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Abstract

The dysregulation of the transcription factor NF-kB has been linked with multiple
pathologies including cancers, inflammatory diseases and autoimmune conditions. Under
basal conditions, NF-kB is held in an inactive state in the cytosol. Upon stimulation, in
response to cellular stress, NF-kB translocates to the nucleus where it is able to activate
gene expression. These genes include a number of pro-inflammatory cytokines, growth

factors and pro-survival genes.

Targeting specifically the non-canonical NF-kB pathway with small molecule inhibitors has
been suggested as a possible therapeutic intervention for prostate and pancreatic cancers.
The non-canonical NF-kB pathway is highly dependent on the enzyme NF-kB-inducing
kinase (NIK). This kinase is responsible for the phosphorylation of the downstream kinase
IKKa which, in turn, phosphorylates the p100 protein. Proteolytic processing of p100
releases the NF-kB subunit p52 which dimerises with RelB to form the NF-kB protein

complex.

This project involves the design and synthesis of small molecule inhibitors of IKKa and NIK
as potential prostate and pancreatic anti-cancer compounds. A series of amidopyridines
were shown to be selective inhibitors of IKKa over the related isoform IKKB and an SAR
study identified some compounds with single digit nanomolar potency against IKKa and
some with greater than 500-fold selectivity for IKKa over IKKB. Development of NIK
inhibitors showed substituting the 4-position of a pyrrolopyrimidine scaffold with a 6-
substituted indoline provided sub-micromolar potency against NIK. SAR was carried out on
both ring systems leading to synthesis of a known NIK inhibitor which was shown to have
potent cellular activity and tractable pharmacokinetic properties but poor selectivity over a
wider panel of kinases. Further development led to a compound which retained good
potency against NIK but with a far superior off-target profile compared to the known NIK

inhibitor.

XiX



1. Introduction

Cancer is a collective name for over 100 malignant diseases involving abnormal cell growth
with the potential to spread into surrounding tissues.! In 2012, approximately 14.1 million
new cases of cancer occurred globally, resulting in around 8.2 million deaths. This accounts

for nearly 15% of all human deaths.?

In 2000, Douglas Hanahan and Robert Weinberg published a seminal paper entitled “The
Hallmarks of Cancer”, in which they proposed that each of the multitude of observable
pathologies could be assigned to one of six categories: tissue invasion and metastasis;
limitless replicative potential; sustained angiogenesis; evasion of apoptosis; self-sufficiency
in growth signals and insensitivity to anti-growth signals.® This was followed in 2011 with a
refined view which added the two emerging hallmarks of reprogramming energy
metabolism and evading immune destruction, and proposing that underlying all these
hallmarks are two “enabling characteristics” -namely tumour promoting inflammation and

genomic instability.*

An appreciation of these hallmarks provides two main things. Firstly, it helps to simplify a
vastly complex topic and aid understanding of how certain cancers exert their influence and
how it might be best to treat them. Secondly, it provides insight into how to determine the
importance of a potential target within the cancer setting and what assessments would be
appropriate to prove this. This means that before a biological target can be chosen for
cancer treatment, it must first be shown to have some effect on one or more of these
hallmarks. Once this has been demonstrated then there must also be some way to quantify

the effect of up or downregulating this target.
1.1. Introduction to pancreatic cancer

Pancreatic cancer is the 12" most commonly diagnosed type of cancer worldwide, with an
estimated 338,000 new cases each year.> Pancreatic cancers are broadly placed into two
categories: endocrine and exocrine, with exocrine tumours being considerably more
common. The early stages of pancreatic cancer are often asymptomatic and thus the
disease is generally advanced when diagnosed.® Symptoms vary at later stages between
endocrine and exocrine tumours. Exocrine tumours often result in very vague symptoms

such as stomach or back pain and weight loss and are therefore difficult to diagnose. More



serious symptoms can be diabetes, blood clots and jaundice. Endocrine tumours are
sometimes easier to diagnose as, in around a third of cases, the tumour produces
hormones. The symptoms experienced differ based on the hormone produced. There are
five main classes of endocrine tumour: insulinomas; gastrinomas; somatostatinomas;

VIPomas and glucagonomas.’

The difficulty in diagnosing pancreatic cancer arises because there are no well assessed
biomarkers for which to test. Two markers which are screened for are carcinoembryonic
antigen (CEA) and carbohydrate antigen 19-9 (CA19-9), however these markers are
unreliable and care must be taken in interpreting results.®° As blood tests are not reliable,

they are usually followed up with ultrasound, CT or MRI scans, endoscopy or laparoscopy.°

Generally, due to the fact that pancreatic cancer is normally diagnosed in the latter stages,
there are very limited treatment options currently available; and those treatments given
are often palliative rather than curative. In the case of most stage 1 (localised tumour less
than 2 cm diameter) and some stage 2 (localised tumour greater than 2 cm diameter) or
endocrine tumours, a curative surgery may be attempted. For more advanced cancer,
surgery may still be used to relieve symptoms either by removing some of the tumour or by
inserting a stent to unblock the bile duct - a common side effect of pancreatic cancer.'*!2
Radiotherapy is rarely used as a treatment for pancreatic cancer but is occasionally used -
again usually for relief of symptoms. Another treatment that is available is chemotherapy,
using either gemcitabine or 5-fluorouracil, but, again because of late diagnosis, this is

usually only for around 6 months. These are discussed further in section 1.1.1.

1.1.1. Current chemotherapeutic interventions in pancreatic cancer

1.1.1.1. Gemcitabine

NH,
B
Nko
HO
(@)
OH F

Figure 1. Structure of gemcitabine.



Gemcitabine is a nucleoside analogue which arrests DNA replication through two different
mechanisms. The first mechanism occurs by gemcitabine triphosphate replacing the
cytidine nucleotide during replication. The addition of this faulty nucleotide allows for chain
elongation by only one nucleotide resulting in apoptosis. The second mechanism is through
inhibition of ribonucleotide reductase (RNR).'® In this mechanism, gemcitabine diphosphate
binds irreversibly to the RNR active site, inhibiting the production of the

deoxyribonucleotides necessary for DNA replication and repair and leading to apoptosis.'*

1.1.1.2. 5-Fluorouracil

Figure 2. Structure of 5-fluorouracil.
5-Fluorouracil (5-FU) is a pyrimidine analogue inhibitor which principally works through
irreversible inhibition of thymidylate synthase. This blocks the synthesis of thymidine,
arresting DNA replication and either forcing the cell into apoptosis or causing thymineless
death.’ Although gemcitabine has a superior response rate amongst patients, studies have
shown that when used in combination with other drugs (notably cisplatin),'® 5-FU still has a

place in pancreatic cancer treatment.’

1.2. Introduction to prostate cancer

Prostate cancer is the fourth most common cancer worldwide and second most common
form of cancer among men; with more than 1.1 million new cases in 2012, accounting for
15% of all male cancers.!® Prostate cancer is largely asymptomatic in its early stages. As the
cancer advances it often starts to put pressure on the urethra resulting in symptoms such
as difficulty passing urine or having to urinate more frequently and, in rare cases, pain

passing urine or blood in the urine.?

Prostate cancer initially presents in a hormone, or androgen, responsive state and usually
responds well to androgen receptor (AR) antagonists. After 2-3 years of androgen
deprivation treatment, the cancer can become unresponsive and enter a castrate resistant
stage (CRPC). Current therapies for CRPC increase median survival rate by only 2-4 months
and therefore treatment at this stage is largely palliative.?’ Previously considered to be

totally hormone independent by this stage, it has now been shown that, although now not



responsive to castration treatment to reduce androgens by chemical or surgical methods,
CRPC still has a dependence on hormones for androgen receptor activation.?! As such, AR is

emerging as a key target in CRPC treatment.??

Prostate cancer has several associated risk factors. These include race, family history and
diet; but it is most closely correlated with age.? Prostate cancer is rarely diagnosed in men
below the age of 65, with 22% of cases being diagnosed in men over 80. The late onset of
the disease is one reason for the apparent lack of symptoms. Late onset also means that
many men do not undergo any therapy and often die with prostate cancer rather than of

prostate cancer.

One of the biggest advances in prostate cancer treatment came in 1990 with the
introduction of prostate specific antigen (PSA) screening. This is a quick, and comparatively
cheap, test for the PSA biomarker; a protein produced by the prostate. Whilst basal levels
of PSA do increase slightly with age, an increased level is also associated with prostate
problems. Due to the fact that increased PSA levels are not necessarily indicative of
prostate cancer, there are conflicting opinions on whether the PSA tests are the reason for
decreasing mortality since 1990, or if this is coincidental or related to the fact that disease
treatment has improved in general.22> Regardless of whether or not the PSA test itself is
the reason for the decreasing mortality rate, it is likely that more cases of prostate cancer
are being followed up with more determinative tests due to the ease and low-risk of the

test. These can include digital rectal examinations (DRE), biopsy, MRI or CT scans.

Clinical metastases: castrate.
Pre-docetaxel
Sipuleucel-T, Abiaterone,

. Enzalutamide, Radium-223 |

Clinical metastases: castrate.
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Docetaxel

A o

Increasing PSA
levels: CRPC

Increasing PSA
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Clinical metastases: castrate.
Post-docetaxel
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Clinical
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Androgen deprivation therapy

Figure 3. Clinical progression of prostate cancer. Adapted from.2®



There are multiple treatments available for prostate cancer and these are dependent on
the stage of the cancer.?® For localised prostate cancer, common interventions include
radical prostatectomy, radiotherapy, permanent seed brachytherapy, high-intensity

focused ultrasound (HIFU) and cryotherapy.?’
1.2.1. Current chemotherapeutic interventions in prostate cancer

There are several classes of chemotherapeutics currently used in the treatment of prostate
cancer. This section will briefly discuss some of the major classes of drugs in current

chemotherapy.
1.2.1.1. Gonadotropin-releasing hormone agonists

Gonadotropin-releasing hormone (GnRH) agonists are used during the androgen responsive
stage of prostate cancer. This class of chemotherapeutics includes leuprolide, buserelin,
histrelin, goserelin, nafarelin, triptorelin and deslorelin. These are all based on a natural
decapeptide with specific modifications which enhance pharmacokinetic stability.?® They
act by suppressing testosterone and dihydrotestosterone; both of which are required by

the tumour cells to grow.®
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Figure 4. Structure of representative GnRH agonist leuprolide (R = (R)-i-butyl, R? = H) as
compared to natural decapeptide ligand (R= H,, R? = C(O)NH,).



1.2.1.2. Androgen receptor antagonists
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Figure 5. Structures of nilutamide (left) and enzalutamide (right).

Androgen receptor (AR) antagonists are a standard treatment for advanced prostate cancer
and are often administered in combination with surgery. Early antagonists such as
nilutamide and flutamide have been largely superseded by bicalutimide because of the
improved prognosis and improved toxicological profile.3® In 2012, enzalutamide was
approved by the FDA as a treatment for CRPC.3! Enzalutamide has been shown to convey
significant advantages over bicalutimide in randomised trials and in recent years has
become the gold standard amongst androgen receptor antagonists.3> The downside of
enzalutamide treatment is its cost compared to bicalutimide; with enzalutamide costing up
to 50 times more per tablet, though this may be predominantly due to the production

monopoly for enzalutamide.>
1.2.1.3. Anti-mitotic agents

There are several classes of drugs within the anti-mitotic family of chemotherapeutics. One
of the main classes for use in prostate cancer is the taxane class exemplified by drugs such
as paclitaxel and docetaxel. These have been shown to be active in castrate resistant
prostate cancer and slightly to improve survival rates relative to anti-mitotic agents in the

anthrocycline class such as mitoxantrone.343®

OH O HN\/\N/\/OH
H

Figure 6. Structures of paclitaxel (left) and mitoxantrone (right).



1.2.1.4. Immune system activators

Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) binding antibody ipilimumab is an
immune system activator currently in clinical trials in the treatment of CRPC.3%%7 CTLA-4 is
involved in blocking the activation of T-cells*® and thus the binding of this glycoprotein
stops immunosuppression and, in turn, allows the body to better combat the cancer cells.
Programmed Death-1 (PD-1) receptor has also been suggested as a target in CRPC
treatment.® PD-1 activator nivolumab has been examined in a number of cancer models,
including CRPC,* and also in combination with ipilimumab as a treatment for advanced
melanoma.*! These studies suggest a manageable safety profile and the combination
approach, having shown great promise in melanoma, has been suggested as a tractable
approach for CRPC.%® Progress has been made in immunotherapy but current treatment still

requires it to be administered in combination with chemotherapy.

1.3. NF-kB and NIK

Nuclear factor kB (NF-kB) is a transcription factor which is responsible for the transcription
of over 180 target genes.*? Of specific interest to oncology, these genes regulate a host of
targets involved in cell survival, angiogenesis, epithelial-mesenchymal transition (leading to
migration), proliferation, inflammation, invasion and metastasis.** NF-kB is activated in
response to a diverse range of stimuli. These include, but are not limited to, inflammatory
cytokines, immune-related stress, virus, UV irradiation, environmental triggers and

oxidative stress.*
1.3.1. NF-kB activation

The mammalian NF-kB family contains five members: NF-kB1 (p105 and p50), NF-kB2 (p100
and p52), RelA (p65), RelB and c-Rel.** These subunits form varying combinations of dimers
- most commonly p52:RelB and p50:RelA, though also many others - and translocate into

the nucleus whereupon they regulate gene transcription.



1.3.1.1. Non-canonical pathway
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Figure 7. Panel A shows the non-canonical NF-kB pathway under basal conditions, with
panel B showing activated pathway. In the absence of any stimulus NIK is held in a
regulatory complex by clAP1 & 2 and TRAF2 & 3. NIK is ubiquitinated and undergoes
proteasomal degradation. As shown in panel B, when the pathway is activated, NIK is
released from its regulatory complex and phosphorylates IKKa. This, in turn, induces
processing of p100 to p52 which then dimerises with RelB. This dimer complex then
translocates into the nucleus where it can regulate gene transcription.



Under basal conditions NIK is rapidly ubiquitinated and sent for proteasomal degradation; a
process regulated by E3 ligases cellular inhibitors of apoptosis 1 and 2 (clAP1/2) and TNF
receptor associated factors 2 and 3 (TRAF2/3). The non-canonical NF-kB pathway is
activated by a range of cytokines including, but not limited to, lymphotoxin beta (LT-B), B-
cell activating factor (BAFF), receptor activator for NF-kB (RANK) and CD40.%> Activation
leads to one of two possible processes. The first process involves recruitment of TRAF
proteins leading to the disassembling of the degradative complex and the subsequent
release of NIK. The alternative process involves the ubiquitination and degradation of the
E3 ligases and thus the release of NIK.* In either case, NIK is stabilised and stimulates the
non-canonical pathway by phosphorylation of IKKa which in turn phosphorylates p100, the

processing of which releases the p52-RelB dimer followed by nuclear translocation.?



1.3.1.2. Canonical pathway
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Figure 8. Panel A shows the canonical pathway under basal conditions and panel B
shows pathway upon activation. With no activating influence from the IKK complex,
IkBa holds the p105 and RelA subunits in an inactive complex. Upon stimulation, IKKa
and IKKB scaffold with IKKy to form an activating complex which phosphorylates
residues in the IkBa complex leading, ultimately, to its proteasomal degradation. This
degradation releases p105, which is then proteolytically cleaved to form p50, and RelA.
These subunits dimerise and translocate to the nucleus.
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The canonical pathway NF-kB is activated by a stimulation of receptors such as tumour
necrosis factor (TNF) receptors (TNFR), toll-like receptors (TLR) or T-cell receptors (TCR). On
stimulation of these receptors by either TNFa or interleukin-1 (IL-1), receptor interacting
protein (RIP) and TRAF2 or TRAF6 respectively bind to the receptor.®® RIP and TRAF binding
results in assembly and activation of the inhibitory-kB kinase complex (IKK) complex
consisting of catalytic proteins IKKa and IKKB and scaffolding protein NEMO (also known as
IKKy).* Upon phosphorylation by the IKK complex, the IkB complex - which acts to hold p65
(RelA) and p105 in an inactive state in the cytoplasm - undergoes proteasomal
degradation.*® This degradation results in the processing of p105 to p50 and subsequent
release of the p50-RelA dimer. This, after nuclear translocation, is able to bind to DNA and

regulate transcription.

