > 6 and degraded at 1 uM, Figure
108) of engaged targets degraded compared to 50 % (15/30 kinases) with cereblon
Protac 57, it may also be possible that induced degradation employing VHL is slower
or less effective than with other ligase binders. The apparent substrate specificity of
VHL Protacs is reminiscent of observations by Crews and co-workers using Protacs
targeting oncogenic BCR-ABL;*?® cereblon Protacs based on kinase inhibitor
bosutinib were found to degrade both ABL and BCR-ABL, while the corresponding
VHL Protac failed to degrade either protein despite target engagement. This, and data
generated through this experiment, suggests that recruitment of VHL in isolation
(disregarding other ligases such as cereblon) may be an imperfect strategy for

demonstrating degradation of an empirically selected protein.
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Figure 108. Comparison of engaged, quantified and degraded kinases following 24 h
incubation with 1 uM VHL Protac 58

4.4.3 AP Protac Expression Proteomics

IAP Protac 60 was found to act as a moderately effective degrader across all
concentrations and time points, influenced by its global weaker kinase potency (Figure
109). At the earlier 6 h time point, relatively few kinases were found to be degraded
across both concentrations, while at 24 h, more significant protein degradation was

observed, with maximal degradation at 1 uM concentration.

110



CONFIDENTIAL — Do Not Copy

Log; (fold change)

"3 25 2 45 4 05 0 05 1 15 2 25 3
Log, (fold change)

Log; (fold change)

3 25 2 45 14 05 0 05 1 15 2 25 3
Log, (fold change)

Figure 109. Expression proteomics following incubation with IAP Protac 60 at 0.1
uM after 6 h (above) and 24 h (below). Points are coloured by kinobead plCso (red =
7.0-8.3, yellow = 6.0-7.0, green = 5.0-6.0, grey = <5.0)

111



CONFIDENTIAL — Do Not Copy

Following 0.1 uM incubation with IAP Protac 60, kinases AURKA, GAK, PTK2B

and TEC were found to be degraded at 6 h, with the same proteins also observed to be
degraded at the 24 h time point (Figure 110).
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Figure 110. Degraded targets by IAP Protac 60 at 0.1 uM plotted against kinobead
potency at 6 h (left) and 24 h (right)

A similar degradation profile was observed at the 6 h time point following 1 uM
incubation (Figure 111), although TEC degradation not observed, potentially due to
experimental variability. At the 24 h time point, further degradation of BTK, MAPKO,
PTK2 and RPS6KA1 was observed, including degradation of the more weakly

engaged targets (plCso = 5-6), presumably due to a greater number of target binding
events over the longer time period.
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Figure 111. Expression proteomics following incubation with IAP Protac 60 at 1 pM
after 6 h (above) and 24 h (below). Points are coloured by kinobead pICso (red = 7.0-
8.3, yellow = 6.0-7.0, green = 5.0-6.0, grey = <5.0)
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Figure 112. Degraded targets by IAP Protac 60 at 1 uM plotted against kinobead
potency at 6 h (left) and 24 h (right)

The extent of IAP degradation with Protac 60 proves to be equally positive to that

observed with cereblon Protac 57, with 50 % of significantly engaged and quantified
kinases degraded (6/12 kinases both bound with plCso > 6 and degraded; Figure 113)

although the Protac employed in this experiment may be an imperfect tool molecule

given its reduced levels of kinase binding. However, this experiment validates IAP as

a widely applicable ligase for Protac-mediated degradation, a significant advantage of

which is the large number of known IAP binders, allowing subtle modulation of Protac

properties for potential optimisation.

Kinobead pICg, > 6
15

Figure 113. Comparison of engaged, quantified and degraded kinases following 24 h
incubation with 1 uM IAP Protac 60
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4.5 Broader Considerations Following Expression Proteomics

4.5.1 Degraded Proteins

Following 24 h incubation with 1 uM Protac, the most significant protein degradation
of kinases engaged with a pICso > 6 (in lysates) was observed. Few kinases were found
to be degraded with target engagement below this concentration, suggesting that target
engagement above this potency is typically necessary to observed protein degradation
(with some exceptions). Cereblon Protac 57 was found to degrade 15 kinases (Figure
114), while 1AP Protac 60 was found to degrade 8 kinases in total (Section 4.4.3), all
of which correlated with those degraded by cereblon recruitment, hence further

analysis will be carried out considering the cereblon Protac only.
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Figure 114. Proteins engaged with plCso > 6 and significantly degraded by cereblon
Protac 57 after 24 h incubation at 1 uM

AAK1 was found to be degraded only when cereblon was recruited as a ligase, despite
sufficient binding to induce degradation with all ligase partners (AAK1 plCso
cereblon/VHL/IAP Protac = 6.54/6.15/5.60). This suggests that a potentially critical
factor in target degradability may be the subcellular localisation of the protein. The
vast majority of degraded kinases, ABL1,%" AURKA/B,%® BTK,®® GAK,?"
IRAK3,2"  LATS1,22  MAPK9,2® PRKAA12™* PTK22"® PTK2B,?
RPS6KA1/3,272" and TEC,?® are reported to localise in the nucleus or cytoplasm

(Figure 114). This correlates with previously reported cases where proteins such as
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BRD4 (localised in the nucleus) and RIPK2 (localised in the cytoplasm) have been
shown to be degradable respectively.'?#130131 However, AAK1 is reported to be
associated with the cell membrane (though not a transmembrane protein),%
potentially indicating that only cereblon recruitment allows degradation of proteins in

this cellular subsection.

Across all of the expression proteomics experiments with active Protacs, IRAKS,
PTK2, and RPS6KAL were found to be degradable employing Protacs with each ligase
binders. Degradation of IRAK3 and PTK2 correlate with high levels of target
engagement (IRAK3 pICso cereblon/VHL = 8.31/7.79 (IAP unquantified); PTK2 pICso
cereblon/VHL/IAP = 8.09/7.68/7.02), while RPS6KAL degradation was observed
despite relatively weak Protac binding in all cases (RPS6KAl1l plICso
cereblon/VHL/IAP Protac = 6.21/5.79/5.33). This suggests that this kinase is
particularly susceptible to degradation, possibly in a similar manner to that of
MAPKAPKS3 by the RIPK2-VHL Protac developed within our laboratories.*?*

4.5.2 Undegraded Proteins with Protac Engagement

By combination of the expression proteomics experiment and kinobead data, kinases
which were engaged yet undegraded can be identified. Protac-mediated degradation
requires access to free lysine residues on which to transfer ubiquitin. Thus, the
approach vector of the target protein and E3 ligase in ternary complex formation is
likely to be highly relevant in induction of substrate degradation. These factors will,
in turn, be influenced by the structure of the Protac and, specifically, factors such as
length of the PEG chain and the manner in which the Protac exits the binding site of
the target. As only one PEG chain length and binding site exit vector has been explored
in this programme, these undegraded kinases cannot definitively be described as
undegradable. Rather, these species can be considered to be unsusceptible to
degradation by these particular Protacs. However, from subcellular localisations of

these individual undegraded proteins, some possible rationalisation will be proposed.

As incubation with 1 uM Protac for 24 h resulted in most significant regulation, only
these conditions will be considered. Also, as only cereblon and IAP Protacs resulted

in significant degradation, the VHL Protac will not be analysed. As previously stated,
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cereblon Protac 87 degraded 15/30 engaged proteins with a pICso > 6 after 24 h with
1 uM compound. Among the proteins engaged but not degraded included proteins
known to localise to the cell membrane: AXL,%® JAK2,282 LCK,%® STK10%®* and
TGFBR1?®® (Figure 115). Other unregulated proteins included those reported to
localise in the cytoplasm or nucleus: BCR,%®” CAMKK2,%¢ CSNK2A1/2,%
IRAK1,%%8 KIAA1804,%° MAP3K4,2"* RPS6KA4,2P SLK?! and TBK1.2% 1t is
notable that BCR was not degraded, though degradation of the oncogenic fusion
BCR/ABL has been reported, potentially mediated by engagement of the ABL binding
site.??® Similarly, degradation of TBK1 has been demonstrated using a VHL Protac,?*

however is engaged yet undegraded by this Protac.
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Figure 115. Proteins engaged with pICso > 6 but not degraded by cereblon Protac 57

IAP Protac 60 also caused no degradation of AXL, CAMKK2 and TBK1, as
previously discussed with cereblon Protac 57 (Figure 116). TAOK1 and TAOK3 were
also unregulated, and localise in the cytoplasm and cytoplasm/cell membrane,

respectively.?®* AURKB was not degraded by IAP Protac 60, however was degraded
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by cereblon Protac 57 (Figure 114), again indicating the variable effect of the recruited

ligase on target protein degradation.
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Figure 116. Proteins engaged with pICso > 6 but not degraded by IAP Protac 60

As previously stated regarding degraded proteins, there may be potential issues with
proteins associated with the cell membrane. In this case, 5/15 of the undegraded
proteins were found to be membrane associated. However, the majority of undegraded
proteins were found to be either cytoplasmic or nuclear. In these cases, the lack of
observed degradation may be caused by a conformational mismatch between ligase
and protein, or potentially a lack of available surface lysines onto which ubiquitin may

be transferred.
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4.5.3 Unexpected Upregulated or Downregulated Proteins

The outcome of the proteomics experiments also resulted in some unpredictable
upregulation and downregulation of certain proteins; the 24 h time point and 1 uM
concentration will be considered due to most significant protein regulation. A series of
proteins, APOM, PLTP and POSTN, were found to be upregulated throughout all the
proteomics experiments (Figure 117, Figure 118). As this effect is still observed in the

presence of the inactive VHL Protac 59, this suggests upregulation is driven by the

kinase inhibitor alone, as the inactive Protac does not recruit a ligase.
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Figure 117. Significantly upregulated proteins after incubation with cereblon Protac
(57, above) and IAP Protac (60, below) following 24 h incubation at 1 uM
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Figure 118. Significantly upregulated proteins after incubation with VHL active (58,
above) and VHL inactive (59, below) Protacs following 24 h incubation at 1 uM

Similarly, certain proteins were found to be downregulated without observed target
engagement, as determined by the kinobead experiments. Only cereblon and IAP
Protacs were found to induce significant downregulation of unengaged targets, hence
VHL Protacs will not be considered. It is notable that no unexpected downregulation
was observed in the case of inactive VHL Protac 59, indicating that kinase inhibition

alone has no significant effect on intracellular protein levels.

The poorly characterised protein named YJO05_Human was found to be significantly
downregulated by cereblon Protac 57 (Figure 119, top), although this protein has been
suggested to be an isoform of AAK1,2%2% previously shown to be degraded by

cereblon Protac 57 exclusively (Section 4.5.1).
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Figure 119. Significantly downregulated proteins after incubation with cereblon
Protac 57 (top) and IAP Protac 60 (bottom) following 24 h incubation at 1 pM

The protein TYMS was found to be slightly downregulated by cereblon Protac 57.
TYMS is known to irreversibly binds uracil,>" which in turn is a known binder of
cereblon.?®® Employing lenalidomide to recruit cereblon in Protac 57 may also result
in irreversible inhibition of TYMS, resulting in its downregulation in this experiment.
CLSPN was also found to be downregulated by the cereblon Protac 57. CLSPN is
known to be ubiquitinated by anaphase-promoting complex (APC/C),%*® which is
upregulated by CDC20,3® which is itself found to be upregulated by Protac 57 (Figure
117).

Following incubation with IAP Protac 60, BIRC2 was found to be downregulated
(Figure 119, bottom). This protein is also known as clAP1, degradation of which is to
be expected as clAP1 autoubiquitinates and degrades following Smac binding.1%

IRAK3 was degraded by IAP Protac 60, a target for which kinobead data was not
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recorded. However, since cereblon and VHL Protacs were both found to significantly
engage and degrade IRAK3 (Section 4.5.1), this effect can be attributed to IAP-
mediated degradation. The observed downregulation of CPD may be associated with
an off-target effect of the Smac IAP inhibitor as downregulation was only observed

with this Protac.

4.6 Observing Single Target Degradation

Following on from the expression proteomics experiments, it was thought that
conformation of single target degradation by western blotting would correlate the
degradation observed by through the MS approach. One of these proteins, Bruton’s
tyrosine kinase (BTK), was selected as a single protein to validate this. As only
cereblon Protac 57 and IAP Protac 60 were found to degrade BTK by expression
proteomics, degradation with VHL Protac 58 was not expected (Table 7).

Table 7. BTK-related properties of promiscuous kinase Protacs

Compound no. Ligase BTK cell pICso BTK degrader?
57 Cereblon 6.43 v
58 Active VHL 6.05 X
60 IAP 5.32 v

First, cereblon Protac 57 was incubated in THP-1 cells for 24 h across a range of
concentrations, then BTK protein levels were monitored by western blotting.
Concentration-dependent degradation of BTK was observed, consistent with
degradation observed by expression proteomics. Quantification of protein levels

resulted in an approximate DCso ~ 1 nM (Figure 120).

122



CONFIDENTIAL — Do Not Copy

Concentration Protac 57
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Figure 120. BTK degradation observed by western blotting with promiscuous
cereblon Protac 57 after 24 h incubation in THP-1 cells (above); quantification of BTK
protein levels (below)

Comparison of this DCso to the cellular binding potency of the Protac demonstrates
one of the benefits of a Protac-mediated approach. By kinobead experiments, it is
known that the cereblon Protac 57 inhibits BTK with a pICso = 6.43 (i.e. 370 nM, Table
7). Thus, with a DCsp ~ 1 nM, this Protac induces degradation at a concentration 300
times below the level of BTK inhibition, indicative of the event-driven rather than

absolute target occupancy required for efficient degradation.

As no significant degradation of BTK was observed by expression proteomics with
VHL Protac 58, the result was confirmed by western blotting (Figure 121), which also

showed no significant knockdown of BTK.

Concentration Protac 58

W — N — — W — BTK

-_-~~~~- Tubulin

100 82 101 86 87 68 50 89 % Remaining BTK
relative to control

Figure 121. No significant BTK degradation is observed by western blotting with
promiscuous VHL Protac 58 after 24 h incubation in THP-1 cells
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Carrying out the same experiment using the IAP Protac 60 also resulted in
concentration dependent BTK degradation, although to a lesser extent, with an
observed DCsg ~ 300 nM (Figure 122). The higher DCso observed with this Protac is
consistent with the weaker degree of binding potency; by kinobead assay BTK plCso
60 =5.32 (i.e. 4.8 uM, Table 7), correlating less potent target binding to less efficient
degradation. In this case degradation is occurring 16 times below the inhibition
concentration, again indicating the event-driven rather than occupancy-driven efficacy

possible using a Protac approach.

Concentration Protac 60
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Figure 122. BTK degradation observed by western blotting with promiscuous 1AP
Protac 60 after 24 h incubation in THP-1 cells

To confirm that degradation observed in these cellular experiments is driven by
degradation rather than a cytotoxic effect, cell viability experiments were carried out
concomitantly (Figure 123). Across the relevant concentrations where degradation was
observed (<10 uM), cellular viability was mostly maintained, indicating that the
reduction in protein levels is not due to cytotoxicity. At 10 uM concentration,
compound related cytotoxicity was observed with both VHL and IAP Protacs; in the

case of IAP this may be caused by induction of apoptosis due to clAP1 degradation.3%
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Figure 123. Viability of THP-1 cells following treatment with promiscuous kinase

Protacs 57, 58 and 60

4.7 Conclusions

Protacs incorporating a promiscuous kinase binder based on inhibitor CTx-0294885
recruiting the ligases cereblon, VHL, and IAP were synthesised to assess the wider
applicability of Protacs towards a targeted degradation approach. In total, 15 novel
targets were found to be degraded by the promiscuous Protacs. Cereblon and IAP were
found to be highly valuable ligases to recruit, as both Protacs demonstrated knockdown
of at least 50 % of the targets significantly engaged by the respective Protacs, while
recruitment of VHL demonstrated a more modest degree of protein degradation.

Following on from this experiment, it was found that degradation of newly identified
targets captured in the expression proteomics experiment could be recapitulated by
western blotting, with dose-dependent protein degradation observed. This approach
also demonstrates the possibility for degradation selectivity in the absence of binding
selectivity, and as concentrations required for effective degradation are often

significantly lower than that required for inhibition.

In summary, before the commencement of this programme, only a small number of
targets were known to be degradable (<10 in total). The promiscuous approach
permitted rapid assessment of target degradability, and allowed highly efficient
identification of a number of novel degradable targets. The outcomes also point
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towards the critical matching of target protein to E3 ligase, and that proteins associated
with the membrane may be more challenging targets for degradation than those
residing in the cytoplasm or nucleus. Having identified BTK as a novel degradable

target, development of selective BTK Protacs was then explored.
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5. Bruton’s Tyrosine Kinase Protacs

5.1 Bruton’s Tyrosine Kinase

In the previous chapter, using a promiscuous approach towards identification of novel
degradable targets, BTK was found to be a highly susceptible target towards Protac-
mediated degradation upon recruitment of IAP or Cereblon as E3 ligases. In this
chapter, this kinase will be assessed as a prototypical target for a Protac-based

approach by pursuit of selective degradation.
5.1.1 Target Introduction

BTK is a tyrosine kinase primarily expressed in B cells and myeloid cells.3 It is a
member of the Tec kinase family which all share a similar global structure, consisting
of a N-terminal pleckstrin homology (PH) domain, a proline-rich Tec homology (TH)
domain, Src homology 3 (SH3) and SH2 domains, and a C-terminal kinase domain
(Figure 124).3%
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Figure 124.3% Structure of BTK indicating interaction partners and critical residues

Mapping of the human BTK gene led to discovery that the chromosome region directly
overlapped with the defective gene causing X-linked agammaglobulinemia
(XLA),3%8307 3 primary immunological deficiency (PID) first described by Bruton.3%®
XLA severely impacts development and function of B cells, resulting in ~100 fold B

309

cell reduction in peripheral blood lymphocytes,*™ and is the most common PID with
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an incidence of 1:250,000. Due to this B cell deficiency, XLA patients are highly
susceptible to recurrent bacterial infections in the respiratory or gastrointestinal
tract.3° Either null or point mutations in BTK directly cause XLA, with over 600
distinct inactivating mutations reported.®** In mice, a single point mutation in the PH
domain (R28C) causes X-linked immunodeficiency (xid) leading to abnormal B cell
function.!? This has a much less severe phenotype than XLA, but closely matches the
phenotype observed in BTK knockout mice. 313314

Given the role of BTK in B cell development, it is unsurprising that BTK is a critical
mediator in the B cell receptor (BCR) pathway (Figure 125).31%316 Upstream activation
of the BCR pathway by antigen presentation to the BCR begins a transphosphorylation
cascade, first from the kinase LYN to spleen tyrosine kinase (SYK).3%3317 Although in
its inactivated state BTK is generally a cytosolic protein, its activation first requires
membrane association through an interaction between the PH domain and
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Upon membrane association, BTK
is phosphorylated by SYK at Y551 in the kinase domain, followed by a subsequent
autophosphorylation step, with phosphate transfer from Y551 to Y223 in the SH3

domain, inducing full activation of BTK.3!8:3%9
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Figure 125.3% Simplified representation of the BCR signalling pathway
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Activation of BTK leads to subsequent phosphorylation of phospholipase C-y
(PLCy),%2! which in turn leads to generation of inositol-1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG), promoters of Ca?* influx.3?? This Ca?* influx causes activation
of multiple intracellular pathways, including that of mitogen-activated protein kinase
(MAPK),%% and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
«B),3** which promote B cell proliferation and survival.

5.1.2 BTK Inhibition

The important role of BTK in B cell signalling has promoted intervention by small
molecule inhibition. Indications targeted thus far have primarily focused on B cell
malignancies or rheumatoid arthritis (RA), which are highly dependent on BCR
signalling.3%®3% The possibility of therapeutic benefit for further autoimmune diseases
such as lupus and multiple sclerosis through inhibition of BCR signalling have also
been demonstrated preclinically.®?5327 BTK is overexpressed in many B cell leukemias
and lymphomas, where the BCR pathway is constitutively active and required for
tumour survival.3%-3% This suggests that blockade of BCR signalling through small
molecule-mediated inhibition of BTK would inhibit progression of B cell associated

tumours, hence this approach has been explored extensively in various cancers.

RA is a common autoimmune disease which causes severe and persistent joint
inflammation, resulting in cartilage damage, joint destruction and, eventually, bone
erosion.®3! Initiation of RA causes B cell activation, which causes disease progression.
The anti-CD20 antibody rituximab, which selectivity depletes B cells, has
demonstrated a beneficial clinical response in the treatment of RA.33? Xid mice have
been shown to be less susceptible to developing arthritis, as this loss of function BTK
mutation drives an analogous, though indirect, B cell population depletion.®*® This
suggests that inhibition of BTK kinase activity would mimic this phenotype and have

potential therapeutic benefit in RA.

Given the opportunities available by modulation of BCR signalling, and a viable
population of humans with loss of function BTK mutations (XLA patients), it is a

particularly convincing target for modulation using small molecule inhibitors. Critical
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advances in the field of BTK inhibitor discovery will be outlined in subsequent

sections.
5.1.2.1 Ibrutinib

As previously stated, and used advantageously in Section 4, ATP binding sites of
kinases are often highly conserved. Consequently, the generation of selective kinase
inhibitors is highly challenging. As described in Section 1.1, covalent inhibition can
also be a strategy for extending pharmacodynamic efficacy, as duration of action is
dependent on resynthesis of the target protein. However, it can be also used as a
strategy to gain kinase selectivity, as a covalent inhibitor can target unconserved amino

acids proximal to the ATP binding site,33433%¢

In the case of BTK, the presence of a cysteine residue (C481) in the vicinity of the
ATP binding site prompted the development of Ibrutinib (previously known as PCI-
32765),%7 developed from a previously reported LCK inhibitor.3*® The pendant
acrylamide residue incorporated into the inhibitor is in close proximity to C481 and
acts as Michael acceptor, resulting in covalent inhibition of BTK (Figure 126). This
compound was the first potent and selective tool for probing the effects BTK
inhibition, though nine further kinases share an aligned cysteine residue (BLK, BMX,
EGFR, ErbB2, ErbB4, ITK, JAK3, TEC and TXK) and the compound also reversibly
inhibits various off-target kinases.®*” Although initially developed as a potential
treatment for RA, Ibrutinib was found to demonstrate outstanding preclinical activity

in a canine B cell non-Hodgkin lymphoma (NHL) model .33
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Figure 126. Ibrutinib irreversibly inhibits BTK by covalent binding to C481
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Subsequent clinical development directly targeted various B-cell cancers, where
positive efficacy as a monotherapy in chronic lymphocytic leukaemia (CLL),3*
mantle-cell lymphoma (MCL),**! and Waldenstrom's macroglobulinaemia (WM)3*2
were demonstrated, eventually leading to FDA approval for these indications
(marketed as Imbruvica). International sales of Ibrutinib are expected to reach $9
billion by 2020.34

The oral PK profile of Ibrutinib is ideal for a covalent inhibitor, as it reaches maximal
plasma concentrations within 1-2 h and is widely distributed while having a relatively
short half-life of 4-6 h.3** As high target exposure and BTK engagement are achieved
rapidly, this limits exposure at reversible off-target kinases. In CLL patients, high
target occupancy (>95 %) is achieved 4 h after dosing, with the extended PD effect
allowing a once-daily dosing strategy to maintain pathway inhibition (420 mg/day in
CLL).

Though lbrutinib is mostly well tolerated,3* it can cause multiple adverse events not
observed in the XLA phenotype, associated with engagement of off-target kinases with
aligned cysteines, such as bleeding, rash, diarrhoea, atrial fibrillation and major
haemorrhage.340345346 To maintain a clinical response and prevent disease progression,
uninterrupted treatment is required, with discontinuation often leading to a poor

prognosis for patients. 734

As Ibrutinib has moved into the clinic and numbers of treated patients has increased,
there are emerging issues with relapses caused by resistance mechanisms not observed
in naive patients.34°*° The first and most prevalent resistance mechanism arises from
a direct BTK C481S mutation, which has been observed in 5 % of CLL patients.>*! As
C481 is critical for irreversible binding of Ibrutinib, duration of action and BTK
occupancy are significantly reduced, resulting in a severely diminished

pharmacological effect in patients and progression of disease.

The second mutation occurs downstream of BTK in PLCy2 (see Figure 125).3%2 A
R665W mutation allows BCR signalling to bypass BTK in the phosphorylation
cascade, causing redundancy of BTK inhibition. It is thought that the PLCy2 mutation

may cause conformational change which activates its catalytic function regardless of
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phosphorylation, or acquires higher affinity for LYN or SYK and is phosphorylated
directly (Figure 127).
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Figure 127.3%2 Rationalisation of BTK-independent BCR signalling maintained by the
PLCy2 R665W mutation compared to typical BCR inhibition by Ibrutinib (SLP65 = B
cell linker protein, PKC = Protein kinase C, ERK = Extracellular signal-regulated
Kinase)

5.1.2.2 Further Covalent Inhibitors

CC-292 (Figure 128) also covalently inhibits BTK through binding to C481, and
shares a similar selectivity profile to lbrutinib.3%® CC-292 was the first BTK inhibitor
to be tested in patients with RA and is currently in phase Il clinical trials for this
indication. As indicated in Figure 129, following dosing with CC-292, PK and PD
become uncoupled as target occupancy is maintained in the absence of free circulating

drug, the profile expected for a covalent inhibitor.
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Figure 128. Structure of irreversible BTK inhibitor CC-292
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Figure 129.%3 Uncoupled PK/PD observed in healthy human volunteers following
dosing with CC-292 (2 mg/kg). BTK occupancy is maintained in the absence of

circulating drug, as indicated by mean plasma level

A second-generation covalent BTK inhibitor, Acalabrutinib (previously known as
ACP-196, Figure 130), has been designed to improve on the safety and efficacy of
Ibrutinib, with which it shares some structural similarity.®* Acalabrutinib has a far
superior selectivity profile to both Ibrutinib and CC-292, with increased selectivity
over Tec family kinases and no covalent inhibition of EGFR, a key driver of adverse
effects observed upon treatment with Ibrutinib. This inhibitor is currently Phase Il

clinical trials for CLL in direct comparison with lbrutinib.3*
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Figure 130. Second generation BTK inhibitor Acalabrutinib (left), and a lead
reversible-covalent BTK inhibitor (right)

An alternative strategy to irreversible inhibition is reversible-covalent inhibition,3®

where a tuned electrophilic moiety is employed to retain the extended duration

133



CONFIDENTIAL — Do Not Copy

accessible with a covalent inhibitor, whilst avoiding the associated toxicity risks (see
Section 1.1). The covalent bond formed with the pendant cysteine group is reversible,
as the presence of the nitrile increases the acidity of the cyanoacrylamide adduct,

allowing slow retro-Michael elimination.

This reversible-covalent strategy has been applied to BTK,**’ with the potential for an
improved safety profile over Ibrutinib as there is no permanent adduct formation with
non-specific covalent off-target proteins and idiosyncratic toxicity issues are also
avoided.®® An exemplar reversible-covalent BTK inhibitor (Figure 130, right), has
sustained BTK engagement in vivo (ti2 = 18 h) and is orally bioavailable.**" Addition
of steric hindrance and polarity - to the cyanoacrylamide also result in increased
kinome-wide selectivity, with reduced binding to kinases with aligned cysteine
residues (including key off-target kinases EGFR and ITK). A further reversible
covalent BTK inhibitor (PRN1008) is currently in Phase Il clinical studies for

treatment of autoimmune diseases.3>°
5.1.2.3 Reversible Inhibition

As identified in Section 5.1.2.1, issues with the current covalent approach to selective
inhibition of BTK are the development of Ibrutinib resistance in treated patients caused
by mutations of critical residues, and adverse events driven by covalent inhibition of
off-target proteins. Although some recent developments in covalent space have aimed
to address these issues, selective and reversible inhibition of BTK has also been
targeted. The major advances in the field will be reviewed here, though a myriad of
reversible BTK inhibitors have been disclosed by multiple sources in the patent

literature,3°9:360

Development of a fully reversible BTK inhibitor required a de novo structural
approach to access a pocket on the SH3 domain not targeted by previous covalent
inhibitors.®®* This resulted in the identification of a novel inhibitor CG1-1746 (Figure
131, left), which is highly potent and outstandingly selective for BTK (Figure 131,
right), with ~10° fold selectivity over the next most potently inhibited kinase BMX.
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Figure 131.%%! Left: Structure of CGI-1746. Right: kinome tree indicating the high
selectivity of CGI-1746 (BTK is the only kinase significantly inhibited at 1 uM

concentration)

CGI-1746 proved to be efficacious in multiple models of inflammatory arthritis,
inducing profound inhibition of pro-inflammatory cytokines (TNFa, IL-1p, IL-6),%!
however the compound was not considered to be a viable clinical candidate due to

poor ADME properties. %2

In an attempt to improve on the profile of CGI-1746 while retaining the high selectivity
for BTK, the scaffold was further developed seeking to address high clearance
attributed to the pendant tert-butyl group.36? This led to the discovery of GDC-0834
(Figure 132, left), which was found to retain the high potency and selectivity of CGI-
1746. Upon further investigation, a significant species difference in the rate of
hydrolysis of the newly introduced thiophene amide was observed,®3 with
substantially higher clearance by this pathway in humans than in other preclinical
species. This resulted in the termination of GDC-0834, though further medicinal
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chemistry efforts led to RN486 (Figure 132, right),3% further description of which will
be detailed in Section 5.3.
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Figure 132. Reversible BTK inhibitors GDC-0834 (left) and RN486 (right)

A carbazole-based BTK inhibitor, BMS-935177, has been reported as a potent
reversible inhibitor of BTK (Figure 134, left),%®® however this compound suffers from
poorer Kinase selectivity than other reversible inhibitors based on this scaffold, and
also demonstrates poor aqueous solubility (<1 ug/mL) and high plasma protein binding
(99.4 % in human serum). When profiled further in tolerability studies, the compound
was found to have a poor therapeutic margin in multiple species, hence was not

developed further.3%®

Figure 133. Structure of reversible BTK inhibitors; BMS-935177 (left) and BMS-
986142 (right)

A further tetrahydrocarbazole inhibitor, BMS-986142, was developed to resolve these
tolerability issues observed using BMS-935177.3%¢ BMS-986142 was developed as a
fixed single atropisomer, which resulted in improved BTK potency and a more
favourable selectivity profile, though common off-target kinases TEC and ITK are
inhibited within a 25 fold selectivity window. This molecule has since progressed into

Phase Il clinical studies for treatment of RA.
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A reversible BTK inhibitor with a similar core to the Ibrutinib scaffold has been
reported (Figure 134, left) with increased binding affinity driven by hydrophobic
interactions with the trifluoropyridine group in the back pocket of the ATP binding
site.3%” The compound proved to be effective in a pre-clinical rat model of collagen-
induced arthritis, though when compared to inhibitors based on the CGI-1746 core
structure described in this section, the selectivity profile of this compound is relatively
modest, with a narrow selectivity window over other Tec kinases.
FiC

/\
=N

Figure 134. Further reversible BTK inhibitors

In order to avoid the often high molecular weight of both covalent and reversible
inhibitors described above, a fragment based approach has been undertaken in order
to maximise ligand efficiency (Figure 134, right).3%® This resulted in a potent lower
molecular weight inhibitor, however the selectivity profile proved to be poor, with
multiple kinases inhibited within a 10-fold concentration window.

5.1.3 Project Aims

As outlined above, BTK is a well-validated therapeutic target for multiple indications
for which numerous inhibitors have been reported. Having previously identified BTK
as a novel degradable target (Section 4.6), we sought to demonstrate the potential of
the promiscuous approach as a target identification strategy. As it is known which
ligase and linker length are able to degrade the target, a highly selective Protac could
be developed from an entirely unselective species through minimal iterations. It may
then be explored whether degradation of BTK could give a significant advantage over

inhibition alone.
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One application of a BTK Protac would be the opportunity to offer significantly
decreased dose to achieve an effect equivalent to covalent inhibition. Whilst efficacy
would also be driven by protein resynthesis, the catalytic nature of degradation would
circumvent the considerable dose required to fully saturate target occupancy by
covalent inhibition. Equally for current reversible BTK inhibitors, doses of >30 mg/kg
have been shown to be required for efficacy in murine preclinical models.3%3%° This
may result in tolerability issues and high, impractical dosing in humans, which a Protac
would also be able to circumvent due to increased therapeutic index (TI). By use of a
reversible inhibitor not dependent on binding to C481, this gives access to an
increasing relapsed patient population of C481S mutant who do not respond to
Ibrutinib treatment due to disrupted covalent binding.3*!

For a Protac, the overall selectivity profile of the parent inhibitor is likely to be more
important than its absolute potency, as efficacy is less dependent on occupancy than a
traditional inhibitor. As the vast majority of adverse events currently observed in the
clinic are caused by inhibition of off-target kinases, such as EGFR for Ibrutinib,**
again a Protac may be advantageous here. Highly selective reversible BTK ligands
such as CGI-1746 or RN486, should translate into highly selective Protacs and

effectively replicate exclusive BTK knockout.

From the proposed mechanism of Protac-mediated protein degradation, it would be
expected that covalent inhibition of a target protein would be unfavourable, as
irreversible binding to the target would prevent catalytic turnover. However, as
covalent inhibitors for BTK are well described, this presented an opportunity to test
this experimentally and determine whether covalent inhibition of the target protein
allows Protac-mediated target degradation.

For less tractable targets, one strategy for ligand discovery is through the use of
covalent inhibition, as this can allow traction to be gained on proteins which are
challenging to target through binding affinity alone.®”® A notable example where this
strategy has proved to be partially successful is the generation of covalent inhibitors
for the undruggable oncogenic protein KRas (G12C mutant), which lacks a distinct

binding pocket.3%372 By assessment of cysteine ligandability, combined with
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fragment-based ligand discovery, strategies for expansion of druggable space through
covalent trapping have also been described.®® Although these proteins may be
ligandable, cysteine trapping may not induce a pharmacodynamic response; therefore,
a Protac approach may be able to drive efficacy despite the lack of catalytic activity.
By modification of Ibrutinib, it may be able to answer whether irreversible inhibition

Is tolerated in a Protac and allows protein degradation.

A further opportunity available with a selective BTK Protac is to probe poorly
described biological functions of the protein. The reported role of BTK in activation
of the NOD-like receptor protein 3 (NLRP3, also known as NALP3) inflammasome
activation proved to be an interesting opportunity in this case.*’® The NLRP3
inflammasome is a ligandable, but as yet undruggable, intracellular complex
responsible for generation of the potent pyrogen and pro-inflammatory mediator IL-
1B (Figure 135).

NALP3 NALP3

O

ASC D

Caspase-1

1. a®
ARI ASC
@ Caspase-1

a0

Inflammasome

ProlL-1B ‘

Figure 135.3"* NLRP3 (NALP3) inflammasome activation and formation, resulting in
processing of pro-I1L-f to IL-f
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Once activated by a pathogen or intracellular damage, the NLRP3 protein forms a
complex with the adaptor protein apoptosis-related speck-like protein containing a
caspase recruitment domain (ASC), which, in turn, directly associates with
procaspase-1.2° Oligomerisation of these subunits leads to formation of a donut-
shaped complex with an active caspase-1 core. This active complex cleaves pro-IL-1
to active IL-1p, and can also cause cell death by pyroptosis.>”® Due to the potential for
blockade of this pro-inflammatory response, inhibition of NLRP3 has been implicated
in several chronic inflammatory diseases, including Muckle-Wells syndrome,

Alzheimer’s disease, diabetes, and Parkinson’s disease.®’3"8

It has been reported that both the xid mutation and BTK knockdown inhibit secretion
of IL-1p following stimulation of NLRP3 assembly, which can be replicated through
BTK inhibition.3”® BTK is thought to act as a scaffolding protein for NLRP3 and ASC,
potentially through the kinase domain, with BTK-mediated phosphorylation of ASC
resulting in activation of caspase-1. If this effect could be recapitulated using a BTK
Protac, selective BTK degradation may be an attractive strategy to allow indirect
inhibition of IL-1pB, giving access to a variety of novel and valuable therapeutic

indications through a known safe inhibition/knockout pathway.

One advantage of a Protac is that degradation of a protein can remove secondary
functions independent of inhibition of its functional binding site. In the case of BTK,
the high similarity of the XLA, inhibited, and kinase dead phenotypes suggests that
degradation is unlikely to give additional novel pharmacology over inhibition.

However, BTK does have some secondary functions independent of its kinase activity.

BTK can recruit phosphatidylinositol-4-phosphate 5-kinase (PIP5K) independently of
its kinase activity; recruitment of PIPSK drives PIP, synthesis, stimulating PIP3
production required for membrane recruitment of BTK.3"® As small molecule-
mediated inhibition of BTK already prevents its catalytic function, a reduction in PIP3
and reduced membrane recruitment is unlikely to add further pharmacology, apart
from a potential reduction in PIP2 synthesis, which may modulate another distinct

pathway.
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Though it was believed that selective reversible inhibition of BTK would give the most
definitive understanding as to whether degradation demonstrates any supplementary
benefit over inhibition, we sought first to explore the effect of covalent inhibition of

BTK on Protac-induced degradation.
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5.2 Covalent BTK Protacs

To probe the effect of covalency on Protac-induced degradation, the BTK inhibitor
Ibrutinib was selected for elaboration into a covalent Protac. The design, synthesis,
and profiling of Protacs based on this inhibitor will be outlined within this section.

5.2.1 Protac Design

First, an appropriate exit vector from the BTK binding site was required for
conjugation of Ibrutinib to the E3 ligase. As there is no published crystal structure of
Ibrutinib, a the crystal structure of a close reversible analogue is presented in Figure
136.%8 From this, it appears that the cyclopentyl analogue binds in a similar manner
to lbrutinib, due to the close proximity of the key C481 residue, and that the
cyclopentyl group is the most solvent exposed vector, indicating a potential position
for conjugation to the E3 ligase.

Figure 136.%% Docked structure of reversible lbrutinib analogue in the BTK kinase
domain, indicating the proximity of C481 (surface coloured by pocket region; blue =

solvent exposed, green = hydrophobic)
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It was also known that the BODIPY fluorophore-tagged Ibrutinib probe PCI-33380
(Figure 137) potently and covalently inhibits BTK.33® This molecule can be used to
assess the degree of covalent occupancy of BTK in cells, as decreasing target
occupancy results in increased labelling with the fluorescent tag. By knowledge of
both the crystal structure and the fluorophore probe molecule, it was believed that
linkage to the E3 ligase through a piperazine linker would be tolerated in the desired

Ibrutinib-based Protacs.

Figure 137. Structure of PCI-33380, a fluorescent probe employed to assess the degree
of BTK target occupancy, suggesting solvent exposure accessible through a piperazine

linker

As discussed in Section 4.6, the promiscuous IAP Protac used to degrade BTK was
highly lipophilic, potentially limiting target exposure due to poor solubility. In order
to compensate for this, it was thought that truncation of the IAP binder could improve
the physiochemical properties of the following BTK Protacs. The IAP ligand indicated
in Figure 138 was considered as a potential replacement,®®! as exchange of the
tetrahydroisoquinoline used in the promiscuous kinase Protac for the aminoproline
moiety results in removal of an aromatic ring and gain of an H-bond donor in the newly

created amide.

\\\\\

Figure 138. Truncation of IAP ligand in order to reduce lipophilicity
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As previously, a 4EG linker was selected to link the target protein and ligase binders
as this had proved to be sufficient to allow BTK degradation in the previous
promiscuous kinase experiment. Combination of the proposed structural features gave
the target Ibrutinib-based Protacs, this synthesis of which will be described in the

subsequent section.
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Figure 139. Structure of a proposed BTK Protac based on the inhibitor lbrutinib
5.2.2 Covalent BTK Protac Synthesis

First, the BTK binding portion of the molecule was synthesised (Scheme 26). 4-
Aminopyrazolo[3,4-d]pyrimidine was iodinated with NIS to give aryl iodide 61 in 60
% yield. Initially, a Suzuki reaction was carried out with (4-phenoxyphenyl)boronic
acid to give pyrazolopyrimidine 62 in 64 % yield, then subsequent Mitsunobu reaction
with (S)-tert-butyl 3-hydroxypiperidine-1-carboxylate and Boc deprotection gave
piperidine 64 in 27 % vyield. It was thought that the relatively poor yield observed for
the Mitsunobu reaction was due to the poor solubility of intermediate 62, so the steps
were repeated in the opposite order. Mitsunobu reaction gave Boc piperidine 63 in 59
% yield and 90 % purity, then Suzuki reaction and deprotection afforded piperidine 64
in 92 % vyield.
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Scheme 26. Preparation of piperidine 64

The synthesis of Ibrutinib was carried out to confirm that covalent inhibition does not
affect BTK protein levels, a matter which has been disputed previously.33%365
Therefore, an amide coupling was carried out using acryloyl chloride to give parent

inhibitor Ibrutinib 65 in 38 % yield (Scheme 27).

0/@ 0@

o
NH, cnk/ NH;
N™X
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—
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Scheme 27. Synthesis of Ibrutinib (65)
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The IAP binder and linking fragment were then synthesised (Scheme 28). First, an
amide coupling between a 4EG acid linker and a protected IAP binder both available
within our laboratories,?® was carried out to give IAP-4EG chloride 66 in 78 % yield.
Then, a displacement with piperazine was carried out, followed by a second alkylation

with 4-bromocrotonic acid to give acid 67 in 58 % yield over two steps.