1.3.1.3. Atypical pathway

Aside from these two pathways, NF-kB activation can also occur independently of the IKKs,
or at least have atypical mechanisms of activation. There are at least 3 other known
pathways and, although these have not been nearly as well described as the canonical and
non-canonical pathways, it is important that they are considered nonetheless.” The first of
these is a genotoxic stress response which involves the translocation of IKKy to the nucleus
followed by dimerisation with the kinase ATM. Upon ubiquitination this complex returns to
the cytoplasm where it activates the canonical IKK complex. The other two main atypical
pathways result in the translocation of the p50-RelA complex to the nucleus in much the
same way as the canonical pathway does. The first route to this is as a result of hypoxia
wherein an unknown tyrosine kinase phosphorylates Y42 of the IkBa complex, leading to its
degradation and subsequent release of the p50-RelA dimer. The second pathway is in
response to UV-induced DNA damage and involves the p38-mediated activation of the
kinase CK2 which in turn phosphorylates IkBa, again, resulting in degradation and release

p50-RelA.*
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1.3.2. NIK structure

Mitogen-activated protein kinase kinase kinase 14 (MAP3K14), also known as NIK, is a 44-
100 kDa serine/threonine protein kinase which is responsible for phosphorylating IKKa.>?
The full length protein consists of a negative regulatory domain (NRD), which includes a
basic region (BR) and a proline-rich repeat region (PRR); the kinase domain and a non-

catalytic region (NCR) where it is thought TRAF and IKKa binding occurs.>
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Figure 9. Linear schematic of NIK structure. Adapted from.>3
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Figure 10. Ribbon structure of NIK with ATP bound in ATP binding site (PDB code

4DN5).3 Image created using Accelrys Discovery Studio 4.0.2%
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Figure 11. Schematic represeantationof NIK hinge binding region.
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Like most protein kinases, the catalytic kinase domain comprises an N-terminal lobe and a
C-terminal lobe joined by a ‘hinge’ region as shown in Figure 10Error! Reference source not
ound.. As shown in Figure 11, the hinge region of NIK comprises a methionine gatekeeper,
gatekeeper + 1 (G+1) glutamic acid and G+2 & 3 leucines, where G+1 and G+3 traditionally
form the binding interactions with adenine when ATP is bound. The adenine binding region

of NIK is very hydrophobic, comprising leucine and valine moieties.

Whilst being structurally and functionally similar to most other kinases, NIK has a significant
dynamic difference to many kinases. In general, there is a perceived “active” and “inactive”
state adopted by kinases typified by the so-called “DFG in/out” states respectively.>* Due to
the fact that proteins are dynamic entities, these are extremes of a spectrum of
conformations rather than binary modes, but they are nonetheless useful generalisations to
describe small molecule binding. The inactive, “DFG out”, protein can adopt a range of
conformations since the Asp-Phe-Gly motif makes no specific interactions to lock it in place.
When the DFG loop moves to the active “in” state, however, far fewer conformations are
available to the protein. NIK has so far not been observed to adopt this “out” state. The
transition to the active form is generally modulated by phosphorylation of a residue in the
activation loop, however available crystal structures show the protein in its active state
without evidence of phosphorylation.>®*> This structural elucidation provides useful insight

into appropriate methods of targeting NIK.
1.4. Role of NIK in cancer

NIK mediated NF-kB activation has been shown to be a key driver of oncogenic progression
in, among many others, prostate and pancreatic cancer.>® Non-canonical NF-kB is involved
in the transcription of a wide variety of genes, including those which code for
cyclooxygenase-2 (COX2), TNF, interleukinl (IL-1), lymphotoxin B (LT-B), CD40 and B-cell
associated factor (BAFF), which have been shown to be involved in tumour promotion,

#4728 and also to be upregulated in

angiogenesis, metastasis and increased cell surviva
multiple cancer settings.***® The activation of NF-kB has been linked to increased
chemotherapeutic resistance and the overexpression of NF-kB proteins themselves has
been linked to the development of cancer, blocking of apoptosis and promotion of cell

proliferation.*?
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Tumour cells need oxygen to survive and thus the growth of tumours, particularly solid
state tumours, can be limited by a poor blood supply. Angiogenic growth factors such as
VEGF and MCP-1, both of which are regulated by NF-kB, are required for effective tumour
growth. For metastasis to occur, cancerous cells must be able to pass in and out of the
vessel walls so they can be transported to other parts of the body. Only specific molecules
are able to mediate the ability of other molecules to cross vessel walls, and these are
expressed in response to signals from inflammatory cells and tumour cells. These specific
molecules include ICAM-1 (Intercellular Adhesion Molecule-1), ELAM-1 (Endothelial Cell
Leukocyte Adhesion Molecule-1) and VCAM-1 (Vascular Cell Adhesion Molecule-1), all of

which are thought to be expressed in response to the activation of NF-kB.5%61

NIK levels in pancreatic cancer cells have been shown to be upregulated. Experiments by
Storz et al. showed that, relative to normal human pancreatic ductal epithelial (HPDE) cells,
NIK was overexpressed in multiple pancreatic cancer cell lines.? In particular, active p-T559
was highly expressed in seven of nine tested cell lines. Gene silencing experiments using
shRNA against NIK have shown in pancreatic cancer models that NF-«kB induction is almost

halved and, as a result, rate of cell proliferation is decreased by the same ratio.

Non-canonical NF-kB signalling has also been shown to be a key player in prostate cancer.
Work published by Lessard et al. showed a strong correlation between nuclear RelB and
prostate cancer patients’ Gleason score; a grading system categorising the overall health of
prostate cells.%® Whilst other Rel proteins were also found, RelB was the only one to show a
strong correlation, suggesting that although the canonical pathway is involved to an extent
in the progression of prostate cancer, the main driver is the non-canonical pathway through

dysregulation of NIK.
1.5. Strategies to target the non-canonical pathway

To date, there are no known therapies designed to specifically target the non-canonical NF-
kB pathway in any clinical setting. Several interventions have been suggested to target the
non-canonical pathway for multiple indications including prostate and pancreatic cancer

and some of these will be discussed in this section.
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1.5.1. Pancreatic cancer

The first way in which pancreatic cancer could be targeted through the non-canonical
pathway is by NIK inhibitors.* Whilst in principle this should be an effective method of
intervention, past efforts have proved unsuccessful: mainly due to either a lack of
specificity or lack of effectiveness in vivo.®®> At the outset of this project, a series of NIK
inhibitors in the pyrazolo[4,3-c]lisoquinoline series had been reported, however these
showed no specificity for NIK as the canonical NF-kB pathway was also affected.®®®” Many
more NIK inhibitors have been published since the outset of this work and these will be

discussed later in this thesis.

TRAF2, as shown in Figure 7, is involved in the regulation of NIK. TRAF2 downregulation has
been shown to be closely associated with NIK accumulation in pancreatic ductal
adenocarcinoma (PDAC).®? Stabilisation of the TRAF2, either directly in its complex with
TRAF3 and clAPs or by inhibition of clAPs to limit receptor sequestration of the complex
upon stimulation, has been suggested as an intervention upstream of NIK.®? The caveat to

this is that TRAF2 has a dual role in the canonical versus non-canonical NF-kB pathways,

“whereby in the canonical pathway TRAF2 and IAPs participate in nondegradative
ubiquitination reactions necessary for the assembly of the NF-kB-activating complex, while
they participate in NIK degradation in the non-canonical pathway. Thus the outcome of IAP

inhibition on the balance and dynamics of NF-kB activity is difficult to predict.”%

This has been demonstrated with the TRAF2 inhibitor P3-25 which works by disrupting
TRAF2-TANK interactions which in turn decreases TRAF2-dependant IKK activity®® and thus

it is difficult to predict the consequences of interfering with TRAF and IAP signalling.

TGF-B—activated kinase 1 (TAK1), in conjunction with its binding partner TGF-B activated
kinase binding protein 1 (TAB1) is responsible for, amongst other things, activation of the
non-canonical pathway through phosphorylation of NIK.%® Under basal conditions,
formation of the TAK1-TAB1 complex is slow, whereas in KRAS driven PDAC, TAK1-TAB1
complexation is significantly upregulated.” Due to this upregulation in PDAC, TAK1
inhibition may represent a feasible strategy for the inhibition of NF-kB activity.®* TAK1
inhibitor 5Z-7-oxozeaenol, first examined in an inflammatory setting,”* is commonly used as
a chemotherapeutic intervention and has shown involvement in disrupting cell cycle

progression but also shows activity against a panel of other kinases. A more recent, type |l
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inhibitor, of TAK1 shows greater selectivity than 5Z-7-oxozeaenol and, whilst warranting
further investigation, still has a greater affinity for MAP4K2 than TAK1 and has only limited

cellular data to date.”
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Figure 12. Schematic of TAK1 - NIK - IKK signalling. Adapted from.®

GSK3 is a kinase, comprising two isoforms, which plays a key role in cell cycle progression
and apoptosis. The GSK3a isoform is involved in promotion of constitutive IKK and NF-kB
activity in pancreatic cancer by targeting TAK1 stabilising the interaction of the TAK1-TAB1
complex.”? It has also been suggested that GSK3 plays a role in the stabilisation of the
nuclear RelB/p52 heterodimer as shown in Figure 13. The non-specific GSK3 inhibitor AR-
A014418 has been shown to reduce tumour growth in pancreatic cancer cell lines and GSK3

has therefore been suggested as another potential therapeutic target.”
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Figure 13. GSK3a activation of non-canonical NF-kB by nuclear p52 stabilisation.
Adapted from.”

1.5.2. Prostate cancer

As research into the links between NF-kB signalling and cancer has progressed, a significant
body of evidence has developed linking the non-canonical NF-kB pathway components NIK
and IKKa with prostate cancer. Literature also suggests that these can act either through
the activation of the non-canonical pathway, leading to the translocation of RelB/p52 to the
nucleus,’*”® or through NF-kB independent mechanisms.”®”” IKKa is known to be able to
translocate to the nucleus, whereupon it can, amongst other things, phosphorylate histone
H37® and SMRT.” These processes may have particular significance in CRPC because
phosphorylation of histone H3 has been implicated in transcription regulation in response
to androgen stimulation® and one of the targets of SMRT repression is AR (Figure 14).8182
Lessard et al have also shown that targeting IKKa with RNAi leads to an IKKa-dependent
nuclear accumulation of non-canonical components p100 and p52 in LNCaP prostate cancer
cells,® further indicating a relationship between AR and the non-canonical NF-kB pathway

in hormone-dependent cancers such as CRPC.
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Figure 14. AR derepression through IKKa mediated phosphorylation of SMRT.

The TNF superfamily member cytokine receptor activator of NF-kB ligand (RANKL) had
already been established as a driver of oncogenesis in an, at least partial, NF-kB dependent
manner in breast cancer.®*% Further work by Karin et al., however, suggested that this was
not the case in prostate cancer and that RANKL drives translocation of IKKa to the nucleus
and is involved in repression of maspin: a suppressor of tumour metastasis.””?” IKKa has the
ability to phosphorylate histone H3 once in the nucleus and it is thought that this
phosphorylation affects gene transcription and may therefore include that of the serpin

gene which translates maspin.®®
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Figure 15. RANKL-mediated IKKa translocation and maspin suppression. Adapted from.”’

These literature observations open up several possible avenues of therapeutic intervention
for prostate cancer around the non-canonical NF-kB pathway. The first option could be to
target RANKL itself, as the driver of the maspin repression pathway through IKKa. RANKL
inhibitors have been developed and, in 2013, denosumab was approved for clinical use by
the FDA in patients with bone cancers.® Denosumab has also recently been used in clinical
trials to decrease bone metastasis and osteoporosis in CRPC treatment.®® Results have
shown a decrease in bone metastasis and increase in bone density with treatment, making

denosumab superior to the currently used zoledronic acid.*

NIK represents an alternative therapeutic target for prostate cancer treatment. The current

state of clinical NIK inhibitors is discussed in section 1.5.1.

A third intervention is to target the kinase downstream of NIK: IKKa. As discussed, this
kinase has been suggested to be of great importance in controlling prostate cancer
metastasis through suppression of maspin,”” and proliferation through SMRT.818292 A wide
array of papers and patents have emerged in the last 20 years detailing IKK inhibitors,
though the majority of these are dual IKKa/IKKB, or IKKB selective, inhibitors. A full
discussion of these is outside the purview of this work, but a review by Llona-Minguez et al.

provides a broad overview of the IKK inhibitor landscape.®® Arguably, the most important
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published work on IKKa selective inhibitors has come from GlaxoSmithKline. The first of

these publications came in 2008 and claimed a series of azaindoles as IKKa selective

inhibitors.%* The same year, a series of 4-phenyl-7-azaindoles were patented by the same

group. No inhibitory values were provided but the compounds were claimed to be IKKa

selective and to show sub-micromolar potency against both IKKa and IKKB.%> Compared to

publications on IKKB inhibitors, there has been a dearth of IKKa inhibitors and, to date,

there are no known IKKa-selective inhibitors in any clinical trials.

1.6. Selected alternative strategies

As alluded to at the outset, and as shown in Figure 16, cellular regulation of oncogenic

processes is extremely complex. This section will cover a few selected pathways currently

under investigation within the prostate and pancreatic cancer setting.
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Figure 16. Oncogenic signalling pathways.?
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1.6.1. Hedgehog

The Hedgehog (Hh) pathway has been shown to have a role in cancer through multiple
mechanisms and constitutive activation leading to tumourigenesis has been observed in

several cancers, including prostate and pancreatic.®®

The full signalling pathway is far too complex to examine here; however, because of its
therapeutic potential within both prostate and pancreatic cancer, it is worth a brief
overview. Within vertebrates, Hh proteins are a set of three homologous extracellular
signalling proteins which bind to the Patched 1 transmembrane protein (PTCH).%® In the
absence of an Hh ligand, PTCH inhibits the activity of another transmembrane protein
known as Smoothened (SMO).”” Under basal conditions, downstream GLI transcription
factors are proteolytically processed and are largely repressive with respect to Hh target
genes. Upon activation, however, the 7-transmembrane GCPR SMO activates GLI

transcription factors leading to expression of Hh target genes.%

Several Hh pathway inhibitors have been published which target the SMO protein within
the pathway. These include SANT1 - SANT4,%® CUR61414%° and IPI-926%, however two
which are of particular interest to pancreatic cancer are sonidegib and vismodegib. These
are FDA approved SMO receptor inhibitors for use in treating basal-cell carcinomas0%103

and are both in clinical trials for use in resectable (i.e. non-metastatic) pancreatic cancer.'%*
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Figure 17. Structure of (A) sonidegib and (B) vismodegib.
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1.6.2. PI3Ks

The phosphoinositide 3-kinase (P13K) pathway has generated a lot of interest due to its role
in tumour cell biology.®” PI3K-AKT pathway has been implicated in all of the hallmarks of
cancer, described at the outset, through a range of downstream pathways including NF-

KB 108

PI3K is, in reality, a family of 8 kinases across three classes. The most important of these is
the so-called class | enzymes, termed PI3Ka, PI3KB, PI3Ky and PI3K5.1%7 These are
comprised of a 110 kDa catalytic subunit and a regulatory subunit; though there is some
debate over whether PI3Ky should be in a separate “class IB” due to it dimerising with a

different regulatory subunit to the other three.1%®
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Figure 18. Structures of PI3K inhibitors (A) GDC-0941, (B) PX-866, (C) BAY 80-6946 and (D)

GDC-0980.

The PI3K pathway is involved in cross-talk with a host of enzymes in other pathways; many
of which have also been targeted within a cancer setting. These include MEK, for which

trametinib has been approved for BRAF-mutated melanoma;!® ERK, for which ulixertinib is
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110

in phase | trials;**” and a range of MNK inhibitors still in pre-clinical development, to name a

feW 111

To date, all PI3K inhibitors have been targeted against one or more isoforms of the class |
enzymes with some also targeting mTOR.!2 Two of these are in clinical trials against
prostate cancer and two against pancreatic cancer.!'? All four of these inhibitors inhibit
PI3Ka and PI3KB, but also others in combination, with GDC-0941 in phase IB/Il for
pancreatic cancer and PX-866 in phase Il for prostate cancer also targeting the PI3Ky and
PI3K& isoforms; BAY 80-6946 in phase | for pancreatic only targeting PI3Ka and PI3KB and
GDC-0980 in IB/II for prostate hitting PI3Ky, PI3K6 and mTOR.!!2

PI3K is a particularly attractive target in prostate cancer because of interplay with androgen
receptor (AR) signalling.’*® In prostate cancer cells which are tumour suppressor PTEN-null,
inhibition of the PI3K-AKT pathway acts as an upregulatory feedback mechanism for AR
signalling and vice-versa,'* thus maintaining tumour cell survival even in castrate-resistant
prostate cancer. It has been shown, however, that pharmacological inhibition of both PI3K
and AR signalling led to near complete cancer regression in human xenografts.'®® It is
noteworthy that both AKT and ATM (another PI3K family member) have been shown to
phosphorylate IKKa and promote its translocation to the nucleus.®? As already discussed,
this has considerable effects on AR signalling and further validates these pathways in

prostate cancer treatment.
1.7. Advantages of non-canonical NF-kB inhibition over canonical NF-kB inhibition

Whilst there is no one clear piece of conclusive evidence, there is a collective body of work
which, overall, suggests that targeting the canonical NF-kB pathway is less favourable than

targeting the non-canonical NF-kB pathway.

In the arguments against canonical NF-kB inhibition, there is evidence that long-term
inhibition of IKKB has the potential for significant cell death and apoptosis in normal
epithelial cells and cardiac cells respectively.!*>1® Due to canonical NF-kBs influential role in
immune system regulation there is also concern that IKKB inhibitors would have to be taken
with broad spectrum antibiotics for only a short duration to avoid excessive inflammasome
activation during bacterial infection.>” Rel A deficient mice also exhibit embryonic lethality
after around 15 days of gestation and it is thought that this is due to liver degeneration by

programmed cell death.'” Whilst this is only observed in knockout mice, a small population
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of the Cree people in Canada have been found to carry a mutation which leaves them IKKB
null and severely immunocompromised, leading to death usually within months of birth.®
These observations have raised the question as to whether “excessive IKKB inhibition will

result in hepatic toxicity and immunosuppression.”t?

There have not been any such reports of toxicity from non-canonical NF-kB inhibitors;
though this is likely to be in large part because so few of them have been published, and
those which have are very recent and thus lack expansive toxicological data. Whilst in
theory this is encouraging, non-canonical NF-kB inhibitors are not without their problems.
Two of the most obvious targets directly in the non-canonical pathway are NIK and IKKa.
IKKa is known to play a significant role in the canonical pathway*'%° and is also known, in
some settings, to be involved in the phosphorylation of IKKB.% It has also been shown to
play roles outwith the NF-kB signalling pathway, such as its role in histone phosphorylation
discussed in section 1.5. NIK is able to phosphorylate IKKB to a much lesser extent than
IKKa and has been shown to have far fewer roles outside the non-canonical pathway.*
From a medicinal chemistry perspective, a NIK inhibitor with no canonical activity is also
likely to be more tractable than a specific IKKa inhibitor due to the high level of homology
between IKKa and IKKB. IKKa, however, remains an attractive target, particularly in
prostate cancer treatment, due to the interconnected nature of AR and non-canonical NF-

kB signalling.
1.8. Protein kinases as drug targets

Over the last 15 years, protein kinases have become the most important drug target class in

the field of cancer'*

and now represent the second most targeted drug class after
GCPRs.'22 By January 2016, 28 kinase inhibitors had been approved for clinical use by the
FDA, generating revenues topping $18 billion in 2014 alone. With only a small proportion of
the kinome explored for its therapeutic potential in cancer treatment, it is expected that

growth in kinase inhibitor sales will continue to increase until at least 2024.%
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Kinase Inhibitor Development
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Figure 19. FDA approved kinase inhibitors.

1.8.1. Binding modes of protein kinase inhibitors

There are, broadly, four binding mode categories into which kinase inhibitors are generally
classed. Type | inhibitors cover those which are directly ATP competitive and bind to the
active form of the kinase in a very similar way to ATP itself. Inhibitors are classed as type Il if
they bind in a similar region to type | but to the inactive form of the kinase. These are often
capable of binding to specific pockets adjacent to the ATP site but not accessible in the
active form. Most kinase inhibitors to date fall into one of these first two categories.!?*
Type Il encompasses inhibitors which bind to an allosteric site adjacent to the active site
but without making any direct interactions with it and are not competitive with ATP, whilst
type IV inhibitors are those which bind to a remote allosteric site away from the ATP

binding site.’?® A schematic of these binding modes is shown in Figure 20.

Type | Type ll Type lll

Figure 20. Inhibitor binding modes.*
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A fifth category of type V inhibitors consisting of bisubstrate and bivalent inhibitors has also

been described but, as yet, is sparsely exemplified.?®
1.8.2. Chemical features of kinase inhibitors

Of the 28 small molecule kinase inhibitors (SMKIs) licenced to date, only 2 of them -
trametinib, type lll and lenvatinib, type V - do not fit into the type | or type Il classes
(though lenvatinib does occupy the ATP binding site).??”:128 Because kinase ATP sites are so
highly conserved, this section will focus on just ATP competitive SMKIs and the common
features which can be explored. The first is that, since these molecules are ATP competitive,
they all have some form of adenine analogue which binds to the hinge. Several variations
have been made to convey selectivity or potency but all tend to focus around pyri(mi)dines,
quin(az)olines and pyrrolopyri(mi)dines.’?* The G+1 and G+3 provide an acceptor-donor-
acceptor motif, whilst adenine possesses a donor-acceptor motif. These corresponding
partners form hydrogen bonds which anchor ATP to the hinge of the kinase as shown in
Figure 21. Because SMKIs are built around an adenine scaffold, they also tend to be very
planar and have few rotatable bonds; with an average over 3 aromatic rings and fewer than
6 rotatable bonds, whereas marketed drugs in general have a fraction of sp* centres of
0.46.127129 \Whilst this rigidity helps with selectivity and specificity, it is detrimental to
solubility and means that many kinase inhibitors, to overcome this, have long-chained

water-solubilising groups incorporated.
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Figure 21. Schematic of adenine hinge binding and common SMKI analogues. Red arrows
denote hydrogen bond donors, green arrows denote hydrogen bond acceptors.
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Another problem encountered in balancing potency and water solubility is that kinase ATP
sites are very hydrophobic. This means that to maximise interaction with the pocket, SMKls
are themselves quite hydrophobic. This is demonstrated by that fact that many fail to
adhere to Lipinski’s rules regarding logP < 5 and molecular weight < 500; either because
they are inherently very hydrophobic, or because, in order to reduce the logP, they have a

substantial mass increase from water solubilising groups.t?’

4 Hn . NN  — ¥

N N=( ‘Q K/N Ne N g B

A 0 N T 'Vf l\rl) H M
H solvent region =

Imatinib Dasatinib Erlotinib

i

; ~ : :
-q "N § ¥ ¥
‘N _?N . K/ "\ a le
N
v R solvent
Q_L/N NH’ X o 7 ) ) g E
P i I o o egion "
f & 10 Q
A e pocket 2 \=N
" Br
FaC

Vandetanib
Nilotinib Bosutinib
: | : i
3 H
‘"l ) — Salvi gian -0 “'1 “1 F
ﬁ;‘ " f\m"“\f""n i ?
i = ) F S !
F3C N N o
Ly '}S_PD
Ponatinib Gefitinib Lapatinib

Figure 22. Examples of inhibitors binding in the adenine pocket and adjacent
hydrophobic pocket.?*

Almost all of the earliest approved kinase inhibitors, and many most recent ones, use two
pockets, the adenine pocket and the adjacent hydrophobic pocket, to anchor the molecule
in the active site, but because of the conserved nature of this site across the kinome, it is
often difficult to derive any selectivity from these sites alone. Accessing the hydrophobic
region behind the gatekeeper residue can convey some selectivity depending on the nature

of the gatekeeper and the size of the hydrophobic pocket. There are 12 licenced inhibitors
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which target Ber-Abl or VEGFR2.1%* Inhibitors of these kinases have relatively easy access to
the hydrophobic region due to the gatekeepers being threonine and valine respectively. A
number of inhibitors of these kinases, such as imatinib and nilotinib, have been designed to
exploit this access and use it to create linkers, through the hydrophobic region, to a remote
allosteric pocket which is otherwise difficult to target. Inhibitors of, for example, EGFR,
however, encounter a methionine gatekeeper. This, being much larger than threonine or
valine, limits access to this pocket and so selectivity has had to be sought elsewhere. NIK
and IKKa also possess methionine gatekeepers and thus this allosteric site behind the

hydrophobic region is likely to be difficult to target.

Another pocket which type | SMKIs can target is exemplified by the inhibitor palbociclib.
The specificity pocket is located around the gatekeeper +4/+5 region. Since these residues
are not involved in binding the native ATP, this region has much greater variety than the
residues in the adenine binding pocket and, as in this example, has been exploited to allow

for greater selectivity for CDK6.
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Figure 23. Binding mode of palbociclib.'?*
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1.8.3. Issues surrounding targeting protein kinases

The first, and possibly most obvious, issue when targeting protein kinases is that the human
kinome is represented by over 500 kinases and, since all of these catalyse the hydrolysis of
ATP, all therefore have similar catalytic sites. Given that kinases control so many cellular
processes it is important that any potential inhibitors exhibit some level of selectivity. From
a therapeutic perspective, “selectively non-selective”, or multi-kinase inhibitors (MKls) may
be advantageous. The concept of MKiIs is that, to circumvent the problems of developing a
truly selective inhibitor, inhibition of multiple kinases which cumulatively give the desired
therapeutic outcome are sought, whilst tuning out potency against kinases whose inhibition
is detrimental.’?> MKls are often serendipitously discovered during kinase screens rather

than specifically designed but, once a kinase profile is understood, it can be exploited.

MKIs can also combat another problem with kinase inhibitors and that is the problem of
emerging resistance. Drug resistance in cancer cells can occur through a multitude of
processes such as decreased uptake of drugs requiring active uptake to enter cells,
mutations and enhanced metabolism of drugs by cytochrome P450, but the main
mechanisms affecting kinase inhibitors are changes in cells that affect the capacity of
cytotoxic drugs to kill cells, such as alterations in cell cycle, increased repair of DNA damage
and reduced apoptosis; and increased energy-dependent efflux of hydrophobic drugs.3%131
Analogous multi-target drug discovery (MTDD) strategies have been used for other
indications and have proved very successful. For example, since 1996, HIV treatment has
involved targeting a combination of targets with a cocktail of drugs.*? A multi-target single
agent example is ertiprotafib, which was developed as a protein tyrosine phosphate 1B
(PTP1B) inhibitor to treat type Il diabetes, but was later found to also be a potent IKKB
inhibitor. NF-kB has been linked to the reversion of insulin resistance and it may be that the

targeting of multiple enzymes accounts for ertiprotafib’s observed in vivo effect.133-13

Imatinib, the first FDA approved kinase inhibitor, is an example of emerging resistance in
kinases. Developed as a Bcr-Abl inhibitor, and approved for use in chronic myeloid
leukaemia, mutations have been found at more than 20 points in the kinase domain of the
Bcr-Abl complex which reduce, or even negate, imatinib’s ability to bind.*® Second
generation inhibitors nilotinib and dasatinib are good examples of MTDD in the field of

kinases and are both effective in certain instances of imatinib failure.**” Dasatinib exhibits a
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multi-kinase inhibitory profile and is also capable of binding to multiple conformations of

the protein, enabling it to overcome mutations which imatinib cannot.!®

Given these examples, it may be that a similar approach is of value in this project, wherein
inhibition of more than one kinase is desirable: possibly another kinase in the pathway such

as IKKa, or kinase in a complementary pathway.
1.8.4. Setting up a drug discovery project

Developing a new drug or therapy is a costly and time-consuming business, usually taking
upwards of a decade and $1 billion from target and hit identification to clinical candidate.'*®
It is important, therefore, to have a logical workflow in place which enables the efficient
identification of active compounds, collates important pharmacokinetic (PK) and
pharmacodynamic (PD) data and feeds back into the medicinal chemistry process to allow
further compound development. Ultimately, the goal of any medicinal chemistry
programme is a pre-clinical candidate that shows activity against the disease of interest in
an animal model, but there are several stages which must be undertaken first. Figure 24

outlines the workflow plan which will be adopted for this project.
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Figure 24. Workflow plan for assessment of synthesised compounds.

Before a project can begin, a target must be validated to assess its applicability to a specific
disease. This in itself can be a long and complex process and often has to be carried out
alongside an early drug discovery project as, sometimes, the only available way to
interrogate a biological pathway may be through small molecule intervention. A 2011
review by Hughes et al. gives an excellent description of various target identification and

validation techniques.®

Once a target has been identified and an initial series of chemical probes have been
selected or synthesised, the first assessment in a drug discovery project, where possible,
must always be a biochemical assay against the target of interest. The reason for this is that
if the compound which has been made does not show activity against the desired target in

an isolated setting it is certainly not going to in the much more complex setting of a cell, let
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alone an animal. The primary biochemical assay used in this project was developed in-

house and will be discussed later in chapter 3.2.1.

The second stage in this project is to test compounds which are active in the NIK
biochemical assay against both the IKKa and 8 isoforms in a second biochemical assay. This
is to give an early indication of whether the compound is likely to have an effect on the
canonical NF-kB pathway. Compounds which are active against NIK and show little or no

activity against IKKB can then be taken forward for testing in cells.

It is important to show not only target engagement, but also that engaging that target has
an effect on the pathway of interest. This is often done by what has become known as
proteomics.? This involves looking at the expression of a protein downstream of the target
with and without therapeutic intervention and one of the simplest ways to do this is by
Western blot. Figure 7 and Figure 8 show the proteins involved in the NF-kB pathway. Since
these are closely related to NIK and its activity, many of these will be used to assess the
effect of engaging NIK. Firstly, downregulation of the non-canonical pathway must be
established and so phosphorylation of p100 and p52 expression will be observed. If non-
canonical engagement is observed, then testing to ensure no effect on the canonical

pathway will be carried out by blotting for p-IkBa and p65.

As well as testing for target engagement and an effect on the pathway, it must also be
demonstrated that the compound is having a phenotypic effect. In the case of anti-cancer
compounds this would hopefully be either a cytotoxic or cytostatic (senescent) effect. The
first way to test this is through a cell viability assay: in this case, alamarBlue®. This gives an
indication of the overall metabolic activity of the cells but, if a decrease is observed, it does
not give any indication as to why that might be. If a decrease is observed, the compound
can then be investigated in more specific phenotypic assays such as migration, proliferation

or apoptosis assays to elucidate the mechanism.

Alongside these PD investigations, the pharmacokinetics of the compound must also be
investigated. PK investigates how a compound survives within the body and is as important
as PD when developing a clinical drug since “there is no point in perfecting a compound
with superb drug-target interactions if it has no chance of reaching its target”.1*! At a more
basic level, this involves developing compounds that are water soluble and avoiding

functional groups such as esters which are readily hydrolysed in the blood stream and may
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result in an inactive compound. Water solubility is desirable so that compounds can be
formulated for oral administration. This helps with issues of patient compliance which may
be seen if administration is by IV. As development progresses, however, it is also important
to understand, among many other factors, how the compound is metabolised and how
quickly this happens (half-life); its ability to pass through tissues (permeability); the rate at
which the compound is removed from the body (clearance) and whether the compound
stays in cells (efflux). These are all initially investigated in vitro but at later stages of

development it must also be established whether these hold true in an in vivo model.

With any drug discovery programme it is also important to test for unwanted off-target
effects. Some of these are quite general such as inhibition of hERG or cytochrome p450
enzymes as these may lead to cardiac arrhythmia and hepatotoxicity respectively. Inhibition
of CYP450 enzymes can also result in the body being unable to metabolise certain
compounds. This is becoming more important as many anti-viral and anti-cancer therapies
now utilise combination therapies.!*? If drug metabolism is inhibited then this can lead to
potentially dangerous drug-drug interactions. For a kinase inhibitor project, it is also
necessary to investigate the effect of a compound on other kinases. This is primarily
because pan-inhibition can lead to unwanted toxicity,'*** but also makes it difficult to

understand if observed phenotypic effects are through the primary target.

As previously mentioned, the goal during the pre-clinical phase of development is to test a
lead compound in an animal model to prove the effects seen in vitro can be translated to
the in vivo setting. If a pharmacologically active compound with acceptable toxicological

profile can be shown at this stage then the next stage is clinical trials.'
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2. Objectives

The main aim of this medicinal chemistry project is to discover and synthesise novel
compounds which inhibit the non-canonical NF-kB pathway whilst having minimal impact
on the canonical pathway. This will be done by means of library screening and iterative
drug design processes, drawing upon information from available literature and molecular

modelling.

Structure-activity relationship (SAR) studies will be carried out on any hit compounds by
developing analogues and determining their activity against purified IKK, or NIK, enzyme to

understand the effect of changes within the chemical series.

Compounds which show good potency against the purified NIK/IKK enzyme will be taken
forward for further testing against other kinases in the NF-kB pathway, and potentially a
broader kinase panel in order to better understand the off-target effects of the compound.
They will also be assessed in prostate and pancreatic cancer cell lines to gain insight into
their effect on the NF-kB pathways in a cellular setting and the phenotypic effect of non-

canonical inhibition.