% \H/\NBoc
HATU DIPEA

\H/\NBOC
DMF rt, 1h
78 % /\/O\/\O/\/O\/\O/\[(NH

i) Piperazine, MeCN
MW, 150 °C, 1 h
i) 4-Bromocrotonic acid, DIPEA
DMF, rt, 3 h
58 % over 2 steps

\H/\NBOC
o (\N/\/O\/\O/\/O\/\O/W NH
Hok/\/N\)

HO)JVO\/\O/\/O\/\O/\/CI

Scheme 28. Preparation of acid 67

With piperidine 64 and IAP linking fragment 67 in hand, an amide coupling was
carried out to give fully protected Protac 68 in 51 % yield and 80 % purity (Scheme
29). Acidic deprotection was then carried out to give acrylamide-containing BTK
Protac 69 in 75 % yield.
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Scheme 29. Preparation of acrylamide-containing Ibrutinib Protac 69
To confirm the effect of covalency on Protac induced degradation, removal of the
cysteine-reactive acrylamide moiety was required. Hydrogenation of acrylamide 68

and subsequent Boc deprotection gave reduced BTK Protac 70 in 41 % yield over two

steps (Scheme 30).
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68, 80 % pure

ii) TFA:CH,CI, (1:5), rt, 1 h

i) Hy, Pd/C, rt, 3 h
41 % over two steps
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Scheme 30. Preparation of reduced acrylamide Protac 70
5.2.3 Ibrutinib-1AP Protac Profiling

First, it was sought to confirm whether acrylamide-containing Protac 69 retained the
fully covalent binding mode of the parent inhibitor 65. Recombinant BTK was treated
with binders 65, 69 and 70 (10:1 inhibitor:protein) at room temperature then analysed
by LCMS. Covalent modification is indicated by an increase in molecular weight,
consistent with the molecular weight of the inhibitor, relative to a DMSO control
sample. As expected, Ibrutinib (65) completely labelled recombinant BTK after 2 h
incubation (Figure 140). Gratifyingly, acrylamide-containing Protac 69 also labelled
BTK following 4 h incubation indicating that the Protac is covalently engaging BTK.
A longer incubation time was required to demonstrate covalent binding than for
Ibrutinib, implying that the substituted acrylamide in the Protac has reduced reactivity
compared to the unsubstituted equivalent. Reduced acrylamide Protac 70, caused no

significant change to the observed mass following 4 h incubation, indicating that it is
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a reversible binder. This also suggests that the acrylamide is critical for covalent

binding and BTK C481 is likely to be the reactive residue, as it is for Ibrutinib.

Ibrutinib 65
DMSO
Protac70 Protac69
| | | | | | | | | | | | > m/z
70000 75000 80000 85000

Figure 140. Incubation with Ibrutinib (65) and Protac 69 results in covalent
modification of recombinant BTK, as observed by MS, whilst Protac 70 causes no

covalent modification.

Biochemical binding data for Protacs 69 and 70 and parent binder of Ibrutinib (65)
were then collected by Reaction Biology Corporation (Table 8). These were measured
using a HotSpot™ radiometric filtration binding assay, where a radiolabelled v-
phosphate of ATP is transferred onto a peptide substrate, mediated by the kinase.®2
The phosphorylated substrate can then be separated by binding of the substrate to a
filter and subsequent removal of unreacted ATP. Inhibition of the kinase inhibits

substrate phosphorylation, resulting in a reduced radiometric signal.
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Figure 141. BTK binding assay

Assays profiling both BTK and mutant BTK(C481S) were available, and to attempt to
distinguish between covalent and non-covalent binding for BTK, compounds were
preincubated for 1 h before substrate addition. In the case of Ibrutinib (65) there is a
significant difference (BTK/BTK(C481S) pICso = 9.4/8.1). The increased potency in
the non-mutant protein supporting that covalent binding is occurring through C481S,
as covalent binding occurring during the preincubation period allows increased
inhibition of kinase activity. For BTK(C481S), only inhibition through reversible
binding will be observed, therefore inhibition of kinase activity is reduced.

In the case of Protac 69, no significant difference was observed between non-mutant
and mutant BTK (BTK/BTK(C481S) pICso = 8.7/8.5), with a similar profile observed
in the non-covalent equivalent Protac 70 (BTK/BTK(C481S) pICso = 8.6/8.8). The
pre-incubation time appears to be insufficient to delineate between covalent and non-
covalent binding, implying that covalent adduct formation is significantly slower upon
substitution of the acrylamide. A longer preincubation before substrate addition would
allow more time for covalent adduct formation to occur, and induce a more significant

increase in observed potency.

Table 8. Ibrutinib-based BTK Protac properties

Corr;]%(?und BTK plCsot BT:)(ICCZZSAO,1818 CLr:)rgolan SC)(E\b/li)lity PAC?
65 9.4 8.1 5.0 48
69 8.7 8.5 54 168 1.9
70 8.6 8.8 51 188 1.8

1 h preincubation before substrate addition, measured in the presence of 10 uM ATP 2Solubility

measured by CLND 3Cellular accumulation in HeLa cells
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In terms of physicochemical properties, Protacs 69 and 70 were found to have similar
lipophilicity to the parent binder 65 and also improved solubility, presumably due to
the addition of multiple H-bond acceptors. Positive cellular accumulation values were
also demonstrated (PAC = 1.8-1.9), indicating that the Protacs are likely to be cell

penetrant. The compounds were then advanced into cellular experiments.
5.2.4 Covalent Inhibition Prevents IAP-Mediated Degradation of BTK

The synthesised BTK compounds were then profiled by western blotting to determine
the effect on BTK protein levels in THP-1 cells, which were previously used in
promiscuous binder experiments (Section 4).3! First, it was confirmed that covalent
inhibition with the parent binder Ibrutinib (65) had no effect on BTK protein levels
(Figure 142). Though this result was consistent with reported data,**® lbrutinib and

other covalent inhibitors have tentatively been described as a BTK degraders
383

previously.
Concentration 65
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Figure 142. No BTK degradation is observed upon treatment with Ibrutinib (65) for
24 h in THP-1 cells

The effect of covalent Protac 69 on BTK protein levels was then tested (Figure 143,
top), which surprisingly resulted in no degradation of BTK. Given the unusual effect
observed with acrylamide Protac 69, the reduced BTK Protac 70 was then profiled
(Figure 143, bottom). In this case, BTK degradation was observed, with a DCso = 150
nM and a Dmax > 95 %. This suggested that covalent inhibition using a BTK Protac
was somehow preventing its degradation. It was then sought to confirm whether BTK

is being engaged in cells, as no target engagement would also result in no degradation.
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Figure 143. No BTK degradation is observed upon treatment with increasing
concentrations of acrylamide-containing Protac 69 for 24 h in THP-1 cells (above);

reduced acrylamide Protac 70 is an active degrader (below)

One approach for quantifying occupancy of the BTK binding site is by monitoring
inhibition of autophosphorylation of BTK Y223. As stated previously, BCR pathway
activation causes a phosphorylation cascade via LYN and SYK, resulting in
phosphorylation of BTK Y551, which is followed by an autophosphorylation event
at Y223. Inhibition of the kinase domain of BTK is known to prevent this
autophosphorylation event and directly correlates with binding site occupancy.339:353

To quantify the levels of phosphorylated Y223 (PY223) Ramos cells were employed,
as these express an intact BCR pathway which can be strongly activated by stimulation
with the BCR ligand anti-immunoglobin M (anti-lgM).3%® Ramos cells were treated
with Ibrutinib (65) and BTK Protacs 69 and 70 for 16 h, then stimulated with anti-IgM.
The samples were then probed for both BTK and PY223 BTK by western blot to
compare total protein levels and degree of target engagement, including an

unstimulated sample as a further control. As expected, treatment with Ibrutinib
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resulted in potent inhibition of BTK PY223, and caused no BTK degradation (Figure
144).

Concentration 65
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Figure 144. Ibrutinib (65) potently engages BTK with no effect on protein levels
following 16 h treatment in Ramos cells

Interestingly, covalent Protac 69 was found to inhibit PY223, albeit at a higher
concentration than that of Ibrutinib (Figure 145), but did not cause any effect on total
protein levels. This suggests that the Protac is completely engaging BTK in cells, as
PY?223 is fully inhibited as higher concentrations (>300 nM), however the covalent
inhibition through C481 is preventing protein degradation.

Concentration 69

°

L

<

= =

>
E 3 s @ 3 =

= 2} =% =} ™ = =

< = o < S ™ 3

o) (@] ™ o o [« ™

— —  “— — Total-BTK
R - PY223 BTK
B-Tubulin

Figure 145. Irreversible Protac 69 engages BTK yet has no effect on protein levels
following 16 h treatment in Ramos cells

Reversible Protac 70 was found to both engage and degrade BTK in Ramos cells
(Figure 146), however the absolute degree of PY223 inhibition is likely to be
confounded by the reduced protein levels caused by Protac-mediated BTK
degradation. Protac 70 also appears to be a weaker inhibitor than Protac 69, as a weaker
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BTK PY223 signal is observed at 30 nM, presumably due to the additive effect of

covalent binding.
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Figure 146. Reversible Protac 70 both engages and degrades BTK following 16 h

treatment in Ramos cells

The fact that covalent Protac 69 is engaging BTK in cells but not causing protein
degradation raised multiple questions as to why this effect occurs. An initial theory
was that as Protac 69 is covalently inhibiting BTK, catalytic turnover of the Protac is
inhibited, thus preventing any significant level of protein degradation. However, as
complete inhibition of PY223 is observed at ~300 nM concentration (Figure 145), the
binding site is completely occupied with Protac 69. Therefore, as BTK is being
quantitavely labelled with the IAP degron, stoichiometric BTK degradation would be
expected at this concentration and above.

It was then considered that ubiquitin transfer between BTK and IAP may not be
occurring in the presence of Protac 69 thus preventing degradation. However, given
the high structural similarity between Protac 69 and 70, BTK occupancy, exit vector
and ternary complex formation will be almost identical with both Protacs. Given that
ubiquitin transfer is likely to be occurring, as reversible Protac 70 is an active degrader,

it is assumed that ubiquitination is also occurring with covalent Protac 69.

It was then sought to confirm whether covalent Protac 69 was an active Protac, and
lack of degradation was not caused by a compound stability issue in cells. Ibrutinib
(65) is not a profoundly selective molecule and inhibits multiple kinases both

reversibly and irreversibly.®*° Given that degradation of RIPK2 has previously been
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demonstrated within our laboratories,'?* and that lbrutinib reversibly engages RIPK?2
(ICso = 152 nM),%*° cell lysates generated from Protac-treated THP-1 cells in Figure
143 were reprobed for degradation of RIPK2 (Figure 147). Covalent Protac 69 was
found to cause a minor reduction to RIPK2 levels, while reversible Protac 70 proved
to be an active RIPK2 degrader (DCso ~ 20 nM, Dmax > 95 %).
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Figure 147. Comparing BTK and RIPK2 degradation following treatment with
irreversible Protac 69 (top) and reversible Protac 70 (bottom) for 24 h in THP-1 cells

The reason for the modest degree of RIPK2 degradation with covalent Protac 69 was
then considered. It is reported that treatment with Ibrutinib causes rapid covalent

inhibition of BTK, with high active site occupancy (ICso = 4 nM) following 1 h
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treatment.®¥ In the case of the covalent Protac 69, this would also result in rapid
sequestering of the Protac by BTK, resulting in a reduced amount of freely circulating
Protac to engage and degrade reversible targets, such as RIPK2.

It was thought that pre-saturation of the BTK binding site with lbrutinib (65), washout
of Ibrutinib and subsequent Protac incubation would prevent this sequestering and
result in more profound RIPK2 degradation by covalent Protac 69. First, the
concentration and time required for full pre-saturation of BTK was confirmed, based
on previous reports on time and concentration required for complete inhibition.33°
Treatment with 100 nM Ibrutinib (65) for 2 h resulted in complete BTK PY223
inhibition, indicating full kinase binding site occupancy.

Concentration 65

Unstimulated

3 =
2 g
T TSNS | Total-BTK
PY223BTK
- . - — B-Tubulin

Figure 148. Complete inhibition of BTK PY223 following treatment with Ibrutinib
(65) for 2 h in Ramos cells

The effect of pre-treatment with Ibrutinib (65) on degradation of RIPK2 with covalent
Protac 69 was then profiled (Figure 149, left). Protac 69 was found to induce slightly
more significant degradation than in the untreated case (Figure 147, top), though the
observed Dmax in each case is similar following quantification. The weaker degree of
degradation with covalent Protac 69 may be due to incomplete washout of Ibrutinib,
resulting in Protac competition with remaining Ibrutinib for binding to RIPK2,
resulting in less complete degradation. Reversible Protac 70 was found to cause similar
RIPK2 degradation in Ramos cells to that previously observed in THP-1 cells (Figure
149, right).
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Figure 149. Left: Degradation of RIPK2 and clAP1 in Ramos cells following 2 h pre-
treatment with Ibrutinib (65, 100 nM) and subsequent washout, followed by treatment
with covalent Protac 69 for 18 h. Right: Degradation of RIPK2 and clAP1 in Ramos

cells following treatment with reversible Protac 70 for 18 h

As inhibition of clAP1 results in autoubiquitination and degradation, the effect of
Protac treatment on clAP1 level was quantified. As expected, Protac 70 was found to
induce clAP1 degradation. In the case of pre-treatment with Ibrutinib followed by
incubation with Protac 69, clAP1 degradation was observed to a similar degree. This
indicates that binding to clAP1 is unchanged with either reversible or irreversible
Protacs, and should be equally able to induce BTK degradation. Ideally, a sample with
no Ibrutinib pre-treatment could be probed in this case, as clAP1 degradation would
confirm that binary complex formation is occurring between clAP1 and the BTK-

Protac covalent adduct.

It was then considered whether the observed effect of covalent inhibition was specific
to combination of recruitment of IAP. As degradation of BTK had previously been
demonstrated by recruitment of cereblon, exchange of the ligase binder incorporated

into the Protac was then explored.

157



CONFIDENTIAL — Do Not Copy

5.2.5 BTK-Cereblon Protacs

It was thought that the effect of covalent inhibition on induced degradation of BTK
may be specific to recruitment of IAP; recruitment of an orthogonal ligase was
considered to probe this. As it was known that BTK could be efficiently degraded by
recruitment of cereblon (Section 4.6), an analogous Ibrutinib-cereblon Protac was
prepared. Due to the chemical instability related to the cereblon binder, Protac
assembly using click chemistry was targeted for ease of synthesis. First, an alkylation
of 1-Boc-piperazine with 4-bromocrotonic acid was carried out to give acid 71 in 40
% yield (Scheme 31). An amide coupling was then carried out with piperidine 64 to
give Boc-protected binder 72 in 79 % vyield.

(0] NBoc NEt; (@] NBoc

- =
Ho B H'\Q TR 18N o N

40 %
o)

7

o)
NH,
NH, o ~NBoc  HATU, DIPEA
N N
N HOJ\/\/ < DMF, 1t, 1 h ] N
| , o, “~N
L Ay 79% N
N 7 e
~
NBoc
C\NH NT(\P (7

O
64 72

Scheme 31. Preparation of allylic piperazine 72
To prepare an azide functionalised linker, tosylation of triethylene glycol was carried

out to give ditosylate 73 in 95 % yield. Subsequent mono-displacement with sodium

azide delivered linking fragment 74 in 63 % vyield.

TsCl, KOH NaN,
H o oT:
Ho/\/o\/\o/\/o _ > Tso/\/o\/\o/\/OTs N3/\/ \/\O/\/ S
CH,Cl,, 1t, 20 h MeCN, 100 °C, 5 h
95 % 73 63 % 74

Scheme 32. Preparation of azide 74

Deprotection of Boc piperazine 72 and subsequent alkylation with tosylate 74 gave
acrylamide-azide 75 in 37 % vyield over two steps (Scheme 33). A click reaction was
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carried between 75 and a pomalidomide-based alkyne available within our

laboratories'? to give the desired acrylamide Protac 76 in 11 % yield.

i) TFA:CH,CI, (1:1) NH,
,2h N\
ii) 74, DIPEA U Y
_—_— > N= .
DMF, 50 °C, 20 h N
37 % over two steps (‘j
N
N
o K/N\/\O/\/O\/\ N,
72 75
0 CuSO, (20 mol%)
THPTA (40 mol%)
N o )
NH Sodium ascorbate
DMSO:H,0 (10:1)
o) [eJe)
119
/\/ %

NN N
O :
N
\[}/\/\N/\ %ﬁﬂ
N o

Scheme 33. Synthesis of acrylamide cereblon Protac 76

For the corresponding reduced acrylamide Protac, acrylamide 72 was reduced under
an atmosphere of hydrogen to give the required amide 77 in 77 % yield and 80 %
purity (Scheme 34). Acid-mediated deprotection and piperazine alkylation gave azide
78 in 53 % vyield over two steps, then click reaction with the previously described

alkyne delivered Protac 79 in 74 % yield.
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Scheme 34. Preparation of reduced BTK-cereblon Protac 79

Protacs 76 and 79 were then directly profiled by western blotting (Figure 150).3" As
previously observed by Protac-mediated recruitment of IAP, acrylamide-containing
cereblon Protac 76 demonstrated no degradation of BTK. Again, reduction of the
acrylamide in Protac 79 restored BTK degradation, with a similar DCso ~ 150 nM and

Dmax = 95 % as previously observed with Protac 70.
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Figure 150. Western blotting using BTK-cereblon Protacs 76 and 79 following 18 h

treatment in THP-1 cells

Given that no BTK degradation was observed upon recruitment of both IAP and
cereblon, this suggests that the effect of covalent inhibition on BTK degradation is
independent of recruited ligase. This suggests that the BTK-Protac covalent adduct

itself is likely to be the reason behind the lack of observed degradation.
5.2.6 Reversible Covalent BTK Protac

As no BTK degradation was observed using covalent Protacs 69 and 76 while
reversible Protacs 70 and 79 proved to be an active degraders, further exploration of
the binding mode of this class of compounds was warranted. Particularly, reports of
reversible covalent inhibition of BTK proved an attractive avenue to explore, as this
would demonstrate whether tuning of the binding mode impacts degradation.®®” As a
Protac based on this class of compounds would bind to BTK in the same manner as
covalent Protac 69 through covalent cysteine attachment, then slowly dissociate, these
compounds should be able to degrade BTK.

A report of a series of reversible covalent BTK inhibitors employed a close analogue
of the binder used in the described Ibrutinib-based Protacs, and a particularly relevant
example is displayed in Figure 151.3% The availability of previously synthesised
material related to this inhibitor from previous BTK Protac studies expedited
exploration of this binding mode. Accordingly, the requisite synthesis was then

performed.
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Figure 151. Example of a reversible covalent BTK inhibitor (BTK ICso = 0.001 pM)

To replicate the cysteine-reactive cyanoacrylamide vector in the reversible covalent
inhibitor shown in Figure 151, isobutyraldehyde was brominated to give a-
bromoaldehyde 80 in 81 % yield (Scheme 35). Subsequent displacement with 1-Boc-
piperazine delivered piperazinyl aldehyde 81 in 76 % vyield. To incorporate the
required nitrile group, piperidine 64 was coupled to cyanoacetic acid to give

cyanoacetamide 82 in 81 % yield.

bNBoc O\><
NS
Et,0,0°C,3.5h Et,0, 1t, 2 h k/NBOC
81% 76 %

NG A

NH, o HATU, DIPEA

INE Ho/k/c T DME it 2h

§ N 81% ' N
C \

Scheme 35. Preparation of aldehyde 81 and cyanoacetamide 82

\

Knoevenagel condensation of aldehyde 81 and cyanoacetamide 82 and subsequent
acidic deprotection gave the required piperazine 83 as a mixture of geometric isomers
in 88 % over two steps. This was then alkylated with chloride 66 and deprotected to
give cyanoacrylamide Protac 84 over two steps, also as a mixture of geometric

isomers.
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Scheme 36. Preparation of Protac 84

Profiling of the cyanoacrylamide Protac 84 is outlined in Table 9. In the biochemical
assay, a significant difference between BTK and BTK(C481S) was observed
(BTK/BTK(C481S) pICso = 8.3/7.4), suggesting that C481 is contributing to binding
as observed with Ibrutinib (BTK/BTK(C481S) pICso = 9.4/8.1) and that a covalent
interaction is occurring. In terms of physicochemical properties, Protac 84 is
significantly more lipophilic than the previous Ibrutinib-based IAP Protacs,
presumably caused by the inclusion of the 1,1-dimethyl group proximal to the

cyanoacrylamide, and this increased lipophilicity is reflected in the reduced solubility.

Table 9. Profiling of cyanoacrylamide Protac 84

Compound . | BTK C481S Chrom Solubility
no. SR [Pl pICsot LogD (uM)?
84 8.3 7.4 6.2 53
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Cyanoacrylamide Protac 84 was then profiled by western blotting in Ramos cells,
and was found to degrade BTK with a DCsg ~250 nM (Figure 152). The observed Dmax
=69 % is lower than that observed with previous reversible Protac 70 (Dmax > 95 %).
One possible explanation for this is that there is a fraction of BTK still covalently
inhibited by Protac 84 after the treatment time which remains undegradable, as
previously observed with Protac 69. However, due to the smaller range of
concentrations tested using this Protac it is possible that the actual Dmax may not have

been observed.

Concentration 84

=
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100 88 77 38 31 % BTK

Figure 152. Cyanoacrylamide Protac 84 is an active BTK degrader following 18 h
treatment in THP-1 cells.

While Protac 84 is clearly an active BTK degrader, whether its binding mode is indeed
reversibly covalent remains unclear. Although the significant difference in potency
observed in the biochemical binding assay suggests that C481 is involved in binding,
attempts to carry out protein MS experiments did not demonstrate covalent
modification of recombinant BTK. Therefore, the degradation profile demonstrated in
Figure 152 may reflect a fully reversible degrader, with weaker BTK engagement as a
result of higher lipophilicity (through increased non-specific protein binding). On the
other hand, if Protac 84 is indeed binding in a reversible covalent manner, weaker and
incomplete degradation may result from remaining covalent occupancy following the
incubation period. Further investigation would be required to demonstrate whether

reversible covalency is tolerated in a Protac.
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5.2.7 Rationalising Effect of Covalency

Covalently inhibited BTK must be degradable, as the duration of action of covalent
inhibitors such as lbrutinib and CC-292 is limited by protein resynthesis.®*®3% It has
been shown that upon blocking protein synthesis, mature covalently inhibited BTK is
degraded by the proteasome, which can be rescued by proteasome inhibition.38®
Similarly, HaloProtacs are able to cause degradation of HaloTag-fused target proteins
(Section 1.4.3).2 In that case, the chloroalkane tether covalently inhibits the HaloTag
protein, resulting in a fusion protein labelled with a VHL degron, much like BTK is

covalently labelled with an 1AP or cereblon degron in these cases.

BTK appears to be highly susceptible to protein degradation, however dissociation of
the Protac before protein degradation appears to be critical to allow processing of the
substrate by the proteasome. It is highly probable that BTK is ubiquitinated by Protac
69, as the equivalent reversible Protac 70 permits its degradation. Therefore, covalent
inhibition followed by ubiquitination would first result in a ubiquitinated BTK-Protac

covalent adduct, which can then be recognised by the proteasome.

At this point, it is of interest to revisit how recognition and unfolding of ubiquitinated
substrates by the proteasome occurs, as this is a possible explanation for the observed
lack of degradation of the presumed BTK-Protac-ubiquitin adduct (Figure 153). As
stated previously, ubiquitin transfer alone is not sufficient for proteasomal
degradation, as the protein must also present an appropriate structurally disordered
region to act as an initiation site for unfolding and proteolysis.*® Binding of the
polyubiquitin chain must first occur through a ubiquitin receptor, followed by
presentation of the unstructured region and its pre-engagement in the narrow pore of
the proteasomal channel. Structural rearrangement of the 19S lid allows pore opening
and ubiquitin scanning allows increased engagement, followed by ubiquitin chain

removal and proteolysis.

This process must be occurring with reversible Protac 70, resulting in degradation by
the standard proteasomal pathway. Therefore, the Protac appendage to the substrate
generated upon incubation with covalent Protac 69 may interfere with either

recognition or substrate acceptance by the proteasome, preventing degradation.
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Figure 153.3% Structural model of substrate degradation by the proteasome

As the BTK-Protac adduct formed with covalent Protac 69 is likely to be recruited to
the proteasome as a result of polyubiquitination, one reason for the lack of degradation
may be due to lack of presentation of the structurally disordered region required to
initiate proteolysis. As the Protac itself is a considerable modification to the protein
(1.2 kDa), it is possible that this blocks presentation of the unstructured region to the

proteasome, preventing successful substrate engagement of the proteasome.

The presence of covalent Protac 69 may also prevent degradation since although the
covalent modification of the protein allows recognition of the structurally disordered
region, the extension of the Protac from the protein causes a steric clash with the 19S
particle, preventing processing by the 20S particle and subsequent proteolysis.
Recognition and pre-engagement of the structurally disordered region would cause
ubiquitin dissociation. However, as the disordered region cannot be completely
internalised, the substrate can dissociate and avoid proteolysis. This may cause partial
proteasomal inhibition, which could account for the weaker RIPK2 degradation

observed in the presence of covalent Protac 69 compared to reversible Protac 70.

It may also be possible that the presence of the Protac modification simply hinders
recognition of the ubiquitinated BTK-Protac substrate; hence, it cannot be recognised
by the proteasome and no engagement or proteolysis can occur. Of course, it would be
highly challenging to prove or disprove any of these proposed arguments due to the
complex and dynamic nature of the proteasome, and the unknown ubiquitination site

on BTK. However, further exploration of this phenomenon may allow greater
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understanding of how substrates selectively targeted for degradation by Protacs are

subjected to proteasomal degradation.
5.2.8 Conclusions

Having previously identified BTK as a novel degradable target using a promiscuous
strategy, selective degradation of this target was first explored employing the covalent
BTK inhibitor Ibrutinib. In this section, Protacs based on this inhibitor were
synthesised, first recruiting IAP as an E3 ligase. Surprisingly, the covalent Protacs
resulted in no degradation of BTK, despite intracellular target engagement. Reduction
of the acrylamide moiety critical for irreversible binding resulted in a fully reversible

Protac and allowed BTK degradation.

A similar Protac which binds through a reversible covalent mechanism also allowed
BTK degradation, therefore Protac dissociation may be critical to allow processing of
the BTK-Protac adduct by the proteasome. Due to the high structural similarity of the
irreversible and reversible Protacs, it was thought the covalent protein-Protac adduct
is likely to disrupt conventional engagement of the proteasome and prevent protein
degradation. It has also been demonstrated that the effect of covalent inhibition on
Protac-mediated degradation of BTK is independent of the recruited ligase, as
exchange of the ligase binder cereblon results in the same overall profile. It is not yet
known whether this is a general effect or specific for BTK, especially since analogous
strategies such as HaloProtacs or hydrophobic tags both covalently inhibit and degrade

their respective target proteins.

Although the use of a covalent inhibitor as a target protein binder proved to be
ineffective in this experiment, it brings to attention the potential advantage of
incorporation of a covalent ligase binder into a Protac. As covalent ligase inhibition
would avoid the Kinetic barrier to ternary complex formation, the ligase would be
effectively reprogrammed as a degrader of the targeted protein through formation of
binary complexes only. As duration would then be driven by resynthesis of the
covalently inhibited ligase, and the potential for low ligase occupancy to drive
efficacy, this would allow increasingly infrequent dosing strategies over standard

Protacs.
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Whilst the fully reversible Ibrutinib Protac 70 is an effective BTK degrader, it is not
useful as a probe for selective degradation of BTK. Given the poor selectivity profile
of the reduced form of Ibrutinib,®” Protac 70 is also likely to be a fairly promiscuous
degrader. For example, it has been shown that Protac 70 is a more efficient RIPK2
degrader than BTK. Therefore, to probe selective knockdown of BTK, a highly potent,
reversible inhibitor of BTK was required for elaboration into a Protac.
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5.3 Reversible BTK Protacs

As covalent inhibition of BTK does not promote Protac-mediated degradation, a
selective, non-covalent ligand was required to probe whether degradation of BTK
could demonstrate any significant advantage over inhibition. The selective BTK
inhibitor RN486 was selected to investigate this, and the synthesis and profiling of a

BTK degrader based upon this ligand will be described within this section.
5.3.1 RN486

In order to accurately attribute a degradation phenotype to exclusive knockdown of
BTK, rather than a secondary target of the parent ligand (a potential issue with use of
Ibrutinib-based Protacs described in Section 5.2), a highly selective fully reversible
BTK ligand was required. RN486 is a potent and selective inhibitor of BTK (Figure
154),3643%9 developed from previously described reversible BTK inhibitors CGI-1746
and GDC-0834 (Section 5.1.2.3).

W

N

Figure 154. Structure of BTK inhibitor RN486

The selectivity profile of RN486 indicates that only 5 kinases are inhibited within a
103 fold selectivity window from a panel of 369 kinases (Table 10).3%° The nearest
most potently inhibited kinase is SLK (139 fold selectivity), which has previously been
observed to be inhibited but not degraded by promiscuous kinase Protacs (Section 4),
indicating the potential for highly specific degradation using this ligand. RN486 also
demonstrates high selectivity over kinases commonly inhibited by Ibrutinib, such as
the Tec family, which should avoid any confounding effects mediated by Ibrutinib’s

secondary targets.
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Table 10.%%° RN486 selectivity profile

Kinase BTK SLK TEC FGR ITK ABL1
Kd (uM) 0.00031 0.043 0.064 0.1 0.24 0.29
Fold selectivity 1 139 206 323 774 935

RN486 also has also demonstrated a favourable PK profile, with a ty> = 9.8 h in rat
upon IV administration, far superior to reversible BTK inhibitors CGI-1746 and GDC-
0834, which both suffered from rapid clearance.®®? Hence, this inhibitor was deemed
suitable for incorporation into the required BTK reversible Protac.

5.3.2 Protac Design

The aim of this experiment is to design a Protac with a highly selective profile to allow
clear delineation between single target degradation and single target inhibition. The
target Protac would preferably have favourable physicochemical properties to allow
rapid lead optimisation if there is a clear therapeutic benefit to Protac intervention;

hence these properties were designed in silico in advance of synthesis.

First, it was necessary to determine a potential linking position from the BTK inhibitor
to the E3 ligase. The crystal structure of a close analogue of RN486 was employed to
select an appropriate linking position to the E3 ligase (Figure 155).%%* The pendant
ethyl piperazine was found to be highly solvent exposed and indicated a desirable
linking position for conjugation to the E3 ligase. Minor extensions through the
piperazinyl vector using oxetanes and azetidines have also been reported to be
tolerated at BTK 388
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Figure 155.3% Co-crystal structure of RN486 analogue and BTK (surface coloured by
pocket region: blue = solvent exposed, green = hydrophobic, red = polar) PDB: 40TR

A potential issue with use of RN486 is its reported poor aqueous solubility (0.6
ug/mL), likely to be driven by increased lipophilicity as a result of its relatively high
aromatic ring count.3®* There is a reported 50 fold drop-off between biochemical FRET
binding and human whole blood (HWB) potency, and whilst no lipophilicity measures
have been reported for this compound, elevated lipophilicity may drive high protein
binding and cause this potency reduction. To address this potential issue in the
resulting Protac, a more polar ligase binder was considered to compensate for the
lipophilic BTK inhibitor.

In this case, IAP was selected as the E3 ligase to recruit in the BTK Protac.
Recruitment of cereblon was deemed to be inappropriate in this case due to potentially

confounding effects on cytokines mediated by cereblon inhibition.8 The short half-
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life of the parent cereblon inhibitor and the potential teratogenic effects also
disfavoured selection of this ligase. As VHL demonstrated no effect on BTK protein
levels using promiscuous kinase Protacs (Section 4), this ligase was not selected. Upon
referring to known IAP antagonists, it was thought that the most clinical AP inhibitor
LCL-161 may be a potential candidate for incorporation into the BTK Protac (see
Section 1.3.3.3). Analysis of the crystal structure of a similar Smac mimetic to LCL-
161 containing a cyclohexyl group indicated that this exit vector was likely to be
tolerated as this region is highly solvent exposed (Figure 156).%8 LCL-161 was also
selected not only due to its favourable safety profile,®*® but also its relatively low
predicted lipophilicity when compared to IAP inhibitors incorporated into previous
iterations of BTK Protacs (Figure 157).

N=N,
©/§(s
o)
HN _
o) 0o
N N~
)EBKH

Figure 156.32 Co-crystal structure of a Smac mimetic and clAP1 BIR3 indicating

solvent exposure through the cyclohexyl group (surface coloured by pocket region:

blue = solvent exposed, green = hydrophobic, red = polar)
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Calculated Chrom LogD: 4.8 3.6 24

Figure 157. Reduced lipophilicity of IAP ligands compared to those incorporated in

previous iterations of BTK Protacs (by calculated chrom logD)

As a 4EG linker had previously shown to induce degradation of BTK using
promiscuous kinase IAP Protac 60 and reversible Ibrutinib Protac 70, it was thought
that retaining this linker length would be sufficient to allow degradation. By
combination of these factors, the target Protac was identified (Figure 158), the

synthesis and profiling of which will be outlined in subsequent sections.
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Figure 158. Target BTK-1AP Protac based on BTK ligand RN486

m

5.3.3 Protac Synthesis

The synthesis of the target RN486 Protac was then carried out. Retrosynthetic analysis
of an appropriate linkable RN486 ligand is outlined in Figure 159. Previous syntheses
of RN486 have been described, however these begin using a complex non-commercial
starting material to assemble the desired cyclopropyl isoquinolone fragment.364388
Hence, an alternative route was sought for this fragment of the ligand. To achieve the
desired substitution pattern, a Pomeranz-Fritsch reaction to assemble the
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corresponding isoquinoline was considered, followed by oxidation to afford the

isoquinolone.
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Figure 159. Retrosynthetic analysis of protected RN486 binder

First, a reductive amination was carried out between 4-bromo-2-fluorobenzaldehyde
and aminoacetaldehyde dimethyl acetal using sodium borohydride, then the resulting
amine directly protected with tosyl chloride to give acetal 85 in 94 % vyield over two
steps. Tosylation was carried out in this case to prevent tautomerisation to the
corresponding imine under the subsequent cyclisation conditions, as it was thought
that this would result in starting material decomposition or undesired side-reactions.
A Pomeranz-Fritsch reaction mediated by AICls afforded isoquinoline 86 in 32 % yield
and 90 % purity. It was thought that the relatively electron-poor aromatic ring may
have hindered the cyclisation, resulting in the poor conversion to desired product.

£ o i) NaBH,, AcOH F E
oM MeOH, 0°C, 1 h AlCI
L /@ANTS — SN
OMe ii) TsCl, py, 0°C, 2 h Br KKOMe CH,Cl,, 50 °C, 3 h P
Br 94 % over two steps OMe 32% Br
86, 90 % pure

85

Scheme 37. Preparation of isoquinoline 86

In an attempt to improve the yield of this cyclisation reaction, it was thought that
addition of the more electron-donating cyclopropyl group first would allow cyclisation
to occur more readily. However, upon subjecting the cyclopropyl substrate to the
reaction conditions, a variety of side reactions occurred, including opening of the

cyclopropane ring, resulting in only traces of the desired product.
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For the subsequent Suzuki coupling step to insert the cyclopropyl group, early test
reactions using cyclopropyl boronic acid as a coupling partner resulted in almost
complete debromination of starting material. Following reports by Molander and co-
workers, potassium cyclopropyl trifluoroborate was employed as an alternative to the
boronic acid, which has been reported to have increased stability and less propensity
to protodeborylate.®* Thus, the Suzuki reaction delivered cyclopropyl isoquinoline 87
in 64 % yield (Scheme 38). Oxidation of isoquinoline 87 with m-CPBA gave
isoquinoline N-oxide 88 in 90 % vyield.

[>—BFK
F XPhos Pd G2 (2 mol%) F F B
/C@“ XPhos (2 mol%) v/@ij\‘ m-CPBA V/@ 0
P KsPO,, THF:H,O (10:1) _ CH,Cly, 1t, 2 h _
Br 70°C, 24 h 90 %
86 64 % a7 a8

Scheme 38. Preparation of isoquinoline N-oxide 88

Isoquinoline N-oxide 88 was then rearranged to isoquinolone 89 in 79 % vyield
following heating in acetic anhydride and subsequent hydrolysis (Scheme 39). A
copper-catalysed amidation was then carried out in order to couple isoquinolone 89 to
2,6-dibromobenzaldehyde, which delivered aldehyde 90 in 51 % yield and 90 %
purity. Subsequent reduction of aldehyde 90 using sodium borohydride gave alcohol
91 in 72 % vyield.

Ac,0O

F
SVl 150 °C,5h
= then NaOH (2 M aq.)
MeOH, rt, 1 h
88

79 %

(o}

- Cul, K,CO,4
Br Br | DMF, 130°C,20h
51 %

F O

NaBH

N 4

¥ MeOH 0°C,2h

OH 72%

91

90, 90 % pure

Scheme 39. Preparation of alcohol 91
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In order to synthesise the second portion of the binder, bromination of N-methyl-2-
pyridone with NBS to give dibromo-N-methylpyridone 92 in 98 % yield (Scheme 40).
Then, an SNAr reaction was carried out between 5-bromo-2-nitropyridine and 1-Boc-
piperazine to give nitropyrimidine 93 in 80 % yield. Hydrogenation afforded the
corresponding aniline 94 in 75 % yield, which was then coupled to 92 to selectively
give bromo-N-methylpyridone 94 in 89 % vyield. In this case, selectivity between the
two aryl bromides is presumably determined by proximity to the electron-withdrawing
carbonyl group, resulting in faster oxidative addition at the proximal halide.

Subsequent Miyaura borylation of aryl bromide 95 delivered boronic ester 96 in 78 %

yield.
o
o
NBS, TFA Br. ~
NG —— ‘ N
| MeCN, 50 °C, 6 h —
[
98 % I
92
S
BocN
Br ) (\NBoc e PaiC pNBoc
A weoees [P weeae ]
0NN DMF, 50 °C, 72 h o EtOH, rt, 3 h o
then 100 °C, 8 h O,N” °N 75 % H,N" N
80 % o3 o4

92, Pd,(dba); (5 mol%)
Xantphos (5 mol%)
Cs,CO3, 1,4-Dioxane
100°C,5h
89 %

AN B,piny, PA(OAC), (5 mol%) H 0
—~ < N XPhos (10 mol%) /@(N | N
N
BocN\) B, KOAc, 1,4-Dioxane N N =
O 95°C,1h BOC,\,J Br

%—‘/\ 78 %
95

I
{}
\

Scheme 40. Preparation of boronic ester 96

Aryl bromide 91 and boronic ester 96 were then coupled to give the desired Boc-
protected BTK binder 97 in 55 % yield (Scheme 41). The parent BTK inhibitor RN486
was then synthesised by Boc deprotection and subsequent reductive amination with

formaldehyde to give inhibitor 98 in 40 % yield over two steps.
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\
O _N

Br HNIJ\ BPin
Ho/Ij SN Pd(OACc); (5 mol%) “
| PCys (10 mol%), K,COs5
7N Z BocN\)
o) N 1,4-Dioxane:MeOH:H,0 (2:2:1)
[ j 90°C, 2 h
F N 55 %

Boc

z

91 96

i) HCI (4 M in dioxane)
MeOH, rt, 2 h
ii) CH,O (37 % aq.)
NaBH(OAc);
MeOH, AcOH, rt, 24 h
40 % over two steps

Scheme 41. Synthesis of Boc-protected RN486 97 and parent BTK binder 98

To synthesise the final Protac, Boc deprotection of 97 was carried out, followed by
alkylation and hydrolysis to deliver acid 99 in 51 % yield over three steps. This was
then coupled to an Fmoc-protected linkable LCL-161 analogue available within our
laboratories'?® and deprotected to give the desired BTK Protac 100 in 46 % yield over

two steps.
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Scheme 42. Preparation of BTK Protac 100

The isolated enzyme binding and physicochemical properties of the parent BTK
inhibitor RN486 (98) and BTK Protac 100 were then profiled. BTK Protac 100 was
found to maintain the potency of parent ligand RN486 (BTK pICso 98/100 = 8.4/7.9),
and also proved to be potent in the BTK C481S mutant (BTK C481S plCso 98/100 =
9.5/8.9). As predicted, RN486 (98) was found to be relatively lipophilic (chrom logD
= 4.7) with moderate solubility (60 uM). Employing an IAP antagonist predicted to be
less lipophilic proved to be successful in this case, as direct elaboration of RN486 into
a Protac had only a modest effect on its overall physicochemical profile. Protac 100

was considered suitable for further characterisation and was advanced into degradation

experiments.
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Table 11. RN486 compound properties

BTK C481S Solubility
Compound BTK plCso pICso Chrom LogD (uM)!
98 (RN486) 8.4 9.5 4.7 60
100 7.9 8.9 5.1 56

1Solubility measured by CLND
5.3.4 Protac Profile

The effect of RN486 Protac 100 on BTK protein levels was then assessed by western
blotting.3** As expected, Protac 100 demonstrated dose-dependent degradation of BTK
with an observed DCso ~ 50 nM and a Dmax = 90 % (Figure 160).3% This is significantly
improved from previous BTK degradation observed with promiscuous kinase 1AP
Protac 60 (BTK DCso = 350 NM, Dmax = 69 %).

Conc.Protac 100

=
= =
2 9 Z = s
> o S < 3
(@] o o o o~
w_— . . BTK
Wy el e P T B-Tubulin
100 84 41 14 10 % BTK

Figure 160. Protac 100 demonstrates dose-dependent degradation of BTK following
18 h treatment in THP-1 cells

As Protac 100 should retain the selectivity profile of the parent inhibitor (139 fold over
SLK, which is not expected to degrade, and 200 fold selectivity over Tec),%° BTK is
likely to be the only protein significantly degraded at the observed DCsg, therefore,
Protac 100 is likely to be a highly selective probe for BTK knockdown. It was then
directly compared with Ibrutinib (65) to probe the reported effect of BTK inhibition
on formation of the NLRP3 inflammasome.
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Following the protocol employed by Itu and co-workers,*”® THP-1 cells were
differentiated into macrophages, then treated overnight with increasing concentrations
of Ibrutinib (65) and BTK Protac 100.3* The treated samples were then stimulated
with aluminium hydroxide for 6 h, which triggers formation of the NLRP3
inflammasome,3%23% resulting in processing of pro-IL-1p to IL-1B. Levels of IL-1p
were then measured by an enzyme-linked immunosorbent assay (ELISA, Figure
161).%% Inhibition of IL-1p is likely to be caused by compound-driven inhibition of
NLRP3 activation.

(€]

SN
!