These efforts will ultimately culminate in the selection of a novel compound which could be
used in an in vivo setting to assess the suitability of non-canonical NF-kB inhibition by small
molecules in the treatment of prostate and pancreatic cancer. This compound should show
low nanomolar potency in a biochemical setting, correlated target engagement in a cellular
setting and a good pharmacokinetic profile along with potent cytotoxicity against cancerous

cell lines.
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3. Results and Discussion

At the outset of this project, research into small molecule inhibitors of NIK was in its
infancy. Although a few compounds showing inhibitory activity against, amongst others,
NIK had been disclosed, the first crystal structure was released in 2012 and, until recently,
there have been problems in the expression of stable recombinant NIK protein.®® As such,
early work focused on developing a series of compounds based on a scaffold being worked
on in-house, which had known IKKa and IKKB activities, whilst an appropriate biochemical
assay for NIK was developed. These compounds would aim to improve potency against IKKa
and to improve selectivity over IKKB and thus target the non-canonical NF-kB pathway
preferentially over the canonical: the same goal as any future NIK inhibitors. They would

cover a range of chemical space to provide a preliminary SAR study.
3.1. IKKa inhibitors

The first series of compounds synthesised was based on a 2-amidopyridine scaffold from a

proprietary in-house library, as shown in Figure 25.
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Figure 25. Structure of 2-amidopyridine hit.

3.1.1. Homology model

Compound 1 was docked using GOLD suite software (CCDC) in a homology model of IKKa. A
crystal structure of homo sapiens IKKB has been published but not IKKa and so the
published IKKB structure has been used to generate this homology model. Docking
simulations, particularly on homology models, must be interpreted with caution but
nonetheless provide useful information on possible binding modes. These will be discussed

later in the chapter.
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In order to obtain a more realistic model of IKKa, after “mutating” the IKKB sequence to
match the IKKa sequence, the kinase domain was subjected to an extended molecular
dynamics simulation and an average minimised structure produced. This allowed the model
to relax any disfavoured interactions and form new, more highly favoured interactions
between mutated residues. A more detailed explanation of the MD process, which is

outwith my own work, is available in appendix I.
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Figure 26. Sequence alignment of IKKa and IKKB. Darker colours indicate greater similarity.

The molecular dynamics suggested that, particularly in the region around the mouth of the
catalytic pocket, the IKKa isoform was significantly more flexible. This has implications for
generating isoform selective compounds as it is likely that the IKKa isoform can tolerate
much larger functional groups in this region, whereas larger groups may be detrimental to
binding in IKKB. A more detailed discussion on this, in relation to specific compounds, can

be found in section 3.1.3.
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3.1.2. IKK biochemical assay

As discussed in chapter 1, there is a need for a primary biochemical assay to screen
compounds against a specific target is essential for drug discovery. Although a range of
assay kits are commercially available to assess a multitude of targets, in this case only an
HTScan™ kit for IKKB was available (Cell Signaling Technology, USA). The downside of these
kits for large-scale screening purposes is that they very quickly become very costly and it
was therefore decided to adapt this kit to utilise commercially available components and

gain the ability to screen against IKKa.

The final assay conditions implemented are detailed as follows: recombinant IKKa (active)
37 nM or recombinant IKKB (active) 37 nM, (Millipore, Dundee, UK) were incubated with
IkBaw (Ser32), biotinylated peptide substrate (0.375 uM or 0.18 uM respectively) (New
England Biolabs, Hitchin, UK) and ATP (40 uM or 10 uM respectively) in assay buffer (40
mM Tris-HCI (pH 7.5), 20 mM MgCl,, EDTA 1 mM, DTT 2 mM and BSA 0.01 mg/mL) in a V-

bottom 96-well plate in the presence and absence of test compound or standard.

The assay plate was then incubated for 1 hour at 30 °C, after which the kinase reaction was
guenched by the addition of 50 mM EDTA, pH8. The resulting mixture was transferred to a
streptavidin coated 96-well plate (Perkin Elmer, Beaconsfield, UK) and incubated for 1 hour
at 30 °C to immobilise the substrate peptide. After three washes with wash buffer (0.01 M
PBS, 0.05% Tween-20, pH 7.4), p-IkBa (Ser32/36) mouse mAb (New England Biolabs,
Hitchin, UK) (1:1000 dilution with 1% BSA in wash buffer) (40 pL) was added and incubated
at 37 °Cfor 2 hours.

After a further three washes, a secondary europiated antibody (Eu-N1 labelled anti-mouse
IgG, (Perkin Elmer, Beaconsfield, UK) diluted 1:500 with 1% BSA in wash buffer) (40 uL) was
added and incubated at 30 °C for 30 minutes. After a further five washes, DELFIA
enhancement solution (Perkin Elmer, Beaconsfield UK) was added and allowed to incubate
for 10 min at room temperature, protected from light. The relative fluorescence units (RFU)
signal were measured on a Wallac Victor2 1420 multilabel counter (Perkin Elmer,
Beaconsfield, UK ), in time-resolved fluorescence mode. The counter was set at an
excitation wavelength of 340 nm with a 400 us delay before detecting emitted light at 615

nm.

The apparent K; was calculated for each compound using the Cheng-Prusoff Equation.*
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Figure 27. Schematic of DELFIA kinase assay.

Step 1 of the biochemical assay replicates the kinase reaction; wherein IKK catalyses the
hydrolysis of ATP to ADP and transfers a molecule of inorganic phosphate to a serine
residue of IkBa. The biotinylated hexapeptide used in the assay mimics the phosphorylation
site of IkBa and using a phospho-specific antibody, as shown in step 3, enables the amount
of ATP hydrolysis to be indirectly quantified by measuring phosphorylation of the substrate.
Introducing an inhibitor into the kinase reaction in step 1 slows the rate of ATP hydrolysis,
lessening production of inorganic phosphate and thus less peptide phosphorylation. The
one to one reaction of phosphorylated peptide with the antibodies means that measured

fluorescence is correlated with ATP hydrolysis in a linear relationship.
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3.1.3. SARSstudy

A range of modifications were envisaged to probe the interactions with the binding site as
shown in Figure 28. The main efforts were focused on substituting the phenyl ring (orange)
to probe the influence steric and electronic alterations had on binding affinity. Analogues
with a longer alkyl chain (purple) and reducing the amide to an amine (green) were also
synthesised. A final series looking at the interactions of the “head group” (red) was
synthesised in an attempt to probe which interactions were important for binding and to
optimise those interactions where possible. The compounds were then tested in the in-

house IKK biochemical assay described above, the results of which are shown in Table 1.
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Figure 28. Compound 1 modifications.
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Compound R= Ki IKKat (nM) | K; IKKB (nM) | Selectivity (B/a)
1 H* 23 336 15
2 Cyclohexyl* 342 4,190 12
3 2-F 18 407 23
4 3-F* 34 838 25
5 4-F* 14 187 13
6 2-Cl 55 587 11
7 3-Cl 31 461 15
8 4-Cl 45 432 10

15 3-NHy* 8 747 93
16 4-NH; 48 2,389 50
17 3-NO,* 14 415 30
18 3-NHBoc 94 1,215 13
19 4-NHBoc 66 1,886 29
20 3-0Bz* 78 419 5

21 4-SCHs 63 2,179 35
22 2-0OCHs 159 3,101 20
23 3-OCH;s 33 4,065 123
24 4-OCHs 81 1,844 23
25 3-S0,CH; 40 335 8

26 4-S0O,CH; 42 754 18
27 2-CHs 184 1,173 6

28 3-CHs 53 990 19
29 4-CH3 27 1,928 71

Table 1. IKK biochemical assay results for analogues of compound 1.

* Synthesised by either Dr Judith Huggan or Dr David Breen
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One of the best ways of understanding SAR is through crystal structures. This provides a
snapshot of the bound ligand in the target of interest and gives a strong indication of how
structural analogues may bind. To best assess these results, a crystallisation of compound 1
was sought. It was hoped that a crystal structure with compound 1 in at least one IKK
isoform could be obtained. This was, unfortunately, not possible but a crystal structure was
obtained with compound 1 bound in CDK2: a kinase closely related to IKKa in structure.
Using a BLAST sequence alignment to compare IKKo and CDK2 (uniprot IDs 015111 and
P24941), these two kinases have a 31% sequence identity and 48% similarity, with an E-
value, denoting significance, of 3 x 1021.146147 An E-value of less than 1 x 10 is considered
to be a good match.2* A sequence alignment of the kinase domains of CDK2 and IKKa is

shown in Figure 29.
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Figure 29. Sequence alignment of CDK2 and IKKa.
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Figure 30. Crystal structure of compound 1 bound to CDK2 and showing important
interactions with key residues. Beta sheet displayed as lines for clarity.

The crystal structure showed the amidopyridine bound to the gatekeeper +3 and the
aminoindazole in the phosphate binding region with the exocyclic amine interacting with
GLUS1, the endocyclic nitrogen with catalytic LYS33 and the phenyl at the mouth of the
catalytic pocket. The endocyclic NH is also positioned in such a way that an interaction with
ASP145 is also possible, though not specifically indicated by Discovery Studio modelling
software. The pendant phenyl ring is interacting with hydrophobic residues at the mouth of

the catalytic pocket.

Overlaying of the CDK2 crystal structure with the IKKa homology model suggests that many
of the interactions proposed from the crystal structure would translate into IKKa. Whilst
this is only an assumption, the combination of sequence homology between the two
proteins and the structural similarity between the CDK2 crystal structure and IKKa

homology model gives some strength to this hypothesis
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residues are those of IKKa amino acids. Panel A shows the region of the catalytic site
around the catalytic lysine, while panel B shows a view from the mouth of the pocket.

Using this superimposition, it is possible to generate a 2 dimensional interaction map

showing the key interactions likely to be made between compound 1 and IKKa. These are
shown in Figure 32.
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Figure 32. Interaction map of compound 1 with important residues in IKKa
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Docking simulations of compound 1 suggested very similar poses to that seen in the crystal
structure. The major difference between the homology model and the crystal structure was
that binding of the aminoindazole was flipped; however this can be explained by the donor-
acceptor-donor motif of the aminoindazole which has the capacity to bind in two
orientations while maintaining strong hydrogen bonding interactions. The schematic shown
in Figure 33 assumes the protein is a rigid structure and the molecule binding is a static
event and thus a third hydrogen bond is not shown in the right-hand diagram. In reality,
however, neither of these constraints holds true and a third interaction is feasible; though

possibly with slightly weakened interaction elsewhere in the molecule.
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Figure 33. Flipped binding poses of the aminoindazole.

Since the hinge binding amidopyridine scaffold docked analogously to the pose indicated by
the crystal structure, it was decided that conclusions could still be drawn from the docking
simulation since the modifications of interest would be largely unaffected by the

orientation of the aminoindazole.

Several trends are evident within this series of compounds. The first is that pyridyl
substituted compounds 9, 10, and 11 show excellent potency, particularly against IKKa. This
improvement, compared to compound 1 is possibly due to an additional interaction made

by the pyridyl nitrogen to the G+4 residue as shown in Figure 34.
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Figure 34. Compounds 9 (panel A), 10 (panel B), and 11 (panel C) docked in IKKa with 2-
D representation of key hydrogen bonding interactions. Green dashes represent
hydrogen bonds and hydrophobic interactions shown as purple dashes. Parent structure

shown in panel D for clarity.

The G+4 residue differs between IKKa and IKKB. As shown above, IKKa has a serine residue

whereas in IKKB it is a glutamine. The comparable increase in IKKB activity compared to
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compound 1 is likely to be because this is also capable of forming a hydrogen bond to the
pyridyl nitrogen through the side chain NH,.
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Figure 35. Key interactions of compounds 9, 10 and 11 with IKKp.

The second trend is that trifluoromethyl substituents, exemplified by compounds 12-14,
particularly 12 and 14, show very high selectivity for IKKa over IKKB, though less potency
than the pyridyl series. Both of these substituents are found in the upper right quadrant of
the Craig plot (Figure 36) indicating electron density and increased hydrophobicity relative
to H, whilst a major difference between them is in hydrogen-bonding capability. The
hydrogen-bonding capability accounts for the potency of the pyridyl analogues in both IKK

isoforms and the electron deficiency of pyridyl relative to trifluoromethylphenyl is similar
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and thus unlikely to account for the selectivity. The Craig plot does however suggest that all

three CF; analogues are more hydrophobic than the pyridyl analogues.

Figure 36. Craig plot for aromatic substituents of o vs .. Values obtained from 14917

Using Cresset TorchlLite software®®®> to display projected fields, it can be seen that the
trifluoromethyl analogues project a similar, or even larger, hydrophobic field to a tolyl

substituent.

Figure 37. Hydrophobic field projected by compounds 12 and 27.

Given that the mouth of the catalytic pocket contains several charged and polar residues,
presumably from the need to guide the highly charged phosphate tail of ATP into the active
site, it could be that larger, hydrophobic, substituents are detrimental to binding as there is
no way the molecule can be positioned to avoid interaction with a polar residue. This alone
would not account for the selectivity between the two IKK isoforms, as both are very polar
in this region. The answer is likely to be the topology of the two kinases at the mouth of the

catalytic pocket.

As can be seen in Figure 38, and as alluded to in section 3.1.1, the mouth of the catalytic
pocket around the hinge is slightly more open and flexible in IKKa, shown in green, than in
IKKB, shown in red. It is therefore likely that the additional space in IKKa allows for the
accommodation of this hydrophobicity, albeit with a small penalty relative to compound 1,
whereas there is simply not enough space in IKKB to comfortably accommodate this
hydrophobicity. Since CF; is generally considered to be similar to isopropyl and even larger
than trimethylsilyl,®® synthesis of these analogues may indicate whether the

hydrophobicity is the most important factor to this selectivity.
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Figure 38. Docked binding poses of compound 1 in IKKa (panel A), IKKB (panel B) and
overlaid IKKa and IKKB (panel C).Overlay indicates a tighter binding pocket around the
mouth the catalytic pocket in IKKP.

Whilst the large hydrophobic nature of CF; relative to a hydrogen atom is not ideal for
binding in IKKa, the larger mouth allows for the positioning of the trifluoromethyl group in

one of two small hydrophobic pockets above and below the molecule as shown below.

Figure 39. Most likely docking poses of compounds 12-14 in IKKa.
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Figure 40. Possible interaction motifs for compound 13 with IKKa. Red dashes
denote hydrophobic interactions

Computational modelling of the 3 CFs; analogues in IKKB also only allows for the meta-

substituted 12 to bind in the same orientation as that shown by the CDK2 crystal structure

This gives an indication of why the decrease of activity against IKKB, relative to compound

1, is less marked than for ortho- and para-substituted analogues, as it may be the only one

able to adopt this most favourable pose and position the CFs in one of the hydrophobic
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- ;
Figure 41. Compound 13 docked in IKKa (panel A) and IKKB (panel B).Hydrophobic
regions shown in white, hydrophilic regions in blue.
Assuming the same binding pose, Figure 38 also explains the decrease in IKKB activity for
compound 2. The change from the planar phenyl ring of compound 1 to the cyclohexyl of
compound 2 increases the steric bulk at the mouth of the catalytic pocket and, as
previously discussed, this area contains several polar residues - leading to unfavourable
interactions in both isoforms - but is also smaller in IKKB than in IKKa. The greater
lipophilicity of compound 2 possibly accounts for the decrease in potency against both
isoforms relative to compound 1 but an even greater decrease is seen against IKKB because

of the increased steric hindrance.

Figure 42. Compound 2 docked in IKKa (panel A) and IKKB (panel B).
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Another observation to be made about this series is the decrease in activity, against both
isoforms, when larger ortho-substituents are incorporated, such as those seen in
compounds 22 and 27 and to a lesser extent, 6 and 12. In the case of compound 1, the
lowest energy conformation is with the pendant ring co-planar with the carbonyl, enabling
the formation of an intramolecular pseudo-hydrogen bond.

N—NH

/
HoN

Figure 43. Intramolecular bonding in compound 1.

Compound 3 remains equipotent because it is able to rotate through 180°and form the
same interaction with the other ortho-H. F is still a relatively small substituent and can still

be tolerated at the hinge

N—NH N—NH
H,N { H,N {
| A oﬂ: | A
— —
N” N N” N
H Y \H—/

Hinge

Figure 44. Intramolecular bonding in compound 3.

With substituents larger than F, as in 6, 12, 22 and 27, the rings now have no choice but to
be forced out of alignment as these substituents cannot be tolerated at the hinge and will
be repelled by the amide carbonyl. This results in the rings being orthogonal to each other

which is less well tolerated due to the size of the binding site.
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Figure 45. Position of ortho-substituted analogues of compound 1.

Figure 46. Docked poses in IKKa showing compounds 6, 22 and 27 (panels A, C and E)
with orthogonal pendant phenyl ring compared with compounds 7, 23 and 28 (panels
B, D and F) with close to co-planar phenyl.

Having investigated a range of phenyl ring substituents, other structural features of

compound 1 were investigated to assess their effect on potency and isoform selectivity.
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_ _ _ Ki IKKat Ki IKKB | Selectivity

Compound R;= Ry = n= (M) (M) (B/a)
30 3-C(O)NH2Ph =0 1 >30,000 | >30,000 n/a
31 4-C(O)NH,Ph =0 1 | >30,000 | >30,000 n/a
32 1H-Benzimidazole-5-yl =0 1 1,636 >30,000 >18
33 4-CH,N(CHs), Ph =0 1 | >30,000 | >30,000 n/a
34 3-Aminoindazole-5-yl | H(H) 1 19 587 31
35 3-Aminoindazole-5-yl =0 2 157 838 5

Table 2. Further results of IKK biochemical assessment of compound 1 derivatives.

With the exception of compound 32, all changes to the aminoindazole at R; resulted in an
inactive compound. Benzimidazole 32 showed moderate activity against IKKa and, since no
activity against IKKB was detected, could form a second series of IKKa selective compounds:
however, other changes would have to be made that would result in a big increase in

potency against IKKa given the 70-fold decrease in activity relative to compound 1.

The most obvious reason for the decrease in potency from compound 1 to other head
group analogues 30-33 is the loss of hydrogen bonding capability in all cases. The crystal
structure of 1 with CDK2 shows the aminoindazole making three hydrogen bonds to
residues in the phosphate binding region. These residues translate into K44, E61 and D145
in IKKa. As the schematic representations in Figure 47 show, modelling suggests that 30
and 31 make two hydrogen bonds in this region and 32 and 33 make only one. Since none
of these make interactions with both acidic residues, it is likely that at least one of these

has a significant influence on binding.

As already stated, benzimidazole 32 maintained moderate activity against IKKa. Modelling
suggests that the bicyclic ring system of the benzimidazole forms sigma-pi interactions with
V29 which is directly above it in the roof of the catalytic pocket. This interaction is
analogous to a possible interaction with the aminoindazole and this residue. Since 32, 31
and 33 are all incapable of making this interaction, it suggests that this capability is

extremely important for the binding of these compounds.
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Figure 47. Schematic of binding poses of compounds 30-33 as suggested by modelling.
Purple dashes denote pi-interactions.

Compound 34 suggested that the amide linker could be reduced to an amine and still retain

activity and selectivity. Docking in IKKa suggests a very similar binding pose to compound 1

which agrees with the results of the biochemical assay.
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Figure 49. Interaction map showing selected interactions of compound 1 with IKKa.
The pi-pi interaction between the phenyl ring of 34 and the G+2 tyrosine is less available
according to the model of the same compound in IKKB. It suggests that, because of the
tighter pocket in IKKB, the chain flips down to form a pi-sigma interaction with VAL152.

Assuming this binding mode, the moderate increase in selectivity could be due to this

interaction not being as strong as the pi-pi interaction in IKKa

Figure 50. Compound 34 docked in IKKf.
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The reduction of the amide to the amine could be an advantage in terms of both TPSA and
ligand efficiency, however this must be counter-balanced against the increased flexibility
this results in, which may make the compound more promiscuous and increase off-target

effects.

Lengthening the linker in compound 35 led to a decrease in both potency and selectivity
relative to 1. The loss in potency against IKKa is likely to be because lengthening the chain
removes the ability of the pendent phenyl to make the pi-pi interaction with the G+2
tyrosine discussed above. This effect seems to be somewhat ameliorated by the long range

sigma-pi interaction with LEU21.

Figure 51. Docking of compounds 1 (blue) and 35 (purple) in IKKa.

Docking the same compound in IKKB, as shown in Figure 52 suggests that the pendant
phenyl ring does not make any specific interactions with the protein which would account

for the drop in activity.

. N

Figure 52. Compound 35 docked in IKKp.
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3.1.4. Chemistry
3.1.4.1. Amide coupling

The amide motif is a very common feature in a wide variety of drugs and drug-like
compounds.’®! The most direct way of forming amide bonds is a condensation between a
carboxylic acid and an amine. This is, however, a very crude reaction and will only occur at
high temperatures, usually well above a temperature at which both reactants are stable.®?
By far the most common way of overcoming this problem is by activating the carboxylic
acid in some way. To this end, there has been a plethora of reactions developed to facilitate

this reaction.®!

\ 4
\ 4

RCOOH RC(O)X RCONHR’

The form of the activating agent can vary hugely, although the majority can be broadly
grouped into about 10 sets of similar reactions.'®'3 These include the use of acyl chlorides

and phosphate activating groups.

Intermediate 4-chloro-2-amidopyridines were synthesised by reacting 2-amino-4-
chloropyridine with either the appropriately substituted phenylacetyl chloride or

phenylacetic acid with T3P as a coupling agent.

The red arrows in Scheme 1 show the probable mechanism of amide formation using acyl
chlorides. The reaction likely proceeds through attack of the amine nucleophile into the
electrophilic sp? carbonyl centre, through a tetrahedral intermediate and elimination of

chloride. The protonated amide is quickly neutralised by the presence of an organic base.

As shown by the blue arrows in Scheme 1, the phenylacetic acid substrate is pre-activated
by an organic base, such as triethylamine, deprotonating the acid and subsequent attack by
the carboxylate at one of the T3P phosphorus atoms, ring opening the cyclic anhydride. The
ring opened T3P is then substituted by the amine through an analogous mechanism before

deprotonation to yield the final product.
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Scheme 1. Mechanisms of amide coupling using acyl chloride or activated carboxylic acid
substrates. As shown by arrows A and B, both routes lead to a proposed common
intermediate.

'H NMR of the reaction products showed a characteristic amide -NH peak at around 11 ppm
suggesting formation of the desired compounds. Acyl chloride starting materials showed no
peaks in this region of the spectrum and carboxylic acid peaks were found around 12.5
ppm. A small, but significant, shift of less than 10 ppm was also observed by *C NMR for

the carbonyl carbon providing further evidence of conversion.
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Figure 53. 'H NMR showing carboxylic acid (green) overlaid with amide product (blue) for
pre-compound 26. *H NMR in ds-DMSO at 400 MHz.
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Figure 54. DEPTQ spectra comparing acid (green) and amide (blue). DEPTQ in ds-DMSO
at 100 MHz.
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3.1.4.2. Aminoindazole synthesis

3-Aminoindazole-5-boronic acid pinacol ester was synthesised from a 2-fluorobenzonitrile
starting material and hydrazine hydrate. The reaction is thought to proceed via a SyAr
reaction, with hydrazine acting as the nucleophile to substitute the fluorine. After this
displacement the other nitrogen of the hydrazine performs a 5-exo-dig intramolecular

cyclisation which, after proton transfer, yields the desired boronic ester.

Nu
H2N_NH2 )
H\'T'Hf_, T NH, _NH,
F N (RN&" no  HN N HN N
‘: —_—
_B. BN .B. .B.
Ho H
HN-N-H HN-N HN-N
o \
N NH NH,
+-H* +/- H*
.B. .B.
O O O O

L

Scheme 2. Synthesis of 3-aminoindazole-5-boronic acid pinacol ester.

The cyclisation proceeded in moderately good yields and work up proved facile, with
filtration and aqueous wash proving adequate to obtain the product in high purity. This
reaction was also amenable to scale-up and could be carried out on a multi-gram scale and,
provided it was largely protected from oxidative conditions, could be stored for long

periods of time; allowing for batches to be made in advance of the final coupling.

Appearance of endocyclic -NH peak at 11.5 ppm and exocyclic -NH, at 5.5 ppm in *H NMR

was indicative of successful cyclisation.

62



Normalized Intansity

HN-N
NH,

0.96 0.99 1.00 1.01 2.02 1274
el ] oW L

115 1.0 105 100 95 o0 85 80 75 70 65 6.0 55 50 45 40 5 30 25 20 15 10 05
Chemical Shift (ppm)

Figure 55. 'H NMR spectrum of 3-aminoindazole-5-boronic acid pinacol ester.
'H NMR in d-DMSO at 400 MHz.
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3.1.4.3. Suzuki reaction

Today, the formation of biaryl systems through palladium cross-catalysis is so well
exemplified and so widely used that the two have become almost synonymous.®* Possibly
the best known palladium-catalysed aryl-aryl bond formation is the Suzuki reaction, the

proposed catalytic cycle for which is shown in Scheme 3.

N—NH
HoN L. L

/
L I\ ~NH _N
=N
HO©Cl
8L N NH
/B\
oo

Scheme 3. Proposed catalytic cycle for the synthesis of compound 1 and related analogues.

This first step involves the reduction of palladium Il to palladium 0, which is the active form
of the catalyst. Over the years, the choice of catalysts has widened substantially. The first
catalysts used in palladium cross-coupling employed simple, monodentate ligands such as

chloride®, acetate®® or triphenylphosphine!®’. As more complex reactions were
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developed, however, the need for more active catalysts grew. This led to the development
of a range of alternative ligands: both more complex monodentate ligands®72 and
multidentate ligands.'”® This increase in catalyst choice has also made the coupling of less
active aryl substrates, such as chlorides, possible.'’#'’> This has proved invaluable as 4-
bromo- or 4-iodo-2-aminopyridine are considerably more expensive than the chloro
analogue and so more active catalysts have been employed to avoid the need for high
temperatures or long reaction times. Use of a di-tert-butylphosphinoferracene bidentate
ligand allowed the reaction to proceed in good vyields at 70 °C overnight. This was
particularly useful in avoiding hydrolysis of the amide bond, which had been observed with

some examples when higher temperatures had been used.

Following catalyst reduction and activation, the halide reactant oxidatively adds across the
catalyst. The halide is then substituted by a more active ligand which comes from the base

171 or phosphate.’’® A second ligand

used in the reaction. This is often an alkoxide
substitution is then thought to occur. This can also be described as a transmetallation
because the second coupling partner is transferred from the boron “ate” species to the
palladium complex, substituting the base. The final step is a reductive elimination in which
the final coupling occurs to yield the product and the palladium returns to oxidation state 0

making it available to start another cycle.

The rate of the reaction is determined by many things and the rate determining step is
thought to be governed by the relative reactivity of the leaving group during the oxidative
addition step. For example, in mechanistic studies carried out by Smith et al., it was shown
that, if the halide coupling partner was an aryl iodide, the rate limiting step was
transmetallation. If, however, an aryl bromide was used, then oxidative addition is the rate
determining step.'’® This is consistent with the general order of reactivity of leaving groups
that I > "OTf > Br >> CI >>>F 1”7 Choice of base is also important because the rate of halide
substitution can alter the rate of the reaction depending on the relative rate of this step
compared to the others. Work in 1987 by Uenishi et al. showed that changing the nature of
a hydroxide base can alter the relative rate by up to 60 times.'’® This was, again, important
as previous work within the group had shown tribasic phosphate to be a suitable base for
the reaction. The suitability of the base allowed the reaction to proceed with <1.4

equivalents which limited the amide hydrolysis seen with >2 equivalents.
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The relative rates of the reductive elimination step can also vary based on the nature of the
product. These broadly follow the series aryl-aryl > aryl-alkyl > n-propyl- n-propyl > ethyl-
ethyl > methyl-methyl,’” though there is some variance from this depending on other steric

and electronic factors.
3.1.4.4. Boc deprotection

Compounds 15 and 16 were obtained by Boc deprotection of 18 and 19. Phenyl amines
were protected during the amide coupling step to avoid polymerisation as shown in

Scheme 4.

i NH H
A 0 2 Amide coupling | O

- * — >
N” NH, HO

Scheme 4. Polymerisation of 4-aminophenylacetic acid under amide coupling conditions.

The Boc deprotection was achieved by stirring in 2:1 dichloromethane:trifluoroacetic acid.
The mechanism involves protonation of the ether oxygen of the carbamate and loss of tert-

butyl cation (as iso-butane gas) and decarboxylation of the unstable carbamic acid.

o *=M©<W
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Scheme 5. Proposed mechanism of Boc deprotection.
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3.1.5. Conclusions and synthetic schemes

Work described in this chapter has generated a series of compounds which show low
nanomolar potency against IKKa and up to 550-fold selectivity over the IKKB isoform. These
compounds represent excellent tools for investigations into the role of IKKa within the NF-
kB signalling pathway. The compounds have been synthesised in two steps, beginning with
either an amide coupling reaction or a nucleophilic aromatic substitution followed by a
Suzuki coupling to provide compounds with high levels of purity after chromatographic

purification.

Cl

a) NEts (2.5 equiv.), CH2Cly, 0 °C, 30 mins - reflux, 16 h; b) NEts (4 equiv.), T3P (2 equiv.), THF, r.t., 16
h,n=1or2.

Scheme 6. Synthesis of 2-amido-4-chloropyridines.

Compounds 6-8 contain a chloro-substituted phenyl ring. To avoid unwanted side-
reactions, the precursors were made using a 4-bromo-2-aminopyridine starting material.
Whilst the amidopyridine ring is likely to be more electron deficient than the pendant
phenyl ring, and therefore the halogen substituent more reactive towards the oxidative
addition step, the difference in reactivity is likely to be quite small. The use of bromo-
substituted starting material avoided this issue, with no chloro-coupling seen in the final

Suzuki step and the boronic ester substituting preferentially at the bromine.
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Scheme 7. Synthesis of compound 6-8 precursors.
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b) NEts (4 equiv.), T3P (2 equiv.), THF, r.t., 16 h; c) 1,4-Dioxane, pwave, 180 °C, 1 h.

Scheme 8. Synthesis of 4-bromo-N-phenethylpyridin-2-amine.
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(

d) N2H4-H20 (5 equiv.), EtOH, reflux, 30 h.; e) Pd(dtbpf)Cl2 (0.1 equiv.), EtOH, K3PO4 (aq), 70 °C, 16-24 h.

Scheme 9. Synthesis of 4-(3-aminoindazol-5-yl)-2-amidopyridines.
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3.2. NIK Inhibitors

3.2.1. NIK biochemical assay

Due to the lack of a low-cost, high-throughput assay, it was decided to develop a new
primary assay which was based on a Promega ADP-Glo® protocol.}”® The methodology
decided upon utilised Promega’s, cheaper, Kinase-Glo® in a 96-well half-area plate format

in order to keep enzyme use to a minimum.

o)
HO. s N -~
\©i /> </ j%

N s

+ATP +1/2 0,

Light
s. N o©
M ATP @[‘HJ

A rDP

+AMP + CO, + PPi

Figure 56. Schematic of kinase glo assay.

Similarly to the IKK biochemical assay, the initial kinase assay mimics the biological reaction
of ATP hydrolysis to ADP and subsequent phosphorylation of a substrate. Unlike the IKK
assay, however, where detection relies upon trapping and tagging of phosphorylated
substrate, the residual amount of ATP is measured directly. This is done by adding Kinase-
Glo® reagent which contains luciferase: an enzyme which converts ATP to AMP resulting in

the generation of light.

In the NF-kB signalling pathway, the downstream kinase phosphorylated by NIK is IKKa. This
would be the ideal protein substrate to use in this assay; however it is well documented
that IKKa possesses significant autophosphorylation capabilities.’®® Since the Kinase-Glo®
method is a measure of residual ATP after the kinase reaction, IKKa could not be an
appropriate substrate as there would be no way to determine whether observed changes in
ATP concentration were due to NIK or IKKa activity. It was therefore decided that myelin
basic protein (MBP) would be used as the substrate. MBP is a protein known to be
phosphorylated at multiple sites by a wide range of serine/threonine and tyrosine
kinases.'®1"18 As such, MBP has become a commonly used substrate for kinase activity
assays.'® A Kinase-Glo® methodology for investigation of NIK has been briefly reported

before but did not use any substrate.’®® Parallel reactions run in-house incorporating and
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excluding substrate using a focused compound library showed that the use of a protein

substrate for NIK was critical to obtaining consistent results.

Throughout the development process, two steps were identified which had significant
bearing on the reliability of the assay. The first of these was using freshly prepared buffer
solution. Assays using buffer solution prepared more than approximately 3 hours before
addition did not give consistent results. This was thought to be due to the degradation of
dithiothreitol (DTT) which was used to stabilise the enzyme in solution. In addition, the pH

of the buffer solution was assessed at 30 °C so as to ensure a pH of 7.5 during incubation.

The second detail was the equilibration period after incubation. After incubation at 30 °C, it
was critical that the plate be allowed to return to room temperature (21 °C) before addition
of the Kinase-Glo® reagent. This equilibration took 10-15 minutes and failure to adhere to

an equilibration period of at least 10 minutes led to unusable results.

The initial assay optimisation involved a calculation of Ky and Vmax for the ATP substrate. K,
apparent was determined to be 33.0 + 3.4 uM (Figure 56) and titration of NIK found 5nM to
be a sufficient concentration for the assay. Due to the limitations of the plate reader,
saturation kinetics were not able to be obtained for the MBP. A concentration of 0.1 mg/mL

was used based on Promega’s ADP-Glo® methodology.

A commonly used indicator of the stability of a high throughput screening assay is the Z’

187

factor,*®” which is calculated using the following equation:

7 =1- (3(0+ve + o-ve)/(lalwe - Ial—ve))
where o is the standard deviation and p is the mean.

After optimisation, the assay was calculated to have a Z’ factor of 0.64 * 0.11 (n = 4)
indicating a stable and robust assay and demonstrating that the assay is suitable for high

throughput screening. An example assay is shown in Figure 58.