B Ibrutinib (65)
B Protac (100)

IL-1B (ng/mL)
N w

[EEN
!

o
|

Unstim. DMSO  0.01 0.1 1 10
Concentration (uM)

Figure 161. Effect on IL-1B levels as a result of NLRP3 inflammasome inactivation
by Ibrutinib (65) and BTK Protac (100)

As expected, Ibrutinib (65) was found to reduce IL-1p levels at 10 uM concentration,
consistent with data previously reported.>”® On the other hand, BTK Protac 100 was
found to have no significant effect on IL-1f levels. Given the DCsp of the Protac is
approximately 50 nM, it would be expected that inhibition of IL-1B would correlate
directly with BTK protein levels; however, even when BTK is depleted to
approximately 10 % at 1 puM concentration of Protac 100, IL-1pB levels are not
significantly reduced (Figure 162). As NLRP3-mediated IL-1B inhibition does not
appear to directly correlate with BTK protein levels, it is likely that BTK is not
involved in inhibition of NLRP3 inflammasome activation. Given that Ibrutinib (65)

is known to inhibit BTK autophosphorylation at nanomolar concentration (BTK
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PY223 ICsp = 11 nM), and IL-1p inhibition via NLRP3 inflammasome inactivation
occurs at concentrations above 1 uM, this suggests that the latter effect is likely to be
mediated by a secondary target of Ibrutinib.

100

80 L |

ol \

40

20 S
O T T 1
0.01 0.1 1 10

Concentration 100 (uM)

== |L-1b
== Protein level

% Relative to control

Figure 162. Relative comparison of IL-1B inhibition and BTK protein levels after
treatment with Protac 100 (IL-1p is relative to DMSO control sample, protein level is

relative to B-tubulin standard)

The major mode of action of small-molecule inhibitors of the NLRP3 inflammasome
is by modification of cysteine residues using Michael acceptors.®®* The high
concentrations of Ibrutinib (65) required to inhibit IL-1p secretion may simply result
from unselective cysteine trapping of NLRP3. Indeed, a series a,B-unsaturated
carbonyl compounds have been described as inhibitors of NLRP3 activity.>® At 10
uM, Ibrutinib is known to be highly unselective and demonstrates highly promiscuous

covalent inhibition.3%®

Another possibility for the observed inhibition of IL-1 using Ibrutinib rather than a
BTK-selective Protac is inhibition of Tec, a secondary target of Ibrutinib. Tec has been
reported to be required for activation and assembly of the non-canonical caspase-8

3% which is known to promote NLRP3 inflammasome formation.3%” As

inflammasome,
inhibition of Tec is believed to inhibit caspase-8 inflammasome formation, this may

also inhibit NLRP3 inflammasome formation. As the RN486 Protac is likely to have
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increased selectivity for BTK over TEC compared to Ibrutinib (RN486 has 200 fold
selectivity for BTK over TEC), though this effect may not be significant within the

concentration range used in this experiment.

The results generated by selective BTK knockdown using Protac 100 compared to
BTK inhibition using lbrutinib (65) highlight the critical importance of selecting a
high-quality chemical probe in order to directly relate biological function.?433% The
conclusions previously drawn in the literature regarding the role of BTK in NLRP3
inflammasome activation highlight the potentially misleading conclusions that can be

drawn from use of a poorly selective inhibitor or an inappropriate concentration range.
5.3.5 Conclusions

Having previously identified BTK as a novel degradable target using a promiscuous
strategy (Section 4), a highly selective BTK Protac, based on the reversible inhibitor
RN486, was targeted. This Protac was subsequently generated in 14 linear steps and
demonstrated a DCso ~ 50 nM and a Dmax = 90 % in Ramos cells. As Protac 100 should
retain the exquisite selectivity profile of the parent inhibitor, it is expected to be a
highly selective probe for degradation of BTK.

Following reports highlighting the role of BTK in activation of the NLRP3
inflammasome, the effect of Protac-mediated BTK knockdown was compared to the
described effects using Ibrutinib. Incubation with the BTK Protac at concentrations
where protein levels were depleted >90 % resulted in no significant inhibition of
NLRP3 inflammasome formation. As micromolar concentrations of lbrutinib were
required to demonstrate significant inhibition of IL-1p, it is believed that the effect
observed with Ibrutinib is likely to be mediated by unselective cysteine modification
through its reactive acrylamide, or through inhibition of one of the secondary targets
of the inhibitor.

Having developed a selective BTK Protac, this brought into question whether a
degrader could compete with other small molecule inhibitors in the field. In the
oncology arena, where the Ibrutinib reigns as a single agent treatment, no reversible

inhibitors have significantly progressed clinically. Almost certainly, the extended PD
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efficacy available through covalent inhibition will be challenging to compete with
through reversible occupancy. Though a BTK Protac would have the same PD profile
as lbrutinib, as efficacy in both cases is driven by protein resynthesis, it only has
modest advantages over a covalent profile. If reducing dose was a priority for using a
Protac approach through catalytic degradation, Ibrutinib has already shown to have no
dose-limiting toxicity and high dosing is well tolerated.®** If it was sought to reduce
adverse events observed upon Ibrutinib treatment through an improved selectivity
profile, covalent successor Acalabrutinib has already achieved this.*** The only clear
advantage a Protac may have in B cell cancers is efficacy in relapsed C481S mutant
patients; however, competing PLCy2 mutations causing BTK redundancy may
complicate this further.3%°

Likewise as a treatment for RA, does a BTK degrader present a potential clinical
opportunity? No BTK inhibitors have yet progressed beyond Phase Il clinically,
though efficacy in preclinical models is highly encouraging.®>® However, this bring
into question as to whether a druggable kinase with pre-existing clinical inhibitors is
the best target for a Protac approach. If a Protac is bringing completely novel
pharmacology to a challenging target, or adding otherwise inaccessible duration of
action, it is certainly an attractive prospect to pursue. However, given the crowded
inhibitor landscape and active clinical pipeline targeting BTK, a Protac would not be
much more than a “super-inhibitor” given its lack of additional pharmacology. If all
BTK inhibitors were to fail in Phase Il studies for efficacy in RA, then a BTK Protac
would present an ideal opportunity to circumvent this. However, currently, there is no

clinical need for this.

Despite this, the pathway undertaken in targeting BTK demonstrates the strength of
the promiscuous approach detailed in previous sections to identify novel degradable
targets (Section 4). In one step, a highly selective Protac has been developed from a
pan-kinase degrader, and allowed decision making upon whether further interrogation
of the target was required for pre-clinical development. This prompts investigation of
promiscuous strategies in further target classes to allow less empirical target selection

and increase expansion of the protein degradation field.
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6. Conclusions

Targeted small-molecule induced protein degradation has recently emerged as a highly
valuable drug discovery strategy with considerable potential, and the evolution of the
technology through recent years has been reflected in the progression of this work. The
key advantages and challenges of the technology have been presented; for example,
the power of Protac catalysis in uncoupling of binding potency and induced
degradation. However, the challenges presented by target selection have proved to be

critical to the success or failure of a project.

The idea of empirical Protac target selection was inverted through the approach of non-
selective target degradation, which led to the identification of multiple novel targets in
druggable kinase space. With the knowledge that single target degradation is possible,
Protacs targeting one of the identified kinases were able to be rapidly and effectively
designed, allowing prosecution of the advantages of degradation over inhibition,
whilst producing unexpected results as a result of binding mode. In most cases,
serendipity is likely to be a flawed approach to selecting a target, as a high-value
disease-relevant target should be determined a priori. However, the promiscuous
kinase experiment gives confidence in the wider applicability of Protacs, as only a
small number of targets have been identified to date.

This brings into perspective the future of Protacs as a drug discovery prospect. As
explored here, target selection can be one of the most challenging aspects of the
process, although the research described in this thesis may act as a guide for future
target selection. On one hand, Protacs may stand alone as a platform for repurposing
of inhibitors which have failed for efficacy reasons, such as low target exposure.
However, the lucrative potential for targeting undruggable space using Protacs remains
untapped, despite this being one of their most unique features. Novel hit-finding
technologies such as encoded libraries may allow generation of affinity probes for
these poorly tractable proteins in the future; indeed, as demonstrated through the
promiscuous kKinase Protac experiment in this thesis, only weak intracellular inhibition

is required to demonstrate profound target degradation.
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On a similar theme, the range of ligases known to be functional in Protacs is currently
relatively limited, and each have their own advantages and disadvantages. Whilst
cereblon has proved to be a fairly agnostic degrader based on the results detailed in
this thesis, issues with on-target ligase pharmacology and ligand stability may hinder
further clinical development. Similarly, recruitment of IAP, whilst having validated
clinical inhibitors, may cause issues due to the potential for induction of apoptosis at
high local concentrations of Protac. Although VHL has no relevant on-target ligase
pharmacology, it has been shown in this thesis that the range of proteins it can degrade
may be limited. Undoubtedly, in the future, novel E3 ligase inhibitors will be generated
and incorporated into Protacs in a similar way as for the target protein binders

themselves.

Protac-mediated protein degradation has now been demonstrated to be a reliable new
pharmacologic paradigm allowing efficient and selective removal of proteins from
within cells in vivo. The catalytic mechanism of action and absence of requirement for
a functional inhibitor may offer substantial new opportunities for highly potent effects
and modulation of hitherto inaccessible targets. Despite this potential, many areas still
require further investigation before this approach can be evaluated in the clinic.
Specifically, extensive knowledge of the in vivo effects around pharmacokinetics and
safety must be gathered to assess suitability of any agents for clinical use. The
increasing level of publication and investment from both academic and industrial
groups will likely herald a further rapid increase in our knowledge in this area to allow
us to better understand the optimal applications of Protacs. Will this represent a
transformational example of breakthroughs in chemical biology directly leading to
new therapeutics? The first data on safety and efficacy of a Protac in a clinical setting

are eagerly awaited and will provide the initial steps towards answering this question.
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7. Experimental Section

7.1 General Methods
All temperatures are in °C.

Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded using a Bruker DPX400, DPX500, AV400, or AVI111600
(with cryoprobe). Chemical shifts (8) are reported in parts per million (ppm) relative
to tetramethylsilane and coupling constants (J) in Hz. The following abbreviations are
used for multiplicities: s = singlet; br. s = broad singlet; d = doublet; t = triplet; q =
quartet; spt = septet; m = multiplet; dd = doublet of doublets. If not specifically stated,
the NMR experiments were run at 30 °C.

Liquid Chromatography Mass Spectroscopy (LCMS)
i) LCMS Method A

The analysis was conducted on an Acquity UPLC BEH C18 column (50 mm x 2.1 mm

internal diameter 1.7 um packing diameter) at 40 °C.
The solvents employed were:

A =0.1 % v/v solution of formic acid in water.

B = 0.1 % v/v solution of formic acid in acetonitrile.

The gradient employed was as follows:

Time Flow rate o o
min) | (mLmin) | A | %8B
0 1 97 3
15 1 5 95
1.9 1 5 95
2.0 1 97 3
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The UV detection was an averaged signal from wavelength of 210 nm to 350 nm and
mass spectra were recorded on a Waters ZQ mass spectrometer using alternate-scan
positive and negative mode electrospray ionisation (ES +ve and ES -ve).

i)  LCMS Method B

The analysis was conducted on an XBridge C18 column (50 mm x 4.6 mm internal

diameter 3.5 um packing diameter) at 30 °C. The solvents employed were:

A =10 mM ammonium bicarbonate in water adjusted to pH 10 with ammonia solution

B = acetonitrile.

The typical gradient employed was as follows:

miny | meimny | %A | %8
0 1 97 3
0.05 1 97 3
150 1 5 95
1.90 1 5 95
2.00 1 97 3

The UV detection was an averaged signal from wavelength of 210 nm to 350 nm and
mass spectra were recorded on a Waters ZQ mass spectrometer using alternate-scan
positive and negative mode electrospray ionisation (ES +ve and ES -ve).

High Resolution Mass Spectroscopy (HRMS)

ESI (+) high resolution mass spectra were obtained on a Micromass Q-Tof 2 hybrid
quadrupole time-of-flight mass spectrometer, equipped with a Z-spray interface, over
a mass range of 100 - 1500 Da, with a scan time of 0.9 s and an interscan delay of 0.1
s. Reserpine was used as the external mass calibrant ([M + H]* = 609.2812 Da). The
Q-Tof 2 mass spectrometer was operated in W reflectron mode to give a resolution
(FWHM) of 16000 - 20000. lonisation was achieved with a spray voltage of 3.2 kV, a

187



CONFIDENTIAL — Do Not Copy

cone voltage of 50 V, with cone and desolvation gas flows of 10-20 and 600 L/h,
respectively. The source block and desolvation temperatures were maintained at 120
°C and 250 °C, respectively. The elemental composition was calculated using

MassLynx v4.1 for the [M + H]" and the mass error quoted as ppm.
Mass Directed Auto-Preparative (MDAP)

“Mass directed automated preparative HPLC” (MDAP) was conducted on a system
such as a Waters FractionLynx system comprising of a Waters 600 pump with
extended pump heads, Waters 2700 autosampler, Waters 996 diode array and Gilson
202 fraction collector on an XBridge C18 column (100 mm x 30 mm i.d. 5 um packing
diameter) at ambient temperature, eluting with 10 mM ammonium bicarbonate in
water adjusted to pH 10 with ammonia solution (solvent A) and acetonitrile (solvent
B) using the appropriate elution gradient. The UV detection was a summed signal from
wavelength of 210 nm to 350 nm. The mass spectra were recorded on a Waters ZQ
spectrometer using electrospray positive and negative mode (ES +ve and ES -ve). The
software used was MassLynx 3.5 with OpenLynx and FractionLynx option or using
equivalent alternative systems. Similar systems using Sunfire C18 columns and
gradient of solvents such as formic acid (or TFA) in water (solvent A) and acetonitrile

(solvent B) were also employed.
Infrared

IR spectra were recorded from solid samples using a Perkin ElImer Spectrum One FTIR
spectrometer fitted with a Perkin EImer Universal ATR (attenuated total reflectance)

sampling accessory. Absorption frequencies are reported in wavenumbers (cm™).
Melting point

Melting points were measured on a Stuart automatic melting point apparatus, SMP40.

Phase Separators

‘Hydrophobic frits’ refer to filtration tubes sold by Whatman.
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Purification by Column Chromatography
Chromatography techniques are reported in column volumes (CV) of solvent and
include either automated techniques (Flashmaster/Biotage) using pre-packed silica or

reverse phase (C18) silica cartridges, or manual chromatography on pre-packed solid

phase extraction (SPE) cartridges.
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7.2 Experimental Data

7.2.1 ActR2B Compounds

3-Bromo-2-methoxypyridine (1)

3-Bromo-2-chloropyridine (10.0 g, 52.0 mmol) was added to sodium methoxide (25
% in MeOH) (25 mL) and the reaction stirred at reflux for 2 h. In a separate flask,
NaH2PO. (12 g) was dissolved in water (100 mL) and CH.ClI, (100 mL), then stirred
and cooled with an ice bath. The reaction mixture was added slowly to the solution,
the precipitate filtered and the phases separated. The aqueous phase was back-
extracted with CH2Cl> (100 mL), the organic phases combined, dried with MgSQa,
and evaporated in vacuo to give the required product (7.52 g, 77 % yield) as an orange

liquid.

IH NMR (400 MHz, DMSO-ds) § 8.17 (d, J = 4.9 Hz, 1H), 8.03 (d, J = 7.6 Hz, 1H),
6.95 (dd, J = 4.9, 7.6 Hz, 1H), 3.92 (s, 3H). 3C NMR (101 MHz, DMSO-ds) 6 159.2,
145.8, 142.0, 118.5, 106.0, 54.1. LCMS (Method A) (ES +ve) m/z 188.1/190.1 (M +
H)" Rt 0.92 min (90 % pure). HRMS (ES) calcd for C¢H7BrNO, (M + H)* 187.9706,
found 187.9706. Note: The compound is >95 % pure by NMR, however LCMS
analysis shows 90 % purity. This may be due to the compound having a poor

chromophore.

3-Bromo-5-iodo-2-methoxypyridine (2)

3-Bromo-2-methoxypyridine (7.10 g, 37.8 mmol) was dissolved in DCE (35 mL), then
N-iodosuccinimide (12.5 g, 55.6 mmol) and TFA (8.00 mL, 104 mmol) were added

and the reaction stirred at 60 °C for 20 h. The reaction was quenched with an aqueous
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solution (120 mL) containing Na2COs (15 g) and Na2S203 (5 g). The phases were
separated and the aqueous layer back-extracted with DCE (100 mL). The organic
layers were pooled, dried using a hydrophobic frit, and evaporated in vacuo. The
sample was purified by chromatography on silica using a 0-50 % EtOAc-cyclohexane
gradient over 12 CV. The appropriate fractions were combined and evaporated in

vacuo to give the required product (9.69 g, 82 % yield) as a white solid.

IH NMR (400 MHz, CDCl3) & 8.25 (s, 1H), 8.03 (s, 1H), 3.97 (s, 3H). 3C NMR (101
MHz, CDCls) & 159.6, 151.2, 148.2, 108.2, 81.3, 54.6. LCMS (Method A) (ES +ve)
m/z 314.0 (M + H)" Rt 1.25 min (90 % pure). HRMS (ES) calcd for CsHsBrINO, (M
+ H)* 313.8672, found 313.8673. Note: The compound is >95 % pure by NMR,
however LCMS analysis suggests 90 % purity. This may be due to the compound

having a poor chromophore.

4-(5-Bromo-6-methoxypyridin-3-yl)-3-methylphenol (3)

OH

3-Bromo-5-iodo-2-methoxypyridine (5.00 g, 16.0 mmol) and (4-hydroxy-2-
methylphenyl)boronic acid (2.42 g, 15.9 mmol) were dissolved in 1,4-dioxane (100
mL). A solution of sodium carbonate (2 M ag., 20 mL, 40 mmol) was added and the
resulting reaction mixture stirred under nitrogen for 5 min. Pd(dppf)Cl; (0.876 g, 1.20
mmol) was added and the reaction was heated to 60 °C under nitrogen for 3.5 h. The
reaction was cooled to rt then diluted with EtOAc (100 mL) and brine (100 mL), the
insoluble material filtered off, and the phases separated. The aqueous layer was washed
with EtOAc (100 mL) then the organic layers were combined, dried using a
hydrophobic frit, and evaporated in vacuo. The sample was purified by
chromatography on silica using a 0-50 % EtOAc-cyclohexane gradient over 14 CV.
The appropriate fractions were combined and evaporated in vacuo to give the required
product (2.86 g, 61 % yield) as a light brown solid.

IH NMR (400 MHz, CDCls) & 8.03 (s, 1H), 7.78 (s, 1H), 7.06 (d, J = 8.3 Hz, 1H),
6.77 (s, 1H), 6.73 (d, J = 8.3 Hz, 1H), 4.92 (s, 1H), 4.06 (s, 3H), 2.24 (s, 3H). 13C
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NMR (101 MHz, CDCls3) 6 158.8, 155.4, 145.2, 142.6, 137.5, 131.8, 131.2, 129.3,
117.2, 113.0, 106.3, 54.6, 20.5 LCMS (Method A) (ES +ve) m/z 294.2/296.2 (M +
H)* Rt 1.10 min (>95 % pure). HRMS (ES) calcd for Ci3H13BrNO2, (M + H)*
294.0124, found 294.0127.

3-Bromo-2-methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridine (4)

Sodium hydride (60 % w/w in mineral oil, 1.50 g, 62.5 mmol) was washed twice with
cyclohexane (2 x 30 mL) under nitrogen and the solvent replaced with DMF (40 mL).
4-(5-Bromo-6-methoxypyridin-3-yl)-3-methylphenol (2.76 g, 9.38 mmol) was
dissolved in DMF (30 mL) and was added to the reaction mixture dropwise at 0 °C.
After stirring for 5 min, chloromethyl methyl ether (1.43 mL, 18.8 mmol) was added
dropwise at 0 °C and then the reaction mixture was allowed to warm to room
temperature. After 30 min, the reaction was quenched with water (60 mL) then diluted
with EtOAc (60 mL) and the phases separated. The aqueous phase was back-extracted
with further EtOAc (60 mL). The combined organic layers were washed with brine
(60 mL), dried using a hydrophaobic frit, and evaporated in vacuo to give the required

product (3.22 g, 100 % vyield) as a pale brown oil.

'H NMR (400 MHz, DMSO-ds) 6 8.07 - 8.13 (m, 1H), 7.97 - 8.02 (m, 1H), 7.15 (d, J
= 8.3 Hz, 1H), 6.97 (s, 1H), 6.92 (d, J = 8.3 Hz, 1H), 5.21 (s, 2H), 3.96 (s, 3H), 3.38
(s, 3H), 2.21 (s, 3H). 3C NMR (101 MHz, DMSO-ds) & 158.1, 156.4, 145.3, 142.2,
136.8, 131.4,130.9, 129.7,117.9, 113.7, 105.5, 93.6, 55.5, 54.3, 20.2. LCMS (Method
A) (ES +ve) m/z 338.3/340.3 (M + H)* Rt 1.33 min (>95 % pure). HRMS (ES) calcd
for C1sH17BrNO3z, (M + H)" 338.0386, found 338.0395.
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2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-
yl)benzo[b]thiophene-5-carbaldehyde (5)
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3-Bromo-2-methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridine (3.12 g, 9.23
mmol) and 2-(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[b]thiophene-5-
carbaldehyde (4.04 g, 14.0 mmol) were dissolved in 1,4-dioxane (70 mL). Sodium
carbonate (2 M aqg., 11.5 mL, 23.1 mmol) was added and the resulting reaction stirred
under nitrogen for 5 min. Pd(dppf)Cl. (1.05 g, 1.43 mmol) was added, then the reaction
was heated to 90 °C under nitrogen for 2.5 h. The reaction was cooled to rt, diluted
with water (70 mL) and EtOAc (70 mL), filtered, and the phases separated. The
aqueous layer was back-extracted with EtOAc (70 mL), then the organic layers were
combined, dried using a hydrophobic frit, and evaporated in vacuo. The sample was
purified by chromatography on silica using a 0-25 % EtOAc-cyclohexane gradient
over 10 CV. The appropriate fractions were combined and evaporated in vacuo to give

the required product (2.50 g, 65 % yield) as a yellow solid.

IH NMR (400 MHz, DMSO-ds) 3 10.10 (s, 1H), 8.40 (s, 1H), 8.29 (s, 1H), 8.17 - 8.23
(m, 3H), 7.84 (d, J = 8.3 Hz, 1H), 7.23 - 7.29 (m, 1H), 7.01 - 7.05 (m, 1H), 6.98 (d, J
= 8.3 Hz, 1H), 5.24 (s, 2H), 4.11 (s, 3H), 3.41 (s, 3H), 2.29 (s, 3H). 3C NMR (101
MHz, DMSO-ds) & 192.8, 157.9, 156.3, 146.4, 145.1, 139.4, 139.0, 137.6, 136.9,
133.3, 130.9, 130.5, 130.5, 126.8, 123.6, 123.3, 122.9, 118.0, 115.4, 113.8, 93.7, 55.5,
53.9, 20.4. LCMS (Method A) (ES +ve) m/z 420.4 (M + H)* Rt 1.46 min (>95 %
pure). HRMS (ES) calcd for CaaH22NO4S, (M + H)* 420.1264, found 420.1262.
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(2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-
yl)benzo[b]thiophen-5-yl)methanol (6)
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2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-

yl)benzo[b]thiophene-5-carbaldehyde (266 mg, 0.634 mmol) was dissolved in
methanol and THF (1:1 mixture, 6 mL) and cooled to 0 °C. Sodium borohydride (52
mg, 1.4 mmol) was added and the reaction stirred at 0 °C for 30 min. The reaction was
quenched with water (6 mL), diluted with EtOAc (6 mL), and the phases separated.
The aqueous layer was back-extracted with EtOAc (10 mL), then the organic layers
were combined, dried using a hydrophobic frit, and evaporated in vacuo to give the

required product (249 mg, 93 % yield) as a light brown gum.

IH NMR (400 MHz, DMSO-ds) & 8.11 - 8.17 (m, 2H), 8.09 (s, 1H), 7.91 (d, J = 8.1
Hz, 1H), 7.79 (s, 1H), 7.32 (d, J = 8.3 Hz, 1H), 7.25 (d, J = 8.3 Hz, 1H), 7.03 (s, 1H),
6.97 (d, J = 8.3 Hz, 1H), 5.25 (t, J = 5.7 Hz, 1H), 5.23 (s, 2H), 4.61 (d, J = 5.7 Hz,
2H), 4.09 (s, 3H), 3.40 (s, 3H), 2.28 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 157.9,
156.3, 145.8, 139.5, 139.2, 137.8, 137.3, 137.2, 136.9, 130.9, 130.6, 130.5, 123.9,
123.3,121.6,121.2, 118.0, 116.1, 113.8, 93.7, 62.9, 55.5, 53.8, 20.4. LCMS (Method
A) (ES +ve) m/z 422.4 (M + H)* Rt 1.30 min (>95 % pure). HRMS (ES) calcd for
C24H24NO.S, (M + H)* 422.1421, found 422.1421.
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5-(4-Hydroxy-2-methylphenyl)-3-(5-(hydroxymethyl)benzo[b]thiophen-2-
yDpyridin-2(1H)-one (7)
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L4

OH

(2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-

yl)benzo[b]thiophen-5-yl)methanol (196 mg, 0.465 mmol) was dissolved in THF (3
mL). HCI (6 M aq., 1.5 mL, 9.0 mmol) was added and the reaction stirred for 2 h. The
reaction temperature was raised to 80 °C and stirred for a further 1 h. The reaction was
stopped and the solvents evaporated. The residue was dissolved in DMSO (1 mL) and
purified by MDAP (formic acid modifier gradient). The solvent was dried under a

stream of nitrogen to give the required product (33 mg, 19 % yield) as a yellow solid.

'H NMR (400 MHz, DMSO-dg) & 12.22 (br. s, 1H), 9.45 (br. s, 1H), 8.18 (s, 1H), 8.09
(s, 1H), 7.86 (d, J = 8.3 Hz, 1H), 7.73 (s, 1H), 7.35 (s, 1H), 7.27 (d, J = 8.3 Hz, 1H),
7.09 (d, J = 8.3 Hz, 1H), 6.72 (s, 1H), 6.67 (d, J = 8.3 Hz, 1H), 5.22 (br. s, 1H), 4.60
(s, 2H), 2.24 (s, 3H) *C NMR (151 MHz, DMSO-ds) 6 159.1, 156.8, 139.1, 138.8,
138.4, 138.2, 136.6, 133.2, 130.7, 127.3, 123.4, 122.5, 121.5, 120.9, 120.8, 119.1,
117.0, 113.0, 63.0, 20.3. HMBC analysis indicated two overlapping quaternary
carbons at 138.4 ppm. LCMS (Method A) (ES +ve) m/z 364.1 (M + H)" Rt 0.77 min
(>95 % pure). HRMS (ES) calcd for C21Hi1sNOsS, (M + H)" 364.1002, found
364.1010. IR vmax (neat) 3286, 3058, 3009, 2880, 1758, 1686, 1632, 1596, 1574 cm™.
MP 268 — 270 °C (decomposition).
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1-(2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-
yhbenzo[b]thiophen-5-yl)-2,5,8,11,14-pentaoxahexadecan-16-oic acid (8)
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Sodium hydride (60 % w/w in mineral oil, 196 mg, 4.90 mmol) was washed twice with
cyclohexane (2 x 2 mL) under nitrogen and the solvent replaced with DMF (2 mL).
(2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-

yl)benzo[b]thiophen-5-yl)methanol (512 mg, 1.22 mmol) was dissolved in DMF (3
mL), added to the reaction mixture and stirred for 5 min at rt until gas evolution ceased.
tert-Butyl 14-(tosyloxy)-3,6,9,12-tetraoxatetradecan-1-oate (1.21 g, 2.62 mmol) was
dissolved in DMF (2 mL) and added to the reaction mixture. After 3 h, further aliquots
of tert-butyl 14-(tosyloxy)-3,6,9,12-tetraoxatetradecan-1-oate (720 mg, 1.56 mmol)
and sodium hydride (60 % w/w in mineral oil, 117 mg, 2.93 mmol) were added and
the reaction stirred at 90 °C for 1 h. The reaction was quenched with MeOH (~1 mL)
and the solvent evaporated in vacuo. The sample was loaded in DMSO and purified
by reverse phase (C18) chromatography using a 10-90 % acetonitrile-water
(ammonium bicarbonate modifier) gradient over 12 CV. The appropriate fractions
were combined and evaporated in vacuo to give the acid product (520 mg, 65 % yield)

as a pale yellow gum.

'H NMR (400 MHz, CDCls3) 5 8.08 (s, 1H), 7.90 (s, 1H), 7.87 (s, 1H), 7.78 (d, J = 8.3
Hz, 1H), 7.75 (s, 1H), 7.31 (d, J = 8.3 Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 7.00 (s, 1H),
6.97 (d, J = 8.3 Hz, 1H), 5.22 (s, 2H), 4.66 (s, 2H), 4.15 (s, 3H), 3.98 (s, 2H), 3.56 -
3.69 (m, 16H), 3.52 (s, 3H), 2.31 (s, 3H). 13C NMR (101 MHz, CDCl3) & 174.55,
158.78, 156.79, 145.68, 140.31, 138.93, 138.55, 137.93, 137.31, 134.40, 131.32,
130.97, 130.66, 124.75, 123.44, 123.09, 121.89, 118.13, 116.92, 113.79, 94.34, 73.13,
70.26, 70.18, 70.13, 70.09, 69.99, 69.96, 69.76, 68.89, 56.00, 53.79, 20.71. Note that
13C NMR data are reported to two decimal places to differentiate the signals. One
carbon was not observed, however HSQC indicates a signal between ¢ 69.8-70.2.
LCMS (Method A) (ES +ve) m/z 656.7 (M + H)* Rt 1.32 min (>95 % pure). HRMS
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(ES) calcd for C34H42NO10S, (M + H)* 656.2524, found 656.2526.
1-(2-(5-(4-Hydroxy-2-methylphenyl)-2-oxo-1,2-dihydropyridin-3-
yl)benzo[b]thiophen-5-yl)-2,5,8,11,14-pentaoxahexadecan-16-oic acid (9)
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1-(2-(2-Methoxy-5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-

yl)benzo[b]thiophen-5-yl)-2,5,8,11,14-pentaoxahexadecan-16-oic acid (450 mg, 0.69
mmol) was dissolved in THF (7 mL), then HCI (6 M aq., 3.40 mL, 20.4 mmol) was
added and the reaction stirred at 70 °C for 6 h. The reaction was diluted with water (20
mL) and EtOAc (20 mL), then the pH adjusted to ~3 with NaHCO3 (sat. ag.). The
phases were separated, the aqueous phase washed with EtOAc (20 mL), then the

organic layers were combined. The organic phase was back-extracted with brine (20

mL), dried using a hydrophobic frit then evaporated in vacuo. The sample was loaded

in minimal MeOH and purified by reverse phase (C18) chromatography using a 10-90

% acetonitrile-water (+0.1 % formic acid modifier) gradient over 14 CV. The

appropriate fractions were combined to give the required product (160 mg, 39 % yield,

80 % purity), which was used directly in the next reaction.

LCMS (Method A) (ES +ve) m/z 598.3 (M + H)" Rt 0.85 min (80 % pure).
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(2S,4R)-1-((S)-18-(tert-Butyl)-1-(2-(5-(4-hydroxy-2-methylphenyl)-2-oxo-1,2-
dihydropyridin-3-yl)benzo[b]thiophen-5-yl)-16-0x0-2,5,8,11,14-pentaoxa-17-
azanonadecan-19-oyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-

2-carboxamide (10a)
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A mixture of 1-(2-(5-(4-hydroxy-2-methylphenyl)-2-oxo-1,2-dihydropyridin-3-
yl)benzo[b]thiophen-6-yl)-2,5,8,11,14-pentaoxahexadecan-16-oic acid (71 mg, 0.12
mmol), (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (71 mg, 0.15
mmol), and DIPEA (0.270 mL, 1.55 mmol) were stirred in DMF (0.8 mL). HATU (61
mg, 0.16 mmol) was added and the reaction stirred at rt for 3 h. Further aliquots of
HATU (10 mg, 0.026 mmol) and DIPEA (0.10 mL, 0.57 mmol) were added and the
reaction stirred for a further 2 h. The reaction mixture was then directly purified by
MDAP (formic acid modifier gradient). The solvent was dried under a stream of

nitrogen to give the required product (33 mg, 27 % yield) as a green oil.

'H NMR (400 MHz, Methanol-ds) & 8.85 (s, 1H), 8.08 (s, 1H), 8.05 (s, 1H), 7.81 (d,
J=8.3Hz, 1H), 7.79 (s, 1H), 7.35 - 7.46 (m, 4H), 7.30 - 7.34 (m, 2H), 7.08 (d, J = 8.3
Hz, 1H), 6.78 (s, 1H), 6.72 (d, J = 8.3 Hz, 1H), 4.41 - 4.82 (m, 6H), 4.29 - 4.38 (m,
1H), 4.00 - 4.10 (m, 2H), 3.85 - 3.93 (m, 1H), 3.77 - 3.84 (m, 1H), 3.54 - 3.75 (m,
16H), 2.44 - 2.49 (m, 3H), 2.27 (s, 3H), 2.19 - 2.25 (m, 1H), 2.05 - 2.14 (m, 1H), 1.05
(s, 9H). 13C NMR (101 MHz, Methanol-ds) 5 174.47,172.21, 171.81, 161.70, 158.61,
152.91, 149.13, 141.38, 141.13, 141.02, 140.33, 139.92, 138.50, 136.18, 134.00,
133.52, 132.06, 131.61, 130.46, 129.59, 129.13, 129.08, 126.00, 125.05, 124.15,
123.43, 123.11, 122.98, 118.40, 114.36, 74.34, 72.36, 71.74, 71.71, 71.69, 71.65,
71.53, 71.21, 71.18, 70.71, 60.95, 58.31, 58.22, 43.87, 39.07, 37.23, 27.13, 20.89,
16.01. Note that *3C NMR data are reported to two decimal places to differentiate the
signals. LCMS (Method B) (ES +ve) m/z 1010.5 (M + H)* Rt 0.97 min (>95 % pure).
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HRMS (ES) calcd for CsaHssNs011S2, (M + H)*™ 1010.404, found 1010.40. IR vmax
(neat) 3268, 2914, 1641, 1612, 1531, 1506, 1436 cm™.

(2R,45)-1-((R)-18-(tert-Butyl)-1-(2-(5-(4-hydroxy-2-methylphenyl)-2-oxo-1,2-
dihydropyridin-3-yl)benzo[b]thiophen-5-yl)-16-0x0-2,5,8,11,14-pentaoxa-17-
azanonadecan-19-oyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-
2-carboxamide (10b)
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A mixture of 1-(2-(5-(4-hydroxy-2-methylphenyl)-2-oxo-1,2-dihydropyridin-3-
yl)benzo[b]thiophen-6-yl)-2,5,8,11,14-pentaoxahexadecan-16-oic acid (71 mg, 0.12
mmol), (2R,45)-1-((R)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (74 mg, 0.16
mmol), and DIPEA (0.270 mL, 1.55 mmol) were stirred at rt in DMF (0.8 mL). HATU
(63 mg, 0.17 mmol) was added and the reaction stirred at rt for 3 h. Further aliquots of
HATU (10 mg, 0.026 mmol) and DIPEA (0.10 mL, 0.57 mmol) were added and the
reaction stirred for a further 2 h. The reaction mixture was then directly purified by
MDAP (formic acid modifier gradient). The solvent was removed under a stream of

nitrogen to give the required product (37 mg, 31 % yield) as a green oil.

IH NMR (400 MHz, Methanol-ds) & 8.85 (s, 1H), 8.09 (s, 1H), 8.05 (s, 1H), 7.82 (d,
J=8.3Hz, 1H), 7.79 (s, 1H), 7.36 - 7.46 (m, 4H), 7.30 - 7.35 (m, 2H), 7.08 (d, J = 8.3
Hz, 1H), 6.77 (s, 1H), 6.72 (d, J = 8.3 Hz, 1H), 4.42 - 4.81 (m, 6H), 4.29 - 4.38 (m,
1H), 3.96 - 4.08 (M, 2H), 3.85 - 3.93 (m, 1H), 3.77 - 3.84 (m, 1H), 3.59 — 3.72 (m,
16H), 2.46 (s, 3H), 2.27 (s, 3H), 2.19 - 2.26 (m, 1H), 2.05 - 2.15 (m, 1H), 1.05 (s, 9H).
13C NMR (101 MHz, Methanol-ds) 3 172.92, 170.67, 170.26, 160.17, 157.07, 151.37,
147.60, 139.85, 139.60, 139.48, 138.78, 138.38, 136.96, 134.64, 132.46, 131.97,
130,51, 130.06, 128.93, 128.05, 127.60, 127.53, 124.47, 123.52, 122.62, 121.89,
121.58, 121.44, 116.85, 112.81, 111.99, 72.80, 70.83, 70.20, 70.17, 70.11, 70.00,
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69.67,69.64,69.17,59.41, 56.76, 56.67, 42.32, 37.52, 35.69, 25.58, 19.34, 14.46. Note
that 3C NMR data are reported to two decimal places to differentiate the signals.
LCMS (Method B) (ES +ve) m/z 1010.5 (M + H)" Rt 0.97 min (>95 % pure). HRMS
(ES) calcd for Cs3sHsaN5011S2, (M + H)* 1010.4044, found 1010.40. IR vmax (neat)
3267, 2871, 1642, 1612, 1505, 1436 cm™.

3-(5-(13-Chloro-2,5,8,11-tetraoxatridecyl)benzo[b]thiophen-2-yl)-2-methoxy-5-
(4-(methoxymethoxy)-2-methylphenyl)pyridine (11)

Sodium hydride (60 % w/w in mineral oil, 170 mg, 4.25 mmol) was washed twice with
cyclohexane (2 x 10 mL) and the solvent replaced with DMF (5 mL). (2-(2-Methoxy-
5-(4-(methoxymethoxy)-2-methylphenyl)pyridin-3-yl)benzo[b]thiophen-5-

yl)methanol (422 mg, 1.00 mmol) was dissolved in DMF (5 mL) and added to the
reaction mixture and left to stir for 5 min. 1-Chloro-2-(2-(2-(2-
chloroethoxy)ethoxy)ethoxy)ethane (1.20 mL, 6.01 mmol) was added and the reaction
stired at rt for 1 h. A further aliqguot of 1-chloro-2-(2-(2-(2-
chloroethoxy)ethoxy)ethoxy)ethane (1.00 mL, 5.00 mmol) was added and the reaction
stirred for a further 3 h. The reaction was diluted with water (10 mL) and EtOAc (10
mL) and the phases separated. The aqueous layer was back-extracted with EtOAc (10
mL) and the organic layers were combined, dried using a hydrophobic frit, and
evaporated in vacuo. The sample was purified by chromatography on silica using a 0-
50 % EtOAc-cyclohexane gradient over 40 min. The appropriate fractions were
combined and evaporated in vacuo to give the required product (375 mg, 61 % yield)

as a pale yellow oil.

IH NMR (400 MHz, DMSO-dg) & 8.11 - 8.17 (m, 2H), 8.10 (s, 1H), 7.95 (d, J = 8.3
Hz, 1H), 7.81 (s, 1H), 7.33 (d, J = 8.3 Hz, 1H), 7.23 - 7.27 (m, 1H), 7.02 (s, 1H), 6.97
(d, J = 8.3 Hz, 1H), 5.23 (s, 2H), 4.61 (s, 2H), 4.09 (s, 3H), 3.62 - 3.70 (M, 4H), 3.52
-3.60 (m, 12H), 3.40 (s, 3H), 2.28 (s, 3H). 13C NMR (101 MHz, DMSO-ds) & 157.92,
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156.33, 145.89, 139.51, 138.45, 137.45, 137.38, 136.84, 135.07, 130.94, 130.60,
130.47, 124.63, 123.26, 122.50, 121.88, 118.01, 116.02, 113.80, 93.71, 72.01, 70.50,
69.82, 69.80, 69.78, 69.75, 69.65, 69.06, 55.51, 53.82, 43.51, 20.36. Note that *C
NMR data are reported to two decimal places to differentiate the signals. LCMS
(Method A) (ES +ve) m/z 616.6/618.6 (M + H)" Rt 1.50 min (>95 % pure). HRMS
(ES) calcd for C32H39CINO+S, (M + H)* 616.2130, found 616.2130.

(2S,4R)-4-Hydroxy-N-(2-((1-(2-(2-methoxy-5-(4-(methoxymethoxy)-2-
methylphenyl)pyridin-3-yl)benzo[b]thiophen-5-yl)-2,5,8,11-tetraoxatridecan-13-
yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((S)-3-methyl-2-(1-oxoisoindolin-2-
yl)butanoyl)pyrrolidine-2-carboxamide (12a)
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3-(5-(13-Chloro-2,5,8,11-tetraoxatridecyl)benzo[b]thiophen-2-yl)-2-methoxy-5-(4-
(methoxymethoxy)-2-methylphenyl)pyridine (136 mg, 0.221 mmol), (2S,4R)-4-
hydroxy-N-(2-hydroxy-4-(4-methylthiazol-5-yl)benzyl)-1-((S)-3-methyl-2-(1-
oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamide (83 mg, 0.15 mmol) and
potassium carbonate (65 mg, 0.47 mmol) were dissolved in NMP (0.7 mL) and stirred
at 120 °C for 4 days. The reaction mixture was purified directly by MDAP (ammonium
bicarbonate modifier gradient). The solvent was removed under a stream of nitrogen
to give the required product which was impure by LCMS. The crude material was used
directly in the next reaction (22 mg, 13 % vyield).