The kinase pan-inhibitor staurosporine was used as a control compound for the assay and
was evaluated over a range of 100 pM to 30 uM. ICso was calculated to be 67 nM (n = 3)
which is comparable to previously published data'’®. This compound was subsequently

added as a standard compound to every assay plate to ensure consistency of results.
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The optimised assay conditions were as follows: recombinant human NIK (active) 5 nM
(Promega, USA) was added to MBP 0.1 mg/mL (Promega, USA) and 5 uM ATP in assay
buffer (40 mM Tris-HCI (pH 7.5 £ 0.05), 20 mM MgCl,, BSA 0.1 mg/mL and DTT (50 uM) in a
white half well 96-well plate (Greiner Bio One GmbH, Germany), in the presence and
absence of test compound, to a total volume of 20 uL. Plate was covered with a lid,
wrapped in cling film and placed in a foil bag (previously stored streptavidin coated plate
(Perkin Elmer, UK)) and shaken on a Stuart microplate shaker (Bibby Scientific Ltd, UK) at
850 rpm for 1 minute before incubating at 30 °C for 1 hour. Plate was removed from foil
bag and allowed to equilibrate to 21 °C for 15 minutes before addition of Kinase-Glo®
reagent (Promega, USA) (20 uL). Mixture was incubated in the dark for 10 minutes and
luminescence was detected on a Wallac Victor? 1420 multilabel counter (Perkin Elmer, UK).

ICso values were converted to K; values using the Cheng-Prusoff Equation.'#®

5000000+

40000004

3000000+
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Figure 57. Michaelis-Menten plot for determining Km of ATP using Kinase-Glo method.
Data points show average of duplicated data. Calculated Km = 33.0 £ 3.4 uM.
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Figure 58. Exemplar Z’ assay with means indicated by solid lines and 3 standard
deviations shown as dotted lines. Red indicates assay in the presence of ATP
but excluding enzyme, blue indicates assay in the presence of ATP and enzyme.
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Figure 59. Dose-response curve of staurosporine vs NIK. Data points show mean
( standard error mean) from three separate experiments. The ICso = SEM value

was 67 £ 1.24 nM. R? = 0.942. K; = 57 nM.
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3.2.2. Compound screen

Compounds 1-35 were screened for activity against NIK at 30 and 10 uM, single point

concentration in triplicate. The results are shown in Figure below:

% Inhibition (normalised)
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Compound ID

Compound R= Compound =
1 H 18 3-NHBoc
3 2-F 19 4-NHBoc
6 2-Cl 21 4-SCH;
7 3-Cl 22 2-OCH;
8 4-Cl 23 3-OCH;
9 2-pyridyl 24 4-OCH;
10 3-pyridyl 25 3-SO,CHs
12 2-CF3 26 4-SO,CH3
13 3-CF3 27 2-CH;
14 4-CF; 28 3-CH3
15 3-NH,* 29 4-CHs
16 4-NH,
N—NH
HoN {

Figure 60. Results of compound screen vs NIK and tables of structures.
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Compound Ri= R;= n=
30 3-C(O)NH>Ph =0 1
31 4-C(O)NH,Ph =0 1
32 6-Benzimidazole =0 1
33 4-CH,;N(CHs); Ph = 1
34 3-Aminoindazole H(H) 1
35 3-Aminoindazole = 2

R4
L R
~
N N
H n

Figure 60 (cont.). Results of compound screen vs NIK and tables of structures.

As will be discussed later, screening small molecules at high concentrations can lead to a
not insignificantly high rate of error. Examples of this can be seen in compounds 12-14,
where inhibition seems to increase with decreasing concentration. These compounds are all
isomers of a trifluoromethylphenyl series and it is thought that the erroneous results could
be due to solubility problems in this assay at 30 uM. This seems to be a reasonable
assumption as the series has the highest calculated logP, at 3.83, of any compound in this
screen and such a marked inverse concentration-activity relationship is not seen with any

other compound.

The reason for carrying out this assay at two concentrations was to reduce the rate of false
positive hits. Had these compounds only been tested at 30 uM, compounds such as 18, 23
and 28 would have looked quite promising, and given that all are 3-substituted, there could
have been a rational explanation for consistent results. However, on assessing at 10 uM, it
becomes clear that this activity is not borne out at lower concentration, with the inhibitory

profile quickly dropping off.

Of the compounds assessed in this screen only three showed consistently good inhibition at
both 30 and 10 uM. Compounds 25 and 26 are both methylsulfonate analogues of
compound 1 and so further analysis of substituents located in the upper left quadrant of
the Craig plot could prove interesting. From the perspective of canonical inhibition,
however, both compounds exhibit sub-micromolar activity against IKKB and this would
therefore need to be significantly ameliorated with compound development. Conversely
compound 30, which showed similar activity to both 25 and 26, was shown to have no

activity against either IKK isoform assessed biochemically. This is likely to be due to the
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replacement of the aminoindazole head group, which seems to convey potency in both
IKKa and IKKB, albeit with some slight bias towards IKKa. The m-phenylcarboxamide and 3-
aminoindazole possess many similar binding capabilities; with both having similarly placed
hydrogen bond donating NH, groups and analogous O or N hydrogen bond acceptors, and
both having a central benzene ring capable of forming either hydrophobic interactions or
pi-bonding to residues in the pocket. The fact that the 3-aminoindazole shows only
moderate potency against NIK but good potency against IKKa and IKKB, whilst the m-
phenylcarboxamide is inactive in both IKK isoforms but shows activity against NIK suggests
that the precise orientation of the analogous groups is important or that the endocyclic NH

in the aminoindazole is important in differentiating between the different enzymes.

Figure 61. Binding capabilities of m-carboxamide (A) and aminoindazole (B). Hydrogen
bond donor capabilities are shown in red, hydrogen bond acceptors in green and
hydrophobic or pi-stacking in purple.

As a result of this screen, compound 30 was used as a template for compound
development. Titration of compound 30 against NIK revealed an apparent K; of 4.4 uM, as

shown in Figure 62.
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Figure 62. Inhibition curve of 30 against NIK with structure of 30 shown alongside.

The initial compound library had explored the pendent phenyl ring without conveying any
great improvement in potency. Since the replacement of the aminoindazole with the m-
phenylcarboxamide provided a noticeable increase in potency, a library was synthesised for
a small fragment-based screen which retained this motif but searched for an alternative
scaffold core to replace the amidopyridine to provide alternative vectors which could be

used to exploit the catalytic pocket.
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3.2.3. Fragment-based approaches in drug discovery

Fragment based drug discovery is a form of medicinal chemistry wherein initial hits are
found by screening libraries of small molecules, which broadly comply with the so-called
‘rule of three’: molecular weight < 300; hydrogen bond donors < 3; hydrogen bond
acceptors < 3 and logP < 3.18 There are a range of methodologies for finding fragment hits;
each with their pros and cons and each leading to a slightly different optimisation
technique.’® Probably the two most contrasting methods are functional screening and X-
ray crystallography. Functional screening involves testing each fragment at high
concentration against the target of interest. This has the advantage of often being high-
throughput compatible and uses comparatively small amounts of protein. On the other
hand, it gives little, or no, indication of binding mode and can often lead to false
positives.’® Crystallography, by contrast, gives very clear information on mode of binding
and no functional assay need be developed in order to screen. This does, however, require
large amounts of protein - on top of the appropriate conditions to crystallise it - and is very

low-throughput compared to functional assay testing.®

Although a hit compound had already been discovered and therefore some rational design
is involved, the methods employed here fall within the description of fragment-based
functional screening, in that the molecules adhere to the rule of three and are screened at

high concentration to discover hits.
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3.2.4. SAR

o)
HoN Ki vs NIK
Compound | ?
P JLT:;j (uM)
R
R
36 fj 28
N/
R

37 [:Ej\ >100
NH

R
38 N 25
N” > NH,
R
NTX
39 (%J\ 37
N” NH,

R
NTX
40 il;[:> 1.2
N H
R
41 [%TIT§ 1.7
“ N
H

N
R
N
42 J A\ 1.7
H,N" N ”
R
N™X
43 /i%J\ 4.9
H,N” “N” “NH,

Table 3. Results of changing proposed hinge binding motif.



Screening compounds 36-43 showed vast differences in activity between monocylic and
bicyclic systems. Inferring from the crystal structure of compound 1, from docking
simulations and from common hinge binding motifs of published kinase inhibitors, it is
assumed that this is the hinge binding portion of the molecule. The lower affinities of
compounds 36 and 37 are assumed to be because only 1 hydrogen bond is being made with
the hinge. Compounds 38 and 39 have the capacity to make two hydrogen bonds with the
hinge in one of two orientations: either with the G+1 acceptor-donor motif, or with the G+1
donor and G+3 acceptor. It was thought that this additional interaction and ability for the
molecule to choose a more favourable conformation would improve potency compared to
compounds 36 and 37 but little, if any, improvement was observed. Compounds 40-42
were all observed to be equipotent. Docking simulations suggest that the improvement in
activity compared to the monocyclic compounds is due to an increase in the number of
hydrophobic interactions made with the pocket. The change in electronics and the angle of

the NH donor may also be factors.

NH, NH,

o] @)

Figure 63. Docked poses of (A) compound 39 interactions and (B) compound 40
interactions. Green dashes show hydrogen bonds, purple shows hydrophobic interactions.

Compound 40 conveys a number of advantages as a hit compound over compound 30 as

shown in Table 4.
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30 40
Calculated TPSA (A?) 96.9 |79.8
Calculated logP 2.57 | 1.39
Ki (LM) 4.4 1.2
Molecular weight (Da) | 332 238
Ligand efficiency 0.30 | 045

Table 4. Properties of 30 vs 40.

Whilst the TPSA of both compounds is within the generally accepted limit for permeating
cell membranes,'®® compound 30 is getting towards the upper limit of around 120-130 A2.
Similarly with logP, compound 40 shows greater promise for development since lower logP
conveys greater water solubility. The fact that this is slightly more potent and has a lower

molecular weight also means that it is a much more efficient ligand than 30.

Ligand efficiency is a relatively recent addition to the pharmaceutical world. In 1999, Kuntz
and co-workers put forward a paper suggesting ligand efficiency as an alternative to simply
relying on affinity, and suggested comparing the Gibbs free energy (AG) with the number of
non-hydrogen atoms in the molecule (N), with AG defined as -RTInK;.2! This leads to the

following equation to calculate ligand efficiency:
LE =14 86/,

Due to their similarity to adenine, pyrrolopyrimidine scaffolds are very common in kinase
inhibitors. Of the 28 licensed SMKIs, 2 have pyrrolopyrimidine hinge binding motifs, with a
further two containing pyrrolopyrimidine-like pyrrolopyridine or purine scaffolds.??* In

2008, Aronov et al. postulated that

“A compound is likely to have kinase activity if (i) it contains two or more
heteroaromatic nitrogens (Naro), (ii) it contains one or more heteroaromatic NH groups
(NHaro), (iii) it contains one or more anilines (Ar-NH), and (iv) it contains one or more nitriles

(R-CN).”%2

A combination of these factors led to further research being concentrated on

pyrrolopyridine and pyrrolopyrimidine scaffolds.

To assess whether further improvements in activity could be made with an alternative to
the amide moiety, a series of structural changes were made designed to probe the

interactions made by this group.
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R
Ki vs NIK
Compound Nk/ N (M)
N
40 C(O)NH; 1.2
44 H 5.2
45 CH3 5
46 NH, 1.6
47 OH 2.5
48 CH,OH 3.8
49 CN 1.6
50 COOH 3.2
51 NHC(O)NH; 1.7
52 SO,NHy* 2.6
53 C(O)NH(CH2)3sN(CHs), 35
54 C(O)NH(CH,)s0CHs 7.6
55 C(O)NH(CH,),CH(CHs), 7.9

Table 5. Results of 3-phenyl substituents. *Uses pyrrolo[2,3-d]pyridine scaffold.

The decrease in activity from 40 to 44 and 45 suggests that the functional group has a
positive role in binding (as suggested by docking studies) but no significant difference was
found through iterations of hydrogen bond donors, hydrogen bond acceptors, acidic and

basic groups or secondary amides.

Secondary amines 53-55 were synthesised to try and investigate ways of targeting the
hydrophobic pocket behind the methionine gatekeeper. The published NIK crystal structure
(PDB code 4DN5) with ATP bound in the catalytic site suggested a narrow opening which,
with the right vector, could possibly provide access to this region. Docking compound 40
indicated that the substituted amide may provide this vector, assuming a flipped geometry
compared to the docked pose, and that an alkyl chain may interact with this hydrophobic
region whilst 53 and 54 were synthesised to explore any potential hydrogen bonding
interactions. Unfortunately, although docking studies suggested that this was a valid
hypothesis, biochemical assessment of these compounds showed, at best, no improvement

in activity against NIK.
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! I
Figure 64. Compound 40 docked in NIK with gatekeeper and potential access to
hydrophobic region shown.

Figure 65. Docked poses of 53 (panel A) and 54 (panel B) in NIK.

A further hypothesis examined in this series was substitution of the 3-position as a means
of introducing an additional hydrogen bonding group. This was intended to form an
interaction with Q479 which sits close to the mouth the catalytic pocket and, from the
crystal structure, looked to be a useful residue to target from the 3-position using a small
functional group. The hydrogen bond donor/acceptor capabilities of the glutamine amide

also made it an attractive target.
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Figure 66. Proposed interaction motif for 3-substituted pyrrolopyridines.

G+4

Substitution of the pyrrolopyridine at the 3-position decreased potency with increasing

hybridisation, such that sp > sp? >> sp3.

o)
H,N
Ki vs NIK
Compound R v
_ (HM)
| A\

56 CN 1.8
57 CHO 5.1
58 CH,OH >30

Table 6. Results of 3-substituted pyrrolopyridines.

This decrease in activity is thought to be due to steric hindrance forcing the two ring
systems out of plane with each other as the hybridisation gains more p-orbital character.
This theory is somewhat backed-up by running a very crude energy minimisation using
Discovery Studio’s Dreiding-like force field minimisation.'®® This simulation shows that, in
the lowest energy conformation, the torsion angle between the two rings increases and the

relative energies also increase.

Compound | Torsion angle (°) | Energy (arbitrary units)
56 23.64 33.9
57 27.85 37.2
58 29.25 49.9

Table 7. Results of energy minimisation for compounds 56-58.




Whilst this is by no means conclusive proof that the relative geometry is the reason for the
decrease in activity, it is certainly a reasonable assumption that reducing the number of
available conformations is likely to be unfavourable for the ligand to adopt an optimal
binding pose. Since the energy results provided by Discovery Studio are only relative, it is
also unclear whether this difference is significant or not in terms of how difficult the energy
barrier is to overcome and whether the act of binding to a receptor may be enough to

outweigh that.

As will be discussed in the related chemistry section, 3-substitution of the pyrrolopyridine
scaffold proved much more facile than 3-substitution of the pyrrolopyrimidine scaffold and,

as such, only 3-substituted pyrrolopyridines were investigated at this stage.
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3.3. 2-amino-5-carbonitrile series

3.3.1. Library screen and hit compounds

Since compounds 53-55 had suggested that the vector provided by compound 40 had failed
to target the hydrophobic region as desired, a screen of a proprietary in-house library was
carried out in an attempt to identify other scaffolds which may provide this vector while
still showing some level of NIK activity. Two compounds of particular interest from this
library showed promise, with activity values comparable with analogous to compound 40
Alterative vectors to these analogues were provided through the amine linker in the case of

59 and the 5,6-ring system of 60

5 4
3
©\ N ’ 2 N
NH /] 7 NT©
4 5
)Nl\\ N\ 3N| X N\ .
~ ~
HN™ “N™ N HNTZ'N N7
60

Figure 67. Structures of in-house hits with numbering system for clarity.

Compounds 59 and 60 were assessed biochemically and found to have Kis of 3.0 and 2.8 uM
respectively. As 3-carbonitrile 56 had shown no improvement over pyrrolopyridine 41 and
pyrrolopyrimidine 40 was slightly more potent than 2-amino-pyrrolopyrimidine 42, a series
of 4-indolyl- and 4-indolinyl-pyrrolopyrimidines were synthesised to investigate the effect

of a 6-substituent on the indole, or indoline, ring.
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3.3.2. 4-indoline series

R Y
N
0
—
NT R
Compound 4-substituent R= Ki (uM)
61 Indoline H 2.8
62 Indoline Br 6.6
63 Indoline C=C-CH,0H 53
64 Indoline C=C-(CH3),0H 3.0
65 Indoline C=C-C(CH3),0OH 0.930
66 Indole H 5.1
67 Indole Br 1.1
68 Indole C=C-CH,0H 4.6
69 Indole C=C-(CH,),0H 2.5
70 Indole C=C-C(CHs),0H 0.574

Table 8. Results of 6-substitution of indole and indoline ring systems.

Very little difference was seen between these two series, though the general trend seemed
to be that the indole analogues were slightly more potent. Modelling suggests that there is
little qualitative difference in binding so an alternative explanation is the geometry of the
indole ring compared to the indoline. Indole C-2 and C-3 atoms are sp? as opposed to the
indolines sp® centres, which slightly lessen steric interactions with the proton at C-5 of the
pyrrolopyrimidine, thus allowing the indole greater flexibility to adopt a more favourable

binding conformation.
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Figure 68. A and B Compound 65 showing receptor interactions with and without

protein surface; C and D Compound 70 showing receptor interactions with and without

protein surface.
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Figure 69. Interaction map of 65/70 showing proposed hydrogen bonds to NIK.
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The potency afforded by the gem-dimethylhydroxyalkynyl analogues, as exemplified by
compounds 65 and 70 led to the examination of the orientation of this group within its
proposed binding site. Two further series of compounds were synthesised in order to
investigate this. The first series looked to affect the binding orientation of the whole
molecule by substituting the pyrrolopyrimidine for other proposed hinge binding motifs.
This would allow for different combinations of G+1 and G+3 binding patterns and, also
change the electronic properties of the ring, providing slight differences in the strength of
the hydrogen bonds formed to the hinge and thus the binding orientation. Substituting the
pyrrolopyrimidine would also have the secondary effect of altering the planarity of the two
rings and thus the elevation of the alkyne substituent in the hydrophobic pocket. The
second series investigated the effect of “untethering” the phenylalkyne portion of the
molecule by substituting the indoline for aniline. This retained the nitrogen linker and the

phenyl but changed the relative angle of the alkyne.

Compound OHﬁ Ki vs NIK
i (kM)

R
R
71 Nl)j 0.569
kN/
R
N
72 l)l 2.47

73

N -
L | 0.015
H,NT N

R
N
74 i)l 0.506
H,N" “N” “NH,
R
75 Nl)jN\> 0.531
kN/ N
H
R

N
76 e N 0.558
H,N" N ”
R
N
65 L N 0.930
NN

Table 9. Results of hinge binding motif alterations.
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Replacement of the pyrrolopyrimidine with alternative hinge binders provided unexpected
results. Compounds 71 and 74-76 all appeared equipotent in the biochemical assay and the
reasoning for this is unclear. 71 is only capable of forming one hydrogen bond to the hinge,
while 75 can make two, and 74 & 76 can make three. Whilst the arrangement of the DAD
motif of 74 and 76 may not be ideal for making all three hydrogen bonds, both should still
be capable of two hydrogen bonds and thus, along with 75, show a greater potency than
that exhibited by 71. An alternative binding pose to the one proposed cannot be ruled out,
though the molecules do not possess another traditional hinge binding motif and so, if this
were the case, they are unlikely to bind as classical type | SMKIs. This could be established,
either by increasing the concentration of ATP in the assay, the effect of which would

indicate whether the molecules were ATP competitive, or with a crystal structure.
3.3.3. Existing NIK inhibitors

Subsequent to the synthesis of compounds 71-76, two papers were found detailing
structures of NIK inhibitors based around an aminopyrimidine hinge binding motif,

substituted at the 4- position with a variety of [3.4.0]-bicyclic ring systems.186:1%94

=
o

HO HO
N)j/m NN O\)
I I
A HzN)\N/

77 78
Figure 70. Example NIK inhibitors from de Leon Boenig et al. (77) and Li et al. (78).

These papers included crystal structures and, given the structural similarity of 77 and 78 to
compounds 71-76, these could be used to guide further compound development and

validate conclusions from SAR.
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Figure 72. Interaction map of compound 78 in NIK.

The crystal structure (Figure 71) validates the binding mode of the alkynyl alcohol proposed
by the docking study as shown in Figure 69; wherein the alcohol forms a hydrogen bond
with E440. It also shows a G+1 and G+3 binding motif for the aminopyrimidine. This may be
the preferred orientation or this may be due to the polyether chain at the 5-position of the

pyrimidine ring. The crystal structure suggests that there is no space for this to flip to a
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solely G+3 binding mode because the polyether would be in too close proximity to the
methionine gatekeeper. Unfortunately, there is no crystal structure of an analogue of 78
bound in NIK which does not have a substituent at the 5-position. The incorporation of a
polyether also validates the hypothesis that the glutamine residue Q479 can be targeted
from the catalytic pocket but that the molecular arrangement of compounds 56-58 is not

optimal to make this interaction.

From an SAR perspective, possibly the most interesting observation is the difference in
activity between 72 and 73. Compound 73 is a known compound which has been described
in the literature as an inhibitor of NIK; albeit with very little detail.»®> Subsequent work by Li
et al. provided a crystal structure of a very similar compounds which helps to draw some

conclusions.*®

The crystal structure shows the aminopyrimidine bound to the G+1 and G+3 residues of the
hinge, with the alkynyl alcohol pointing back into the hydrophobic back pocket as modelling
of compounds 65 and 70 suggested it would. If the same binding mode is assumed for
compounds 72 and 73, the only difference between them is the positioning of the
pyrimidine nitrogen (panels A and D of Figure 73). The alternative for 72 to analogously

position the pyrimidine nitrogen is a G+3 only binding pose (panels B and C).

OH OH
—_— —_—
— —
N N
N™ N™
P L7
A HNT N B N” “NH,
OH OH
— —
— —
0 N
e fe
I I
NS N
C N)\NHZ D H,N N)

Figure 73. Possible effects of intramolecular interactions on binding orientation. The
rotation about the pyrimidine C4 - indoline N1 bond can result in a steric clash
between protons on the two ring systems (panels C and D) leading to distortion
between the ring systems which will likely adversely affect binding.
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Whether or not the binding mode changes between the two compounds is unclear,
however one contributing factor, if it does, which may help to explain the difference in
potency, is shown in panels C and D of Figure 73. Molecular mechanics using a simple
Dreiding-like force field'*® indicate that the interactions shown in panels C and D do lead to

a distortion of the molecule as shown in Table 10.

iy
dC

N
LN
ax” X
L
Y N Y
X =N/CH, Y = H/NH,

Figure 73 Panel | Torsion angle (°) | Bond angle (abc) (°) | Bond angle (bcd) (°)
A 7.74 119.82 126.39
B 7.76 119.90 126.54
C 12.22 123.69 130.54
D 11.74 123.76 130.66

Table 10. Selected torsion and bond angles of compounds 72 and 73.

With the pyrimidine nitrogen to the right of the molecule, as drawn, there is a steric
interaction between the pyrimidine C-H and the 7-position C-H of the indoline. If both 72
and 73 adopt the G+1, G+3 binding mode (panels A and D), this steric interaction is only
present in 72. This interaction may result in a sub-optimal binding pose for 72, or it may

even necessitate the alternative binding pose shown in panel B.

As discussed, modelling and crystal structures of aminopyrimidines in NIK suggest that
binding occurs preferentially with the amino group interacting with the G+1 residue (as
shown in Figure 71). In the case of the 6-aminopyridine, however, this results in not only a
steric clash with the indoline 7-position C-H, but also the positioning of the pyrimidine
nitrogen in the centre of a very hydrophobic pocket. It is not known whether this
contributes to the detrimental effect on binding seen between the 6-amino and the 2-
aminopyrimidine. In an attempt to understand this, efforts were made to synthesise the 2-
aminopyridine analogue as shown in Figure 74. Unfortunately, despite several attempted

routes, synthesis proved unsuccessful.
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Figure 74. Structure of desired 2-aminopyridine analogue.

Despite it being an already disclosed compound, the potency of compound 73 made it an
attractive tool compound to investigate one of the aims of this project: to synthesise a
representative known NIK inhibitor and use it to interrogate the non-canonical NF-kB
pathway. Reported NIK inhibitors, to this point, have been decidedly promiscuous®>196:1%7

and compound 73 is no exception to this.

Compound 73 Kinome Screen 1 uM

% Inhibition at 1 pM

MAPKAPKS
CcRAF Y340D Y

Kinase

Figure 75. Kinome screening results for compound 73.

As shown in Figure 75, compound 73 shows greater than 80% inhibition of 7 kinases,
excluding NIK, out of the 67 assessed. Since the full kinome is represented by over 500
kinases this figure could well extrapolate to around 60 kinases. This level of off-target
activity is likely to result in unwanted toxicity and thus, from a drug discovery perspective, it
does not make a good prospective lead compound and, therefore, further investigation was
required to search for ways of improving selectivity across the kinome. The potent NIK
activity of compound 73 did, however, represent an excellent opportunity to further
understand the non-canonical NF-kB pathway in a cancer setting. This work is discussed

further in chapter 4.
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3.3.4. Development of novel scaffolds

To begin investigating potential future scaffolds which may improve kinome selectivity over

compound 73, a series of three carbazole analogues of compound 73 were synthesised.

N
N
PP
H,N~ N
R= Ki vs NIK (1LM)
79 H 4
80 Br 1.1
81 | C=C(CH3),0OH 0.350

Table 11. Results for carbazole structures.

Introduction of this additional phenyl ring could provide a greater level of selectivity and
also provide a scaffold for a range of substitution patterns to probe additional or alternative
interactions around the catalytic pocket. Introduction of first 6-bromo and then alkynyl
alcohol moiety showed the same trend of increasing potency as observed in the indoline
series. The bromine is thought to have a favourable entropic effect on binding by
displacement of water, whilst modelling suggests the alkynyl alcohol makes a hydrogen
bond to ASP440. The reason for the decrease in activity compared to compound 73 is
thought to be because of the molecular distortion as shown in Table 10. Because of the
symmetry of the carbazole, there will always be an intramolecular interaction between the
two ring systems as they approach co-planarity. Modelling suggests the optimal pose is
with the rings co-planar, which is a pose unlikely to be adopted. This means that the
receptor-ligand interactions will be sub-optimal providing a rationale for the decreased

potency.
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Figure 77. Interaction map of compound 81 in NIK.

Substitution of indoline with aniline caused a considerable drop

G+3

G+4

in activity. 2-

Aminopyrimidine 84 still showed much greater potency than the 6-aminopyrimidine but as

the most potent in this series, and still less potent than 67, it was decided that this was not

a tractable series.

Compound OH NH Kivs NIK
P Z R e
R
N
82 l)j\/\> 9.8
NT N
R
N
83 l)l >30
N~ "NH,
R
84 N7 1.22
o
HZNJ\N
R
NTXx—N
85 L N 14
NT N

Table 12. Results for alkynylaniline compounds.
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These results suggest that the angle of the alkyne is very important for binding. Whilst the
positioning of the residues shown in Figure 77 and Figure 78 is not accurate, it can be seen
that the alkynyl alcohol moiety of 84 (Figure 78) is binding to an amino acid earlier in the
sequence than that of the analogous group in 81 (Figure 77) and therefore likely to interact
with the methionine gatekeeper disfavourably. This is not surprising considering the vector
created by the meta-substituted anilines compared to the 6-substituted indolines but it is a

trend seen across the aniline series 82-85.

K429

z

G+1 OH 7., G+3 G+4

Figure 78. Interaction map of compound 84 in NIK.

Since compounds 59 and 60 had shown comparable activities to 61, SAR was carried out to

investigate the effects of the 2-amino and 5-cyano groups on activity.
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Compound Substituent Ki (uM)
61 X=H, Y=H, Z=H 2.8
65 X=H, Y=H, Z=-CC=C-C(CHs),0H 0.930
76 X=NH,, Y=H, Z=-CC=C-C(CH3),0H 0.558
60 X=NH,, Y=CN, Z=H 2.8
86 X=H, Y=CN, Z=-CC=C-C(CHs),0H 0.789
87 X=NH, Y=CN, Z=-CC=C-C(CHs),0H 0.080
88 X=H, Y=-CC=C-CH(CH,),, Z=-CC=C-C(CHs),0H 26

Table 13. Effects of 2- and 5-position substitutions on compound potency against NIK.

Despite the substitutions on compound 60 not seeming to confer any increase in potency
over compound 61, these same substitutions do show an improvement for compound 87
over 65. Docking suggests that the alkynylindoline binds in the same orientation as
compound 67, with the 2-amino group making an additional interaction to G+1 and the 5-
cyano group making hydrogen bond to Q479: analogous to the interaction made by the
polyether of compound 78. As neither the 2-amino or 5-cyano substituent, by themselves,
appear to account for a large improvement in potency, it is assumed that it is the
combination of substituents that orientates the molecule in such a way as to maximise its

binding potential.

Figure 79. Docked binding pose for compound 87 in NIK.
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Figure 80. Interaction map for compound 87 in NIK.

Compound 88 provided an interesting twist to the SAR. This showed a considerable drop in
potency (Ki = 26 uM) compared to 86 but, with the terminal alkyne direct analogue not
being available for comparison it is not possible to draw accurate conclusions as to why this
is: since there is a change in sterics (C=N compared to C-CH(CH3),); in hydrogen bonding
capability (H-bond acceptor vs no interactions); in hydrophobicity and in polarity.
Nevertheless, the reason for such a marked decrease in potency remains unclear using the
existing binding model. Docking suggests that the compound adopts a similar binding pose
to 87, and adding a rendering indicating hydrophobicity to the protein suggests that the

cyclopropyl occupies a relatively large hydrophobic cleft.

Figure 81. Docked pose of 88 in NIK. Blue regions are hydrophilic and brown regions are
hydrophobic.
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Figure 82. Interaction map of 88 in NIK.

If this is the case, the assumption would be for the compound to exhibit a potency similar
to that of 65: with the pyrrolopyrimidine and the alkynyl alcohol forming the main
interactions. This is not the case, however, and further analogues would need to be
synthesised to investigate this. Whilst several analogues were planned, synthesis of these

proved non-trivial and only the cyclopropyl could be obtained.
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3.3.5. Chemistry

3.3.5.1. 3-Phenylcarboxamides and analogues

Compounds 36-43 were synthesised in one step from 3-aminocarbonylphenylboronic acid

and the corresponding aryl chloride or bromide.

o}
H,N
o) 2
ci/B
H,N r
+ X \,‘_‘\\ > x \,‘_‘\\
)l\ A ,f'l )l\ P ,,'I
_B. Y~ °NT °Z Y~ °NT “°Z
HO”~ ~OH

X =N/CH;Y =H/NH,; Z = H/NH/NH,

Scheme 10. Suzuki coupling of 3-phenylcarboxamide to aryl chloride.

Products were obtained in good to excellent yields with the exception of 38 and 39 which
were poorly yielding. The reasons for this are unclear but since bidentate nitrogen

198-201 jt js possible that the electronic properties and

containing ligands are well known
geometry of these examples enable them to chelate to the palladium catalyst and thus slow
the turnover rate, though the fact that there is such a large discrepancy between the yields

of these two examples and the rest suggest several factors may be at play.

Many of the boronic acid starting materials for the analogues of compound 40 were
commercially available and were synthesised as shown in Scheme 10. Secondary amides
53-55 were synthesised via an amide coupling reaction from compound 50 and appropriate

amines in moderate yields utilising the T3P coupling shown in Scheme 1.

Urea 51 was synthesised from amine 46 by a nucleophilic addition reaction with potassium
cyanate as shown in Scheme 11. The mechanism is thought to proceed through nucleophilic
addition into the nitrile carbon under acidic conditions before proton transfer to yield urea

51.
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Scheme 11. Nucleophilic addition of cyanate to aromatic aniline 46.

Compound 47 was synthesised on the pyrrolopyridine core scaffold rather than the
pyrrolopyrimidine. Reaction using 4-chloropyrrolopyrimidine was attempted but mass
spectrometry suggested the formation of compound 89 and no formation of desired
product. This was thought to be due to the labile nature of the aryl chloride, whereas the

problem was not observed with the more electron rich pyrrolopyridine.
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3.3.5.2. 3-Substituted pyrrolopyridines

O
HoN
N
N cl Cl _N_
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D
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Scheme 12. Retrosynthetic analysis of 3-substituted pyrrolopyridines.

Compounds 56-58 were all synthesised from starting material 90 through common
aldehyde intermediate as shown in Scheme 12. Aldehyde intermediate was synthesised
using the Duff reaction in which the aldehyde is formed through introduction of an imine
derived from hexamethylenetetramine under acidic conditions as shown in Scheme
13.202203 Hexamethylenetetramine spontaneously ring opens under acidic conditions before
attack of the nucleophilic C-3 position of the pyrrolopyridine into the newly formed
iminium. Subsequent protonation and intramolecular proton transfer followed by

hydrolysis furnished aldehyde 91 in moderate yields.?*

Attempts were made to synthesise the pyrrolopyrimidine analogue of 91 since this scaffold
had shown slightly better activity, however Vilsmeier-Haack formylation, organolithium
followed by quenching with DMF and Duff reaction on this scaffold all proved unsuccessful.
Since compound 36 could still be used to assess the effect of 3-substitution, however, it

was decided to investigate these effects using the pyrrolopyridine series.
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Scheme 13. Proposed mechanism of Duff reaction.