LCMS (Method B) (ES +ve) m/z 1128.6 (M + H)* Rt 1.43 min (66 % pure).
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(2R,45)-4-Hydroxy-N-(2-((1-(2-(2-methoxy-5-(4-(methoxymethoxy)-2-
methylphenyl)pyridin-3-yl)benzo[b]thiophen-5-yl)-2,5,8,11-tetraoxatridecan-13-
yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((R)-3-methyl-2-(1-oxoisoindolin-2-
yl)butanoyl)pyrrolidine-2-carboxamide (12b)
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3-(5-(13-Chloro-2,5,8,11-tetraoxatridecyl)benzo[b]thiophen-2-yl)-2-methoxy-5-(4-

(methoxymethoxy)-2-methylphenyl)pyridine (143 mg, 0.232 mmol) in NMP (1 mL)
was added to (2R,4S)-4-hydroxy-N-(2-hydroxy-4-(4-methylthiazol-5-yl)benzyl)-1-
((R)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamide (106 mg,
0.193 mmol) and potassium carbonate (80 mg, 0.58 mmol). The reaction was stirred
at 90 °C for 3 days. The reaction mixture was purified directly by MDAP (ammonium
bicarbonate modifier gradient). The solvent was dried under a stream of nitrogen to

give the required product (48 mg, 22 % yield) as a yellow oil.

IH NMR (400 MHz, Methanol-ds) & 8.85 (s, 1H), 8.06 (s, 1H), 7.96 (s, 1H), 7.92 (s,
1H), 7.76 - 7.88 (m, 3H), 7.46 - 7.67 (m, 3H), 7.30 - 7.43 (m, 2H), 7.19 (d, J = 8.3 Hz,
1H), 6.94 - 7.06 (m, 4H), 5.24 (s, 2H), 4.37 - 4.73 (m, 8H), 4.08 - 4.20 (m, 5H), 3.95 -
4.03 (m, 1H), 3.81 - 3.93 (m, 3H), 3.59 - 3.77 (m, 16H), 3.51 (s, 3H), 2.47 (s, 3H),
2.30 (s, 3H), 0.80 - 1.08 (M, 6H). 3C NMR (101 MHz, Methanol-ds) 5 172.59, 169.48,
169.15, 168.89, 158.58, 157.00, 156.67, 151.35, 147.70, 145.44, 142.35, 140.19,
139.00, 138.11, 137.57, 136.92, 134.82, 132.03, 131.77, 131.53, 131.07, 131.00,
130.92, 130.60, 128.74, 127.74, 126.89, 124.53, 123.23, 122.98, 122.94, 122.72,
121.40, 117.88, 116.77, 113.61, 112.33, 94.05, 72.70, 70.40, 70.21, 70.20, 70.17,
69.43, 69.35, 69.19, 67.91, 59.23, 58.68, 55.71, 54.83, 52.94, 48.45, 38.13, 37.67,
28.76, 19.51, 18.29, 17.62, 14.58. Note that **C NMR data are reported to two decimal
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places to differentiate the signals. LCMS (Method A) (ES +ve) m/z 1128.5 (M + H)*
Rt 1.43 min (>95 % pure). HRMS (ES) calcd for Ce1H70N5012S2, (M + H)*™ 1128.438,
found 1128.440.

(2S,4R)-4-Hydroxy-N-(2-((1-(2-(5-(4-hydroxy-2-methylphenyl)-2-oxo-1,2-
dihydropyridin-3-yl)benzo[b]thiophen-5-yl)-2,5,8,11-tetraoxatridecan-13-
yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((S)-3-methyl-2-(1-oxoisoindolin-2-
yl)butanoyl)pyrrolidine-2-carboxamide (13a)

/:
SNGZ
(@]
0 OO O \ H
N\ /
HN S
o s
N
fo OH
N "’////

To a stirred solution of (2S,4R)-4-hydroxy-N-(2-((1-(2-(2-methoxy-5-(4-
(methoxymethoxy)-2-methylphenyl)pyridin-3-yl)benzo[b]thiophen-5-yI)-2,5,8,11-

tetraoxatridecan-13-yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((S)-3-methyl-2-(1-

oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamide (73 mg, 0.057 mmol) in DMF
(1.2 mL) was added HCI (4 M in dioxane, 0.5 mL, 2 mmol) and the reaction stirred at
50 °C for 5 h. The solution was concentrated under nitrogen then purified directly by
MDAP (ammonium bicarbonate modifier gradient) The solvent was dried under a

stream of nitrogen to give the required product (38 mg, 63 % yield) as a yellow solid.

IH NMR (600 MHz, Methanol-ds) & 8.82 (s, 1H), 8.04 (s, 1H), 8.00 (s, 1H), 7.77 -
7.78 (m, 1H), 7.75 - 7.77 (m, 2H), 7.56 - 7.61 (M, 1H), 7.50 - 7.53 (m, 1H), 7.45 - 7.50
(m, 1H), 7.37 (d, J = 7.7 Hz, 1H), 7.28 - 7.31 (m, 2H), 7.05 (d, J = 8.4 Hz, 1H), 6.97
(d, J=7.7 Hz, 1H), 6.95 (s, 1H), 6.75 (s, 1H), 6.69 (d, J = 8.1 Hz, 1H), 4.52 - 4.64 (m,
4H), 4.37 - 4.49 (M, 4H), 4.09 - 4.14 (m, 2H), 3.94 - 3.99 (m, 1H), 3.82 - 3.88 (M, 3H),
3.57 - 3.71 (M, 14H), 2.45 (s, 3H), 2.25 (s, 3H), 2.15 - 2.21 (m, 1H), 2.01 - 2.07 (m,
1H), 0.78 - 1.05 (m, 6H). 3C NMR (151 MHz, Methanol-ds) § 174.22, 171.09, 170.75,
161.74, 158.65, 158.23, 152.91, 149.28, 143.95, 141.42, 141.15, 140.98, 139.91,
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138.51, 136.26, 133.96, 133.63, 133.34, 133.08, 132.66, 132.06, 130.24, 129.30,
129.17, 128.45, 126.01, 125.10, 124.54, 124.51, 124.15, 123.47, 123.16, 122.95,
122.92,118.41,114.37,113.89, 74.32, 71.97, 71.80, 71.79, 71.74, 71.02, 70.92, 70.75,
69.47,60.82, 60.27,57.27,49.72, 39.68, 39.25, 30.33, 20.86, 19.84, 19.16, 16.11. Note
that 13C NMR data are reported to two decimal places to differentiate the signals.
LCMS (Method B) (ES +ve) m/z 1070.3 (M + H)" Rt 1.04 min (>95 % pure). HRMS
(ES) calcd for CsgHesNs011S2, (M + H)* 1070.397, found 1070.401.

(2R,45)-4-Hydroxy-N-(2-((1-(2-(5-(4-hydroxy-2-methylphenyl)-2-oxo-1,2-
dihydropyridin-3-yl)benzo[b]thiophen-5-yl)-2,5,8,11-tetraoxatridecan-13-
yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((R)-3-methyl-2-(1-oxoisoindolin-2-
yl)butanoyl)pyrrolidine-2-carboxamide (13b)

N=\
N

0 OO O H

NH

oY &
N

(0]
W N
A
To a stirred solution of (2R,4S)-4-hydroxy-N-(2-((1-(2-(2-methoxy-5-(4-
(methoxymethoxy)-2-methylphenyl)pyridin-3-yl)benzo[b]thiophen-5-yl)-2,5,8,11-
tetraoxatridecan-13-yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((R)-3-methyl-2-(1-
oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamide (47 mg, 0.042 mmol) in DMF
(1.2 mL) was added HCI (4 M in dioxane, 0.5 mL, 2 mmol) and the reaction stirred at
50 °C for 5 h. The solution was concentrated under a stream of nitrogen and then
purified directly by MDAP (ammonium bicarbonate modifier gradient). The solvent

was dried under a stream of nitrogen to give the required product (26 mg, 58 % yield)

as a yellow solid.

IH NMR (400 MHz, Methanol-ds) & 8.81 (s, 1H), 8.02 (s, 1H), 7.97 (s, 1H), 7.72 -
7.78 (M, 3H), 7.54 - 7.59 (m, 1H), 7.43 - 7.53 (m, 2H), 7.36 (d, J = 7.6 Hz, 1H), 7.24
-7.30 (m, 2H), 7.03 (d, J = 8.3 Hz, 1H), 6.93 (s, 2H), 6.74 (s, 1H), 6.68 (d, J = 8.3 Hz,
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1H), 4.52 - 4.63 (m, 4H), 4.36 - 4.49 (m, 4H), 4.06 - 4.13 (m, 2H), 3.94 - 4.00 (m, 1H),
3.78 - 3.89 (m, 3H), 3.54 - 3.71 (m, 14H), 2.43 (s, 3H), 2.23 (s, 3H), 2.13 - 2.20 (m,
1H), 2.03 (s, 1H), 0.77 - 1.05 (m, 6H). 3C NMR (101 MHz, Methanol-da)
0 174.21, 171.05, 170.73, 161.68, 158.62, 158.18, 152.91, 149.23, 143.92, 141.37,
141.09, 140.95, 139.89, 138.49, 136.21, 133.97, 133.61, 133.33, 133.03, 132.63,
132.05, 130.19, 129.29, 129.13, 128.41, 125.98, 125.04, 124.53, 124.50, 124.13,
123.43, 123.08, 122.95, 122.89, 118.41, 114.37, 113.82, 74.29, 71.94, 71.76, 71.71,
71.01, 70.89, 70.72, 69.42, 60.80, 60.24, 57.28, 50.00, 39.67, 39.26, 30.32, 20.89,
19.84, 19.17, 16.13. Note that 3C NMR data are reported to two decimal places to
differentiate the signals. Two coincident peaks at 71.76 ppm were resolved with more
scans. LCMS (Method B) (ES +ve) m/z 1070.4 (M + H)* Rt 1.03 min (>95 % pure).
HRMS (ES) calcd for CssHesNs011S2, (M + H)*™ 1070.397, found 1070.400. IR vmax
(neat) 3336, 3052, 2949, 1643, 1559, 1473, 1409 cm™.

205



CONFIDENTIAL — Do Not Copy

7.2.2 TR Compounds

4-Bromo-2-isopropylphenol (14)

OH

Br
To a 250 mL flask connected to a nitrogen inlet and a sodium hydroxide trap was added
2-isopropylphenol (1.00 mL, 7.43 mmol) and CH2Cl, (70 mL). Bromine (0.483 mL,
9.38 mmol) was then added dropwise over 1 h. The reaction vessel was purged with
nitrogen to remove remaining HBr, then the mixture concentrated in vacuo. The
sample was purified by chromatography on silica using a 0-100 % EtOAc-cyclohexane

gradient over 60 min. The appropriate fractions were combined and evaporated in

vacuo to give the required product (1.09 g, 68 % yield) as a pale brown oil.

'H NMR (400 MHz, CDCl3) 6 7.29 (s, 1H), 7.17 (d, J = 8.6 Hz, 1H), 6.64 (d, J=8.6
Hz, 1H), 4.69 (s, 1H), 3.17 (spt, J = 6.9 Hz, 1H), 1.25 (d, J = 6.8 Hz, 6H). LCMS
(Method A) (ES -ve) m/z 213.0/215.0 (M - H)" Rt 1.15 min (>95 % pure).

Consistent with literature data.*®

4-Bromo-2-isopropyl-1-(methoxymethoxy)benzene (15)

o™ o”

Br
To a solution of sodium hydride (60 % w/w in mineral oil, 0.387 g, 9.68 mmol) was
added to DMF (20 mL). 4-Bromo-2-isopropylphenol (0.886 g, 4.12 mmol) was then
added and stirred until gas evolution ceased. Chloromethyl methyl ether (0.344 mL,
4.53 mmol) was added dropwise and the reaction stirred at rt for 10 min. The reaction
was diluted with ether (40 mL) and water (40 mL). The phases were separated and the
organic layer washed with brine (3 x 100 mL). The organic layer was dried using a
hydrophobic frit, and evaporated in vacuo. The sample was purified by

chromatography on silica using a 0-50 % EtOAc-cyclohexane gradient over 20 min.
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The appropriate fractions were combined and evaporated in vacuo to give the required

product (0.682 g, 64 % yield) as a colourless oil.

'H NMR (400 MHz, CDCls3) 6 7.31 (s, 1H), 7.23 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 8.8
Hz, 1H), 5.18 (s, 2H), 3.49 (s, 3H), 3.31 (spt, J = 6.9 Hz, 1H), 1.22 (d, J = 6.8 Hz, 6H).
LCMS (Method A) Rt 1.36 min (>95 % pure). Sample does not ionise by ES.

Consistent with literature data.?®®

(4-Bromo-3,5-dimethylphenoxy)triisopropylsilane (16)

)

o’s'w/

2

A solution of 4-bromo-3,5-dimethylphenol (501 mg, 2.49 mmol), triisopropylsilyl
chloride (0.554 mL, 2.62 mmol), and imidazole (0.427 g, 6.27 mmol) in CH2Cl, (5
mL) was stirred at rt for 16 h. The reaction was diluted with CH2Cl> (10 mL), brine
(10 mL), and water (10 mL) and the phases separated. The organic layer was dried
using a hydrophobic frit, and evaporated in vacuo. The sample was purified by
chromatography on silica using a 0-100 % EtOAc-cyclohexane gradient over 20 min.
The appropriate fractions were combined and evaporated in vacuo to give the required
product (848 mg, 95 % yield) as a colourless oil.

IH NMR (400 MHz, CDCl3) § 6.62 (s, 2H), 2.35 (s, 6H), 1.19 - 1.30 (m, 3H), 1.11 (d,
J = 7.3 Hz, 18H). LCMS (Method A) Rt 1.88 min (>95 % pure). Sample does not
ionise by ES.

Consistent with literature data.?®®
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2,6-Dimethyl-4-((triisopropylsilyl)oxy)benzaldehyde (17)

e
o’s'j/
2
To a stirred solution of (4-bromo-3,5-dimethylphenoxy)triisopropylsilane (833 mg,
2.33 mmol) in THF (10 mL) at -78 °C was added n-BuLi (2.5 M in hexanes, 1.12 mL,
2.80 mmol). The reaction mixture was stirred for 20 min at -78 °C, then DMF (0.39
mL, 5.04 mmol) was added. The reaction was stirred at -78 °C for 1 h and at rt for 30
min. The reaction was diluted with TBME (20 mL) and the organic phase washed with
water (50 mL), acidified with HCI (1 M ag., 50 mL), and washed with brine (50 mL).
The organic layer was dried using a hydrophobic frit, and evaporated in vacuo. The
sample was purified by chromatography on silica using a 0-50 % EtOAc-cyclohexane
gradient over 20 min. The appropriate fractions were combined and evaporated in

vacuo to give the required product (527 mg, 74 % yield) as a colourless oil.

'H NMR (400 MHz, CDCls) 6 10.48 (s, 1H), 6.57 (s, 2H), 2.58 (s, 6H), 1.23 - 1.35
(m, 3H), 1.12 (d, J = 6.8 Hz, 18H). LCMS (Method A) (ES +ve) m/z 307.2 (M + H)*
Rt 1.72 min (>95 % pure).

Consistent with literature data.?®®

(2,6-Dimethyl-4-((triisopropylsilyl)oxy)phenyl)(3-isopropyl-4-
methoxymethoxy)phenyl) methanol (18)

ool ALK
0" O O)/\<

To a stirred solution of 4-bromo-2-isopropyl-1-(methoxymethoxy)benzene (8.99 g,
34.7 mmol) in THF (100 mL) at -78 °C was added n-BuL.i (2.5 M in hexanes, 27.8 mL,
69.4 mmol) and the mixture stirred for 30 min. A solution of 2,6-dimethyl-4-
((triisopropylsilyl)oxy)benzaldehyde (11.7 g, 38.2 mmol) in THF (100 mL) was then

208



CONFIDENTIAL — Do Not Copy

added and the reaction stirred at -78 °C for 1 h, then at rt for 4 h. The reaction was
diluted with EtOAc (200 mL) and water (200 mL) and the phases separated. The
organic phase was washed with brine (2 x 200 mL), dried using a hydrophobic frit,
and evaporated in vacuo. The sample was purified by chromatography on silica using
a 0-10 % EtOAc-cyclohexane gradient over 14 CV. The appropriate fractions were
combined and evaporated in vacuo to give the required product (10.4 g, 62 % yield) as

a pale yellow oil.

'H NMR (400 MHz, CDCl3) 6 7.16 (s, 1H), 6.90 - 6.99 (m, 2H), 6.57 (s, 2H), 6.23 (s,
1H), 5.19 (s, 2H), 3.49 (s, 3H), 3.32 (spt, J = 6.9 Hz, 1H), 2.21 (s, 6H), 1.21 - 1.32 (m,
3H), 1.15 - 1.20 (m, 6H), 1.12 (d, J = 6.9 Hz, 18H). LCMS (Method B) (ES -ve) m/z
485.5 (M - H)” Rt 1.80 min (>95 % pure).

Consistent with literature data.?®®

Triisopropyl(4-(3-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenoxy)silane (19)

ool T L
o” O O);<

A solution of (2,6-dimethyl-4-((triisopropylsilyl)oxy)phenyl)(3-isopropyl-4-
(methoxymethoxy)phenyl)methanol (5.48 g, 11.3 mmol) and 10 % Pd/C (0.350 g, 3.29
mmol) in ethanol (30 mL) and acetic acid (2.7 mL) was stirred under an atmosphere
of hydrogen at rt for 24 h. The solution was filtered through a Celite pad, diluted with
EtOAc (200 mL), and washed with sat. NaHCOs (3 x 50 mL). The organic layer was
dried using a hydrophobic frit, and evaporated in vacuo to give the required product
(4.97 g, 94 % yield).

'H NMR (400 MHz, CDCls) § 6.86 - 6.93 (m, 2H), 6.69 (d, J = 8.3 Hz, 1H), 6.60 (s,
2H), 5.16 (s, 2H), 3.91 (s, 2H), 3.48 (s, 3H), 3.28 (spt, J = 6.9 Hz, 1H), 2.18 (s, 6H),
1.22 - 1.32 (m, 3H), 1.16 (d, J = 6.8 Hz, 6H), 1.12 (d, J = 6.9 Hz, 18H). LCMS Not
visible using Method A or B, however >95 % pure by NMR.
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Consistent with literature data.?®®

4-(3-1odo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-dimethylphenol (20)

BODS
S0 OH

To a stirred solution of triisopropyl(4-(3-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenoxy)silane (4.97 g, 10.6 mmol) in THF (80 mL) and cyclohexane (40
mL) at -78 °C was added n-BuLi (1.6 M in hexanes, 15 mL, 24 mmol), then the mixture
warmed to rt. After 1.5 h, the mixture was cooled to -78 °C then N-iodosuccinimide
(3.56 g, 15.84 mmol) was added as a solution in THF (15 mL). The mixture was
warmed to rt and stirred for an additional 6 h. The solution was diluted with EtOAc
(150 mL) and water (150 mL) and the phases separated. The organic layer was washed
with Na»S>03 (1 M aqg., 3 x 150 mL), then the organic layer dried using a hydrophobic

frit, and evaporated in vacuo.

The sample was dissolved in THF (15 mL), then TBAF (1 M in THF, 15 mL, 15 mmol)
was added and the mixture stirred at rt for 1 h. The mixture was diluted with EtOAc
(25 mL), then washed with water (2 x 25 mL) and brine (2 x 25 mL), then the organic
phase dried using a hydrophobic frit, and evaporated in vacuo to give the required
product (2.18 g, 23 % yield, 50 % pure) as a 1:1 mixture with TIPS-deprotected starting

material. The sample was used directly in the next reactions.
LCMS (Method B) (ES -ve) m/z 439.3 (M - H) Rt 1.44 min (50 % pure).

The yield of this reaction is correlated to the amount of required product in the impure

sample.
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4-(3-1sopropyl-4-(methoxymethoxy)-5-((4-methoxyphenyl)ethynyl)benzyl)-3,5-
dimethylphenol (21)

_o l
x
~o o ‘ ‘ OH

To a stirred solution of 1-ethynyl-4-methoxybenzene (16.0 uL, 0.16 mmol) in THF (1
mL) at -78 °C was added LiHMDS (1 M in hexanes, 180 pL, 0.18 mmol) and the
solution stirred for 30 min. 9-Methoxy-BBN (1 M in hexanes, 170 uL, 0.17 mmol)
was added and the mixture stirred for a further 30 min. The mixture was then added to
a solution of 4-(3-iodo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-dimethylphenol
(50 % pure, 60 mg, 0.082 mmol) and bis(triphenylphosphine)palladium(Il) chloride
(14 mg, 0.020 mmol) in THF (1 mL) and the reaction stirred at 50 °C for 24 h. The
mixture was diluted with EtOAc (5 mL) and water (5 mL) and the phases separated,
then the aqueous layer was back-extracted with EtOAc (5 mL). The organic layers
were pooled, washed with brine (10 mL), dried using a hydrophobic frit, filtered
through a Celite pad, and evaporated in vacuo. The sample was dissolved in DMSO
and purified by MDAP (ammonium bicarbonate modifier gradient). The solvent was
evaporated in vacuo to give the required product (21 mg, 51 % yield, 90 % pure) as an

orange oil.

'H NMR (400 MHz, CDCls) 6 7.41 - 7.46 (m, 2H), 6.93 - 6.98 (m, 1H), 6.83 - 6.90
(m, 3H), 6.58 (s, 2H), 5.27 (s, 2H), 3.91 (s, 2H), 3.83 (s, 3H), 3.62 (s, 3H), 3.43 (spt,
J = 6.8 Hz, 1H), 2.20 (s, 6H), 1.19 (d, J = 6.8 Hz, 6H). LCMS (Method B) (ES +ve)
m/z 445.3 (M + H)" Rt 1.54 min (90 % pure).

tert-Butyl 14-(4-iodophenoxy)-3,6,9,12-tetraoxatetradecan-1-oate (22)

0]
j\OJ\/O\/\ O/\/O\/\ O/\/O\©\

tert-Butyl 14-(tosyloxy)-3,6,9,12-tetraoxatetradecan-1-oate (4.05 g, 8.76 mmol), 4-

iodophenol (2.12 g, 9.63 mmol) and cesium carbonate (5.89 g, 18.1 mmol) were
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dissolved in DMF (40 mL) and stirred at rt for 24 h. The mixture was diluted with
water (50 mL) and EtOAc (50 mL) and the phases separated. The aqueous layer was
back-extracted with EtOAc (50 mL), then the organic layers were pooled, washed with
LiCl (5 % ag., 3 x 100 mL), dried using a hydrophobic frit, and evaporated in vacuo.
The sample purified by chromatography on silica using a 0-50 % EtOAc-cyclohexane
gradient over 40 min. The appropriate fractions were combined and evaporated in
vacuo to give the required product (4.06 g, 91 % yield) as a pale yellow oil.

'H NMR (400 MHz, DMSO-dg) 6 7.58 (d, J = 8.8 Hz, 2H), 6.80 (d, J = 8.8 Hz, 2H),
4.03 - 4.09 (m, 2H), 3.97 (s, 2H), 3.69 - 3.75 (m, 2H), 3.47 - 3.60 (m, 12H), 1.41 (s,
9H). 3C NMR (101 MHz, DMSO-ds) & 169.80, 158.85, 138.40, 117.77, 83.57, 81.08,
70.38, 70.33, 70.25, 70.19, 70.16, 69.26, 68.58, 67.75, 28.24. Note that 13C NMR data
are reported to two decimal places to differentiate the signals. One signal not resolved
potentially due to overlapping frequencies of PEG chain carbons. LCMS (Method B)
(ES +ve) m/z 528.2 (M + NHa4)* Rt 1.30 min (>95 % pure).

14-(4-1odophenoxy)-3,6,9,12-tetraoxatetradecan-1-oic acid (23)

O
HOJ\/OV\O/\/OV\O/\/K@
|

To a solution of tert-butyl 14-(4-iodophenoxy)-3,6,9,12-tetraoxatetradecan-1-oate
(1.31 g, 2.57 mmol) in 1,4-dioxane (10 mL) was added HCI (4 M in dioxane, 6.5 mL,
26 mmol) and the reaction stirred at 50 °C for 24 h. The mixture was diluted with
CHCI> (20 mL) and water (20 mL) and the phases separated. The organic layer was
dried using a hydrophobic frit, and evaporated in vacuo to give the required product
(979 mg, 84 % vyield) as a white oil.

'H NMR (400 MHz, CDCl3) 6 7.52 - 7.57 (m, J = 9.0 Hz, 2H), 6.68 - 6.73 (m, J =9.0
Hz, 2H), 4.14 (s, 2H), 4.08 - 4.12 (m, 2H), 3.83 - 3.89 (m, 2H), 3.64 - 3.77 (m, 12H).
13C NMR (101 MHz, CDCl3) § 171.8, 158.6, 138.2,117.1,82.9, 71.5, 70.9, 70.7, 70.4,
70.3, 70.2, 69.6, 69.1, 67.4. LCMS (Method B) (ES +ve) m/z 472.2 (M + NHa)* Rt
0.76 min (>95 % pure).
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tert-Butyl 2-(4-(3-ethynyl-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenoxy)acetate (24)

X
(I o
MOMO oY j<
o)

To a stirred solution of ethynyltrimethylsilane (0.235 mL, 1.65 mmol) in THF (5 mL)
at -78 °C was added LiIHMDS (1 M in hexanes, 2.07 mL, 2.07 mmol) and the mixture
stirred for 30 min. 9-Methoxy-BBN (1 M in hexanes, 1.74 mL, 1.74 mmol) was then
added and stirred for a further 1 h at -78 °C. The solution was added to a mixture of 4-
(3-1odo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-dimethylphenol (607 mg, 0.827
mmol, 60 % pure) and bis(triphenylphosphine)palladium(ll) chloride (145 mg, 0.207
mmol) in THF (5 mL) and the mixture stirred at reflux for 22 h. The mixture was
diluted with EtOAc (10 mL) then washed with water (20 mL) and brine (20 mL). The
organic layer was filtered through Celite, dried using a hydrophobic frit, and

evaporated in vacuo.
LCMS (Method B) (ES +ve) m/z 409.3 (M + H)* Rt 1.60 min (60 % pure).

The sample was dissolved in DMF (5 mL), then cesium carbonate (600 mg, 1.842
mmol) and tert-butyl bromoacetate (0.300 mL, 2.03 mmol) were added and the
mixture stirred at 50 °C for 42 h. The mixture was diluted with CH.Cl, (25 mL) and
washed with brine (2 x 25 mL) and water (2 x 25 mL). The organic layer was collected,
dried using a hydrophobic frit, and evaporated in vacuo. The sample was dissolved
THF (5 mL), then TBAF (1 M in THF, 0.745 mL, 0.745 mmol) was added and stirred
for 10 min. The mixture was diluted with EtOAc (10 mL) and water (10 mL) and the
phases separated. The organic layer was washed with brine (2 x 20 mL) and water (2
x 20 mL), then the organic layer collected, dried using a hydrophobic frit, and
evaporated in vacuo. The sample dissolved in DMSO and purified by MDAP
(ammonium bicarbonate modifier gradient). However, a close running impurity was
also collected. The solvent was removed under a stream of nitrogen to give the crude

product (185 mg, 60 % pure, 30 % yield) which was used directly in the next reaction.

LCMS (Method B) (ES +ve) m/z 470.3 (M + NH4)" Rt 1.55 min (60 % pure).
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Di-tert-butyl 2,2"'-((((buta-1,3-diyne-1,4-diylbis(3-isopropyl-4-
(methoxymethoxy)-5,1-phenylene))bis(methylene))bis(3,5-dimethyl-4,1-

phenylene))bis(oxy))diacetate (25)

a)

b)

To a stirred solution of tert-butyl 2-(4-(3-ethynyl-5-isopropyl-4-
(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate (8.6 mg, 0.011
mmol), 14-(4-iodophenoxy)-3,6,9,12-tetraoxatetradecan-1-oic acid (8.0 mg,
0.018 mmol) and triethylamine (10 pL, 0.072 mmol) in THF (0.5 mL) was
added copper(l) iodide (1 mg, 5 pmol) and
bis(triphenylphosphine)palladium(I1) chloride (4 mg, 5 pmol) and the mixture
stirred at rt for 16 h. LCMS analysis of the reaction mixture indicated the

Glaser coupled product as a major peak.

To a stirred solution of 14-(4-iodophenoxy)-3,6,9,12-tetraoxatetradecan-1-oic
acid (13 mg, 0.029 mmol) palladium(ll) chloride (0.2 mg, 1 pumol) and
pyrrolidine (15 pL, 0.15 mmol) in water (0.5 mL) was added tert-butyl 2-(4-
(3-ethynyl-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-

dimethylphenoxy)acetate (11 mg, 0.024 mmol) and the mixture stirred at rt for
5 h. LCMS analysis of the reaction mixture indicated the Glaser coupled

product only.

LCMS (Method A) (ES +ve) m/z 925.9 (M + Na)" Rt 1.84 min.
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14-(4-((5-(4-(2-(tert-Butoxy)-2-oxoethoxy)-2,6-dimethylbenzyl)-3-isopropyl-2-
(methoxymethoxy)phenyl)ethynyl)phenoxy)-3,6,9,12-tetraoxatetradecan-1-oic
acid (26)

o
HOJ\/OV\O/\/O\/\O/\/O O

X
\/\ O o}
oo o/\[(\ﬁ
o}

To a stirred solution  of  tert-butyl  2-(4-(3-ethynyl-5-isopropyl-4-
(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate (150 mg, 60 % pure, 0.199
mmol) in THF (2 mL) at -78 °C was added LiHMDS (1 M in hexanes, 0.80 mL, 0.80
mmol) and the mixture stirred for 15 min. 9-Methoxy-BBN (1 M in hexanes, 0.30 mL,
0.30 mmol) was added and the mixture allowed to stir for 1 h at -78 °C. The mixture
was transferred to a solution containing 14-(4-iodophenoxy)-3,6,9,12-
tetraoxatetradecan-1-oic acid (135 mg, 0.298 mmol) and
bis(triphenylphosphine)palladium(I1) chloride (35 mg, 0.050 mmol) in THF (2 mL)
which was stirred at 50 °C for 3 h. The mixture was diluted with CH2Cl, (10 mL) and
water (10 mL), the pH adjusted to 4 with HCI (1 M aqg.) and the phases separated. The
aqueous layer was back-extracted with CH2Cl2 (10 mL), then the organic layers were
pooled, dried using a hydrophobic frit, and evaporated in vacuo. The residue was
dissolved in DMSO and purified by MDAP (formic acid modifier gradient). The
solvent was evaporated in vacuo to give the required product (17 mg, 11 % vyield) as a

colourless oil.

'H NMR (400 MHz, CDCl3) 6 7.41 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 2.2 Hz, 1H), 6.83
- 6.90 (m, 3H), 6.63 (s, 2H), 5.25 (s, 2H), 4.51 (s, 2H), 4.13 - 4.18 (m, 2H), 4.11 (s,
2H), 3.91 (s, 2H), 3.84 - 3.89 (m, 2H), 3.71 - 3.77 (m, 4H), 3.65 - 3.70 (m, 8H), 3.61
(s, 3H), 3.41 (spt, J = 6.9 Hz, 1H), 2.21 (s, 6H), 1.49 (s, 9H), 1.18 (d, J = 6.8 Hz, 6H).
LCMS (Method B) (ES +ve) m/z 796.7 (M + H)" Rt 1.32 min (>95 % pure).
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4-((Trimethylsilyl)ethynyl)phenol (27)

HO.
C\

SiMes

To a stirred solution of 4-iodophenol (3.30 g, 15.0 mmol),
bis(triphenylphosphine)palladium (11) chloride (0.211 g, 0.300 mmol) and copper (1)
iodide (0.057 g, 0.30 mmol) in triethylamine (40 mL) was added
trimethylsilylacetylene (2.32 mL, 16.5 mmol) and the mixture stirred at 80 °C for 2 h.
The solution was cooled to rt, filtered through a Celite pad, and evaporated in vacuo.
The sample was purified by chromatography on silica using a 0-100 % cyclohexane-
TBME gradient over 14 CV. The appropriate fractions were combined and evaporated
in vacuo to give the required product (2.62 g, 92 % vyield) as a light brown solid.

'H NMR (400 MHz, CDCls) 6 7.38 (d, J = 8.8 Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H), 0.26
(s, 9H). LCMS (Method B) (ES -ve) m/z 189.1 (M - H)" Rt 1.28 min (>95 % pure).

Consistent with literature data.?®®

tert-Butyl 14-(4-ethynylphenoxy)-3,6,9,12-tetraoxatetradecan-1-oate (28)

(0]
>I\O)K/OV\O/\/O\/\O/\/K©\
X

A solution of 4-((trimethylsilyl)ethynyl)phenol (2.42 g, 12.7 mmol), tert-butyl 14-
(tosyloxy)-3,6,9,12-tetraoxatetradecan-1-oate (6.63 g, 14.3 mmol) and cesium
carbonate (12.4 g, 38.1 mmol) in DMF (40 mL) was stirred at 50 °C for 14 h. The
mixture was diluted with EtOAc (50 mL) and washed with LiCl (5 % aqg., 3 x 200 mL),
then the organic phase collected, dried using a hydrophobic frit, and evaporated in
vacuo. The residue was dissolved in THF (50 mL), then TBAF (1 M in THF, 15 mL,
15 mmol) added and stirred at rt for 20 h. The mixture was diluted with EtOAc (50
mL), then washed with brine (3 x 100 mL), and water (2 x 100 mL). The organic layer
was dried using a hydrophobic frit, and evaporated in vacuo. The sample was purified

by chromatography on silica using a 20-80 % EtOAc-cyclohexane gradient over 20
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CV. The appropriate fractions were combined and evaporated in vacuo to give the

required product (3.83 g, 74 % vyield) as an orange oil.

'H NMR (400 MHz, CDCl3) 6 7.42 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 4.12
- 4.16 (m, 2H), 4.02 (s, 2H), 3.84 - 3.88 (m, 2H), 3.64 - 3.75 (m, 12H), 3.00 (s, 1H),
1.48 (s, 9H). 13C NMR (101 MHz, CDCls) 6 169.63, 159.18, 133.54, 114.61, 114.35,
83.64,81.50, 75.77,70.87,70.74, 70.65, 70.62, 70.60, 69.62, 69.07, 67.50, 28.12. Note
that >*C NMR data are reported to two decimal places to differentiate the signals. One
signal is not resolved due to overlapping frequencies of PEG chain carbons; confirmed
by HMBC. LCMS (Method B) (ES +ve) m/z 426.4 (M + NH4)* Rt 1.21 min (>95 %
pure).

14-(4-Ethynylphenoxy)-3,6,9,12-tetraoxatetradecan-1-oic acid (29)

(0]
HOJK/O\/\O/\/O\/\O/\AQ\
X

To a stirred solution of tert-butyl 14-(4-ethynylphenoxy)-3,6,9,12-tetraoxatetradecan-
1-oate (590 mg, 1.44 mmol) in THF (5 mL) was added sodium hydroxide (2 M aqg., 5
mL, 10 mmol) and the solution stirred at 50 °C for 15 h. The solution was diluted with
EtOAc (15 mL) and HCI (1 M aq., 10 mL), then the pH adjusted to 3 with further HCI
(1 M aq.) and the phases separated. The aqueous layer was back-extracted with EtOAc
(15 mL), then the organic layers were pooled, dried using a hydrophobic frit, and
evaporated in vacuo to give the required product (355 mg, 70 % yield) as a brown oil.

'H NMR (400 MHz, CDCl3) 6 7.42 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 4.13
- 4.17 (m, 2H), 4.12 (s, 2H), 3.85 - 3.89 (m, 2H), 3.65 - 3.77 (m, 12H), 3.00 (s, 1H).
13C NMR (101 MHz, CDCls) & 172.1, 159.0, 133.5, 114.6, 114.3, 83.6, 75.8, 71.2,
70.8, 70.5, 70.4, 70.3, 70.2, 69.6, 69.0, 67.3. LCMS (Method B) (ES -ve) m/z 351.3
(M - H)" Rt 0.69 min (>95 % pure). HRMS (ES) calcd for C1gH2407Na, (M + Na)*
375.1420, found 375.1414.

14,14'-((Buta-1,3-diyne-1,4-diylbis(4,1-phenylene))bis(oxy))bis(3,6,9,12-

tetraoxatetradecan-1-oic acid) (30)
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(e]
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To a stirred solution of 14-(4-ethynylphenoxy)-3,6,9,12-tetraoxatetradecan-1-oic acid
(21 mg, 0.060 mmol) and 4-(3-iodo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenol (48 mg, 0.055 mmol) in triethylamine (0.50 mL, 3.6 mmol) was added
copper(l) iodide (0.7 mg, 4 umol) and bis(triphenylphosphine)palladium(l1) chloride
(2.5 mg, 4 umol) and the mixture stirred at 50 °C for 1 h. LCMS analysis of the reaction

mixture indicated the Glaser coupled product only.
LCMS (Method B) (ES -ve) m/z 701.7 (M - H)" Rt 1.10 min.

14-(4-((5-(4-Hydroxy-2,6-dimethylbenzyl)-3-isopropyl-2-
(methoxymethoxy)phenyl)ethynyl)phenoxy)-3,6,9,12-tetraoxatetradecan-1-oic
acid (31)

(e}
HOJ\/O\/\O/\/O\/\O/\/O O

N () 10
~oo OH

To a stirred solution of 4-(3-iodo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenol (546 mg, 0.620 mmol, 50 % purity),
bis(triphenylphosphine)palladium(lIl) chloride (22 mg, 0.031 mmol) and triethylamine
(0.30 mL, 2.2 mmol) in DMF (5 mL) was added chloro(triphenylphosphine)gold(l)
(16 mg, 0.032 mmol) followed by 14-(4-ethynylphenoxy)-3,6,9,12-
tetraoxatetradecan-1-oic acid (255 mg, 0.724 mmol) and the mixture stirred at 80 °C
for 3 h. The mixture was diluted with EtOAc (15 mL) then filtered through a Celite
pad. The filtrate was diluted with water (20 mL), then the pH adjusted to 3 with HCI
(1 M ag.) and the phases separated. The organic layer was washed with LiCl (5 % aq.,
3 x 100 mL), then dried using a hydrophobic frit, and evaporated in vacuo. The sample

was loaded in acetonitrile and purified by reverse phase (C18) chromatography using
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a 50-100 % acetonitrile-water (formic acid modifier) gradient over 18 CV. The
appropriate fractions were combined and evaporated in vacuo, however this failed to
completely separate the product. The sample was again loaded in acetonitrile and
purified by reverse phase (C18) chromatography using a 50-100 % acetonitrile-water
(+0.1 % ammonium bicarbonate modifier) gradient over 18 CV. The appropriate
fractions were combined and acetonitrile removed in vacuo. The remaining aqueous
solution was diluted with CH2Cl> (100 mL) then the pH adjusted to 5 with HCI (1 M
aq.) and the phases separated. The organic layer was collected and evaporated in vacuo

to give the required product (141 mg, 34 % yield) as a yellow gum.

'H NMR (400 MHz, CDCls) 6 7.38 (d, J = 8.8 Hz, 2H), 7.01 (s, 1H), 6.85 (d, J = 8.8
Hz, 2H), 6.75 (s, 1H), 6.59 (s, 2H), 5.24 (s, 2H), 4.09 - 4.14 (m, 2H), 3.98 (s, 2H), 3.89
(s, 2H), 3.80 - 3.84 (m, 2H), 3.59 - 3.72 (m, 15H), 3.42 (spt, J = 6.9 Hz, 1H), 2.17 (s,
6H), 1.20 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCls) & 173.8, 158.7, 154.2,
153.6,141.8,138.4,136.1,132.8,129.2,128.2, 126.7,116.7,115.7, 115.0, 114.8, 99.7,
92.7,85.7, 77.2, 70.5, 70.2, 70.1, 70.0, 69.9, 69.5, 67.4, 57.5, 33.7, 26.4, 23.4, 20.3.
One signal is not resolved potentially due to overlapping frequencies of PEG chain
carbons, as confirmed by HMBC. LCMS (Method A) (ES +ve) m/z 663.8 (M + H)*
Rt 1.38 min (>95 % pure). HRMS (ES) calcd for CagHa9010, (M + H)" 665.3326, found
665.3298.
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2-(4-(4-Hydroxy-3-((4-(((S)-16-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-
yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-17,17-dimethyl-14-0x0-3,6,9,12-
tetraoxa-15-azaoctadecyl)oxy)phenyl)ethynyl)-5-isopropylbenzyl)-3,5-
dimethylphenoxy)acetic acid (32)

N
Y

H
o
HOw~ N o)

o
>;EH)K/O\/\O/\/O\/\O/\/O O

S
S

X
(¢}

To a stirred solution of 14-(4-((5-(4-hydroxy-2,6-dimethylbenzyl)-3-isopropyl-2-
(methoxymethoxy)phenyl)ethynyl)phenoxy)-3,6,9,12-tetraoxatetradecan-1-oic  acid
(77.1 mg, 0.116 mmol), (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-
(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (61 mg,
0.13 mmol), and DIPEA (0.101 mL, 0.580 mmol) in DMF (2 mL) was added HATU
(67 mg, 0.18 mmol) and the mixture stirred at rt for 2 h. The mixture was diluted with
CH:ClI> (5 mL) and water (5 mL) and the phases separated. The organic layer was dried
using a hydrophobic frit, and concentrated under a stream of nitrogen. The sample was
directly dissolved in DMF (2 mL), then tert-butyl bromoacetate (41 pL, 0.28 mmol)
and cesium carbonate (90 mg, 0.28 mmol) were added and the mixture stirred at rt for
24 h. The mixture was diluted with CH2Cl2 (10 mL) and water (10 mL) and the phases
separated. The aqueous layer was extracted with CH2Cl (3 x 10 mL) then the organic
layers were combined, dried using a hydrophobic frit, and evaporated in vacuo. The
sample was directly dissolved in 1,4-dioxane (2 mL) then HCI (4 M in dioxane, 0.70
mL, 2.8 mmol) was added the mixture stirred at 50 °C for 72 h. Sodium hydroxide (2
M ag., 2.8 mL, 5.6 mmol) was then added and the mixture stirred at 50 °C for a further
24 h. The mixture was diluted with CH2Cl, (10 mL) and water (10 mL), the pH
adjusted to 3 with HCI (1 M ag.), and the phases separated. The aqueous layer was

back-extracted with CH2Cl, (2 x 5 mL), then the organic layers were combined, dried
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using a hydrophobic frit, and the solvent evaporated under a stream of nitrogen. The
sample was purified directly by MDAP (formic acid modifier gradient). The solvent
was removed under a stream of nitrogen to give the required product (25 mg, 16 %

yield) as an off-white solid.

IH NMR (400 MHz, Methanol-ds) 5 8.83 (s, 1H), 7.75 (d, J = 8.8 Hz, 2H), 7.34 - 7.47
(m, 4H), 6.99 (d, J = 8.8 Hz, 2H), 6.79 - 6.89 (m, 3H), 6.68 (s, 2H), 4.67 (s, 1H), 4.62
(s, 2H), 4.52 - 4.59 (m, 1H), 4.46 - 4.50 (m, 1H), 4.29 - 4.37 (m, 1H), 4.12 - 4.18 (m,
2H), 4.05 (s, 2H), 4.01 (d, J = 3.2 Hz, 2H), 3.81 - 3.89 (m, 3H), 3.75 - 3.80 (m, 1H),
3.59-3.72 (m, 12H), 3.33 - 3.43 (m, 1H), 2.44 (s, 3H), 2.16 - 2.25 (m, 7H), 2.02 - 2.12
(m, 1H), 1.38 (d, J = 6.8 Hz, 6H), 1.02 (s, 9H). 3C NMR (101 MHz, Methanol-da) &
174.49, 172.24, 171.80, 160.75, 157.71, 157.03, 152.93, 152.59, 149.18, 140.36,
139.73, 136.39, 132.80, 131.96, 131.64, 131.10, 130.51, 129.09, 127.35, 125.16,
122.67, 117.84, 116.17, 115.34, 113.55, 101.05, 72.46, 71.94, 71.80, 71.75, 71.63,
71.23, 71.20, 70.96, 68.89, 66.19, 60.95, 58.29, 58.23, 43.87, 39.07, 37.24, 35.25,
30.78, 27.12, 23.24, 20.77, 15.99. Note that *3C NMR data are reported to two decimal
places to differentiate the signals. Two signals are not resolved, likely to be acetylene
carbons. LCMS (Method B) (ES +ve) m/z 1091.9 (M + H)" Rt 1.11 min (>95 % pure).
HRMS (ES) calcd for CeoH7sN4013S, (M + H)* 1091.5051, found 1091.5079. IR vimax
(neat) 3316, 2926, 2852, 1735, 1670, 1634, 1606, 1506, 1483, 1448 cm™. MP >250

°C (decomposition).
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2-(4-(4-Hydroxy-3-((4-(((R)-16-((2R,4S)-4-hydroxy-2-((4-(4-methylthiazol-5-
yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-17,17-dimethyl-14-0x0-3,6,9,12-
tetraoxa-15-azaoctadecyl)oxy)phenyl)ethynyl)-5-isopropylbenzyl)-3,5-
dimethylphenoxy)acetic acid (33)

e
Nfo o
2\\“‘ H)K/O\/\O/\/O\/\O/\/O O

X
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To a stirred solution of 14-(4-((5-(4-hydroxy-2,6-dimethylbenzyl)-3-isopropyl-2-
(methoxymethoxy)phenyl)ethynyl)phenoxy)-3,6,9,12-tetraoxatetradecan-1-oic  acid
(63 mg, 0.094 mmol), (2R,4S)-1-((R)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-
(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (50 mg,
0.11 mmol), and DIPEA (0.082 mL, 0.47 mmol) in DMF (2 mL) was added HATU
(53 mg, 0.14 mmol) and the mixture stirred at rt for 2 h. The mixture was diluted with
CH:ClI> (5 mL) and water (5 mL) and the phases separated. The organic layer was dried
using a hydrophobic frit, and evaporated in vacuo. The sample was directly dissolved
in DMF (2 mL), then tert-butyl bromoacetate (37 uL, 0.25 mmol) and cesium
carbonate (82 mg, 0.25 mmol) were added and the mixture stirred at rt for 24 h. The
mixture was diluted with CH2Cl> (10 mL) and water (10 mL) and the phases separated.
The aqueous layer was extracted with CH2Cl2 (3 x 10 mL) then the organic layers were
combined, dried using a hydrophobic frit, and evaporated in vacuo. The sample was
directly dissolved in 1,4-dioxane (2 mL) then HCI (4 M in dioxane, 0.70 mL, 2.8
mmol) was added the mixture stirred at 50 °C for 72 h. NaOH (2 M aq., 2.8 mL, 5.6
mmol) was then added and the mixture stirred at 50 °C for a further 24 h. The mixture
was diluted with CH>Cl> (10 mL) and water (10 mL), the pH adjusted to 3 with HCI
(1 M ag.) and the phases separated. The aqueous layer was back-extracted with CH2Cl»

(2 x5 mL), then the organic layers were combined, dried using a hydrophobic frit, and
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the solvent evaporated under a stream of nitrogen. The sample was purified by MDAP
(formic acid modifier gradient). The solvent was removed under a stream of nitrogen

to give the required product (19 mg, 14 % yield) as an off-white solid.

IH NMR (400 MHz, Methanol-ds) 5 8.83 (s, 1H), 7.75 (d, J = 8.8 Hz, 2H), 7.34 - 7.46
(m, 4H), 6.99 (d, J = 8.8 Hz, 2H), 6.79 - 6.90 (m, 3H), 6.68 (s, 2H), 4.67 (s, 1H), 4.60
(s, 2H), 4.52 - 4.58 (m, 1H), 4.47 - 4,51 (m, 1H), 4.29 - 4.37 (m, 1H), 4.12 - 4.18 (m,
2H), 4.05 (s, 2H), 4.01 (d, J = 2.9 Hz, 2H), 3.81 - 3.88 (m, 3H), 3.75 - 3.81 (m, 1H),
3.58-3.72 (m, 12H), 3.33 - 3.42 (m, 1H), 2.44 (s, 3H), 2.17 - 2.25 (m, 7H), 2.02 - 2.12
(m, 1H), 1.38 (d, J = 6.8 Hz, 6H), 1.02 (s, 9H). 13C NMR (101 MHz, Methanol-ds) &
174.49, 172.24, 171.80, 160.74, 157.76, 157.03, 152.92, 152.59, 149.17, 140.35,
139.70, 136.41, 132.79, 131.89, 131.64, 131.10, 130.50, 129.09, 127.35, 125.17,
122.67, 117.84, 116.17, 115.35, 113.55, 101.06, 89.94, 72.45, 71.93, 71.79, 71.74,
71.63, 71.23, 71.20, 70.96, 68.89, 66.37, 60.95, 58.30, 58.23, 43.88, 39.07, 37.23,
35.25, 30.78, 27.12, 23.24, 20.77, 15.99. Note that 3C NMR data are reported to two
decimal places to differentiate the signals. One signal is not resolved, likely to be an
acetylene carbon. LCMS (Method B) (ES +ve) m/z 1092.0 (M + H)* Rt 1.11 min (>95
% pure). HRMS (ES) calcd for CeoH7sN4013S, (M + H)*™ 1091.5051, found 1091.5079.
IR vmax (neat) 3112, 2924, 2852, 2161, 1735, 1634, 1606, 1506, 1445 cm™. MP >250

°C (decomposition).

tert-Butyl 2-(4-(3-iodo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenoxy)acetate (34)

MOO/T;/OK

To a stirred solution of 4-(3-iodo-5-isopropyl-4-(methoxymethoxy)benzyl)-3,5-
dimethylphenol (489 mg, 0.555 mmol, 50 % pure) and tert-butyl bromoacetate (0.123
mL, 0.833 mmol) in DMF (3 mL) was added cesium carbonate (540 mg, 1.66 mmol)
and the mixture stirred at 50 °C for 16 h. The solution was diluted with EtOAc (20 mL)

and water (20 mL), then the phases were separated. The organic layer was washed with
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brine (2 x 50 mL) then evaporated in vacuo. The crude product (648 mg, quantitative

yield, 50 % pure) was used directly in the next reaction.
LCMS (Method B) (ES +ve) m/z 572.2 (M + NH.)* Rt 1.70 min (50 % pure)

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (35)

0

2

A solution of 2-(2-(2-methoxyethoxy)ethoxy)ethanol (3.00 g, 18.3 mmol), tosyl
chloride (4.18 g, 21.9 mmol) and triethylamine (3.82 mL, 27.4 mmol) in CH.Cl, (15
mL) was stirred at rt for 16 h. The solution was washed with NaHCO3 (sat. aq., 2 X
100 mL) and evaporated in vacuo, then loaded in CHCl, and purified by
chromatography on silica using a 25-100 % EtOAc-cyclohexane gradient over 20 min.
The appropriate fractions were combined and evaporated in vacuo to give the required
product (4.68 g, 80 % yield) as an orange liquid.

'H NMR (400 MHz, CDCl3) 6 7.81 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.3 Hz, 1H), 4.17
(t, J=4.9 Hz, 2H), 3.69 (t, J = 4.9 Hz, 2H), 3.58 - 3.64 (m, 6H), 3.51 - 3.56 (m, 2H),
3.38 (s, 3H), 2.45 (s, 3H). LCMS (Method A) (ES +ve) m/z 319.1 (M + H)* Rt 0.95
min (>95 % pure).

Consistent with literature data.***

2-Bromo-5-nitrophenol (36)

O,N
OH ”
To a stirred solution of 1-bromo-2-methoxy-4-nitrobenzene (1.00 g, 4.31 mmol) in
CH2Cl; (10 mL) was added boron tribromide (1 M in CH2Cl>, 8.80 mL, 8.80 mmol)
and the mixture stirred at rt for 16 h. The reaction was cooled to 0 °C and slowly
quenched with water (20 mL) then diluted with CH2Cl> (10 mL) and the phases
separated. The aqueous layer was back-extracted with CH>Cl, (10 mL), then the
organic layers were pooled, dried using a hydrophobic frit, and evaporated in vacuo.
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The sample was loaded in CH2Cl and purified by chromatography on silica using a 0-
50 % EtOAc-cyclohexane gradient over 60 min. The appropriate fractions were
combined and evaporated in vacuo to give the required product (792 mg, 84 % yield)

as a yellow powder.

IH NMR (400 MHz, CDCls) & 7.87 (s, 1H), 7.71 (d, J = 8.6 Hz, 1H), 7.66 (d, J = 8.6
Hz, 1H), 5.91 (br. s., 1H). LCMS (Method A) (ES +ve) m/z 216.0/218.0 (M + H)* Rt
0.94 min (>95 % pure).

Consistent with literature data.*%?

1-Bromo-2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-4-nitrobenzene (37)

O,N
Q,

\O/\/O\/\O/\/O

A solution of 2-bromo-5-nitrophenol (250 mg, 1.15 mmol), 2-(2-(2-
methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (421 mg, 1.32 mmol) and
cesium carbonate (768 mg, 2.36 mmol) in DMF (5 mL) was stirred at rt for 20 h. The
mixture was diluted with EtOAc (10 mL) and water (10 mL), then the pH adjusted to
7 with HCI (1 M aqg.) and the phases separated. The organic phase was washed with
LiCl (1 Mag., 2 x 50 mL), then dried using a hydrophobic frit and evaporated in vacuo.
The sample was loaded in CH2Cl> and purified by chromatography on silica using a 0-
50 % EtOAc-cyclohexane gradient over 40 min. The appropriate fractions were
combined and evaporated in vacuo to give the required product (289 mg, 62 % yield,

90 % pure) as a yellow oil.

IH NMR (400 MHz, CDCls) § 7.81 (d, J = 2.2 Hz, 1H), 7.73 (d, J = 2.2 Hz, 1H), 7.72
(s, 1H), 4.28 - 4.34 (m, 2H), 3.94 - 4.00 (m, 2H), 3.78 - 3.83 (M, 2H), 3.64 - 3.73 (m,
4H), 3.53 - 3.58 (m, 2H), 3.38 (s, 3H). LCMS (Method B) (ES +ve) m/z 364.1/366.1
(M + H)" Rt 1.11 min (90 % purity).
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1-Ethynyl-2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-4-nitrobenzene (38)

o,N
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To a stirred solution of 1-bromo-2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-4-
nitrobenzene (287 mg, 0.788 mmol), bis(triphenylphosphine)palladium(ll) chloride
(11 mg, 0.016 mmol), copper(l) iodide (4 mg, 0.02 mmol) and triethylamine (0.330
mL, 2.36 mmol) in THF (2 mL) was added trimethylsilylacetylene (0.180 mL, 1.28
mmol) and the mixture stirred at 50 °C for 1 h. The reaction mixture was diluted with
EtOAc (10 mL) and water (10 mL), then filtered through Celite and the phases
separated. The organic layer was dried using a hydrophobic frit and evaporated in
vacuo. The sample was loaded in CH2Cl. and purified on chromatography on silica
using a 0-50 % EtOAc-cyclohexane gradient over 40 min. The appropriate fractions
were combined and evaporated in vacuo. TBAF (1 M in THF, 1 mL, 1 mmol) was
added to the sample and the mixture stirred at rt for 15 min. The reaction mixture was
concentrated in vacuo then purified by chromatography on silica using a 0-100 %
EtOAc-cyclohexane gradient over 15 min. The appropriate fractions were combined
and evaporated in vacuo to give the required product (166 mg, 68 % yield) as a dark

brown oil.

IH NMR (400 MHz, CDCls) § 7.77 - 7.83 (m, 2H), 7.58 (d, J = 8.8 Hz, 1H), 4.27 -
4.34 (m, 2H), 3.92 - 3.98 (m, 2H), 3.76 - 3.83 (m, 2H), 3.63 - 3.72 (m, 4H), 3.49 - 3.59
(m, 3H), 3.38 (s, 3H). 13C NMR (101 MHz, CDCls) & 160.41, 148.51, 134.25, 118.69,
115.68, 107.23, 85.90, 78.31, 71.96, 71.20, 70.73, 70.61, 69.42, 69.36, 59.02. Note
that 13C NMR data are reported to two decimal places to differentiate the signals.
LCMS (Method B) (ES +ve) m/z 327.1 (M + NH4)" Rt 1.04 min (>95 % pure). HRMS
(ES) calcd for C1sH20NOg, (M + H)™310.1291, found 310.1280.
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tert-Butyl 2-(4-(3-isopropyl-5-((2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-4-
nitrophenyl)ethynyl)-4-(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate
(39)
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To a stirred solution of  tert-butyl 2-(4-(3-iodo-5-isopropyl-4-
(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate (100 mg, 90 pumol, 50 %
pure), bis(triphenylphosphine)palladium(ll) chloride (2.0 mg, 2.9 pmol),
chloro(triphenylphosphine)gold(l) (1.5 mg, 3.0 umol) and triethylamine (50 pL, 0.36
mmol) in DMF (1 mL) was added a solution of 1-ethynyl-2-(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-4-nitrobenzene (33 mg, 0.11 mmol) in DMF (0.5 mL)
and the solution stirred at 80 °C for 4 h. The mixture was diluted with EtOAc (10 mL)
and water (10 mL) and the phases separated. The aqueous layer was back-extracted
with EtOAc (10 mL) then the organic layers combined, dried using a hydrophobic frit,
and evaporated in vacuo. The sample was loaded in DMSO and purified by MDAP
(ammonium bicarbonate modifier gradient). The solvent was removed under a stream

of nitrogen to give the required product (37 mg, 56 % yield) as a brown oil.

IH NMR (400 MHz, CDCl3) & 7.78 - 7.84 (m, 2H), 7.57 (d, J = 9.0 Hz, 1H), 7.00 (s,
1H), 6.88 (s, 1H), 6.61 - 6.67 (m, 2H), 5.32 (s, 2H), 4.52 (s, 2H), 4.31 (t, J = 4.8 Hz,
2H), 3.90 - 3.97 (m, 4H), 3.70 - 3.76 (m, 2H), 3.58 - 3.65 (m, 7H), 3.48 - 3.53 (m, 2H),
3.44 (spt, J = 6.8 Hz, 1H), 3.34 (s, 3H), 2.22 (s, 6H), 1.50 (s, 9H), 1.18 (d, J = 6.9 Hz,
6H). 3C NMR (101 MHz, CDCls) & 168.2, 159.5, 156.1, 154.3, 147.8, 142.0, 138.4,
135.8, 133.3, 129.8, 129.5, 127.5, 120.1, 115.8, 114.2, 107.0, 100.0, 96.0, 87.8, 82.2,
71.9, 71.0, 70.7, 70.5, 69.3, 69.1, 65.7, 58.9, 57.5, 33.8, 28.0, 26.4, 23.6, 23.3, 20.5.
LCMS (Method B) (ES +ve) m/z 753.7 (M + NH4)" Rt 1.69 min (>95 % pure).

2-(4-(4-Hydroxy-3-isopropyl-5-((2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-4-
nitrophenyl)ethynyl)benzyl)-3,5-dimethylphenoxy)acetic acid (40)
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To a stirred solution of tert-butyl  2-(4-(3-isopropyl-5-((2-(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-4-nitrophenyl)ethynyl)-4-
(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate (38 mg, 52 umol) in DMF (1
mL) was added HCI (4 M in dioxane, 200 pL, 0.8 mmol) and stirred at 50 °C for 4 h.
NaOH (2 M ag., 0.8 mL, 1.6 mmol) was added and the solution stirred at 50 °C for 18
h. The mixture was diluted with CH.Cl, (10 mL) and water (10 mL), the pH adjusted
to 3 with HCI (1 M aq.) then the phases were separated. The aqueous layer was back-
extracted with CH2Cl> (3 x 10 mL) then the organic layers were combined, dried using
a hydrophobic frit, and evaporated in vacuo. The samples were dissolved in DMSO
and purified by MDAP (formic acid modifier gradient). The solvent was removed
under a stream of nitrogen to give the required product (5.8 mg, 18 % yield) as a yellow
oil.

IH NMR (400 MHz, CDCl3) & 7.85 (d, J = 8.3 Hz, 1H), 7.79 (s, 1H), 7.55 (d, J = 8.3
Hz, 1H), 7.03 (s, 1H), 6.64 - 6.72 (m, 3H), 4.68 (s, 2H), 4.31 - 4.39 (m, 2H), 3.94 -
4.01 (m, 2H), 3.91 (s, 2H), 3.75 - 3.82 (m, 2H), 3.66 - 3.73 (m, 2H), 3.59 - 3.65 (m,
2H), 3.48 - 3.55 (m, 2H), 3.36 (s, 3H), 3.29 (spt, J = 6.8 Hz, 1H), 2.24 (s, 6H), 1.24 (d,
J = 6.8 Hz, 6H). *C NMR (101 MHz, CDCls) & 171.3, 158.9, 155.5, 153.3, 147.8,
138.7,134.5,131.6,131.3,130.5, 128.5,126.3,119.4, 116.2, 114.2, 108.3, 106.5, 94.6,
91.1, 71.8, 70.9, 70.6, 70.4, 69.1, 69.1, 65.0, 59.0, 33.6, 27.5, 22.3, 20.5. LCMS
(Method B) (ES -ve) m/z 634.8 (M - H)" Rt 1.08 min (>95 % pure). HRMS (ES) calcd
for C3sH42NO10 (M + H)+ 636.2809, found 636.2801. IR vmax (neat) 2921, 2852, 2193,
1979, 1742, 1604, 1520, 1378 cm™. MP >250 °C (decomposition).
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tert-Butyl 14-(2-bromo-5-nitrophenoxy)-3,6,9,12-tetraoxatetradecan-1-oate (41)

o
>LOJ\/O\/\O/\/O\/\O/\/O:©/N02

Br

To astirred solution of 2-bromo-5-nitrophenol (250 mg, 1.15 mmol) and tert-butyl 14-
(tosyloxy)-3,6,9,12-tetraoxatetradecan-1-oate (740 mg, 1.60 mmol) in DMF (5 mL)
was added cesium carbonate (780 mg, 2.39 mmol) and the mixture stirred at rt for 72
h. The mixture was diluted with EtOAc (20 mL) and water (20 mL), the pH adjusted
to 7 with HCI (1 M aq.), then the phases were separated. The aqueous layer was back-
extracted with EtOAc (2 x 20 mL) then the organic layers were combined, dried using
a hydrophobic frit, and evaporated in vacuo. The sample was dissolved in DMSO and
purified by reverse phase (C18) chromatography using a 30-95 % acetonitrile-water
(ammonium bicarbonate modifier) gradient over 14 CV. The appropriate fractions
were combined and evaporated in vacuo to give the required product (444 mg, 69 %

yield, 90 % pure) as a yellow oil.

'H NMR (400 MHz, CDCl3) 6 7.78 - 7.81 (m, 1H), 7.68 - 7.77 (m, 2H), 4.31 (t, J =
4.6 Hz, 2H), 4.02 (s, 2H), 3.96 (t, J = 4.6 Hz, 2H), 3.75 - 3.82 (m, 2H), 3.65 - 3.73 (m,
10H), 1.48 (s, 9H). LCMS (Method B) (ES +ve) m/z 525.4/527.3 (M + NH.)" Rt 1.29
min (90 % pure).

14-(2-Ethynyl-5-nitrophenoxy)-3,6,9,12-tetraoxatetradecan-1-oic acid (42)

(0]
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=

To a stirred solution of tert-butyl 14-(2-bromo-5-nitrophenoxy)-3,6,9,12-
tetraoxatetradecan-1-oate (438 mg, 0.775 mmol) in triethylamine (10 mL) was added
bis(triphenylphosphine)palladium(I1) chloride (12 mg, 17 umol) and copper(l) iodide
(4 mg, 21 umol), followed by trimethylsilylacetylene (0.200 mL, 1.43 mmol). The
mixture was stirred at 90 °C for 2 h. The solution was diluted with EtOAc (20 mL) and
water (20 mL), filtered through Celite, then the phases were separated. The aqueous
layer was back extracted with EtOAc (2 x 20 mL), then the organic layers combined
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and evaporated in vacuo. The sample was directly dissolved in THF (10 mL) and
NaOH (2 M ag., 10 mL, 20 mmol) and the mixture stirred at rt for 18 h. The mixture
was diluted with EtOAc (20 mL) and water (20 mL), the pH adjusted to 3 with HCI (1
M ag.), then the phases were separated. The aqueous layer was back-extracted with
EtOAc (20 mL) then the organic layers combined and evaporated in vacuo. The sample
was dissolved in methanol and purified by reverse phase (C18) chromatography using
a 5-70 % acetonitrile-water (formic acid modifier) gradient over 12 CV. The
appropriate fractions were combined and evaporated in vacuo to give the required

product (234 mg, 76 % yield), as a yellow oil.

'H NMR (400 MHz, CDCls) 6 7.78 - 7.84 (m, 2H), 7.59 (d, J = 9.0 Hz, 1H), 4.30 -
4.35 (m, 2H), 4.15 (s, 2H), 3.93 - 4.00 (m, 2H), 3.78 - 3.84 (m, 2H), 3.73 - 3.78 (m,
2H), 3.65 - 3.72 (m, 8H), 3.53 (s, 1H). *C NMR (101 MHz, CDCls) 6 173.9, 154.2,
148.7, 134.3, 131.2, 115.7, 107.2, 86.0, 71.5, 71.2, 70.7, 70.5, 70.3, 70.1, 69.4, 69.3,
69.1. One signal is not observed, likely to be an acetylene carbon. LCMS (Method A)
(ES -ve) m/z (M - H)" Rt 0.92 min (>95 % pure).

14-(2-((5-(4-(2-(tert-Butoxy)-2-oxoethoxy)-2,6-dimethylbenzyl)-3-isopropyl-2-
(methoxymethoxy)phenyl)ethynyl)-5-nitrophenoxy)-3,6,9,12-
tetraoxatetradecan-1-oic acid (43)

To a  stirred solution of  tert-butyl 2-(4-(3-iodo-5-isopropyl-4-
(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate (243 mg, 0.219 mmol) and
triethylamine (0.10 mL, 0.717 mmol) in DMF (2 mL) was added
bis(triphenylphosphine)palladium(ll)  chloride (3 mg, 4 pupmol) and
chloro(triphenylphosphine)gold(l) (3 mg, 6 umol), followed by 14-(2-ethynyl-5-
nitrophenoxy)-3,6,9,12-tetraoxatetradecan-1-oic acid (100 mg, 0.252 mmol) and the
mixture stirred at 80 °C for 14 h. The mixture was diluted with EtOAc (20 mL) and
water (20 mL) and the pH adjusted to 3 with HCI (1 M ag.) and the phases separated.
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The aqueous layer was back-extracted with EtOAc (2 x 20 mL) then the organic layers
combined and evaporated in vacuo. The sample was loaded in methanol and purified
by reverse phase (C18) chromatography using a 30-100 % acetonitrile-water
(ammonium bicarbonate modifier) gradient over 14 CV. The appropriate fractions
were combined and evaporated in vacuo to give the required product (88 mg, 49 %

yield) as a dark brown oil.

'H NMR (400 MHz, CDCl3) 6 7.79 - 7.85 (m, 2H), 7.57 (d, J = 8.8 Hz, 1H), 7.00 (s,
1H), 6.87 (s, 1H), 6.64 (s, 2H), 5.32 (s, 2H), 4.52 (s, 2H), 4.32 (t, J = 4.8 Hz, 2H), 4.11
(s, 2H), 3.91 - 3.95 (m, 4H), 3.69 - 3.77 (m, 4H), 3.57 - 3.67 (m, 11H), 3.43 (spt, J =
6.9 Hz, 1H), 2.22 (s, 6H), 1.50 (s, 9H), 1.19 (d, J = 6.9 Hz, 6H). Exchangeable acid
proton not observed. 1*C NMR (101 MHz, CDCls) § 173.25, 165.77, 159.45, 154.27,
142.05, 138.41, 135.83, 133.27, 129.78, 129.49, 127.57, 120.08, 118.58, 115.91,
114.26, 107.18, 105.58, 103.48, 99.95, 95.96, 85.18, 82.23, 71.35, 71.08, 70.59, 70.47,
70.22,70.08, 69.31, 69.12, 69.08, 65.71, 57.52, 33.78, 28.06, 26.40, 23.31, 20.55. Note
that 13C NMR data are reported to two decimal places to differentiate the signals.
LCMS (Method B) (ES -ve) m/z 822.9 (M - H)" Rt 1.30 min (>95 % pure). HRMS
(ES) calcd for CasHs7NO1sNa (M + Na)* 846.3677, found 846.3669.

231



CONFIDENTIAL — Do Not Copy

2-(4-(4-Hydroxy-3-((2-(((S)-16-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-
yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-17,17-dimethyl-14-0x0-3,6,9,12-
tetraoxa-15-azaoctadecyl)oxy)-4-nitrophenyl)ethynyl)-5-isopropylbenzyl)-3,5-
dimethylphenoxy)acetic acid (44)

To a stirred solution of (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-
(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (26 mg,
0.056 mmol), 14-(2-((5-(4-(2-(tert-butoxy)-2-oxoethoxy)-2,6-dimethylbenzyl)-3-
isopropyl-2-(methoxymethoxy)phenyl)ethynyl)-5-nitrophenoxy)-3,6,9,12-

tetraoxatetradecan-1-oic acid (42 mg, 0.051 mmol), and DIPEA (27 uL, 0.15 mmol)
in DMF (1 mL) was added HATU (29 mg, 0.076 mmol) and the mixture stirred at rt
for 1 h. The mixture was diluted with CH.Cl> (10 mL) and water (10 mL) and the pH
adjusted to 3 with HCI (1 M ag.), then the phases were separated. The aqueous layer
was back-extracted with CH2Cl> (3 x 10 mL) then the organic layers combined and
evaporated in vacuo. The sample was directly dissolved in DMF (1 mL), then HCI (4
M in dioxane, 0.30 mL, 1.2 mmol) was added and the mixture stirred for 50 °C for 5
h. NaOH (2 M aqg., 1.30 mL, 2.60 mmol) was then added and the mixture stirred at 50
°C for 16 h. The mixture was diluted with CH2Cl> (10 mL) and water (10 mL), then
the pH adjusted to 3 with HCI (1 M aq.) The aqueous layer was back-extracted with
CHCl; (5 x 10 mL), then the organic layers were combined, dried using a hydrophobic
frit, and evaporated in vacuo. The sample was dissolved in DMSO and purified by
MDAP (formic acid modifier gradient). The solvent was removed under a stream of

nitrogen to give the required product (10.5 mg, 18 % yield) as a bright yellow oil.

232



CONFIDENTIAL — Do Not Copy

IH NMR (400 MHz, CDCl3) & 8.72 (s, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.77 (s, 1H),
7.53 (d, J =8.3 Hz, 1H), 7.29 - 7.36 (m, 4H), 7.04 (s, 1H), 6.68 (s, 1H), 6.65 (s, 2H),
4.71 (t, J =79 Hz, 1H), 4.62 (s, 2H), 4.46 - 4.59 (m, 3H), 4.27 - 4.35 (m, 2H), 4.06 -
4.12 (m, 1H), 3.87 - 4.02 (m, 6H), 3.69 - 3.74 (m, 1H), 3.51 - 3.65 (m, 11H), 3.28 (spt,
J = 6.9 Hz, 1H), 2.44 - 2.53 (m, 4H), 2.22 (s, 6H), 2.08 - 2.17 (m, 1H), 1.27 (s, 2H),
1.23 (d, J = 6.8 Hz, 6H), 0.93 (s, 9H). 13C NMR (101 MHz, CDCls) & 171.3, 170.8,
168.9, 166.7, 158.9, 157.5, 153.2, 150.6, 148.1, 147.8, 139.7, 138.4, 138.2, 134.5,
131.7, 131.6, 130.6, 130.2, 129.4, 128.7, 128.1, 126.5, 119.4, 116.2, 114.2, 108.3,
106.6, 100.9, 94.5, 71.0, 70.9, 70.5, 70.4, 70.3, 70.2, 69.1, 65.3, 58.6, 57.3, 56.8, 43.2,
36.0, 34.9, 33.6, 29.3, 27.5, 26.4, 22.4, 20.6, 15.8. Two signals are not resolved,
potentially due to overlapping frequencies of PEG chain carbons. LCMS (Method B)
(ES -ve) m/z 1135.3 (M - H) Rt 1.10 min (>95 % pure). HRMS (ES) calcd for
CeoH72N5015S, (M + H)* 1136.4902, found 1136.4918.

tert-Butyl 2-(4-(3-isopropyl-4-(methoxymethoxy)-5-((4-
nitrophenyl)ethynyl)benzyl)-3,5-dimethylphenoxy)acetate (45)
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To a  stirred solution of  tert-butyl 2-(4-(3-iodo-5-isopropyl-4-
(methoxymethoxy)benzyl)-3,5-dimethylphenoxy)acetate (100 mg, 90 umol, 50 %
pure), bis(triphenylphosphine)palladium(l1) chloride (4 mg, 6 umol) and triethylamine
(40 pl, 0.29 mmol) in DMF (1 mL) was chloro(triphenylphosphine)gold(l) (4 mg, 8
pmol), then 1-ethynyl-4-nitrobenzene (13 mg, 90 umol) was added and the mixture
stirred at 80 °C for 20 h. The mixture was diluted with EtOAc (10 mL) and water (10
mL), then filtered through Celite and the phases separated. The aqueous layer was
back-extracted with EtOAc (10 mL), then the organic layers combined and then
evaporated in vacuo. The sample was dissolved in DMSO and purified by MDAP
(ammonium bicarbonate modifier gradient). The solvent was removed under a stream

of nitrogen to give the required product (12 mg, 23 % vyield) as a yellow oil.
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'H NMR (400 MHz, CDCls) 6 8.21 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H), 7.05
(s, 1H), 6.86 (s, 1H), 6.65 (s, 2H), 5.24 (s, 2H), 4.52 (s, 2H), 3.94 (s, 2H), 3.62 (s, 3H),
3.41 (spt, J = 6.8 Hz, 1H), 2.22 (s, 6H), 1.51 (s, 9H), 1.20 (d, J = 6.8 Hz, 6H). *C
NMR (101 MHz, CDCls) 6 168.3, 156.1, 154.2, 146.9, 142.2, 138.4, 136.1, 132.1,
130.3, 129.7, 129.4, 127.9, 123.6, 115.5, 114.3, 100.0, 92.5, 90.9, 82.2, 65.7, 57.6,
33.8, 28.1, 26.5, 23.3, 20.5. LCMS (Method B) (ES +ve) m/z 591.5 (M + NH4)" Rt
1.70 min (>95 % pure).

tert-Butyl 2-(4-((7-isopropyl-2-(4-nitrophenyl)benzofuran-5-yl)methyl)-3,5-
dimethylphenoxy)acetate (46)
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To a stirred solution of tert-butyl 2-(4-(3-isopropyl-4-(methoxymethoxy)-5-((4-
nitrophenyl)ethynyl)benzyl)-3,5-dimethylphenoxy)acetate (12 mg, 21 umol) in DMF
(1 mL) was added HCI (4 M in dioxane, 0.1 mL, 0.4 mmol) and stirred for at 50 °C
for 4 h. NaOH (2 M aqg., 0.4 mL, 0.8 mmol) was then added and the reaction stirred at
50 °C for 20 h. The mixture was diluted with CH2Cl, (10 mL) and water (10 mL), the
pH adjusted to 3 with HCI (1 M aq.), then the phases were separated. The aqueous
layer was back-extracted with CH2Cl> (2 x 5 mL), then the organic layers were
combined, dried using a hydrophobic frit, and evaporated in vacuo. The residue was
dissolved in DMSO and purified by MDAP (formic acid modifier gradient). The
solvent was removed under a stream of nitrogen to give the product (6.6 mg, 67 %

yield) as a bright yellow solid.

'H NMR (400 MHz, CDCls) 6 8.29 (d, J = 8.8 Hz, 2H), 7.95 (d, J = 8.8 Hz, 2H), 7.08
(s, 1H), 7.01 (s, 1H), 6.87 (s, 1H), 6.70 (s, 2H), 4.69 (s, 2H), 4.08 (s, 2H), 3.45 (spt, J
= 6.8 Hz, 1H), 2.25 (s, 6H), 1.44 (d, J = 6.9 Hz, 6H). 3C NMR (101 MHz, CDCls) §
169.4, 156.0, 152.8, 152.2, 147.0, 138.7, 136.6, 135.5, 132.2, 130.4, 128.7, 124.9,
124.3,123.6,117.1,114.2, 105.3, 68.7, 34.3, 29.3, 22.6, 20.5. LCMS (Method A) (ES
-ve) m/z 472.3 (M - H)” Rt 1.62 min (>95 % pure).
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Methyl 2-(4-(3-isopropyl-4-(methoxymethoxy)-5-((4-
nitrophenyl)ethynyl)benzyl)-3,5-dimethylphenoxy)acetate (47)
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To astirred solution of methyl 2-(4-(3-iodo-5-isopropyl-4-(methoxymethoxy)benzyl)-
3,5-dimethylphenoxy)acetate (90 mg, 0.18 mmol),
bis(triphenylphosphine)palladium(I1) chloride 3 mg, 4 pmol),
chloro(triphenylphosphine)gold(l) (2 mg, 4 pumol) and triethylamine (100 ul, 0.717
mmol) in DMF (2 mL) was added 1-ethynyl-4-nitrobenzene (31 mg, 0.21 mmol) and
the mixture stirred at 50 °C for 16 h. Further bis(triphenylphosphine)palladium(ll)
chloride (3 mg, 4 pmol), chloro(triphenylphosphine)gold(l) (2 mg, 4 pmol) and 1-
ethynyl-4-nitrobenzene (31 mg, 0.21 mmol) and the mixture stirred at 50 °C for a
further 5 h. The mixture was diluted with EtOAc (10 mL) and water (10 mL) and
filtered through Celite, then the phases were separated. The aqueous layer was back-
extracted with EtOAc (10 mL), then the organic layers were combined and evaporated
in vacuo. The sample was purified by chromatography on silica using a 0-10 % EtOAc-
cyclohexane gradient over 12 CV. The appropriate fractions were combined and

evaporated in vacuo to give the required product (25 mg, 26 % yield) as a red oil.

'H NMR (400 MHz, CDCls) 6 8.21 (d, J = 9.0 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H), 7.06
(s, 1H), 6.85 (s, 1H), 6.66 (s, 2H), 5.23 (s, 2H), 4.65 (s, 2H), 3.94 (s, 2H), 3.83 (s, 3H),
3.62 (s, 3H), 3.41 (spt, J = 6.9 Hz, 1H), 2.23 (s, 6H), 1.21 (d, J = 6.8 Hz, 6H) LCMS
(Method B) (ES +ve) m/z 549.5 (M + NHa)* Rt 1.61 min (>95 % pure).

Consistent with literature data.?!’
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2-(4-(4-Hydroxy-3-isopropyl-5-((4-nitrophenyl)ethynyl)benzyl)-3,5-
dimethylphenoxy)acetic acid (48)
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To a stirred solution of methyl 2-(4-(3-isopropyl-4-(methoxymethoxy)-5-((4-
nitrophenyl)ethynyl)benzyl)-3,5-dimethylphenoxy)acetate (25 mg, 47 umol) in
MeOH (1 mL) and THF (1 mL) was added a solution of LiOH (50 mg, 2 mmol) in
water (0.2 mL) and the mixture stirred at rt for 1 h. The reaction mixture was
evaporated in vacuo, then the sample dissolved in 1,4-dioxane (5 mL), HCI (4 M in
dioxane, 1 mL, 4 mmol) was added and the mixture stirred at 50 °C for 1 h. The mixture
was diluted with EtOAc (10 mL) and water (10 mL), then the pH adjusted to 3 with
NaHCOs (sat. aq.) and the phases were separated. The aqueous layer was back-
extracted with EtOAc (2 x 10 mL), then the organic layers combined and evaporated
in vacuo. The sample was dissolved in DMSO and purified by MDAP (formic acid
modifier gradient). The solvent was evaporated in vacuo to give the required product

(10 mg, 44 % yield) as a yellow solid.

IH NMR (400 MHz, CDCls) & 8.21 (d, J = 8.8 Hz, 2H), 7.64 (d, J = 8.8 Hz, 2H), 7.03
(s, 1H), 6.72 (s, 1H), 6.67 (s, 2H), 4.62 (s, 2H), 3.89 (s, 2H), 3.27 (spt, J = 6.9 Hz, 1H),
2.21 (s, 6H), 1.23 (d, J = 6.9 Hz, 6H). LCMS (Method B) (ES -ve) m/z 472.4 (M - HY’
Rt 1.45 min (>95 % pure).

Consistent with literature data.?’
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7.2.3 Promiscuous Kinase Compounds

2-((2,5-Dichloropyrimidin-4-yl)amino)-N-methylbenzamide (49)

A solution of 2.4,5-trichloropyrimidine (1.25 mL, 10.9 mmol), 2-amino-N-
methylbenzamide (2.00 g, 13.3 mmol) and DIPEA (2.30 mL, 13.2 mmol) in i-PrOH
(40 mL) was heated at 85 °C for 3 h. The mixture was cooled to rt, then the resulting
solid separated by filtration and washed with i-PrOH (3 x 20 mL). The solid was dried
under vacuum to give the required product (3.14 g, 97 % yield) as a white solid.

'TH NMR (400 MHz, DMSO-ds) 6 12.17 (s, 1H), 8.85 (s, 1H), 8.52 (d, /= 8.4 Hz, 1H),
8.48 (s, 1H), 7.81 (d, J = 8.1 Hz, 1H), 7.56 - 7.64 (m, 1H), 7.19 - 7.26 (m, 1H), 2.81
(d, J = 4.6 Hz, 3H). LCMS (Method A) (ES +ve) m/z 296.9/298.9 (M + H)" Rt 1.04
min (>95 % pure).

Consistent with literature data.*®

tert-Butyl  4-(4-((5-chloro-4-((2-(methylcarbamoyl)phenyl)amino)pyrimidin-2-
yl)amino)phenyl)piperazine-1-carboxylate (50)

ﬁNj\oJ<
RO NS
O HN \NJ\N

To a stirred solution of 2-((2,5-dichloropyrimidin-4-yl)amino)-N-methylbenzamide
(522 mg, 1.76 mmol), tert-butyl 4-(4-aminophenyl)piperazine-1-carboxylate (536 mg,
1.93 mmol), BINAP (109 mg, 0.176 mmol) and cesium carbonate (1.72 g, 5.27 mmol)
in toluene (8 mL) was added palladium(Il) acetate (20 mg, 0.088 mmol) and the
mixture heated in the microwave at 170 °C for 1 h. The mixture was filtered through

Celite, diluted with EtOAc (100 mL) and water (100 mL) and filtered, then the phases
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were separated. The aqueous phase was back-extracted with EtOAc (2 x 100 mL), then
the organic layers were combined, dried using a hydrophobic frit and evaporated in
vacuo. The sample was loaded in DMSO and purified by reverse phase (C18)
chromatography using a 30-95 % acetonitrile-water (formic acid modifier) gradient
over 14 CV. The appropriate fractions were combined and evaporated in vacuo to give

the required product (383 mg, 41 % yield) as a brown solid.

'"H NMR (400 MHz, DMSO-ds) 6 11.58 (s, 1H), 9.21 (s, 1H), 8.67 - 8.82 (m, 2H),
8.17 (s, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.44 - 7.55 (m, 3H), 7.13 (t, J = 7.6 Hz, 1H),
6.91 (d, /= 9.0 Hz, 2H), 3.45 - 3.50 (m, 4H), 3.00 - 3.06 (m, 4H), 2.81 (d, /= 4.4 Hz,
3H), 1.91 (s, 9H). LCMS (Method A) (ES +ve) m/z 538.5 (M + H)" Rt 1.16 min (>95
% pure).

Consistent with literature data.?>>

2,2,2-Trifluoro-1-(4-(4-nitrophenyl)piperazin-1-yl)ethanone (51)
(0]
ﬁNkCﬁ

.
ne

2

A solution of 1-chloro-4-nitrobenzene (3.00 g, 19.04 mmol) and piperazine (4.92 g,
57.1 mmol) in 1-butanol (30 mL) was heated at 120 °C for 16 h. The reaction mixture
was evaporated in vacuo, then the resulting solid dissolved in HCI (2 M aq., 50 mL).
The solution was washed with EtOAc (2 x 50 mL), then the pH adjusted to ~10 with
NaOH (50 % agq.). The aqueous layer was then extracted with EtOAc (3 x 100 mL),
then the organic layers were combined, washed with brine, dried over MgSOs, filtered,
then evaporated in vacuo to give a bright yellow solid. The solid was transferred to a
three-necked flask and dissolved in CH2Clz (100 mL), then triethylamine (5.3 mL, 38
mmol) was added, then a stream of nitrogen was passed through the flask into an
NaOH scrubber. A solution of trifluoroacetic anhydride (3.30 mL, 23.4 mmol) was
dissolved in CH>Cl> (100 mL) and added dropwise to the amine solution over 2 h, then
the mixture stirred for a further 30 min. The solution was diluted with CH>Cl, (100

mL) and water (200 mL), then the phases were separated. The aqueous layer was back-
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extracted with CH>Cl, (200 mL), then the organic layers were combined and
evaporated in vacuo. The resulting solid was dissolved in CH>Cl, and purified on silica
using a 20-40 % EtOAc-cyclohexane gradient over 8 CV. The appropriate fractions
were combined and evaporated in vacuo to give the required product (4.48 g, 78%

yield) as a yellow powder.

'"H NMR (400 MHz, CDCl3) § 8.18 (d, J = 9.4 Hz, 2H), 6.88 (d, J = 9.4 Hz, 2H), 3.78
-3.93 (m, 4H), 3.47 - 3.55 (m, 4H). 13C NMR (101 MHz, CDCls) & 155.6 (g, J = 35.9
Hz), 154.1, 139.7, 125.9, 116.3 (d, J = 288.3 Hz), 113.5, 47.3, 46.7, 44.9, 42.7.
Multiple signals observed corresponding to piperazine carbons, potentially caused by
a locked confirmation induced by the trifluoroacetamide. 1*F NMR (376 MHz, CDCls)
5 -69.0. LCMS (Method A) (ES +ve) m/z 304.2 (M + H)" Rt 1.06 min (>95 % pure).
HRMS (ES) calcd for C12H13F3N303, (M + H)" 304.0904, found 304.0916.

1-(4-(4-Aminophenyl)piperazin-1-yl)-2,2,2-trifluoroethanone (52)
O
(\NJ\CF3

()
AT

2

To a flask containing 2,2,2-trifluoro-1-(4-(4-nitrophenyl)piperazin-1-yl)ethanone
(4.00 g, 13.2 mmol) and Pd/C (10 % w/w, 0.420 g, 3.95 mmol) was added EtOH (80
mL) and the mixture stirred under an atmosphere of hydrogen for 2 h. The reaction
mixture was passed through Celite, then evaporated in vacuo to give the required
product (3.69 g, 97 % yield) as a pale orange gum. The sample was used directly in

the next reaction without further purification

H NMR (400 MHz, CDCl3)  6.81 (d, J = 8.8 Hz, 1H), 6.66 (d, J = 8.8 Hz, 2H), 3.82
(t, J= 5.1 Hz, 2H), 3.74 (t, J= 4.9 Hz, 2H), 3.51 (br. 5., 2H), 3.06 (t, J = 4.9 Hz, 4H).
1YF NMR (376 MHz, CDCl3) § -68.7. LCMS (Method A) (ES +ve) m/z 274.3 (M +
H)" Rt 0.43 min (>95 % pure).

2-((5-Chloro-2-((4-(4-(2,2,2-trifluoroacetyl)piperazin-1-
yD)phenyl)amino)pyrimidin-4-yl)amino)-N-methylbenzamide (53)
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o
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O HN N/)\N’ i
H
>N
H

To a stirred slurry of 2-((2,5-dichloropyrimidin-4-yl)amino)-N-methylbenzamide
(3.80 g, 12.8 mmol) and 1-(4-(4-aminophenyl)piperazin-1-yl)-2,2,2-trifluoroethanone
(3.69 g, 12.8 mmol) in i-PrOH (100 mL) was added TFA (0.2 mL, 2.60 mmol) then
the mixture stirred at 100 °C for 24 h. The solution was concentrated in vacuo, then
diluted with EtOAc (200 mL), water (200 mL) and NaHCO3 (sat. ag., 50 mL), then
the phases were separated. The aqueous layer was back-extracted with EtOAc (2 x 100
mL), then the organic layers were combined, dried over MgSQs, filtered and

evaporated in vacuo. The resulting solid was triturated with boiling TBME (2 x 50

mL), then dried to give the required product (5.72 g, 84 % yield) as an off-white solid.

IH NMR (400 MHz, DMSO-ds) & 11.65 (s, 1H), 9.30 (s, 1H), 8.67 - 8.81 (m, 2H),
8.17 (s, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.41 - 7.62 (m, 3H), 7.14 (t, J = 7.6 Hz, 1H),
6.93 (d, J = 9.0 Hz, 2H), 3.65 - 3.79 (m, 6H), 3.18 (t, J = 5.1 Hz, 4H), 2.81 (d, J = 4.4
Hz, 3H). F NMR (376 MHz, DMSO-ds) & -68.0. LCMS (Method A) (ES +ve) m/z
534.4 (M + H)* Rt 1.07 min (>95 % pure). HRMS (ES) calcd for C24H24CIF3N70O,
(M + H)* 534.1627, found 534.1636.
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2-((5-Chloro-2-((4-(piperazin-1-yl)phenyl)amino)pyrimidin-4-yl)amino)-/V-
methylbenzamide (54)

" NH
Cer N
L
O HN N/)\N
H
>N
H

To a stirred solution of 2-((5-chloro-2-((4-(4-(2,2,2-trifluoroacetyl)piperazin-1-
yl)phenyl)amino)pyrimidin-4-yl)amino)-N-methylbenzamide (5.60 g, 10.5 mmol) in
MeOH (100 mL) was added potassium carbonate (2.17 g, 15.7 mmol) and the mixture
stirred at 50 °C for 1 h. The mixture was poured into EtOAc (200 mL) and water (200
mL), then the pH adjusted to 2 with HCI1 (25 % aq.). The organic layer was decanted,
then the aqueous layer basified to pH 12 with NaOH (50 % aq.). The resulting
precipitate was separated by filtration, washed with water, azeotropically dried with
toluene (3 x 100 mL) then further under vacuum to give the required product (3.72 g,
81 % yield) as an off-white solid.

'TH NMR (400 MHz, Methanol-ds) & 8.69 (d, J = 8.3 Hz, 1H), 8.01 (s, 1H), 7.64 (d, J
=17.8 Hz, 1H), 7.34 - 7.50 (m, 3H), 7.10 (t, J = 7.6 Hz, 1H), 6.96 (d, J = 8.9 Hz, 2H),
3.15 - 3.21 (m, 4H), 3.08 - 3.14 (m, 4H), 2.92 (s, 3H). LCMS (Method A) (ES +ve)
m/z 438.2/440.2 (M + H)" Rt 0.99 min (indicates 80 % purity, NMR indicates >95 %)

Consistent with literature data.>>’
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14-(4-(4-((5-Chloro-4-((2-(methylcarbamoyl)phenyl)amino)pyrimidin-2-
yl)amino)phenyl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecan-1-oic acid (55)

(\ N /\/O\/\O/\/O\/\O/\I(OH

SS0l
O HN N/)\N
H
~N

N
A solution of  2-((5-chloro-2-((4-(piperazin-1-yl)phenyl)amino)pyrimidin-4-
yl)amino)-N-methylbenzamide (150 mg, 0.343 mmol), methyl 14-chloro-3,6,9,12-
tetraoxatetradecanoate (117 mg, 0.411 mmol), sodium iodide (52 mg, 0.347 mmol)
and DIPEA (0.179 mL, 1.03 mmol) in DMF (2.5 mL) was heated at 100 °C for 24 h.
The mixture was diluted with n-BuOH (15 mL) and water (30 mL), then the phases

were separated. The aqueous solution was back-extracted with n-BuOH (15 mL), then

the organic layers were combined and evaporated in vacuo.

The residue was dissolved in MeOH (5 mL), then a solution of LiOH (82 mg, 3.43
mmol) in water (1 mL) was added and the mixture stirred at rt for 2 h. The reaction
mixture was evaporated in vacuo, then dissolved in minimal DMSO and purified by
reverse phase (C18) chromatography using a 0-50 % acetonitrile-water (+0.1 %
ammonium bicarbonate modifier) gradient over 12 CV. The appropriate fractions were
combined and evaporated in vacuo to give the required product (153 mg, 67 % yield)

as a gold solid.

'TH NMR (400 MHz, DMSO-ds) 6 11.60 (s, 1H), 9.21 (s, 1H), 8.67 - 8.81 (m, 2H),
8.16 (s, 1H), 7.75 (d, J= 7.8 Hz, 1H), 7.41 - 7.56 (m, 3H), 7.08 - 7.16 (m, 1H), 6.91
(d,J=9.3 Hz, 2H), 4.01 (s, 2H), 3.62 - 3.73 (m, 3H), 3.49 - 3.62 (m, 13H), 3.15 - 3.24
(m, 4H), 2.90 - 2.97 (m, 4H), 2.81 (d, J = 4.4 Hz, 3H). 3C NMR (101 MHz, DMSO-
ds) 6 171.58, 168.89, 162.95, 157.95, 154.90, 154.55, 150.03, 139.41, 132.72, 131.44,
127.90, 121.74, 121.22, 120.47, 116.03, 108.52, 69.80, 69.73, 69.62, 69.61, 67.59,
55.97,52.14,48.56,47.49, 26.27. Note that '*C NMR data are reported to two decimal
places to differentiate the signals. Two signals are not resolved potentially due to

overlapping frequencies of PEG chain carbons. LCMS (Method A) (ES +ve) m/z 672.6
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(M + H)" Rt 0.59 min (>95 % pure). HRMS (ES) calcd for C32H3CIN7O7, (M + H)*
672.2907, found 672.2953.

2-((5-Chloro-2-((4-(4-(2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)ethyl)piperazin-1-
y)phenyl)amino)pyrimidin-4-yl)amino)-/N-methylbenzamide (56)

|/\N/\/O\/\o/\/o\/\m
Y Oy
0 HN" NN
H
~

N
H

A solution of  2-((5-Chloro-2-((4-(piperazin-1-yl)phenyl)amino)pyrimidin-4-
yl)amino)-N-methylbenzamide (258 mg, 0.589 mmol) and 1-chloro-2-(2-(2-(2-
chloroethoxy)ethoxy)ethoxy)ethane (0.346 mL, 1.767 mmol) in DMF (3 mL) was
heated in the microwave at 150 °C for 3 h. The mixture was diluted with EtOAc (20
mL) and NaHCO3 (sat. aq., 20 mL), then the phases were separated. The aqueous layer
was back-extracted with EtOAc (2 x 20 mL), then the organic layers were combined,
washed with brine (50 mL), dried using a hydrophobic frit and evaporated in vacuo.
The sample was loaded in CH>Cl> and purified on silica using a 0-15% MeOH-CHCl,
gradient over 14 CV. The appropriate fractions were combined and evaporated in

vacuo to give the required product (130 mg, 35 % yield) as a brown solid.

'TH NMR (400 MHz, CDCl3) & 11.06 (s, 1H), 8.66 (d, J = 8.6 Hz, 1H), 8.05 (s, 1H),
7.46 (d, J= 7.8 Hz, 1H), 7.35 - 7.43 (m, 3H), 7.00 - 7.07 (m, 1H), 6.98 (s, 1H), 6.90
(d, J=8.8 Hz, 2H), 6.29 (d, J = 4.6 Hz, 1H), 3.76 (t, J = 5.9 Hz, 2H), 3.60 - 3.73 (m,
12H), 3.14 - 3.22 (m, 4H), 3.01 (d, J = 4.9 Hz, 3H), 2.63 - 2.75 (m, 6H). 1*C NMR
(101 MHz, CDCl3) 6 169.6, 158.2, 155.7, 154.5, 147.6, 139.7, 131.9, 131.7, 126.6,
122.3,122.2,122.0, 121.4, 116.7, 106.2, 71.4, 70.7, 70.6, 70.4, 69.0, 57.8, 53.6, 49.8,
42.7, 26.9. One signal is not resolved potentially due to overlapping frequencies of
PEG chain carbons. LCMS (Method A) (ES +ve) m/z 632.6/634.5 (M + H)" Rt 0.69
min (>95 % pure). HRMS (ES) calcd for C3oH40CI2N7O4, (M + H)* 632.2513, found
632.2549.
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14-(4-(4-((5-Chloro-4-((2-(methylcarbamoyl)phenyl)amino)pyrimidin-2-
yl)amino)phenyl)piperazin-1-yl)-V-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-
4-y1)-3,6,9,12-tetraoxatetradecan-1-amide, formic acid salt (57)

N (0]
NH
N/\/O\/\O/\/O\/\O/YNH ©
Sy N o
)OS

~ Oy_OH

To a stirred solution of 14-(4-(4-((5-chloro-4-((2-
(methylcarbamoyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)-

3,6,9,12-tetraoxatetradecanoic acid (109 mg, 0.162 mmol), 3-(4-amino-1-
oxoisoindolin-2-yl)piperidine-2,6-dione (46.2 mg, 0.178 mmol) and DIPEA (85 pL,
0.49 mmol) in DMF (1.5 mL) was added HATU (74.0 mg, 0.195 mmol) and the
mixture stirred at rt for 1 h. The reaction mixture was directly purified by MDAP
(formic acid modifier gradient), then the appropriate fractions concentrated under a

stream of nitrogen to give the required product (57 mg, 37 % yield) as a yellow solid.

'TH NMR (400 MHz, DMSO-ds) 6 11.61 (s, 1H), 11.02 (s, 1H), 9.67 (s, 1H), 9.20 (s,
1H), 8.65 - 8.83 (m, 2H), 7.72 - 7.78 (m, 2H), 7.42 - 7.60 (m, 5H), 7.12 (t, J= 7.5 Hz,
1H), 6.88 (d, /=9.3 Hz, 2H), 5.15 (dd, J=5.1, 13.4 Hz, 1H), 4.30 - 4.46 (m, 1H), 4.14
(s,2H), 3.43 - 3.74 (m, 15H), 3.04 - 3.14 (m, 4H), 2.85 - 2.98 (m, 1H), 2.81 (d, J=4.6
Hz, 3H), 2.55 - 2.71 (m, 7H), 236 (m, 1H), 1.96 - 2.05 (m, 1H).
13C NMR (101 MHz, DMSO-ds) & 172.84, 171.00, 168.94, 168.43, 167.76, 163.19,
158.02, 154.92, 154.61, 146.37, 139.46, 134.82, 132.89, 132.73, 132.28, 131.48,
128.64, 127.93, 126.32, 121.76, 121.30, 120.46, 119.75, 115.77, 104.33, 70.42, 69.96,
69.85, 69.75, 69.71, 69.65, 69.63, 67.80, 56.90, 52.91, 51.53, 48.61, 46.42, 31.21,
26.32, 22.59. Note that '3C NMR data are reported to two decimal places to
differentiate the signals. LCMS (Method A) (ES +ve) m/z 913.3 (M + H)" Rt 0.60 min
(>95 % pure). HRMS (ES) calcd for CasHs4CIN10Og, (M + H)* 913.3758, found
913.3761. IR vmax (neat) 2865, 1689, 1600, 1559, 1512, 1448, 1414 cm™'. MP >250

°C (decomposition).
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(25,4R)-1-((S)-2-(tert-Butyl)-17-(4-(4-((S-chloro-4-((2-
(methylcarbamoyl)phenyl)amino)
pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)-4-0xo0-6,9,12,15-tetraoxa-3-
azaheptadecan-1-oyl)-4-hydroxy-/N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-
2-carboxamide (58)

N/\/O\/\O/\/O\/\O/Ynj\k

O oot

O HN N/)\N OQXD

~N H HN
H

%4

&
To a stirred solution of 14-(4-(4-((5-chloro-4-((2-

(methylcarbamoyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)-
3,6,9,12-tetraoxatetradecan-1-oic acid (58 mg, 0.086 mmol), (25,4R)-1-((S)-2-amino-
3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide hydrochloride (48 mg, 0.10 mmol), and DIPEA (75 pL, 0.43 mmol) in
DMF (0.7 mL) was added HATU (46 mg, 0.12 mmol) and the mixture stirred at rt for
1 h. The reaction mixture was directly purified by MDAP (ammonium bicarbonate
modifier gradient), then the appropriate fractions were evaporated in vacuo to give the

required product (57 mg, 61 % yield) as a yellow solid.

'TH NMR (400 MHz, Methanol-d4) 6 10.04 (s, 1H), 8.12 (br. s., 1H), 7.77 (d, J = 7.8
Hz, 1H), 7.48 - 7.60 (m, 5H), 7.42 (d, J = 8.8 Hz, 2H), 7.27 - 7.33 (m, 1H), 7.22 (d, J
= 8.8 Hz, 2H), 4.67 (s, 1H), 4.35 - 4.64 (m, 5H), 3.77 - 4.05 (m, 12H), 3.65 - 3.75 (m,
14H), 3.49 - 3.54 (m, 2H), 2.93 (s, 3H), 2.61 (s, 3H), 2.23 - 2.33 (m, 1H), 2.01 - 2.13
(m, 1H), 1.04 (s, 9H). 3C NMR (101 MHz, DMSO-ds) 6 174.56, 172.19, 171.86,
170.89, 158.61, 156.92, 142.85, 142.15, 141.43, 138.34, 137.84, 133.17, 130.75,
130.59, 129.61, 129.26, 127.90, 127.26, 126.67, 124.43, 124.34, 119.19, 119.03,
115.01, 108.14, 72.40, 72.35, 71.80, 71.65, 71.60, 71.53, 71.49, 71.20, 65.69, 61.03,
58.44, 58.30, 57.44, 53.23, 43.74, 39.29, 37.09, 27.14, 27.04, 13.13. Note that '*C
NMR data are reported to two decimal places to differentiate the signals. One signal is
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not observed, potentially due to overlapping signals of PEG chain carbons. LCMS
(Method B) (ES +ve) m/z 1084.5 (M + H)" Rt 1.14 min (>95 % pure). HRMS (ES)
calcd for CssH7iCIN1;O0S, (M + H)" 1084.4845, found 1084.4813. IR vmax (neat)
3269, 2919, 1632, 1601, 1513, 1448, 1415 cm™'. MP >250 °C (decomposition).

(2R ,4S5)-1-((R)-2-(tert-Butyl)-17-(4-(4-((S-chloro-4-((2-
(methylcarbamoyl)phenyl)amino)
pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)-4-0xo0-6,9,12,15-tetraoxa-3-
azaheptadecan-1-oyl)-4-hydroxy-/N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-
2-carboxamide (59)

<
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To a stirred solution of 14-(4-(4-((5-chloro-4-((2-
(methylcarbamoyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)-
3,6,9,12-tetraoxatetradecan-1-oic acid (20.3 mg, 0.030 mmol), (2R,4S)-1-((R)-2-
amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-
yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (17 mg, 0.036 mmol) and DIPEA
(40 pl, 0.229 mmol) in DMF (0.7 mL) was added HATU (16 mg, 0.042 mmol) and
the mixture stirred at rt for 2 h. The solution was purified directly by MDAP (formic
acid modifier gradient), then the appropriate fractions were combined and dried under

a stream of nitrogen to give the required product (29 mg, 89 % yield) as a yellow solid.

IH NMR (400 MHz, Methanol-ds) & 10.02 (s, 1H), 8.10 (s, 1H), 7.77 (d, J = 7.8 Hz,
1H), 7.50 - 7.60 (m, 5H), 7.40 (d, J = 8.8 Hz, 2H), 7.26 - 7.35 (m, 1H), 7.19 (d, J = 8.8
Hz, 2H), 4.67 (s, 1H), 4.36 - 4.63 (m, 5H), 3.76 - 4.08 (M, 12H), 3.63 - 3.76 (M, 14H),
3.47 - 3.53 (m, 2H), 2.93 (s, 3H), 2.60 (s, 3H), 2.22 - 2.31 (m, 1H), 2.01 - 2.13 (m,
1H), 1.04 (s, 9H). 3C NMR (101 MHz, Methanol-ds) & 174.58, 172.21, 171.90,
170.97, 158.69, 156.89, 142.85, 142.21, 141.42, 138.36, 137.85, 133.15, 130.77,
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130.64, 129.62, 129.24, 127.94, 127.39, 126.66, 124.56, 124.39, 119.09, 119.04,
114.96, 108.17, 72.37, 71.81, 71.67, 71.64, 71.56, 71.49, 71.22, 71.20, 65.58, 61.05,
58.44, 58.32, 57.45, 53.31, 43.76, 39.29, 37.13, 27.13, 27.03, 13.10. Note that *C
NMR data are reported to two decimal places to differentiate the signals. One signal is
not observed, potentially due to overlapping signals of PEG chain carbons. LCMS
(Method A) (ES +ve) m/z 543.2 ([M + 2H]/2)" Rt 0.76 min (>95 % pure). Note:
ionisation pattern is weak. HRMS (ES) calcd for CssH71CIN110gS, (M + H)*
1084.4845, found 1084.4853. IR vmax (neat) 3265, 3053, 2922, 1631, 1601, 1513,
1447, 1415 cm™. MP >250 °C (decomposition).

($)-7-(2-(2-(2-(2-(4-(4-((5-Chloro-4-((2-
(methylcarbamoyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-
yDethoxy)ethoxy)ethoxy)ethoxy)-2-((5)-3,3-dimethyl-2-((S)-2-
(methylamino)propanamido)butanoyl)-NV-((R)-1,2,3,4-tetrahydronaphthalen-1-

be

yD)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (60)

A solution of 2-((5-chloro-2-((4-(4-(2-(2-(2-(2-
chloroethoxy)ethoxy)ethoxy)ethyl)piperazin-1-yl)phenyl)amino)pyrimidin-4-
yl)amino)-N-methylbenzamide (66.0 mg, 0.104 mmol), tert-butyl ((S)-1-(((S)-1-((S)-
7-hydroxy-3-(((R)-1,2,3,4-tetrahydronaphthalen-1-yl)carbamoyl)-3,4-
dihydroisoquinolin-2(1H)-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-1-oxopropan-2-
yl)(methyl)carbamate (78.0 mg, 0.125 mmol), sodium iodide (15.6 mg, 0.104 mmol)
and cesium carbonate (51.0 mg, 0.157 mmol) in DMF (1.5 mL) was stirred at 100 °C
for 24 h. The reaction mixture was partitioned between CH,Cl> (10 mL) and water (10
mL), then the phases were separated. The aqueous layer was back-extracted with
CH2Cl; (2 x 5 mL), then the organic layers were combined and evaporated in vacuo.
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The residue was dissolved in minimal DMSO and purified by reverse phase (C18)
chromatography using a 45-95 % acetonitrile-water (+0.1 % ammonium bicarbonate
modifier) gradient over 14 CV. The appropriate fractions were combined and
evaporated in vacuo, then the residue directly dissolved in CH.Cl, (1.5 mL). TFA (150
pL, 1.95 mmol) was added, then the mixture left to stand for 8 h. The reaction mixture
was evaporated in vacuo, then the sample was loaded in minimal MeOH and purified
by SPE on an aminopropyl functionalised silica cartridge (Biotage Isolute NHy) eluting
with MeOH (20 mL). The eluent was dried under a stream of nitrogen to give the

required product (64 mg, 55 % vyield) as a beige solid.

'H NMR (400 MHz, DMSO-dg, T =120 °C) & 11.26 (br. s., 1H), 8.59 - 8.80 (m, 2H),
8.31 (br.s., 1H), 8.09 (s, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.37 - 7.46 (m, 3H), 6.99 - 7.14
(m, 6H), 6.77 - 6.90 (M, 4H), 4.83 - 4.96 (m, 2H), 4.11 (t, J = 5.0 Hz, 2H), 3.78 (t, J =
5.1 Hz, 2H), 3.54 - 3.67 (m, 11H), 3.08 - 3.12 (m, 4H), 2.83 - 3.04 (m, 11H), 2.65 -
2.79 (m, 2H), 2.55 - 2.64 (m, 6H), 2.20 (s, 3H), 1.78 - 1.89 (m, 2H), 1.58 - 1.74 (m,
2H), 1.13 (d, J = 6.8 Hz, 3H), 1.03 (br. s., 9H). 1*C NMR (101 MHz, DMSO-ds, T =
120 °C) 4 170.30, 168.38, 157.88, 156.76, 154.68, 153.87, 153.84, 146.40, 136.34,
131.58, 130.42, 127.67, 127.43, 127.09, 125.79, 124.94, 123.69, 123.54, 121.34,
120.99, 120.88, 115.13, 115.00, 113.22, 111.80, 105.18, 70.14, 69.56, 69.41, 69.39,
69.24, 68.58, 68.04, 67.24, 58.75, 58.67, 56.73, 53.85, 53.57, 52.92, 52.62, 52.51,
48.62, 46.36, 33.28, 29.99, 29.08, 28.10, 25.80, 25.73, 25.47, 19.41, 17.85. Note that
13C NMR data are reported to two decimal places to differentiate the signals. Three
signals are not observed potentially due to overlapping signals of PEG chain carbons.
LCMS (Method B) (ES +ve) m/z 1116.4 (M + H)* Rt 1.35 min (>95 % pure). HRMS
(ES) calcd for CeoH79CIN110g, (M + H)*" 1116.5801, found 1116.5811. IR vmax (neat)
3306, 2926, 1642, 1601, 1561, 1506, 1447, 1414 cm'1. MP >250 °C (decomposition).
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7.2.4 BTK Compounds
3-lodo-1H-pyrazolo[3,4-d]pyrimidin-4-amine (61)

NH,
|

N=

W, H}N
A suspension of 1H-pyrazolo[3,4-d]pyrimidin-4-amine (2.50 g, 18.5 mmol) and NIS
(4.99 g, 22.2 mmol) in DMF (20 mL) was heated at 100 'C for 24 h. The reaction
mixture was poured into water (400 mL) and the solution filtered. The precipitate was
collected, washed with EtOH (2 x 50 mL) and dried to give the required product (2.88
0, 60 % yield) as a beige solid.

IH NMR (400 MHz, DMSO-dg) & 13.79 (br. s., 1H), 8.17 (s, 1H), 3.30 (br. s., 2H).
LCMS (Method B) (ES +ve) m/z 262.0 (M + H)* Rt 0.44 min (>95 % pure).

Consistent with literature data.*®*

3-(4-Phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (62)

To a degassed solution of 3-iodo-1H-pyrazolo[3,4-d]pyrimidin-4-amine (2.88 g, 11.0
mmol) (4-phenoxyphenyl)boronic acid (2.83 g, 13.2 mmol) and potassium phosphate
(7.03 g, 33.1 mmol) in 1,4-dioxane (100 mL) was added XPhos (0.105 g, 0.221 mmol)
and XPhos Pd G2 (0.174 g, 0.221 mmol) then the mixture stirred at 100 °C for 24 h.
The reaction mixture was poured into water (500 mL), and the resulting precipitate
separated by filtration. The precipitate was washed with water (2 x 50 mL) and EtOH
(2 x 50 mL). The solid was triturated with ice-cold EtOAc (50 mL) and dried to give
the required product (2.15 g, 64 % yield) as a brown solid.

IH NMR (400 MHz, DMSO-ds) & 8.21 (s, 1H), 7.66 (d, J = 8.8 Hz, 2H), 7.43 (t, J =
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8.0 Hz, 2H), 7.10 - 7.21 (m, 5H). LCMS (Method B) (ES +ve) m/z 304.1 (M + H)*
Rt 0.91 min (>95 % pure).

Consistent with literature data.*

(R)-tert-Butyl 3-(4-amino-3-iodo-1H-pyrazolo[3,4-d]pyrimidin-1-yl)piperidine-1-
carboxylate (63)

NH,
I

N="
A
N>
G
L

To a stirred solution of 3-iodo-1H-pyrazolo[3,4-d]pyrimidin-4-amine (2.04 g, 7.82
mmol) and triphenylphosphine (3.07 g, 11.7 mmol) in THF (200 mL) was added DIAD
(2.28 mL, 11.7 mmol) and (S)-tert-butyl 3-hydroxypiperidine-1-carboxylate (2.36 g,
11.7 mmol), then the mixture stirred at rt for 20 h. The mixture was evaporated in
vacuo, then loaded in CH2Cl and purified on silica using a 0-80 % EtOAc-CH2Cl>
gradient over 14 CV. The appropriate fractions were combined and evaporated in

vacuo to give the required product (2.26 g, 59 % yield, 90 % purity) as a white solid.

'H NMR (400 MHz, DMSO-dg, T = 120 °C) 6 8.23 (s, 1H), 6.81 (br. s., 2H), 4.55 -
4.72 (m, 1H), 4.04 (d, J = 12.8 Hz, 1H), 3.76 - 3.89 (m, 1H), 3.30 - 3.46 (m, 1H), 2.94
-3.09 (m, 1H), 2.03 - 2.28 (m, 2H), 1.85 - 2.00 (m, 1H), 1.50 - 1.67 (m, 1H), 1.41 (s,
9H). LCMS (Method A) (ES +ve) m/z 445.2 (M + H)" Rt 1.01 min (90 % pure).

Consistent with literature data.*®
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(R)-3-(4-phenoxyphenyl)-1-(piperidin-3-yl)-11-pyrazolo[3,4-d]pyrimidin-4-
amine (64)

Method 1: Employing 62 as starting material

To a stirred suspension of (S)-tert-butyl 3-hydroxypiperidine-1-carboxylate (1.99 g,
9.89 mmol) and triphenylphosphine (polymer bound, 4 g, 12 mmol) was added DIAD
(1.92 mL, 9.87 mmol) dropwise, then the mixture stirred at rt for 5 min. 3-(4-
Phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (1.50 g, 4.95 mmol) was then
added and the mixture heated at 70 °C for 3 h. The mixture was passed through Celite,
then the remaining resin washed with CH2Cl2 (100 mL) and MeOH (100 mL). The
filtrate was evaporated in vacuo, then directly loaded in CH2Cl> and purified by
chromatography on silica using a 30-60 % EtOAc-cyclohexane gradient over 14 CV.
The appropriate fractions were combined and evaporated in vacuo, then the residue
treated with HCI (4 M in dioxane, 12.4 mL, 49.5 mmol) and the mixture stirred at rt
for 1 h. The reaction mixture was evaporated in vacuo, then purified by SPE using a
sulfonic acid (SCX) cartridge eluting with MeOH (200 mL), followed by ammonia (2
M in MeOH, 200 mL). The ammonia-containing fractions were evaporated in vacuo,
then minimal EtOAc was added to the residue. The resulting white precipitate was
removed by filtration, then the filtrate evaporated in vacuo to give the required product
(562 mg, 27 % vyield, 90 % purity) as a yellow solid.

LCMS (Method B) (ES +ve) m/z 387.4 (M + H)* Rt 1.07 min (90 % pure).
Method 2: Employing 63 as starting material

To a stirred solution of (R)-tert-butyl 3-(4-amino-3-iodo-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidine-1-carboxylate (471 mg, 0.954 mmol), (4-
phenoxyphenyl)boronic acid (245 mg, 1.15 mmol) and XPhos (9.0 mg, 0.019 mmol)
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in 1,4-dioxane (10 mL) was added a solution of potassium phosphate (405 mg, 1.908
mmol) in water (1 mL), then the mixture degassed (3 cycles vacuum/nitrogen). XPhos
Pd G2 (15 mg, 0.019 mmol) was added, the mixture degassed again, then the mixture
stirred at 100 °C for 2 h. The mixture was passed through Celite and diluted with
EtOAc (50 mL) and water (50 mL), then the phases were separated. The aqueous layer
was back-extracted with EtOAc (50 mL), then the organic layers were combined, dried
using a hydrophobic frit and evaporated in vacuo. The residue was dissolved in MeOH
(5 mL), then treated with HCI (4 M in dioxane, 5 mL, 20 mmol) and the mixture stirred
at rt for 2 h. The mixture was evaporated in vacuo, then purified by SPE using a
sulfonic acid (SCX) cartridge using a MeOH (200 mL), followed by ammonia (2 M in
MeOH, 100 mL). The ammonia-containing fractions were combined and evaporated

in vacuo to give the required product (338 mg, 92 % yield) as a off-white solid.

1H NMR (400 MHz, DMSO-ds) 4 8.23 (s, 1H), 7.65 (d, J = 8.6 Hz, 2H), 7.43 (dd, J
=7.6, 8.6 Hz, 2H), 7.08 - 7.22 (m, 5H), 4.61 - 4.74 (m, 1H), 3.08 (dd, J = 3.0, 11.8 Hz,
1H), 2.84 - 3.01 (m, 2H), 2.42 - 2.48 (m, 1H), 1.93 - 2.20 (m, 2H), 1.76 (d, J = 12.8
Hz, 1H), 1.47 - 1.64 (m, 1H). Exchangeable amine protons not observed. LCMS
(Method A) (ES +ve) m/z 387.2 (M + H)" Rt 0.63 min (>95 % pure).

Consistent with literature data.*%

(R)-1-(3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-
yl)piperidin-1-yl)prop-2-en-1-one (65)

-

NH,

=~
L
N N
O
O

To a stirred solution of (R)-3-(4-phenoxyphenyl)-1-(piperidin-3-yl)-1H-pyrazolo[3,4-
d]pyrimidin-4-amine (12 mg, 0.031 mmol) and triethylamine (0.013 mL, 0.093 mmol)
in DMF (0.5 mL) was added acryloyl chloride (3.0 pl, 0.037 mmol) dropwise, then the

mixture stirred at rt for 15 min. The mixture was concentrated under a stream of
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nitrogen, then the residue dissolved in minimal DMSO and purified by MDAP (formic
acid modifier gradient). The appropriate fractions were combined and dried under a

stream of nitrogen to give the required product (5.2 mg, 38 % yield) as a white solid.

IH NMR (400 MHz, DMSO-ds) & 8.26 (s, 1H), 7.66 (d, J = 8.1 Hz, 2H), 7.40 - 7.47
(m, 2H), 7.10 - 7.21 (m, 5H), 6.81 - 6.91 (m, 0.5H), 6.65 - 6.77 (m, 0.5H), 6.00 - 6.19
(m, 0.5H), 5.70 (d, J = 10.3 Hz, 0.5H), 5.59 (d, J = 9.8 Hz, 0.5H), 4.62 - 4.78 (m, 1H),
4.55 (d, J = 10.8 Hz, 1H), 4.21 (br. s., 1H), 4.07 (d, J = 11.6 Hz, 0.5H), 3.71 (t, J =
11.2 Hz, 0.5H), 3.15 - 3.25 (m, 1H), 3.02 (t, J = 11.0 Hz, 0.5H), 2.20 - 2.31 (m, 1H),
2.14 (m, 1H), 1.88 - 1.99 (m, 1H), 1.51 - 1.67 (m, 1H). LCMS (Method A) (ES +ve)
m/z 441.2 (M + H)* Rt 1.01 min (>95 % pure).

Consistent with literature data.*®*

tert-Butyl ((S)-1-(((S)-2-((2S,4S)-4-(14-chloro-3,6,9,12-
tetraoxatetradecanamido)-2-(((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-oxoethyl)amino)-1-oxopropan-2-
yl)(methyl)carbamate (66)

\\H o o = (e}
% é HKN)LOk
NH

C|/\/O\/\O/\/O\/\O/Y
o

To a stirred solution of 14-chloro-3,6,9,12-tetraoxatetradecan-1-oic acid (111 mg,
0.411 mmol) and HATU (169 mg, 0.445 mmol) in DMF (3 mL) was added DIPEA
(0.180 mL, 1.028 mmol) and the mixture stirred at rt for 10 min. tert-Butyl ((S)-1-
(((S)-2-((2S,4S)-4-amino-2-(((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-oxoethyl)amino)-1-oxopropan-2-
yl)(methyl)carbamate (200 mg, 0.343 mmol) was added and the mixture stirred at rt
for 1 h. The reaction mixture was concentrated under a stream of nitrogen, then the
mixture directly purified by MDAP (ammonium bicarbonate modifier gradient). The
appropriate fractions were collected and acetonitrile removed in vacuo, then the
aqueous solution extracted with CH2Cl2 (50 mL). The organic layer was evaporated in

vacuo to give the required product (224 mg, 78 % yield) as a colourless gum.
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'H NMR (400 MHz, DMSO-dg) 6 8.44 (d, J = 8.8 Hz, 1H), 8.34 (d, J = 8.3 Hz, 1H),
7.32(d, J=7.6 Hz, 1H), 7.05 - 7.20 (m, 4H), 4.91 - 5.00 (m, 1H), 4.40 - 4.50 (m, 1H),
4.28 - 4.39 (m, 2H), 4.08 (g, J = 5.4 Hz, 1H), 3.96 - 4.04 (m, 1H), 3.90 (s, 2H), 3.64 -
3.72 (m, 4H), 3.44 - 3.62 (m, 13H), 3.18 (d, J = 5.4 Hz, 2H), 2.73 - 2.78 (m, 4H), 2.34
- 2.44 (m, 1H), 1.56 - 1.93 (m, 12H), 1.40 (s, 7H), 1.10 - 1.27 (m, 6H), 0.88 - 1.07 (m,
2H). 13C NMR (101 MHz, DMSO-ds) & 171.11, 171.06, 169.81, 168.99, 137.28,
136.88, 128.47, 128.31, 126.60, 125.57, 78.93, 70.51, 70.40, 69.95, 69.77, 69.72,
69.62, 69.58, 58.52, 54.83, 52.88, 48.55, 47.38, 46.71, 43.48, 34.23, 29.98, 29.73,
28.71, 28.63, 27.98, 25.83, 25.75, 25.54, 20.24. Note that 1*C NMR data are reported
to two decimal places to differentiate the signals. Carbamate C=0 not observed, but
indicated by HMBC. Two further signals are not resolved potentially due to
overlapping frequencies of PEG chain carbons. LCMS (Method B) (ES -ve) m/z 834.5
(M - H)* Rt 1.36 min (>95 % pure). HRMS (ES) calcd for C42Hs7CIN5O10, (M + H)*
836.4571, found 836.4571.

(E)-4-(4-(14-(((3S,5S)-1-((S)-2-((S)-2-((tert-
Butoxycarbonyl)(methyl)amino)propanamido)-2-cyclohexylacetyl)-5-(((R)-
1,2,3,4-tetrahydronaphthalen-1-yl)carbamoyl)pyrrolidin-3-yl)amino)-14-oxo-
3,6,9,12-tetraoxatetradecyl)piperazin-1-yl)but-2-enoic acid (67)

%‘ aﬂigﬂjom%k
/\[O(NH

Ie) N/\/O\/\o/\/o\/\o

HO)J\/\/ N

To a stirred solution of tert-butyl ((S)-1-(((S)-2-((2S,4S)-4-(14-chloro-3,6,9,12-
tetraoxatetradecanamido)-2-(((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-oxoethyl)amino)-1-oxopropan-2-
yl)(methyl)carbamate (526 mg, 0.629 mmol) in acetonitrile (5 mL) was added
piperazine (433 mg, 5.03 mmol), then the mixture heated in the microwave at 150 °C
for 1 h. The solution was poured into CH2Cl2 (100 mL) and water (100 mL), the pH
adjusted to ~8 with HCI (2 M ag.), then the phases were separated. The aqueous layer
was back-extracted with CH2Cl2 (2 x 50 mL), then the organic layers were combined,
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dried using a hydrophobic frit and evaporated in vacuo. The residue was directly
dissolved in DMF (5 mL), then DIPEA (0.329 mL, 1.89 mmol) was added, followed
by 4-bromocrotonic acid (125 mg, 0.755 mmol), then the mixture stirred at rt for 3 h.
The reaction mixture was concentrated under a stream of nitrogen, then directly
purified by reverse phase (C18) chromatography using a 15-55 % acetonitrile-water
(+0.1 % ammonium bicarbonate modifier) gradient over 14 CV. The appropriate
fractions were combined and evaporated in vacuo to give the required product (351
mg, 58 % yield) as a white solid.

'H NMR (400 MHz, DMSO-ds, T =120 °C) 6 7.99 (br. s., 2H), 7.32 (br. s., 1H), 7.00
-7.19 (m, 5H), 6.74 (dt, J = 6.1, 15.7 Hz, 1H), 5.90 (d, J = 15.7 Hz, 1H), 4.98 (q, J =
6.5 Hz, 1H), 4.37 - 4.60 (m, 5H), 3.90 (s, 2H), 3.44 - 3.59 (m, 14H), 3.09 (dd, J = 1.6,
6.0 Hz, 2H), 2.67 - 2.83 (m, 7H), 2.38 - 2.49 (m, 11H), 1.55 - 2.00 (m, 15H), 0.91 -
1.32 (m, 11H). Exchangeable acid proton not observed. 3C NMR (101 MHz, DMSO-
ds, T = 120 °C) & 170.41, 170.39, 169.45, 168.35, 165.90, 154.55, 149.36, 143.65,
136.41, 131.20, 127.75, 127.62, 125.92, 124.95, 122.99, 78.73, 70.02, 69.77, 69.42,
69.36, 69.32, 69.18, 69.12, 67.99, 58.25, 57.58, 56.66, 54.19, 53.34, 52.52, 52.44,
52.17, 47.30, 46.49, 29.42, 29.10, 28.44, 28.13, 27.30, 25.19, 25.14, 24.92, 19.45,
13.72. Note that 13C NMR data are reported to two decimal places to differentiate the
signals. LCMS (Method A) (ES +ve) m/z 970.8 (M + H)" Rt 0.90 min (>95 % pure).
HRMS (ES) calcd for CsoHsoN7O12, (M + H)* 970.5860, found 970.5824.
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tert-Butyl ((S)-1-(((S)-2-((2S,4S)-4-(14-(4-((E)-4-((R)-3-(4-amino-3-(4-
phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-
en-1-yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecanamido)-2-(((R)-1,2,3,4-
tetrahydronaphthalen-1-yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-
oxoethyl)amino)-1-oxopropan-2-yl)(methyl)carbamate (68)

G\[O(\/\U\/\O/\/O\/\O/\/O\)?\ N(Q{ OO

H

To a stirred solution of  (E)-4-(4-(14-(((3S,5S)-1-((S)-2-((S)-2-((tert-
butoxycarbonyl)(methyl)amino)propanamido)-2-cyclohexylacetyl)-5-(((R)-1,2,3,4-
tetrahydronaphthalen-1-yl)carbamoyl)pyrrolidin-3-yl)amino)-14-oxo0-3,6,9,12-
tetraoxatetradecyl)piperazin-1-yl)but-2-enoic acid (148 mg, 0.153 mmol), (R)-3-(4-
phenoxyphenyl)-1-(piperidin-3-yl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (65 mg,
0.17 mmol) and DIPEA (0.133 mL, 0.763 mmol) in DMF (1 mL) was added HATU
(70 mg, 0.18 mmol) and the mixture stirred at rt for 1 h. The reaction mixture was
directly purified by reverse phase (C18) chromatography eluting with a 45-95 %
acetonitrile-water (+0.1 % ammonium bicarbonate modifier) gradient, however the
product failed to elute. The column was washed with MeOH (1 CV), then appropriate
fractions were combined and evaporated in vacuo. The residue was partitioned
between CH2Cl, (20 mL) and water (20 mL), then the phases were separated using a
hydrophobic frit. The organic layer was concentrated under a stream of nitrogen to
give the required product (130 mg, 51 % vyield, 80 % purity) as an orange solid.

LCMS (Method B) (ES +ve) m/z 670.4 ([M + 2H]/2)" Rt 1.39 min (80 % pure).
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(2S,45)-4-(14-(4-((E)-4-((R)-3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-en-1-yl)piperazin-1-yl)-3,6,9,12-
tetraoxatetradecanamido)-1-((S)-2-cyclohexyl-2-((S)-2-
(methylamino)propanamido)acetyl)-N-((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)pyrrolidine-2-carboxamide (69)

(o]
G‘WN/\ o} 5 o
@) N\/\O/\/O\/\O/\/O\)J\N N

H NH
O)/\/\NH

To a stirred solution of tert-butyl ((S)-1-(((S)-2-((2S,4S)-4-(14-(4-((E)-4-((R)-3-(4-
amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-yl)piperidin-1-yl)-4-
oxobut-2-en-1-yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecanamido)-2-(((R)-1,2,3,4-
tetrahydronaphthalen-1-yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-
oxoethyl)amino)-1-oxopropan-2-yl)(methyl)carbamate (43 mg, 0.026 mmol, 80 %
pure) in CH2Cl> (0.5 mL) was added TFA (0.1 mL, 1.3 mmol) and the mixture stirred
at rt for 1 h. The mixture was concentrated under a stream of nitrogen, then dissolved
in minimal MeOH and purified by MDAP (ammonium bicarbonate modifier gradient),
then the appropriate fractions concentrated under a stream of nitrogen to give the
required product (24 mg, 75 % vyield) as a white solid.

'H NMR (400 MHz, DMSO-ds, T = 120 °C) 6 8.26 (s, 1H), 7.89 - 8.09 (m, 2H), 7.68
(d, J=8.8 Hz, 2H), 7.58 (br. s., 1H), 7.43 (t, J = 8.1 Hz, 2H), 7.26 - 7.38 (m, 1H), 7.02
-7.23 (m, 7H), 6.49 - 6.61 (m, 1H), 6.40 - 6.49 (m, 2H), 4.98 (g, J = 6.5 Hz, 1H), 4.75
(spt, J = 4.7 Hz, 1H), 4.39 - 4.54 (m, 3H), 4.33 (d, J = 11.7 Hz, 1H), 3.96 - 4.09 (m,
2H), 3.90 (s, 2H), 3.45 - 3.68 (m, 15H), 3.22 (ddd, J = 3.2, 10.6, 13.7 Hz, 1H), 2.96 -
3.07 (m, 3H), 2.66 - 2.81 (m, 4H), 2.13 - 2.49 (m, 16H), 1.83 - 2.05 (m, 4H), 1.55 -
1.82 (m, 9H), 0.93 - 1.32 (m, 8H). Exchangeable amine protons not observed. 13C
NMR (101 MHz, DMSO-ds, T = 120 °C) 5 171.46, 170.51, 170.47, 169.78, 168.36,
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164.93, 164.31, 157.66, 156.86, 155.92, 154.91, 153.79, 142.57, 139.99, 136.40,
129.36, 129.32, 127.75, 127.64, 125.92, 125.00, 123.10, 122.29, 118.39, 118.33,
97.35, 70.03, 69.78, 69.42, 69.36, 69.32, 69.18, 69.12, 67.99, 58.73, 58.00, 56.68,
53.69, 52.44, 52.29, 52.14, 50.90, 46.49, 33.39, 29.11, 28.57, 28.45, 28.13, 27.44,
27.36, 25.74, 25.24, 25.12, 24.91, 19.43, 18.02. Note that **C NMR data are reported
to two decimal places to differentiate the signals. Two signals not resolved, potentially
due to overlapping peaks or temperature-related broadening. LCMS (Method B) (ES
+ve) m/z 1239.4 (M + H)" Rt 1.23 min (>95 % pure). HRMS (ES) calcd for
Ce7H92N13010, (M + H)* 1238.7085, found 1238.7082. IR vmax (neat) 3300, 2926,
2854, 1626, 1587, 1565, 1520, 1484, 1437 cm™. MP >250 °C (decomposition).

(2S,4S)-4-(14-(4-(4-((R)-3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobutyl)piperazin-1-yl)-3,6,9,12-
tetraoxatetradecanamido)-1-((S)-2-cyclohexyl-2-((S)-2-
(methylamino)propanamido)acetyl)-N-((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)pyrrolidine-2-carboxamide (70)

\N
NN
X o
N (o]
¢} N\/\O/\/O\/\O/\/O\)J\N N
H NH
O)/'\\NH
/

A solution of tert-butyl ((S)-1-(((S)-2-((2S,4S)-4-(14-(4-((E)-4-((R)-3-(4-amino-3-(4-
phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-en-1-
yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecanamido)-2-(((R)-1,2,3,4-
tetrahydronaphthalen-1-yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-
oxoethyl)amino)-1-oxopropan-2-yl)(methyl)carbamate (50 mg, 0.030 mmol, 80 %
pure) and Pd/C (10 % w/w, 32 mg, 0.030 mmol) in EtOH (2 mL) was stirred under an
atmosphere of hydrogen for 3 h. The reaction mixture was passed through a pad of

Celite, then the pad washed with MeOH and the solution evaporated in vacuo. The
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residue was directly dissolved in CHxCl (5 mL) then TFA (1 mL) was added and the
mixture stirred at rt for 1 h. The mixture was evaporated in vacuo, then dissolved in
minimal MeOH and purified by MDAP (ammonium bicarbonate modifier gradient).
The appropriate fractions were combined and dried under a stream of nitrogen to give

the required product (15 mg, 41 % yield) as a white solid.

'H NMR (400 MHz, DMSO-ds, T = 120 °C) 6 8.26 (s, 1H), 7.89 - 8.09 (m, 2H), 7.68
(d, J=8.8 Hz, 2H), 7.51 - 7.64 (m, 1H), 7.43 (t, J = 8.1 Hz, 2H), 7.27 - 7.37 (m, 1H),
7.00 - 7.22 (m, 7H), 6.36 - 6.52 (m, 1H), 4.98 (q, J = 6.6 Hz, 1H), 4.73 (spt, J = 4.8
Hz, 1H), 4.39 - 4.55 (m, 3H), 4.23 - 4.37 (m, 1H), 4.04 (br. s., 2H), 3.90 (s, 2H), 3.45
- 3.66 (m, 15H), 2.96 - 3.12 (m, 5H), 2.66 - 2.84 (m, 3H), 2.13 - 2.47 (m, 18H), 1.83 -
2.00 (m, 4H), 1.56 - 1.82 (m, 11H), 0.96 - 1.26 (m, 8H). Exchangeable amine protons
not observed. 3C NMR (101 MHz, DMSO-ds, T =120 °C) § 171.12, 170.45, 170.37,
169.32, 168.35, 166.98, 166.59, 164.01, 157.65, 156.86, 155.91, 154.90, 153.77,
142.57, 136.40, 129.35, 129.32, 127.74, 127.64, 125.92, 124.98, 123.10, 118.39,
118.33, 97.35, 70.02, 69.77, 69.41, 69.35, 69.31, 69.17, 69.12, 67.99, 58.71, 58.21,
56.74, 56.60, 53.65, 52.57, 52.41, 52.20, 46.49, 33.38, 29.66, 29.10, 28.69, 28.13,
27.40, 27.37,25.74, 25.24, 25.12, 24.91, 21.78, 19.44, 18.01. Note that **C NMR data
are reported to two decimal places to differentiate the signals. Two signals are not
observed, potentially due to overlapping peaks or temperature-related broadening.
LCMS (Method B) (ES +ve) m/z 1240.7 (M + H)" Rt 1.25 min (>95 % pure). HRMS
(ES) calcd for Ce7Hg9aN13010, (M + H)*™ 1240.7241, found 1240.7149. IR vmax (neat)
3297, 2927, 2854, 1626, 1587, 1565, 1520, 1490, 1437 cm™. MP >250 °C

(decomposition).

(E)-4-(4-(tert-Butoxycarbonyl)piperazin-1-yl)but-2-enoic acid (71)

o N)OJ\O)<
HOM“Q

To a stirred solution of tert-butyl piperazine-1-carboxylate (2.25 g, 12.1 mmol) and
triethylamine (5.05 mL, 36.2 mmol) in THF (20 mL) at 0 °C was added (E)-4-

bromobut-2-enoic acid (2.39 g, 14.5 mmol) dropwise, then the mixture stirred at rt for
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18 h. The reaction mixture was filtered and the precipitate washed with THF (50 mL).
The filtrate was evaporated, then loaded in minimal CH2Cl; and purified on silica using
a 0-15 % MeOH-CH:Cl, gradient over 12 CV. The appropriate fractions were
combined and evaporated in vacuo to give the required product (1.33 g, 40 % yield) as

a white solid.

'H NMR (400 MHz, DMSO-ds) 6 12.28 (br. s., 1H), 6.73 (dt, J = 6.0, 15.6 Hz, 1H),
5.91 (d, J = 15.6 Hz, 1H), 3.28 - 3.34 (m, 4H), 3.11 (dd, J = 1.5, 6.1 Hz, 2H), 2.27 -
2.37 (m, 4H), 1.39 (s, 9H). 13C NMR (101 MHz, DMSO-ds) & 167.2, 154.3, 145.1,
124.2,79.2,58.6, 52.9, 43.9 (br.), 28.5. LCMS (Method B) (ES +ve) m/z 271.2 (M +
H)* Rt 0.56 min (>95 % pure). HRMS (ES) calcd for C13H23N204, (M + H)* 271.1652,
found 271.1655.

(R,E)-tert-Butyl 4-(4-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-en-1-yl)piperazine-1-carboxylate
(72)

-

NH,

N7

s

N

[N
N
OO
o (6]

To a stirred solution of (R)-3-(4-phenoxyphenyl)-1-(piperidin-3-yl)-1H-pyrazolo[3,4-
d]pyrimidin-4-amine (237 mg, 0.613 mmol), (E)-4-(4-(tert-butoxycarbonyl)piperazin-
1-yl)but-2-enoic acid (199 mg, 0.736 mmol) and DIPEA (0.540 mL, 3.09 mmol) in
DMF (8 mL) was added HATU (280 mg, 0.736 mmol) and the mixture stirred at rt for
1 h. The mixture was diluted with CH>Cl> (50 mL) and brine (150 mL), then the phases
were separated. The aqueous layer was back-extracted with CH2Clz (50 mL), then the
organic layers were combined, dried using a hydrophobic frit and evaporated in vacuo.
The sample was loaded in minimal DMSO and purified by reverse phase (C18)
chromatography using a 35-85 % (+0.1 % ammonium bicarbonate modifier) gradient

over 12 CV. The appropriate fractions were combined and acetonitrile removed in
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vacuo, then the aqueous slurry extracted with CH2Cl, (2 x 30 mL) to give the required

product (308 mg, 79 % yield) as a yellow solid.

'H NMR (400 MHz, DMSO-ds, T =120 °C) & 8.26 (s, 1H), 7.68 (d, J = 8.6 Hz, 2H),
7.43 (t, J = 8.0 Hz, 2H), 7.10 - 7.21 (m, 5H), 6.48 - 6.60 (m, 2H), 6.46 (br. s., 2H),
4.71 - 4.80 (m, 1H), 4.28 - 4.39 (m, 1H), 4.03 (dt, J = 3.8, 13.2 Hz, 1H), 3.52 - 3.63
(m, 1H), 3.29 - 3.35 (m, 4H), 3.21 (ddd, J = 3.3, 10.6, 13.5 Hz, 1H), 3.08 (d, J=5.4
Hz, 2H), 2.29 - 2.39 (m, 5H), 2.14 - 2.24 (m, 1H), 2.00 (dt, J = 4.1, 13.3 Hz, 1H), 1.57
- 1.70 (m, 1H), 1.42 (s, 9H). *C NMR (101 MHz, DMSO-ds, T =120 °C) § 165.3,
158.8, 158.0, 157.0, 156.0, 154.9, 154.5, 143.7, 140.6, 130.5, 130.4, 128.7, 124.2,
123.8, 119.5, 119.4, 98.4, 79.2, 59.0, 53.4, 52.9, 44.0, 29.7, 28.7, 26.8, 24.3. One
piperazinyl signal is not observed, potentially due to temperature-related broadening.
LCMS (Method A) (ES +ve) m/z 639.3 (M + H)" Rt 0.82 min (>95 % pure). HRMS
(ES) calcd for C3sHa3NgOs, (M + H)* 639.3407, found 639.3403.

(Ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) (73)

\Q,,o
S

g \o/\/owo/\/o&g/i@\
To a stirred solution of triethylene glycol (3.00 mL, 22.5 mmol) and tosyl chloride
(8.57 g, 45.0 mmol) in CH2Cl> (25 mL) was added KOH (10.1 g, 180 mmol)
portionwise at 0 °C. The mixture was stirred left to stir at rt for 20 h, then diluted with
CHCI (150 mL) and water (200 mL). The phases were separated, then the aqueous
layer was back-extracted with CH.Cl> (150 mL). The organic layers were combined,
dried using a hydrophobic frit and evaporated in vacuo, then the residue triturated with

ice-cold cyclohexane (20 mL) to give the required product (9.80 g, 95 % yield) as a
white solid.

IH NMR (400 MHz, CDCls) & 7.80 (d, J = 8.3 Hz, 4H), 7.35 (d, J = 8.3 Hz, 4H), 4.15
(t, = 4.6 Hz, 4H), 3.66 (t, J = 4.6 Hz, 4H), 3.53 (s, 4H), 2.45 (s, 6H). LCMS (Method
A) (ES +ve) m/z 476.1 (M + NHa4)* Rt 1.20 min (>95 % pure).

Consistent with literature data.*%’
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2-(2-(2-Azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (74)

N /\/0\/\0/\/0\3’9
| el
To a stirred solution of (ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl) bis(4-
methylbenzenesulfonate) (5.94 g, 13.0 mmol) in acetonitrile (50 mL) was added
sodium azide (337 mg, 5.18 mmol) and the mixture stirred at 100 °C for 5 h. The
mixture was concentrated in vacuo, then diluted with CH2Cl, (100 mL) and NaOH (2
M ag., 100 mL) and the phases separated. The aqueous layer was back-extracted with
CH2ClI3 (2 x 50 mL), then the organic layers were combined, dried using a hydrophobic
frit and evaporated in vacuo. The sample was loaded in CH.Cl, and purified on silica
using a 30-50 % EtOAc-cyclohexane gradient over 10 CV. The appropriate fractions
were combined and evaporated in vacuo to give the required product (1.07 g, 63 %

yield) as a colourless oil.

IH NMR (400 MHz, CDCls) & 7.81 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 7.8 Hz, 2H), 4.18
(t, 3 =4.9 Hz, 2H), 3.71 (t, J = 4.9 Hz, 2H), 3.65 (t, J = 4.9 Hz, 2H), 3.61 (s, 4H), 3.37
(t, J = 5.0 Hz, 2H), 2.46 (s, 3H). LCMS (Method A) (ES +ve) m/z 347.1 (M + NHa)*
Rt 1.08 min (>95 % pure).

Consistent with literature data.*%®
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(R,E)-1-(3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-
yl)piperidin-1-yl)-4-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-1-yl)but-2-
en-1-one (75)

O
WNK/NM\O/\/O\/\M
To a stirred solution of tert-butyl (R,E)-4-(4-(3-(4-amino-3-(4-phenoxyphenyl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-en-1-yl)piperazine-1-
carboxylate (83 mg, 0.13 mmol) in CH2Cl, (0.5 mL) was added TFA (0.5 mL) then
the mixture stirred at rt for 2 h. The reaction mixture was directly purified by SPE on
a sulfonic acid (SCX) cartridge eluting with MeOH (50 mL), followed by ammonia (2
M in MeOH, 50 mL). The ammonia-containing fractions were combined and
evaporated in vacuo. The residue was directly dissolved in a solution of 2-(2-(2-
azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (52.0 mg, 0.158 mmol) in DMF
(1.5 mL), then the mixture was stirred at 50 °C for 20 h. The mixture was concentrated
under a stream of nitrogen, then directly purified by reverse phase (C18)
chromatography using a 10-50 % acetonitrile-water (+0.1 % formic acid modifier)
gradient over 12 CV. The appropriate fractions were combined, then acetonitrile was
removed in vacuo. The aqueous solution was extracted with CH2Cl2 (2 x 10 mL), then
the organic layers were combined and concentrated under a stream of nitrogen to give
(33 mg, 37 % yield) as a white solid.

IH NMR (400 MHz, DMSO-ds) & 8.26 (s, 1H), 7.68 (d, J = 8.6 Hz, 1H), 7.38 - 7.47
(m, 2H), 7.07 - 7.25 (m, 5H), 6.36 - 6.60 (M, 4H), 4.76 (spt, J = 4.7 Hz, 1H), 4.33 (d,
J =115 Hz, 1H), 3.96 - 4.06 (m, 1H), 3.47 - 3.68 (M, 9H), 3.39 (t, J = 5.0 Hz, 2H),
3.17 - 3.26 (M, 1H), 3.05 (d, J = 5.9 Hz, 2H), 2.27 - 2.53 (m, 11H), 2.14 - 2.24 (m,
1H), 1.94 - 2.05 (m, 1H), 1.54 - 1.70 (m, 1H). 3C NMR (101 MHz, DMSO-ds) &
164.29, 157.64, 156.85, 155.90 154.89, 153.78, 142.55, 139.93 129.34, 129.30, 127.63,
123.07, 122.32, 118.38, 118.31 97.34. 69.34, 69.17, 68.51, 68.01, 57.98, 56.65, 52.42,
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52.28,52.10, 49.83 28.55 23.17. Note that 3C NMR data are reported to two decimal
places to differentiate the signals. Two piperazine signals are not observed, potentially
due to slow ring inversion. LCMS (Method A) (ES +ve) m/z 696.5 (M + H)* Rt 0.77
min (indicates 80 % purity, NMR indicates >95 %). HRMS (ES) calcd for
Ca6H46N1104, (M + H)* 696.3729, found 696.3710.

4-(2-(1-(2-(2-(2-(4-((E)-4-((R)-3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[ 3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-en-1-yl)piperazin-1-
yl)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)ethoxy)-2-(2,6-dioxopiperidin-3-
yl)isoindoline-1,3-dione (76)

NH,
N
et
NN\
é O
N X N
\ﬂ/\/\N/\ %(ﬂ
o N~ O o)

To a stirred solution of (R,E)-1-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-

1-yhbut-2-en-1-one (38.5 mg, 0.055 mmol) and 4-(but-3-yn-1-yloxy)-2-(2,6-
dioxopiperidin-3-yl)isoindoline-1,3-dione (19 mg, 0.058 mmol) in DMSO (1 mL) was
added a solution of tris(3-hydroxypropyltriazolylmethyl)amine (9.6 mg, 0.022 mmol)
and sodium ascorbate (11.0 mg, 0.056 mmol) in water (0.1 mL), then CuSO4 (1.8 mg,
0.011 mmol) was added and the mixture stirred at rt for 24 h. The reaction mixture was
directly loaded on silica and purified using a 0-20 % MeOH-CH.CI. gradient over 14
CV. The appropriate fractions were combined and evaporated in vacuo to give the

required product (6.5 mg, 11 % yield) as a white solid.

IH NMR (600 MHz, DMSO-ds) & 11.13 (br. s., 1H), 8.26 (s, 1H), 8.05 (br. s., 1H),
7.78 - 7.85 (m, 1H), 7.63 - 7.70 (M, 2H), 7.54 (t, J = 7.9 Hz, 1H), 7.41 - 7.48 (m, 4H),
7.10 - 7.22 (m, 6H), 6.40 - 6.70 (m, 2H), 5.10 (dd, J = 5.3, 12.7 Hz, 1H), 4.27 - 4.77
(m, 7H), 3.98 - 4.19 (m, 2H), 3.76 - 3.83 (m, 2H), 3.44 - 3.65 (M, 8H), 3.05 - 3.21 (m,
2H), 2.82 - 2.96 (m, 2H), 2.57 - 2.63 (m, 1H), 1.85 - 2.45 (m, 14H), 1.52 - 1.65 (m,
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1H). 3C NMR (151 MHz, DMSO-de) & 172.75, 170.49, 169.87, 166.77, 165.38,
162.44, 158.18, 157.11, 157.08, 156.29, 156.26, 155.65, 155.60, 153.99, 153.88,
143.35, 143.24, 143.18, 142.87, 137.08, 133.20, 130.11, 130.05, 130.00, 127.92,
127.87, 123.96, 123.77, 123.48, 119.87, 118.94, 116.31, 115.44, 97.41, 97.32, 73.00,
72.19, 69.79, 69.48, 69.45, 68.65, 67.91, 57.44, 56.74, 54.90, 52.63, 52.05, 49.83,
49.36, 49.26, 48.76, 47.05, 46.53, 45.35, 44.95, 41.11, 32.98, 30.94, 29.90, 29.59,
29.40, 25.38, 24.61, 23.49, 22.01. Sample is a mixture of inseparable diastereomers,
all signals are reported for diagnostic purposes only. Note that *C NMR data are
reported to two decimal places to differentiate the signals. LCMS (Method A) (ES
+ve) m/z 511.9 ([M + 2H]/2)* Rt 0.78 min (>95 % pure). HRMS (ES) calcd for
Cs3HeoN1309, (M + H)* 1022.4637, found 1022.4608. IR vmax (neat) 3330, 2931, 1771,
1709, 1614, 1587, 1564, 1520, 1490 cm™. MP >250 °C (decomposition).

(R)-tert-Butyl 4-(4-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobutyl)piperazine-1-carboxylate (77)

N
l e~ N'N

C N\
Nf\ \\/NB

A solution of tert-butyl (R,E)-4-(4-(3-(4-amino-3-(4-phenoxyphenyl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobut-2-en-1-yl)piperazine-1-

carboxylate (81.0 mg, 0.127 mmol) and Pd/C (10 % w/w, 34 mg, 0.032 mmol) in EtOH
(1.5 mL) was stirred under an atmosphere of hydrogen for 3 h. The mixture was filtered
through Celite, then the pad washed with MeOH and the organics evaporated in vacuo
to give the required product (78 mg, 77 % yield, 80 % purity) as a grey solid. The

sample was used directly in the next reaction without further purification.

LCMS (Method A) (ES +ve) m/z 641.6 ([M + H])* Rt 0.87 min (80 % pure).
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(R)-1-(3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-
yl)piperidin-1-yl)-4-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-1-yl)butan-1-
one (78)

GWN

K/ N\/\o/\/o\/\ N3

To a stirred solution of tert-butyl (R)-4-(4-(3-(4-amino-3-(4-phenoxyphenyl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobutyl)piperazine-1-carboxylate

(70.0 mg, 0.109 mmol) in CH2Cl> (0.5 mL) was added TFA (0.5 mL) then the mixture
stirred at rt for 2 h. The reaction mixture was directly purified by SPE on a sulfonic
acid (SCX) cartridge eluting with MeOH (50 mL), followed by ammonia (2 M in
MeOH, 50 mL). The ammonia-containing fractions were combined and evaporated in
vacuo. The residue was directly dissolved in a solution of 2-(2-(2-
azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (43.2 mg, 0.131 mmol) in DMF
(1.5 mL) then the mixture stirred at 50 °C for 20 h. The mixture was concentrated
under a stream of nitrogen, then directly purified by MDAP (ammonium bicarbonate
modifier gradient). The appropriate fractions were combined and dried under a stream

of nitrogen to give the required product (40 mg, 53 % yield) as a white solid.

'H NMR (400 MHz, DMSO-ds) 6 8.26 (s, 1H), 7.68 (d, J = 8.8 Hz, 2H), 7.39 - 7.46
(m, 2H), 7.09 - 7.21 (m, 5H), 6.45 (br. s., 2H), 4.68 - 4.79 (m, 1H), 4.31 (br. s., 1H),
3.97 - 4.10 (m, 1H), 3.61 - 3.66 (m, 2H), 3.48 - 3.61 (m, 7H), 3.38 (t, J = 5.1 Hz, 2H),
3.08 (t, J = 10.9 Hz, 2H), 2.25 - 2.48 (m, 15H), 2.13 - 2.22 (m, 1H), 1.91 - 2.01 (m,
1H), 1.63 - 1.73 (m, 2H). C NMR (101 MHz, DMSO-ds) 6 170.35, 157.65, 156.86,
155.91, 154.90, 153.77, 142.57 129.34,129.31 127.64, 123.08 118.38, 118.33 97.35,
69.34,69.17,68.52, 68.03,56.72, 56.58 52.56, 52.41 52.20, 49.83 29.65, 28.68, 23.27,
21.77. Note that 3C NMR data are reported to two decimal places to differentiate the
signals. Two piperazine signals not observed, potentially due to slow ring inversion.
LCMS (Method A) (ES +ve) m/z 698.5 (M + H)* Rt 0.72 min (>95 % pure). HRMS
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(ES) calcd for CasHasN1104, (M + H)*™ 698.3885, found 698.3859.

4-(2-(1-(2-(2-(2-(4-(4-((R)-3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-oxobutyl)piperazin-1-
yl)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)ethoxy)-2-(2,6-dioxopiperidin-3-
yl)isoindoline-1,3-dione (79)

N
N
Da
N N’
O
@ A
\ﬂ/\/\N/ﬁ o o m
0 N~ ™ \/\NV O /N O
\ H
N=N

To a stirred solution of (R)-1-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-

1-yhbutan-1-one (43.5 mg, 0.062 mmol) and 4-(but-3-yn-1-yloxy)-2-(2,6-
dioxopiperidin-3-yl)isoindoline-1,3-dione (21.4 mg, 0.0660 mmol) in DMSO (1 mL)
was added a solution of tris(3-hydroxypropyltriazolylmethyl)amine (10.8 mg, 25.0
umol) and sodium ascorbate (12.4 mg, 63.0 umol) in water (0.1 mL), then CuSO4 (2.0
mg, 0.013 mmol) was added and the mixture stirred at rt for 24 h. The reaction mixture
was directly loaded on silica and purified using a 0-20 % MeOH-CHClI; gradient over
14 CV. The appropriate fractions were combined and evaporated in vacuo to give the

required product (47 mg, 74 % vyield) as a white solid.

IH NMR (600 MHz, DMSO-ds) 5 11.12 (s, 1H), 8.25 (d, J = 11.4 Hz, 1H), 8.02 - 8.07
(m, 3H), 7.78 - 7.84 (m, 1H), 7.63 - 7.68 (m, 2H), 7.54 (t, J = 8.4 Hz, 1H), 7.41 - 7.48
(m, 3H), 7.09 - 7.21 (m, 5H), 5.06 - 5.12 (m, 1H), 4.59 - 4.80 (m, 2.5H), 4.38 - 4.54
(m, 8H), 4.22 (d, J = 12.8 Hz, 0.5H), 4.04 (d, J = 11.0 Hz, 0.5H), 3.87 (d, J = 13.9 Hz,
0.5H), 3.79 (M, 2H), 3.56 - 3.65 (m, 4H), 3.47 - 3.51 (m, 2H), 3.38 - 3.45 (M, 7H),
3.06 - 3.19 (m, 3H), 2.81 - 2.93 (M, 2H), 2.56 - 2.63 (M, 2H), 1.83 - 2.15 (m, 7H), 1.46
- 1.75 (m, 2H). 3C NMR (151 MHz, DMSO-ds) & 172.75, 170.49, 169.87, 166.77,
165.38, 162.44, 158.18, 157.11, 157.08, 156.29, 156.26, 155.65, 155.60, 153.99,
153.88, 143.35, 143.24, 143.18, 142.87, 137.08, 133.20, 130.11, 130.05, 130.00,
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127.92,127.87, 123.96, 123.77, 123.48, 119.87, 118.94, 116.31, 115.44, 97.41, 97.32,
73.00, 72.19, 69.79, 69.48, 69.45, 68.65, 67.91, 57.44, 56.74, 54.90, 52.63, 52.05,
49.83, 49.36, 49.26, 48.76, 47.05, 46.53, 45.35, 44.95, 41.11, 32.98, 30.94, 29.90,
29.59, 29.40, 25.38, 24.61, 23.49, 22.01. Sample is a mixture of inseparable
diastereomers, all signals are reported for diagnostic purposes only. Note that *3C data
is reported to two decimal places to differentiate the signals. LCMS (Method A) (ES
+ve) m/z 512.9 ([M + 2H]/2)* Rt 0.75 min (>95 % pure). HRMS (ES) calcd for
Cs3He2N1309, (M + H)* 1024.4793, found 1024.4778. IR vmax (neat) 2912, 1709, 1614,
1587, 1520, 1455 cm™. MP >250 °C (decomposition).

2-Bromo-2-methylpropanal (80)
o§><8r

To an ice-cooled solution of isobutyraldehyde (1.86 mL, 20.38 mmol) in Et20 (7 mL)
was added bromine (1.00 mL, 19.4 mmol) dropwise over 30 min, then the mixture
stirred at 0 °C for 3 h. The solution was washed with ice water (2 x 10 mL), then the
solvent removed under partial vacuum (100 mbar, rt) to give the required product (2.38
0, 81 % yield) as a colourless, volatile liquid which was used directly in the next

reaction.

IH NMR (400 MHz, CDCl3) 8 9.39 (s, 1H), 1.82 (s, 6H).

Consistent with literature data.**

tert-Butyl 4-(2-methyl-1-oxopropan-2-yl)piperazine-1-carboxylate (81)

oQ(UO
K

To a stirred solution of 2-bromo-2-methylpropanal (2.02 g, 13.4 mmol) in Et;O (40
mL) was added tert-butyl piperazine-1-carboxylate (7.47 g, 40.1 mmol) and the
mixture stirred at rt for 2 h, after which time a white precipitate was evolved. The
suspension was filtered and the precipitate washed with Et.O (2 x 50 mL), then the

filtrate was washed with water (2 x 50 mL), dried using a hydrophobic frit and
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evaporated in vacuo. The sample was loaded in CH.Cl, and purified on silica using a
0-10 % MeOH-CHClI; gradient over 10 CV. The appropriate fractions were combined
and evaporated in vacuo to give an oil, which solidified upon standing in air gave the
required product (2.61 g, 76 % yield) as a white solid.

IH NMR (400 MHz, CDCls) 8 9.43 (s, 1H), 3.45 (t, J = 5.1 Hz, 4H), 2.43 (t, J = 5.1
Hz, 4H), 1.46 (s, 9H), 1.09 (s, 6H). 3C NMR (101 MHz, CDCls) § 204.5, 154.6, 79.7,
65.3, 46.4, 44.2 (br.), 28.4, 17.2. LCMS Compound has no chromophore.

(R)-3-(3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-
yl)piperidin-1-yl)-3-oxopropanenitrile (82)
O0—( >
NH,
NN

I,
N=N, -
N N
il
N
0

To a stirred solution of (R)-3-(4-phenoxyphenyl)-1-(piperidin-3-yl)-1H-pyrazolo[3,4-
d]pyrimidin-4-amine (250 mg, 0.647 mmol), 2-cyanoacetic acid (66.0 mg, 0.776
mmol) and DIPEA (0.339 mL, 1.941 mmol) in DMF (3 mL) was added HATU (295
mg, 0.776 mmol), then the mixture stirred at rt for 2 h. The mixture was diluted with
EtOAc (20 mL) and water (20 mL), then the phases were separated. The aqueous layer
was back-extracted with EtOAc (2 x 10 mL), then the organic layers were combined,
washed with brine (50 mL), and evaporated in vacuo. The sample was loaded in
DMSO and purified by reverse phase (C18) chromatography using a 20-80 %
acetonitrile-water (+0.1 % ammonium bicarbonate modifier) gradient over 14 CV. The
appropriate fractions were combined, then acetonitrile removed in vacuo. The aqueous
slurry was extracted with CH2Cl (3 x 50 mL), then the organic layers combined, dried
using a hydrophobic frit, and evaporated in vacuo to give the required product (237

mg, 81 % yield) as a white solid.

IH NMR (400 MHz, CDCls) & 8.32 - 8.40 (m, 1H), 7.60 - 7.69 (m, 2H), 7.35 - 7.44
(m, 2H), 7.13 - 7.22 (m, 3H), 7.06 - 7.12 (m, 2H), 5.50 - 5.84 (M, 2H), 4.84 - 4.97 (m,
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1H), 4.63 - 4.74 (m, 0.5H), 4.21 - 4.31 (m, 0.5H), 3.86 - 3.94 (m, 1H), 3.70 - 3.80 (m,
0.5H), 3.53 - 3.66 (m, 2H), 3.45 - 3.53 (m, 0.5H), 3.26 - 3.39 (m, 0.5H), 3.13 - 3.23
(m, 0.5H), 2.44 - 2.56 (m, 0.5H), 2.22 - 2.43 (m, 1.5H), 1.63 - 2.14 (m, 2H). Mixture
of rotamers that do not resolve at T = 120 °C in DMSO. *C NMR (101 MHz, CDCls)
6 160.52, 160.15, 158.74, 158.57, 157.92, 157.85, 156.31, 156.20, 156.00, 155.86,
154.43, 144.17, 144.04, 129.97, 129.94, 129.86, 127.68, 127.36, 124.13, 124.05,
123.95, 119.61, 119.54, 119.45, 119.09, 113.83, 113.69, 98.71, 98.55, 52.95, 52.02,
50.27, 46.63, 46.40, 42.83, 29.80, 29.30, 25.09, 25.04, 24.55, 23.14. As the sample is
a mixture of rotamers; all observed signals are reported for diagnostic purposes only.
Note that *C NMR data are reported to two decimal places to differentiate the signals.
LCMS (Method B) (ES +ve) m/z 454.2 (M + H)*" Rt 1.07 min (>95 % pure). HRMS
(ES) calcd for CasH24N702, (M + H)* 454.1986, found 454.1986.

(R)-2-(3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-
yl)piperidine-1-carbonyl)-4-methyl-4-(piperazin-1-yl)pent-2-enenitrile (83)
O‘< >
NH,

N7

Y=Lk
o NH
To a stirred solution of (R)-3-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-3-oxopropanenitrile (175 mg, 0.386 mmol) and tert-
butyl 4-(2-methyl-1-oxopropan-2-yl)piperazine-1-carboxylate (297 mg, 1.16 mmol) in
toluene (4 mL) was added piperidine (0.191 mL, 1.93 mmol) then the mixture stirred
at 100 °C for 16 h. The mixture was poured into EtOAc (50 mL) and water (50 mL),
then the phases were separated. The aqueous layer was back-extracted with EtOAc (2
x 20 mL), then the organic layers were combined, dried using a hydrophobic frit and
evaporated in vacuo. The sample was loaded in CH.Cl, and purified by
chromatography on silica using a 0-5 % MeOH-CH.Cl> (+0.1 % triethylamine)
gradient over 12 CV. The appropriate fractions were combined and evaporated in

vacuo, then HCI (4 M in dioxane, 2 mL) was added and the mixture stirred at rt for 2

270



CONFIDENTIAL — Do Not Copy

h. The reaction mixture was directly purified by SPE on sulfonic acid (SCX) cartridge
eluting with MeOH (100 mL), followed by ammonia (2 M in MeOH, 100 mL). The
ammonia-containing fractions were combined and evaporated in vacuo to give the

required product (201 mg, 88 % yield) as a gold solid.

'H NMR (400 MHz, DMSO-dg, T =120 °C) § 8.20-8.30 (m, 1H), 7.62-7.73 (m, 2H),
7.37-7.47 (m, 2H), 7.02-7.26 (m, 6H), 6.46 (br. s., 2H). Spectrum in non-aromatic
region is highly complex and peaks are too broad or poorly resolved to accurately
identify. Sample is insoluble in alternative NMR solvents. *C NMR (101 MHz,
DMSO-ds, T = 120 °C) & 159.60, 159.28, 158.98, 158.77, 158.66, 158.03, 158.00,
157.88, 157.02, 156.98, 156.95, 156.11, 156.05, 154.93, 154.89, 143.83, 130.47,
130.45, 130.41, 130.39, 129.22, 128.66, 128.63, 128.61, 128.50, 125.61, 124.20,
124.19, 124.16, 122.37, 119.49, 119.46, 119.44, 119.42, 119.38, 116.41, 113.43,
98.55, 52.92, 52.84, 50.45, 50.28, 43.90, 43.58, 30.72, 29.62, 29.56, 29.47, 29.39,
29.29, 22.72, 22.62. Sample is a mixture of geometric isomers, all observed signals are
reported for diagnostic purposes only. Significant peak broadening is observed at both
30 °C and 120 °C. LCMS (Method B) (ES +ve) m/z 592.3 (M + H)" Rt 1.08 min (>95
% pure). HRMS (ES) calcd for C3sH3sNyO2 (M + H)* 592.3148, found 592.3145.
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(2S,45)-4-(14-(4-(5-((R)-3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolol[3,4-
d]pyrimidin-1-yl)piperidin-1-yl)-4-cyano-2-methyl-5-oxopent-3-en-2-
yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecanamido)-1-((S)-2-cyclohexyl-2-((S)-
2-(methylamino)propanamido)acetyl)-N-((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)pyrrolidine-2-carboxamide (84)

(o]
o} k/N\/\O/\/O\/\O/\/O\)LN
H

A solution of (R)-2-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-
1-yl)piperidine-1-carbonyl)-4-methyl-4-(piperazin-1-yl)pent-2-enenitrile (100 mg,
0.169 mmol), tert-butyl ((S)-1-(((S)-2-((2S,4S)-4-(14-chloro-3,6,9,12-
tetraoxatetradecanamido)-2-(((R)-1,2,3,4-tetrahydronaphthalen-1-
yl)carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-oxoethyl)amino)-1-oxopropan-2-
yl)(methyl)carbamate (170 mg, 0.203 mmol), DIPEA (89 pL, 0.510 mmol) and
sodium iodide (25 mg, 0.167 mmol) in acetonitrile (2 mL) was stirred at 100 °C for 16
h. DMF (1 mL) was added and mixture was heated at 100 °C for a further 24 h. The
reaction mixture was diluted with EtOAc (10 mL) and water (10 mL), then the phases
were separated. The aqueous layer was back-extracted with EtOAc (3 x 5 mL), then
the organic layers were combined and evaporated in vacuo. The sample was loaded in
DMSO and purified by reverse phase (C18) chromatography using a 50-95 %
acetonitrile-water (+0.1 % ammonium bicarbonate modifier) gradient over 16 CV. The
appropriate fractions were combined and evaporated in vacuo. The residue was
directly dissolved in CH2Cl> (5 mL), then treated with TFA (1 mL) and the mixture
stirred at rt for 1 h. The mixture was concentrated in vacuo, then dissolved in minimal
MeOH and purified by MDAP (ammonium bicarbonate modifier gradient). The
solvent was removed under a stream of nitrogen to give the required product (58 mg,

27 % yield) as a white solid.
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IH NMR (400 MHz, DMSO-ds) & 8.26 (t, J = 4.6 Hz, 1H), 7.99 (br. s., 1 H), 7.64 -
7.73 (m, 2H), 7.51 - 7.63 (m, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.27 - 7.36 (m, 1H), 7.01 -
7.24 (m, 7H), 6.33 - 6.56 (M, 1H), 4.98 (d, J = 6.6 Hz, 1H), 4.73 - 4.92 (m, 1H), 4.37
- 4.56 (m, 3H), 4.13 - 4.26 (m, 1H), 4.04 (br. s., 1H), 3.82 - 3.95 (m, 2H), 3.30 - 3.78
(m, 16H), 2.86 - 3.16 (m, 14H), 2.69 - 2.84 (m, 2H), 2.55 - 2.66 (m, 1H), 2.28 - 2.48
(m, 8H), 2.20 - 2.28 (m, 3H), 1.54 - 2.19 (m, 14H), 0.95 - 1.25 (m, 11H).
13C NMR (151 MHz, DMSO-dg) 6 174.85, 171.58, 170.46, 169.50, 162.89, 162.35,
158.67, 157.65, 157.63, 156.76, 156.72, 156.11, 154.47, 143.78, 137.76, 137.37,
130.58, 130.51, 128.97, 128.89, 128.38, 128.32, 127.11, 126.10, 124.28, 124.25,
119.48, 119.43, 97.84, 72.75, 70.92, 70.45, 70.30, 70.21, 70.10, 70.07, 68.76, 60.74,
59.59, 59.01, 57.68, 55.55, 54.68, 53.38, 47.88, 47.21, 46.39, 45.50, 34.72, 30.21,
29.91, 29.21, 28.45, 26.36, 26.24, 26.02, 23.90, 22.61, 20.70, 19.57, 17.29. Sample is
a mixture of geometric isomers, all observed signals are reported for diagnostic
purposes only. LCMS (Method B) (ES +ve) m/z 646.7 ([M + 2H]/2)" Rt 1.32 min (>95
% pure). HRMS (ES) calcd for C7oHgsN14010, (M + H)* 1291.7356, found 1291.7339.
IR vmax (neat) 3302, 2926, 1639, 1586, 1565, 1520, 1489, 1438 cm™. MP >250 °C

(decomposition).
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N-(4-Bromo-2-fluorobenzyl)-N-(2,2-dimethoxyethyl)-4-
methylbenzenesulfonamide (85)

A solution of 4-bromo-2-fluorobenzaldehyde (24.1 g, 119 mmol) and
aminoacetaldehyde dimethyl acetal (14.2 mL, 130 mmol) in MeOH (200 mL) and
AcOH (5 mL) was stirred for 1 h, then cooled to 0 °C. Sodium borohydride (8.98 g,
237 mmol) was added portionwise over 30 min, then the mixture was stirred at rt for
a further 30 min. MeOH was removed in vacuo, then EtOAc (250 mL) and NaOH (2
M ag., 250 mL) added and the phases were separated. The aqueous layer was back-
extracted with EtOAc (100 mL), then the organic layers were combined, dried using a
hydrophobic frit and evaporated in vacuo to give a gold oil. The residue was directly
dissolved in CH.Cl> (200 mL), then cooled to 0 °C and treated with pyridine (20 mL).
TsClI (27.2 g, 142 mmol) was added portionwise and the mixture was stirred at 0 °C
for 2 h. NaOH (2 M aqg., 300 mL) was added, then the phases were separated. The
aqueous layer was back-extracted with CH2Cl2 (2 x 50 mL), then the organic layers
were combined and washed with CuSO4 (10 % aqg., 2 x 500 mL) and EDTA (0.01 M,
200 mL) and evaporated in vacuo. The sample was loaded in CH,Cl; and purified by
chromatography on silica using a 15-30 % EtOAc-cyclohexane gradient over 6 CV.
The appropriate fractions were combined and evaporated in vacuo to give the required
product (49.6 g, 94 % yield) as a pale yellow oil.

!H NMR (400 MHz, DMSO-ds) & 7.72 (d, J = 8.3 Hz, 2H), 7.33 - 7.51 (m, 5H), 4.37
(s, 2H), 4.29 (t, J = 5.3 Hz, 1H), 3.19 (d, J = 5.3 Hz, 2H), 3.12 (s, 6H), 2.40 (s, 3H).
13C NMR (101 MHz, DMSO-ds) & 159.86 (d, Jc-r = 250.2 Hz), 143.41, 135.87, 131.85
(d, JcF = 5.1 Hz), 129.78, 127.35 (d, Jc-r = 3.7 Hz), 126.97, 123.84 (d, Jc.r = 13.9
Hz), 120.61 (d, Jc-F = 9.5 Hz), 118.36 (d, Jc-r = 24.9 Hz), 102.83, 53.84, 50.27, 46.06,
20.93. Note that 3C NMR data are reported to two decimal places to differentiate the
signals. 1°F NMR (376 MHz, DMSO-ds) 6 -115.2 (m). LCMS (Method A) (ES +ve)
m/z 469.9 (M + Na)* Rt 1.39 min (>95 % pure). HRMS Does not align, potentially
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due to an unusual ionisation pattern as observed by LCMS.

6-Bromo-8-fluoroisoquinoline (86)

F
jos;
Br =

To a stirred solution of N-(4-bromo-2-fluorobenzyl)-N-(2,2-dimethoxyethyl)-4-
methylbenzenesulfonamide (49.6 g, 111 mmol) was added AICIs (44.5 g, 333 mmol)
and the mixture stirred at 50 °C for 3 h. The mixture was slowly poured onto ice (1 L),
then filtered and the phases were separated. The aqueous layer was back-extracted with
CH2Cl; (2 x 100 mL), then the organic layers were combined, washed with NaOH (2
M ag., 400 mL), and evaporated in vacuo. The sample was loaded in CH2Cl, and
purified by chromatography on silica using a 10-30 % EtOAc-cyclohexane gradient
over 16 CV. The appropriate fractions were combined and evaporated in vacuo to give
the required product (9.04 g, 32 % vyield, 90 % purity) as a brown solid.

IH NMR (400 MHz, DMSO-ds) & 9.41 (s, 1H), 8.64 (d, J = 5.9 Hz, 1H), 8.12 (s, 1H),
7.85(d, J=5.6 Hz, 1H), 7.74 (dd, J = 1.5, 10.0 Hz, 1H). LCMS (Method A) (ES +ve)
m/z 226.0/228.0 (M + H)" Rt 0.91 min (90 % pure).

6-Cyclopropyl-8-fluoroisoquinoline (87)

F
~N
=

To a solution of 6-bromo-8-fluoroisoquinoline (2.20 g, 8.76 mmol), potassium
cyclopropyl trifluoroborate (1.56 g, 10.5 mmol) and XPhos (0.084 g, 0.175 mmol) in
THF (50 mL) was added a solution of K3PO4 (3.72 g, 17.52 mmol) in water (5 mL)
then the solution was degassed (3 cycles vacuum/nitrogen). XPhos Pd G2 (0.138 g,
0.175 mmol) was added, the mixture degassed again, then the mixture stirred at 70 °C
for 24 h The mixture was passed through Celite, diluted with EtOAc (75 mL) and water
(75 mL), then the phases were separated. The aqueous layer was back-extracted with

EtOAc (25 mL), then the organic layers were combined, washed with brine (100 mL),
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dried using a hydrophobic frit and evaporated in vacuo. The sample was loaded in
CH2Cl; and purified by chromatography on silica using a 0-40 % EtOAc-cyclohexane
gradient over 14 CV, however this failed to completely separate the product. The
appropriate fractions were combined and evaporated in vacuo, then the residue loaded
in DMSO and purified by reverse phase (C18) chromatography using a 0-30 %
acetonitrile-water (+0.1 % formic acid modifier) for 10 CV, then 40 % acetonitrile-
water for a further 3 CV. The appropriate fractions were combined and acetonitrile
removed in vacuo, then the solution extracted with EtOAc (3 x 100 mL) and the
organic layers combined and evaporated in vacuo to give the required product (1.05 g,

64 % vyield) as a colourless oil.

IH NMR (400 MHz, CDCls) § 9.42 (s, 1H), 8.53 (d, J = 5.9 Hz, 1H), 7.55 (d, J = 5.9
Hz, 1H), 7.31 (s, 1H), 6.91 (dd, J = 1.5, 11.5 Hz, 1H), 2.02 - 2.12 (m, 1H), 1.09 - 1.17
(m, 2H), 0.83 - 0.89 (m, 2H). 13C NMR (101 MHz, CDCls) & 163.9, 159.3 (d, Jc.r =
256.0 Hz), 148.5 (d, Jc.r = 7.3 Hz), 145.8 (d, Jc.r = 5.1 Hz), 143.8, 137.1 (d, Jcr = 4.4
Hz), 119.4 (d, Jcr = 2.9 Hz), 118.1 (d, Jc-r = 4.4 Hz), 109.4 (d, Jc-r = 19.1 Hz), 16.1
(d, Jo.r = 2.2 Hz), 10.2. F NMR (376 MHz, CDCls) & -123.7 (d, Jc-r = 10.4 Hz).
LCMS (Method A) (ES +ve) m/z 188.1 (M + H)" Rt 0.62 min (>95 % pure). HRMS
(ES) calcd for C12H11FN, (M + H)* 188.0870, found 188.0866.

6-Cyclopropyl-8-fluoroisoquinoline 2-oxide (88)

ﬂ
V.
é\ Z;@
ow

To a stirred solution of 6-cyclopropyl-8-fluoroisoquinoline (919 mg, 4.91 mmol) in
CH2Cl; (25 mL) was added m-CPBA (1.32 g, 5.89 mmol) portionwise, then the
mixture stirred at rt for 2 h. The mixture was concentrated in vacuo, then EtOAc (100
mL), water (50 mL) and K>CO3 (sat. ag., 50 mL) were added and the phases were
separated. The aqueous layer was back-extracted with EtOAc (50 mL), then the
organic layers were combined and evaporated in vacuo to give the required product
(895 mg, 90 % vyield) as a pale yellow solid.

IH NMR (400 MHz, DMSO-ds) & 8.73 (s, 1H), 8.16 (dd, J = 1.7, 7.1 Hz, 1H), 7.87
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(dd, J = 1.2, 7.1 Hz, 1H), 7.54 (s, 1H), 7.25 (dd, J = 1.5, 12.2 Hz, 1H), 2.11 (s, 1H),
1.03 - 1.12 (m, 2H), 0.82 - 0.90 (m, 2H). °F NMR (376 MHz, DMSO-ds) & -122.9 (d,
Jer = 13.9 Hz). LCMS (Method A) (ES +ve) m/z 204.1 (M + H)* Rt 0.72 min (>95
% pure).

6-Cyclopropyl-8-fluoroisoquinolin-1(2H)-one (89)

NH
=

A solution of 6-cyclopropyl-8-fluoroisoquinoline 2-oxide (890 mg, 4.38 mmol) in
acetic anhydride (10 mL, 106 mmol) was stirred at 150 °C for 5 h. The mixture was
concentrated in vacuo, then the residue dissolved in MeOH (20 mL) and treated with
NaOH (2 M aq., 20 mL), then the mixture stirred at rt for 1 h. MeOH was removed in
vacuo, then the suspension was diluted with water (50 mL) and extracted twice with
n-BuOH (2 x 50 mL). The organic layers were combined, dried using a hydrophobic
frit and evaporated in vacuo. The residue was dissolved in DMSO, then purified by
reverse phase (C18) chromatography using a 5-55 % acetonitrile-water (+0.1 %
ammonium bicarbonate modifier) gradient over 14 CV. The appropriate fractions were
combined, then acetonitrile removed in vacuo. The solution was extracted with n-
BuOH (2 x 50 mL), then the organic layers were combined and evaporated in vacuo
to give the required product (706 mg, 79 % yield) as a red/brown solid.

IH NMR (400 MHz, DMSO-ds) & 11.16 (br. s., 1H), 7.15 (d, J = 1.2 Hz, 1H), 7.12 (d,
J=7.1Hz, 1H), 6.86 (dd, J = 1.5, 13.2 Hz, 1H), 6.41 (dd, J = 2.2, 7.1 Hz, 1H), 1.94 -
2.07 (m, 1H), 1.00 - 1.08 (m, 2H), 0.77 - 0.85 (m, 2H). 3C NMR (101 MHz, DMSO-
de) 0 162.2 (d, Jc-F = 259.7 Hz), 159.6 (d, Jc-F = 4.4 Hz), 151.3 (d, Jc-F = 9.5 Hz),
141.1 (d, Jo.r = 1.5 Hz), 130.7, 118.7 (d, Jo-r = 3.7 Hz), 112.9 (d, Jc-r = 6.6 Hz), 110.5
(d, Jc.r = 22.0 Hz), 104.3 (d, Jcr = 2.9 Hz), 15.8 (d, Jc-r = 1.5 Hz), 10.9. *°F NMR
(376 MHz, DMSO-ds) 6 -112.02 (d, Jc-F = 13.9 Hz). LCMS (Method A) (ES +ve) m/z
204.1 (M + H)* Rt 0.81 min (>95 % pure). HRMS (ES) calcd for C12H11FNO, (M +
H)*" 204.0819, found 204.0836.
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2-Bromo-6-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-yl)benzaldehyde (90)

To a degassed solution of 6-cyclopropyl-8-fluoroisoquinolin-1(2H)-one (248 mg, 1.22
mmol), 2,6-dibromobenzaldehyde (483 mg, 1.83 mmol) and K>COs (337 mg, 2.44
mmol) in DMF (10 mL) was added Cul (116 mg, 0.610 mmol), the solution degassed
(3 cycles vacuum/nitrogen), then heated at 130 °C for 20 h. The mixture was diluted
with EtOAc (50 mL) and water (100 mL), then the phases were separated. The aqueous
layer was back-extracted with EtOAc (2 x 50 mL), then the organic layers were
combined, washed with brine (200 mL), dried using a hydrophobic frit and evaporated
in vacuo. The sample was loaded in CH2Cl, and purified on silica using a 0-35%
EtOAc-cyclohexane gradient over 14 CV. The appropriate fractions were combined
and evaporated in vacuo to give the required product (269 mg, 51 % yield, 90 % pure)
as an orange solid. The sample was used directly in the next reaction without further

purification.

'H NMR (400 MHz, DMSO-ds) & 10.06 (s, 1H), 7.91 (dd, J = 0.9, 8.2 Hz, 1H), 7.71
(t, J=7.9 Hz, 1H), 7.52 (d, J = 7.6 Hz, 1H), 7.41 (d, J = 7.6 Hz, 1H), 7.26 (d, J = 1.5
Hz, 1H), 6.99 (dd, J = 1.5, 13.4 Hz, 1H), 6.57 - 6.66 (m, 1H), 2.03 - 2.11 (m, 1H), 1.07
-1.13 (m, 2H), 0.84 - 0.90 (m, 2H). 1°F NMR (376 MHz, DMSO-ds) & -110.9 (d, Jc-r
=10.4 Hz). LCMS (Method A) (ES +ve) m/z 386.2/388.2 (M + H)* Rt 1.16 min (>95
% pure).
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2-(3-Bromo-2-(hydroxymethyl)phenyl)-6-cyclopropyl-8-fluoroisoquinolin-

1(2H)-one (91)

To a stirred solution of 2-bromo-6-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-
yl)benzaldehyde (266 mg, 0.620 mmol, 90 % purity) in MeOH (5 mL) at 0 °C was
added NaBH3 (47.0 mg, 1.24 mmol) portionwise, then the mixture stirred at 0 °C for
2 h. NH4CI (sat. ag., 2 mL) was added, the mixture diluted with water (20 mL) and
CH2CI> (20 mL), then the phases were separated. The aqueous layer was back-
extracted with CH.Cl> (10 mL), then the organic layers were combined, dried using a
hydrophobic frit and evaporated in vacuo. The sample was loaded in CH>ClI, and
purified on silica using a 0-2 % MeOH-CH.Cl: gradient over 18 CV, however this
failed to completely separate the product. The appropriate fractions were combined
and evaporated in vacuo, then the residue was loaded in DMSO and purified by reverse
phase (C18) chromatography using a 35-50 % acetonitrile-water (+0.1 % ammonium
bicarbonate modifier) gradient for 3 CV, then held at 50 % for 2 CV, then 50-85 % for
3 CV. The appropriate fractions were combined and evaporated in vacuo to give the

required product (173 mg, 72 % yield) as a pale yellow solid.

'H NMR (400 MHz, DMSO-ds) d 7.76 (dd, J = 1.3, 7.9 Hz, 1H), 7.40 (t, J = 7.8 Hz,
1H), 7.35 (dd, J = 1.2, 7.8 Hz, 1H), 7.29 (d, J = 7.3 Hz, 1H), 7.26 (d, J = 1.2 Hz, 1H),
6.99 (dd, J=1.5, 13.2 Hz, 1H), 6.59 (dd, J = 2.0, 7.3 Hz, 1H), 4.90 (t, J = 5.1 Hz, 1H),
4.49 (dd, J = 4.9, 11.7 Hz, 1H), 4.28 (dd, J = 5.1, 11.7 Hz, 1H), 2.01 - 2.13 (m, 1H),
1.04 - 1.14 (m, 2H), 0.87 (dd, J = 2.1, 4.8 Hz, 2H). 3C NMR (101 MHz, DMSO-ds)
8 161.9 (d, Jc-F = 260.4 Hz), 158.2 (d, Jc-Fr = 4.4 Hz), 151.9 (d, Jc-Fr = 10.3 Hz), 141.8,
140.0, 137.7, 134.6, 133.2, 130.1, 128.5, 125.0, 118.4 (d, Jc-r = 2.2 Hz), 111.8 (d, Jc-
F=5.9 Hz), 110.8 (d, Jc.r =22.0 Hz), 104.3 (d, Jcr = 2.2 Hz),59.4, 15.4 (d, Jcr = 1.5
Hz), 10.7. Only clearly resolved *C-'°F couplings are reported. 2°F NMR (376 MHz,
DMSO-dg) 6 -111.0 (d, Jc-Fr = 13.9 Hz). LCMS (Method A) (ES +ve) m/z 388.0/390.0
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(M + H)* Rt 1.08 min (>95 % pure). HRMS (ES) calcd for C1gH16BrFNO3, (M + H)*
388.0343, found 388.0343.

3,5-Dibromo-1-methylpyridin-2(1H)-one (92)

O

Br. | N/
=

Br

To a stirred solution of N-methyl-2-pyridone (0.90 mL, 9.17 mmol) and NBS (3.92 g,
22.0 mmol) in acetonitrile (10 mL) was added TFA (3.53 mL, 45.9 mmol) and the
mixture stirred at 50 °C for 6 h. The mixture was diluted with EtOAc (100 mL), K2COs
(1 M ag., 50 mL) and water (50 mL), then the phases were separated. The aqueous
layer was back-extracted with EtOAc (2 x 50 mL), then the organic layers were
combined, washed with Na2S>03 (10 % ag., 100 mL) and NaOH (2 M aqg., 100 mL)
dried using a hydrophobic frit and evaporated in vacuo to give the required product
(2.41 g, 98 % yield) as a white solid.

IH NMR (400 MHz, CDCls) 5 7.80 (d, J = 2.2 Hz, 1H), 7.44 (d, J = 2.4 Hz, 1H), 3.61
(s, 3H). LCMS (Method A) (ES +ve) m/z 265.9/267.9 (M + H)* Rt 0.70 min (>95 %

pure).
Consistent with literature data.*'°

tert-Butyl 4-(6-nitropyridin-3-yl)piperazine-1-carboxylate (93)
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A solution of 5-bromo-2-nitropyridine (1.38 g, 6.80 mmol), tert-butyl piperazine-1-
carboxylate (1.39 g, 7.46 mmol), LiCl (0.288 g, 6.80 mmol) and DIPEA (1.8 mL, 10.3
mmol) in DMF (10 mL) was stirred at 50 °C for 72 h. The temperature was increased
to 100 °C and the mixture stirred for a further 8 h. The solution was diluted with water
(80 mL)and left to stand overnight. The resulting precipitate was separated by

filtration, then dissolved in CH2Cl> and purified on silica using a 0-50 % EtOAc-
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cyclohexane gradient for 8 CV, then 50 % EtOAc for a further 2CV. The appropriate
fractions were combined and evaporated in vacuo to give the required product (1.67 g,
80 % yield) as a yellow solid.

IH NMR (400 MHz, CDCl3) 8 8.19 (d, J = 9.0 Hz, 1H), 8.14 (d, J = 3.0 Hz, 1H), 7.22
(dd, J=3.0,9.0 Hz, 1H), 3.62 - 3.68 (m, 4H), 3.43 - 3.50 (m, 4H), 1.50 (s, 9H). LCMS
(Method A) (ES +ve) m/z 309.1 (M + H)" Rt 1.00 min (>95 % pure).

Consistent with literature data.*!!

tert-Butyl 4-(6-aminopyridin-3-yl)piperazine-1-carboxylate (94)
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A suspension of tert-butyl 4-(6-nitropyridin-3-yl)piperazine-1-carboxylate (1.33 g,
4.31 mmol) and Pd/C (10 % wt, 0.918 g, 0.863 mmol) in EtOH (20 mL) was stirred
under an atmosphere of hydrogen for 3 h. The reaction mixture was passed through
Celite and evaporated in vacuo, however some residual Pd visibly remained. The
solution was passed through a silica plug eluting with 8:2 CH2Cl2:MeOH, then the
eluent was collected and evaporated in vacuo to give the required product (903 mg, 75
% yield) as a grey solid. The sample was used directly in the next reaction.

IH NMR (400 MHz, DMSO-ds) & 7.62 (d, J = 2.9 Hz, 1H), 7.17 (dd, J = 2.9, 8.8 Hz,
1H), 6.40 (d, J = 8.8 Hz, 1H), 5.42 (s, 2H), 3.39 - 3.46 (m, 4H), 2.81 - 2.90 (m, 4H),
1.41 (s, 9H). LCMS (Method A) (ES +ve) m/z 279.2 (M + H)* Rt 0.52 min (>95 %

pure).

Consistent with literature data.*'?
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tert-Butyl 4-(6-((5-bromo-1-methyl-2-oxo-1,2-dihydropyridin-3-
yl)amino)pyridin-3-yl)piperazine-1-carboxylate (95)

To a stirred solution of tert-butyl 4-(6-aminopyridin-3-yl)piperazine-1-carboxylate
(953 mg, 3.42 mmol) in 1,4-dioxane (20 mL) was added 3,5-dibromo-1-
methylpyridin-2(1H)-one (1.10 g, 4.11 mmol), Xantphos (396 mg, 0.685 mmol) and
Cs2C0O3 (2.23 g, 6.85 mmol) then the solution degassed (3 cycles vacuum/nitrogen).
Pd(dba)z (157 mg, 0.171 mmol) was added, then the solution degassed (3 cycles),
then heated at 100 °C for 5 h. The mixture was poured into EtOAc (150 mL) and water
(150 mL), filtered through Celite, then the phases were separated. The aqueous layer
was back-extracted with EtOAc (100 mL), then the organic layers were combined,
dried using a hydrophobic frit and evaporated in vacuo. The sample was loaded in
CH2Cl, and purified on silica eluting with 20:1 CH.Cl,:MeOH for 8 CV. The
appropriate fractions were combined and evaporated in vacuo to give the required

product (1.42 g, 89 % yield) as a pale brown solid.

'H NMR (400 MHz, DMSO-dg) & 8.57 (d, J = 2.4 Hz, 1H), 8.54 (s, 1H), 7.95 (d, J =
3.0 Hz, 1H), 7.44 (d, J = 2.4 Hz, 1H), 7.40 (dd, J = 3.0, 9.1 Hz, 1H), 7.26 (d, J = 9.1
Hz, 1H), 3.51 (s, 3H), 3.42 - 3.48 (m, 4H), 2.99 - 3.06 (m, 4H), 1.42 (s, 9H). 3C NMR
(101 MHz, DMSO-de) 6 156.0, 153.7, 148.5, 141.1, 134.3, 132.1, 127.6, 126.6, 116.4,
113.4, 97.8, 78.9, 49.0, 37.0, 28.0. One piperazine carbon is not observed but visible
by HSQC, potentially due to slow ring inversion. LCMS (Method A) (ES +ve) m/z
464.1/466.1 (M + H)" Rt 1.21 min (>95 % pure). HRMS (ES) calcd for C20H27BrNsOs,
(M + H)* 464.1292, found 464.1286.
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tert-Butyl 4-(6-((1-methyl-2-oxo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1,2-dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (96)

O
ﬁN
J ~0

o._N 3
o}

- AR

To an oven-dried flask containing tert-butyl 4-(6-((5-bromo-1-methyl-2-oxo-1,2-
dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (500 mg, 1.08
mmol), bis(pinacolato)diboron (383 mg, 1.51 mmol), palladium(ll) acetate (12.1 mg,
0.054 mmol), XPhos (51.3 mg, 0.108 mmol) and potassium acetate (528 mg, 5.38
mmol) was added 1,4-dioxane (8 mL), then the mixture degassed (3 cycles
vacuum/nitrogen) and heated to 95 °C for 1 h. The mixture was filtered through Celite,
then the pad washed with CH,Cl. and the filtrate evaporated in vacuo. The sample was
dissolved in minimal dioxane (~4 mL), then heated to 90 °C. Hexane (10 mL) was
added, resulting in precipitate formation. The mixture was cooled to rt, then left to
stand in the fridge overnight. The remaining solvent was decanted and the precipitate
dried to give the required product (428 mg, 78 % yield) as a dark brown solid.

'H NMR (400 MHz, DMSO-dg) & 8.45 (d, J = 1.7 Hz, 1H), 8.21 (s, 1H), 7.91 (d, J =
2.9 Hz, 1H), 7.48 (d, J = 1.7 Hz, 1H), 7.37 (dd, J = 2.9, 9.0 Hz, 1H), 7.16 (d, J = 9.0
Hz, 1H), 3.55 (s, 3H), 3.43 - 3.49 (m, 4H), 2.99 - 3.05 (m, 4H), 1.42 (s, 9H), 1.28 (s,
12H). C NMR (101 MHz, DMSO-dg) 6 157.9, 153.8, 149.2, 140.6, 135.9, 134.5,
130.7, 127.8, 117.5, 112.9, 83.5, 81.3, 78.9, 49.2, 37.1, 28.0, 24.6, 24.4. LCMS
(Method A) (ES +ve) m/z 512.4 (M + H)* Rt 1.15 min (indicates 70 % purity, however
the boronic ester is likely to be unstable to the aqueous acid LCMS method. NMR
indicates >95 % purity). HRMS (ES) calcd for C26H39BNsOs, (M + H)™ 512.3039,
found 512.3040.
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tert-Butyl 4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-yl)-2-
(hydroxymethyl)phenyl)-1-methyl-2-oxo0-1,2-dihydropyridin-3-
yl)amino)pyridin-3-yl)piperazine-1-carboxylate (97)

To a vial containing 2-(3-bromo-2-(hydroxymethyl)phenyl)-6-cyclopropyl-8-
fluoroisoquinolin-1(2H)-one (190 mg, 0.489 mmol), tert-butyl 4-(6-((1-methyl-2-oxo-
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-dihydropyridin-3-

yl)amino)pyridin-3-yl)piperazine-1-carboxylate (375 mg, 0.734 mmol) and
tricyclohexylphosphine (14 mg, 0.049 mmol) was added 1,4-dioxane (2 mL), MeOH
(2 mL) and a solution of potassium carbonate (135 mg, 0.979 mmol) in water (1 mL).
The solution was degassed (3 cycles vacuum/nitrogen) then the mixture was stirred at
90 °C for 2 h. The mixture was poured into water (50 mL), then the resulting precipitate
separated by filtration and washed with water (50 mL). The precipitate was dissolved
in CH2Cl> (50 mL), then filtered again. The sample was loaded in DMSO and purified
by reverse phase (C18) chromatography using a 45-95% acetonitrile-water (+0.1 %
ammonium bicarbonate modifier) gradient over 12 CV. The appropriate fractions were
combined and evaporated in vacuo to give the required product (185 mg, 55 % yield)

as a pale purple solid.

IH NMR (400 MHz, DMSO-ds) & 8.57 (d, J = 2.2 Hz, 1H), 8.38 (s, 1H), 7.88 (d, J =
2.9 Hz, 1H), 7.52 (t, J = 7.8 Hz, 1H), 7.43 (d, J = 7.8 Hz, 1H), 7.30 - 7.39 (m, 4H),
7.26 (s, 1H), 7.22 (d, J = 9.0 Hz, 1H), 6.98 (d, J = 13.3 Hz, 1H), 6.59 (d, J = 7.5 Hz,
1H), 4.68 - 4.79 (m, 1H), 4.32 (d, J = 11.0 Hz, 1H), 4.21 (d, J = 11.0 Hz, 1H), 3.59 (s,
3H), 3.44 (t, J = 4.8 Hz, 4H), 2.99 (t, J = 4.9 Hz, 4H), 2.03 - 2.12 (m, 1H), 1.41 (s,
9H), 1.06 - 1.13 (M, 2H), 0.84 - 0.90 (m, 1H). 3C NMR (101 MHz, DMSO-ds) 5 161.9
(d, Jer = 257.5 Hz), 160.6, 158.4 (d, Je.r = 5.1 Hz), 156.5, 153.7, 151.6 (d, Jc.r = 9.5
Hz), 149.0, 141.5, 140.7, 140.3, 140.1, 135.9, 135.2, 134.6, 130.6, 128.6, 128.1, 127.8,
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127.7, 126.7, 118.3 (d, Jcr = 3.7 Hz), 118.0, 116.7, 112.9, 111.9 (d, Jcr = 5.9 H2),
110.7 (d, Jo.r = 22.0 Hz), 104.0 (d, Jo-r = 3.7 Hz), 78.9, 56.9, 49.2, 37.3, 28.0, 15.4,
10.6 (d, Jc-r = 3.7 Hz). One piperazine carbon is not observed but visible by HSQC,
potentially due to slow ring inversion. Only clearly resolved *C-°F couplings are
reported.®°F NMR (376 MHz, DMSO-ds) & -111.1 (d, Jor = 10.4 Hz). LCMS
(Method B) (ES +ve) m/z 693.3 (M + H)* Rt 1.35 min (>95 % pure). HRMS (ES)
calcd for CagH42FN6Os, (M + H)* 693.3195, found 693.3241.

6-Cyclopropyl-8-fluoro-2-(2-(hydroxymethyl)-3-(1-methyl-5-((5-(4-
methylpiperazin-1-yl)pyridin-2-yl)amino)-6-oxo-1,6-dihydropyridin-3-
yl)phenyl)isoquinolin-1(2H)-one (98)

s

N

To a stirred solution of tert-butyl 4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-
oxoisoquinolin-2(1H)-yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-ox0-1,2-

dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (13 mg, 0.019
mmol) in MeOH (1 mL) was added HCI (4 M in dioxane, 1 mL) and the mixture stirred
at rt for 2 h. The solution was concentrated to dryness under a stream of nitrogen, then
the residue was dissolved in MeOH (1 mL) and treated with formaldehyde (38% aq.,
14 pL, 0.19 mmol) and NaBH(OAC)3 (40 mg, 0.19 mmol). The mixture was stirred at
rt for 24 h, after which the reaction mixture was directly purified by MDAP
(ammonium bicarbonate modifier gradient). The appropriate fractions were combined
and evaporated in vacuo to give the required product (4.5 mg, 40 % vyield) as a white

solid.

IH NMR (400 MHz, DMSO-ds) & 8.55 (d, J = 2.3 Hz, 1H), 8.34 (s, 1H), 7.85 (d, J =
3.0 Hz, 1H), 7.49 - 7.55 (m, 1H), 7.43 (dd, J = 1.3, 7.8 Hz, 1H), 7.29 - 7.37 (m, 4H),
7.26 (d, = 1.5 Hz, 1H), 7.20 (d, J = 9.1 Hz, 1H), 6.98 (dd, J = 1.5, 13.3 Hz, 1H), 6.59
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(dd, J = 2.0, 7.3 Hz, 1H), 4.32 (d, J = 11.3 Hz, 1H), 4.21 (d, J = 11.3 Hz, 1H), 3.59 (s,
3H), 3.00 - 3.06 (m, 4H), 2.40 - 2.45 (m, 4H), 2.20 (s, 3H), 2.03 - 2.11 (m, 1H), 1.06 -
1.13 (m, 2H), 0.83 - 0.90 (M, 2H). °F NMR (376 MHz, DMSO-ds) & -111.1 (d, Jc.
= 12.2 Hz). LCMS (Method B) (ES +ve) m/z 607.2 (M + H)* Rt 1.12 min (>95 %

pure).
Consistent with literature data.364388

14-(4-(6-((5-(3-(6-Cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-yl)-2-
(hydroxymethyl)phenyl)-1-methyl-2-oxo0-1,2-dihydropyridin-3-
yl)amino)pyridin-3-yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecan-1-oic acid (99)

H

s

o
HOJK/O\/\O/\/O\/\O/\/N\)

To a stirred solution of tert-butyl 4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-
oxoisoquinolin-2(1H)-yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-ox0-1,2-

dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (58 mg, 0.084
mmol) in MeOH (0.5 mL) was added HCI (4 M in dioxane, 0.5 mL) and the mixture
stirred at rt for 2 h. The mixture was neutralised with NaHCO3 (sat. ag.), and diluted
with water (10 mL), then the precipitate collected by filtration and dried under a stream
of nitrogen. The sample was dissolved in a solution of methyl 14-chloro-3,6,9,12-
tetraoxatetradecanoate (29 mg, 0.102 mmol) and DIPEA (0.044 mL, 0.25 mmol) in
DMF (1.5 mL), then sodium iodide (12.5 mg, 0.083 mmol) was added and the mixture
stirred at 100 °C for 12 h. The mixture was diluted with n-BuOH (10 mL) and water
(20 mL), then the phases were separated. The aqueous layer was back-extracted with
n-BuOH (10 mL), then the organic layers were combined, washed with brine and
evaporated in vacuo. The residue was dissolved in MeOH (5 mL) then a solution of
LiOH (20 mg, 0.84 mmol) in water (1 mL) was added and the mixture stirred at rt for
1 h. The mixture was evaporated in vacuo, then the sample was loaded in DMSO and
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purified by reverse phase (C18) chromatography using a 0-60 % acetonitrile-water
(+0.1 % ammonium bicarbonate modifier) gradient over 14 CV. The appropriate
fractions were combined and evaporated in vacuo to give the required product (35 mg,

51 % yield) as an orange solid.

IH NMR (400 MHz, DMSO-dg) & 8.55 (d, J = 2.3 Hz, 1H), 8.33 (s, 1H), 7.84 (d, J =
3.0Hz,1H), 7.49-7.55(m, J=7.8 Hz, 1H), 7.43 (dd, J=1.1, 7.7 Hz, 1H), 7.29 - 7.37
(m, 4H), 7.26 (d, J = 1.3 Hz, 1H), 7.20 (d, J = 9.1 Hz, 1H), 6.97 (dd, J = 1.4, 13.2 Hz,
1H), 6.59 (dd, J = 2.0, 7.3 Hz, 1H), 4.84 (br. s., 1H), 4.31 (d, J = 11.1 Hz, 1H), 4.20
(d, J = 11.3 Hz, 1H), 3.50 - 3.60 (m, 19H), 2.98 - 3.06 (M, 4H), 2.52 - 2.56 (M, 6H),
2.02 - 2.12 (m, 1H), 1.06 - 1.12 (m, 2H), 0.83 - 0.89 (M, 2H). 2*C NMR (101 MHz,
DMSO-ds) & 172.47, 162.40 (d, Jc.r = 257.5 Hz), 158.89 (d, Jc-r = 4.4 Hz), 157.05,
152.14 (d, Jc-Fr = 9.5 Hz), 148.97, 142.04, 141.43, 140.90, 140.67, 136.41, 135.69,
134.31, 131.16, 130.95, 129.13, 128.30, 127.38, 127.08, 118.79 (d, Jcr = 3.7 Hz),
118.54, 116.99, 113.31, 112.46 (d, Jcr = 5.9 Hz), 111.16 (d, Jc-r = 21.3 Hz), 104.47
(d, Jc.r = 3.7 Hz), 70.22, 70.17, 70.11, 69.95, 69.24, 68.77, 57.66, 57.44, 53.46, 49.40,
37.85, 15.89, 11.12 (d, Jc-r = 3.7 Hz). Note that 3C NMR data are reported to two
decimal places to differentiate the signals. Two signals are not observed, potentially
due to overlapping frequencies of PEG chain carbons. Only clearly resolved *C-1°F
couplings are reported. 1°F NMR (376 MHz, DMSO-ds) & -111.1 (d, Jc-r = 10.4 Hz).
LCMS (Method B) (ES +ve) m/z 827.3 (M + H)" Rt 0.85 min (>95 % pure). HRMS
(ES) calcd for CasHs2FNeOo, (M + H)* 827.3774, found 827.3773.
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(S)-N-((S)-1-(1-(14-(4-(6-((5-(3-(6-Cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-
yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-oxo-1,2-dihydropyridin-3-
yl)amino)pyridin-3-yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecan-1-
oyl)piperidin-4-yl)-2-((S)-2-(4-(4-fluorobenzoyl)thiazol-2-yl)pyrrolidin-1-yl)-2-
oxoethyl)-2-(methylamino)propanamide (100)

OY\O/\/O\/\O/\/OI
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To a stirred solution of 14-(4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-
2(1H)-yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-oxo-1,2-dihydropyridin-3-
yl)amino)pyridin-3-yl)piperazin-1-yl)-3,6,9,12-tetraoxatetradecanoic acid (34.5 mg,
0.042 mmol), (9H-fluoren-9-yl)methyl ((S)-1-(((S)-2-((S)-2-(4-(4-
fluorobenzoyl)thiazol-2-yl)pyrrolidin-1-yl)-2-oxo-1-(piperidin-4-yl)ethyl)amino)-1-
oxopropan-2-yl)(methyl)carbamate hydrochloride (35 mg, 0.046 mmol) and DIPEA
(36.0 uL, 0.209 mmol) in DMF (1 mL) was added HATU (18 mg, 0.047 mmol) and
the mixture stirred at rt for 3 h. The solution was treated with piperidine (83 uL, 0.83
mmol), stirred at rt for a further 30 min. The mixture was concentrated under a stream
of nitrogen, then directly purified by MDAP (ammonium bicarbonate modifier

gradient) to give the required product (25 mg, 46 % yield) as a yellow solid.

IH NMR (600 MHz, DMSO-ds) & 8.56 (d, J = 2.2 Hz, 1H), 8.50 (s, 1H), 8.34 (s, 1H),
8.24 (d, J = 5.9 Hz, 2H), 7.85 (d, J = 2.9 Hz, 1H), 7.49 - 7.56 (m, 1H), 7.28 - 7.47 (m,
8H), 7.26 (5, 1H), 7.20 (d, J = 8.8 Hz, 1H), 6.98 (dd, J = 1.1, 13.2 Hz, 1H), 6.59 (dd, J
=1.7,7.5 Hz, 1H), 5.40 (dd, J = 2.9, 8.1 Hz, 1H), 4.73 - 4.77 (m, 1H), 4.55 (d, J = 5.9
Hz, 1H), 4.33 (d, J = 9.5 Hz, 1H), 4.19 - 4.24 (m, 1H), 4.07 (br. s., 2H), 3.65 - 3.88
(m, 3H), 3.59 (s, 3H), 3.47 - 3.55 (M, 15H), 2.94 - 3.06 (M, 5H), 2.72 - 2.89 (M, 1H),
2.52 - 2.56 (m, 4H), 2.35 - 2.46 (m, 1H), 2.28 (d, J = 8.4 Hz, 1H), 2.14 - 2.22 (m, 4H),
1.95 - 2.12 (m, 5H), 1.60 (t, J = 12.1 Hz, 2H), 1.01 - 1.27 (m, 8H), 0.85 - 0.89 (m, 2H).
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13C NMR (151 MHz, DMSO-dg) 6 185.05, 175.06, 173.41, 170.62, 167.32, 165.37 (d,
Jor = 253.2 Hz), 162.41 (d, Je.r = 260.9 Hz), 158.89 (d, Jo.r = 4.4 Hz), 157.05, 152.96,
152.14 (d, Jc-r = 10.0 Hz), 148.98, 142.04, 141.43, 140.90, 140.67, 136.40, 135.69,
134.31, 133.92 (d, Jc-F = 2.2 Hz), 133.56 (d, Jc-F = 7.7 Hz), 131.16, 130.95, 130.25 (d,
Je-r = 4.4 Hz), 129.13, 128.31, 127.38, 127.09, 118.79, 118.52, 116.99, 115.95 (d, Jc-
r = 22.1 Hz), 113.32, 112.46 (d, Jor = 5.5 Hz), 111.16 (d, Jcr = 22.1 Hz), 104.46,
70.26, 70.23, 70.20, 70.14, 70.07, 69.90, 69.85, 68.84, 59.59, 58.76, 57.69, 57.43,
53.89, 53.49, 49.44, 47.59, 38.41, 37.86, 34.74, 32.06, 24.58, 19.52, 15.90, 11.13 (d,
Jcr = 5.5 Hz). Note that *C NMR data are reported to two decimal places to
differentiate the signals. Two signals are not resolved, potentially due to overlapping
frequencies of PEG chain carbons. Only clearly resolved *C-'°F couplings are
reported. 1%F NMR (376 MHz, DMSO-ds) & -105.8 (m, 1F), -111.1 (d, Jc.r = 13.0 Hz,
1F). LCMS (Method B) (ES +ve) m/z 655.9 ([M + 2H]/2)* Rt 1.18 min (>95 % pure).
HRMS (ES) calcd for CeoHs2F2N11011S, (M + H)* 1310.5884, found 1310.5863. IR
vmax (neat) 3338, 2925, 1646, 1597, 1578, 1497, 1469 cm™. MP >250 °C

(decomposition).
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7.3 Protein MS Data

General Procedure:

Recombinant BTK (70 %, 0.1 ug/uL, buffered aqueous glycerol solution, 24.75 uL)
was then added (0.25 puL of 1 mM DMSO stock solution), then left to incubate at room
temperature. After the appropriate reaction time, the solution was quenched with
formic acid solution (10 % aq., 75 uL). The solution was transferred to 96 well plate,
then the analysis conducted using an Agilent 6224/6230 TOF LCMS system. The
appropriate LC peak was deconvoluted within a 50-100 kDa range to give the required
MS spectrum.

MS Spectra:

) Treatment with DMSO and compound 65, incubation time = 2 h.
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i) Treatment with compound 69 and 70, incubation time = 4 h.

x10 1| Compound 69
78822.15
4
3,
2_
14
90696.90 98329.84
0 e il g i d PSPPI PP

55000 60000 65000 70000 75000 80000 85000 90000 95000
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x10 2 | Compound 70
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0.8
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0.4
0.2
ol J.J\_\JL 84457.15 y ‘94625"1?_“

55000 60000 65000 70000 75000 80000 85000 90000 95000
Counts (%) vs. Deconvoluted Mass (amu)

Spectral peaks observed:

Compound
Peak DMSO 65 69 70

1 N/A N/A 78743.1 77427.5
2 77513.4 77982.0 78822.2 77504.7
3 77595.1 78030.2 78842.5 77584.8
4 77677.6 78061.2 78861.2 77664.8
5 77725.0 78105.2 78904.5 77691.3
6 77746.0 78128.4 78921.4 777115
7 77769.2 78186.6 78982.1 77743.0
8 77784.7 78211.4 79001.9 77784.5
9 77825.5 78229.4 79061.6 77821.8
10 77847.4 78283.5 79080.7 77846.7
11 77907.0 78374.0 N/A N/A
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Observed Mass Shift, Determination of Binding Mode:

Mass shift relative to DMSO

Compound 65 69 70
Peak 1 N/A N/A N/A
Peak 2 468.6 1308.7 8.74
Peak 3 435.1 12474 10.3
Peak 4 383.6 1183.6 12.81
Peak 5 380.2 11795 33.68
Peak 6 382.4 1175.3 345
Peak 7 4175 1213.0 26.12
Peak 8 426.6 12171 0.28
Peak 9 403.9 1236.1 3.76
Peak 10 436.1 1233.4 0.69
Peak 11 466.9 N/A N/A
Significant change from DMSO Y Y N
Mean mass shift 420.1 1221.6 145
Inhibitor MW 428.2 1238.5 1240.5
Covalent binding Y Y N

N/A = Peak not detected
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