Compound 57 was synthesised by Suzuki reaction of 91 with 3-
aminocarbonylphenylboronic acid under microwave conditions in moderate vyields.
Reaction under thermal heating conditions returned only starting material 91 after
overnight reaction, whereas 50% yield was obtained under microwave conditions at 120 °C

after 1 hour.

Compound 91 was further reacted under reductive conditions®®* (Scheme 14) and
amination conditions?®> (Scheme 15) to furnish alcohol and oxime intermediates in good

yields.
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Scheme 15. Reaction of hydroxylamine with aldehyde 91.

Alcohol 92 was further reacted under Suzuki conditions as shown in Scheme 9 to yield
compound 58 in moderate yield. Nucleophilic attack of hydroxylamine into aldehyde 91 and

subsequent dehydration led to oxime 93 in excellent yield.

The final functional group interconversion of oxime 93 to nitrile 94 was achieved by treating
with thionyl chloride as shown in Scheme 16 to provide product in good yield.?°® Oximes
are classically thought to undergo Beckmann rearrangement under dehydrating
conditions.?” This reaction involves a rearrangement as shown in red in Scheme 16.
However, it is also known that hydrogen migration is rare in the conventional Beckmann

rearrangement?® and a second mechanism, such as E2 elimination, is also plausible.

Nitrile 94 was reacted similarly to alcohol 92 using thermal heating conditions to yield

compound 56 near-quantitatively.
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Scheme 16. Possible mechanisms of dehydration of oxime by thionyl chloride.

3.3.5.3. SnAr reactions

Formation of the pyrrolopyrimidine C-4 to indoline N-1 bond was completed through a SnAr
nucleophilic aromatic substitution (NAS) reaction. NAS reactions can proceed via several
different mechanisms including Sx1,%%° benzynes?®® and metal-catalysed substitution:20211
most widely exemplified by the Buchwald-Hartwig coupling. One of the most commonly
used methods, however, is the addition-elimination reaction, known as the SyAr reaction.
In this reaction, a nucleophile is added to a substituted aromatic carbon to form a

Meisenheimer, or o-, complex before departure of the leaving group.?12213

Scheme 17. SyAr reaction proceeding through Meisenheimer complex.
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SnAr reaction was carried out by reacting aryl chlorides under microwave conditions in a 2:1
iso-propanol-dioxane mixture with 1 equivalent of desired indoline. Similar reactions have
been reported by Caldwell et al.?**?'> but it was decided to attempt the reactions excluding
base. Base is normally added to facilitate proton transfer, often the rate-limiting step, from
the zwitterionic Meisenheimer complex and so push the equilibrium towards the anionic
complex as shown in route A.%'? Studies looking at this, however, have used aliphatic
nitrogen nucleophiles, and it was thought that, since the product extended conjugation
relative to the starting materials, this driving force, combined with indoline or the
generated chloride acting as the base, would be enough to push the equilibrium towards

the product, opening a second plausible mechanism in route B.

Reactions were monitored by TLC and consumption of the starting material was seen after
2 hours of reaction at 130 °C. 61, or the 6-bromoindoline derivative of 62, were obtained by
precipitating from water and LCMS suggested near quantitative conversion, and so this
method, with variations in temperature and reaction time, depending on substrate

reactivity, was used for many further examples.

SnAr did not prove a viable method of directly introducing indole derivatives. This is likely to
be due to indole being less amenable to protonation which will result in a loss of
aromaticity; as opposed to indoline, where the nitrogen does not play a part in its aromatic
system. Since SyAr with the indoline had proved successful, the solution was to oxidise the
indoline to the indole after substitution. A method using 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) was utilised,?!® affording oxidised product in moderate yields.

s giigerd

H OH
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61 H 66H

Scheme 18. DDQ oxidation of indoline 61 to indole 66.
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This oxidation was, unfortunately, not universally applicable to the compounds synthesised.
Compounds with exocyclic NH, groups were not amenable to DDQ oxidation. One way
around this would be to protect the NH before carrying out the oxidation but this would
not have provided a solution the second problem, which was the issue of substituting the
carbazole through SnAr. Like the indole, the NH is part of the aromatic make up of carbazole
and, again like the indole, does not protonate as readily as the indoline. To overcome this, a
method was developed whereby the indole, or carbazole, was stirred in sodium hydride
prior to addition of the chloro- electrophile. This preformed an anionic nucleophile which

reacted much more readily with the electrophile.

Scheme 19. SyAr reaction with preformed anionic nucleophile.
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3.3.5.4. Sonogashira reaction

The Sonogashira reaction is a relatively new addition to the field of palladium cross-
coupling reactions. Copper-mediated alkyne-coupling reactions have been known since the
mid-19%" century,?’” while early variants of what is now called the Sonogashira reaction
were published in 1975.28-220 |t wasn’t until the 2000s, however, that significant volumes of
work began to be published detailing the use of Sonogashira reactions.’*With the work
that has gone into developing catalyst systems and understanding the role bases and
solvents play with regard to specific substrate systems, the Sonogashira reaction is now a
highly versatile method for introducing alkyne substituents into molecules without the

need for stoichiometric quantities of metal.}”3221

Scheme 20. Proposed catalytic cycle for Sonogashira reaction. Adapted from.??122
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The Sonogashira reaction is thought to follow the same general pathway as the Suzuki
reaction: namely oxidative addition - transmetallation - reductive elimination.?'® The
Sonogashira differs in that the substrate for transmetallation is formed in situ from a
second catalytic cycle. The copper iodide complexing with the alkyne acts to decrease the
pKa of the terminal proton. The decrease in pKa allows for deprotonation by an organic
base such as diisopropylamine or triethylamine and generate a copper acetylide.??? The
reactivity of aryl iodides often allow the oxidative addition step, often considered to be the
rate limiting step in the Sonogashira process,??? to take place at room temperature. Aryl
bromides are somewhat less reactive and therefore often require elevated temperatures or

more specialised catalysts to undergo this process.'’*

With easy access to 6-bromoindoline, and a method established for coupling this in high
yields to the pyrrolopyrimidine scaffold, a series of Sonogashira reactions were completed
to probe the hydrophobic pocket protected by the gatekeeper. TLC analysis showed
consumption of starting material and, seemingly, conversion to a single product. This was
further strengthened by LCMS analysis of the crude reaction mixtures after reacting
overnight which showed greater than 90% conversion in all cases in the UV trace (example

trace in Figure 83.

Signal 3: VWDl A, Wavelength=254 nm

mAU 3 &
) Peak RetTime Type Width Area Height - Area
50 4 [min] [min] [mAU*s] [mAU] %
404 S . | | | |
1 4.746 BV 0.0616 22.07948 5.48208 7.3084
304 2 5.218 BV 0.0605 4.00149e-1 9.56684e-2 0.1325
1 3 6.391 BV 0.0775 279.63162 60.22364 92.5592
20 e
o Totals :
10_4 : g otals 302.11125 65.80139
e (- A
v e T v 7T T T
2 4 6 8 10 12 14 16 min

Figure 83. HPLC UV trace of crude reaction mixture for compound 63.

Problems with purification were a common theme for final compounds bearing alkynyl
alcohol substituents. As seen from TLC analysis and the above LCMS trace, reactions
seemed to proceed near-quantitatively, however final yields after purification were very
low. Flash column chromatography proved insufficient for purification and so HPLC
purification was used to obtain final compounds. This afforded products with acceptable
purities but often in <10% yields. It is thought that the multiple ring systems and
conjugated nature of the molecules result in a planar stacking arrangement. This, in turn,

leads to difficulty re-solubilising compounds once out of solution.
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3.3.5.5. Anilines
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Scheme 21. Synthetic disconnections of alkynylanilines.

Anilines 82-85 were synthesised analogously to indoline series through SyAr reaction and
subsequent Sonogashira. Yields were improved slightly relative to indoline series, with
yields of up to 27%. The aniline series was marginally more water soluble than the indoline
series - with the anilines having slightly lower calculated LogP values - and the improved
solubility in polar solvent possibly accounts for improved recovery from reverse phase

purification.
3.3.5.6. 2-Amino-5-carbonitriles

Compound 57 was synthesised previously in-house using reported ring-building synthesis

reactions for 2-amino-pyrrolopyrimidine-5-carbonitriles.?23-22

N N
cl o I 0 |N|
NI HN HN
A Jol T ALy T ﬁk/'t e
HN" °N" N HN" "N” N H,N” “N” “NH, o
95

N
cl H)J\O/

Scheme 22. Retrosynthetic analysis of 2-amino-4-chloro-pyrrolopyrimidine-5-carbonitrile.
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Final reaction conditions reported by Minguez and Mackay??’ begin with deprotonation of
the chloracetonitrile a-position by methoxide before nucleophilic attack of the resulting

anion into the carbonyl of methyl formate to yield 2-chloro-3-oxopropanenitrile.

: OMe

)
N N N
Il Il <& Il
= b 7
S H Q H
I cl” H

Cl
@)

Scheme 23. Suggested mechanism for preparation of 2-chloro-3-oxopropanenitrile.

Condensation of intermediate chloroaldehyde with diaminopyrimidone 96 yielded the 4-

oxo-pyrrolopyrimidine known as pre-Qo shown in Scheme 24.2%7

N
o /I
NS
HN" "N" N

Scheme 24. Proposed mechanism for formation of Pre-Qo.

Chloro-intermediate 95 was obtained by reaction of pre-Q, with POCls.

~%
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Cé)l/ ~ci o ¢
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HN" N7 N HNT °NT N H,N 91\; N

Scheme 25. Chlorination mechanism of pre-Qo by POCls.
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62 and 87 were obtained via SyAr of indoline and 6-bromoindoline respectively with 95.
Reaction with 6-bromoindoline required more forceful reaction conditions than those
required for initial indoline series such as compound 63: with temperatures of 175 °C

furnishing 87 in 82% yield as opposed to the 130 °C necessary for compound 63.

Compound 86 was not obtainable through the same route as the electronics of the 6-
amino-pyrimidin-4-one do not allow for the same ring building synthesis and therefore a

different route was required. As such, the retrosynthesis shown in Scheme 26 was

proposed.
\/Q_> N N
N™ cl o] _N_
A A A OH
N N N
LY== > =1 [
N N N N N
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100 99
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N~ N N~ N N~ N
H H H
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Scheme 26. Retrosynthetic analysis for 4-indolyl-5-carbonitriles.

Synthesis began with the iodination of commercially available 4-chloropyrrolopyrimidine
using NIS as an electrophilic source of iodine according to a literature procedure.??® The
introduction of, specifically, iodine as the halogen had several key advantages over chlorine
or bromine. First, it is the most reactive halogen to metal-halogen exchange which would
prove beneficial for the introduction of the formyl group.?® Related to this is the fact that
the iodine would react preferentially over the 4-chloro substituent in the metal-halogen
exchange reaction due to the difference in reactivity.?*® Finally, it was hoped that the iodine
could be used as a synthetic handle to investigate the effect of introducing alkyne
substituents, as isosteres to the nitrile, through Sonogashira reactions. lodine is also the
most reactive halogen in palladium cross-coupling and should therefore prove the easiest

of the halogens to displace.'”’
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Completion of the iodination reaction was supported by loss of 5-H in the *H NMR spectrum

and loss of coupling at the 6-H proton.
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Figure 84. 'H NMR spectrum of 97.*H NMR in ds-DMSO at 500 MHz.

This was further supported by *C NMR which showed the upfield shift of C-5 of the product
to 52.1 ppm.
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Figure 85. DEPTQ spectrum of 97. DEPTQ in ds-DMSO at 125 MHz.
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Scheme 27. Proposed mechanism of iodination by NIS.

As discussed earlier in this chapter, formylation of the 5-position of the pyrrolopyrimidine
scaffold had proved problematic. Reasons for this are unclear since the transformation
using a bromo-substituent has been previously reported in good yields.??*"%! Conversions
of no more than 25% by *H NMR of 97 to 98 could be obtained and, due to both 97 and 98

having very similar R¢ values, crude material was used for the next step.

A small portion of material was purified for analysis and formyl product was suggested by

the appearance of a new peak in the *H NMR at 10.25 ppm indicative of the introduction of

the aldehyde.
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Figure 86. 'H NMR spectrum of 98. *H NMR in de-DMSO at 500 MHz.
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13C also showed the appearance of a new peak at 184.4 ppm corresponding to the carbonyl
carbon and loss of the C-I quaternary carbon: though quaternary carbons were not easily

observable in DEPTQ and so this was not relied upon.
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Figure 87. DEPTQ spectrum of 98. DEPTQ in ds-DMSO at 125 MHz.
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Scheme 28. Formation of compound 98 by proposed covalent lithium-halogen
exchange mechanism.
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Figure 88. 'H NMR of 99 showing 1:1.4 mixture of cis and trans isomers. *H NMR
in de-DMSO at 500 MHz.

Nitrile moiety in compound 99 was furnished by use of the same reactions as shown in
Schemes 15 and 16. Both of these proceeded in moderately good yields and provided
material to be used in the previously described SyAr and Sonogashira reactions, yielding
compound 86 in 0.3% yield across 6 steps. Introduction of the nitrile was supported by FTIR
which showed a distinctive band at 2239 cm™ usually associated with sp geometry triple

bonds.*?
3.3.5.7. 5-Alkynyl derivatives

As discussed earlier in this section, the 5-iodo moiety was introduced with the hope that it
could be used for the introduction of alkyne analogues of 86. This was unfortunately not as

successful as hoped; with only cyclopropylalkyne analogue 88 being accessed.
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Scheme 29. Synthetic route to cyclopropylalkyne 88.

The initial plan had been to synthesise the terminal alkyne by introducing the silyl protected
alkyne which would be deprotected in the last step to yield terminal alkyne 101 which

could be subsequently diversified.
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Scheme 30. Planned synthetic route to 3-alkynyl pyrrolopyrimidines.
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Sonogashira reaction between tosyl protected 97 and triisopropylsilylacetylene proceeded
in excellent yield at room temperature using Pd(PPhs),Cl; as a catalyst. Subsequent SyAr
reaction with 6-bromoindoline was, however, unsuccessful. It is thought that the size of the
triisopropylsilyl group was too large for the Meisenheimer complex to form. Using the
smaller trimethylsilylacetylene also failed to allow the SyAr reaction to proceed and so an
alternative strategy was devised, wherein a smaller, terminal alkyne would be introduced.
Whilst it was unknown whether a terminal alkyne would be reactive under the SnAr
conditions, being isosteric with the nitrile it was at least known that it would not be too

large, thus blocking the reaction site.
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Scheme 31. Alternative synthetic route to 3-alkynyl pyrrolopyrimidines.
a) Ohira-Bestmann reaction; b) Corey-Fuchs reaction.

Following preparation of aldehyde 98, and protection of the indole NH, alkyne substitution
was attempted via Ohira-Bestmann or Corey-Fuchs reaction, according to literature
preparations.??*2* No reaction was observed using the Ohira-Bestmann reagent, with only
starting material recovered. Corey-Fuchs conditions led to initial success in synthesising the
dibromovinyl intermediate. Upon treatment with butyllithium, however, no reaction was

observed and only starting material recovered. A variation of the Corey-Fuchs reagent
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((bromomethyl)triphenylphosphonium bromide) yield the monobromovinyl intermediate,

but this too proved unreactive with butyllithium.
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Scheme 32. Attempted Corey-Fuchs reactions

As shown in scheme 32, the tosyl protecting group was removed during the conversion of
the aldehyde to the alkene. This deprotection may be the reason the subsequent reaction
with butyllithium was unsuccessful. Treating intermediate 103 or 104 with BuLi would first

deprotonate the NH. The resultant anion is in conjugation with the alkene as shown in

Scheme 33
Br 0 Br Br ]
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Scheme 33. Possible mechanistic explanation for failed conversion of intermediate 103.
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Replacement of the tosyl protecting group with one stable to basic conditions, such as Boc,

would likely rectify this and allow preparation of intermediate 102.

Since the Sonogashira reaction between silyl protected acetylenes and 3-iodo compound 97
had proved successful, a less efficient strategy using an early stage diversification was
possible using commercially available alkynes: as was used for the preparation of 88
(Scheme 29). Intermediate hydroxymethyl and methyl alkynes 105 and 106 were
successfully introduced, with the latter being introduced using the Kumada reaction, where

the alkyne is introduced as a Grignard reagent.
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a) Pd(PPhs),Cly, Cul, DIPA, DMF, 35 °C, 16 h; b) ZnBr,, Pd(PPhs)s, THF, 0 °C then 50 °C, 72 h.
Scheme 34. Preparation of 105 and 106 by Sonogashira and Kumada coupling.

Mass spectrometry suggested the successful substitution of chloro- intermediate 105 with
6-bromoindoline, with loss of the tosyl protecting group, however, only starting material
was recovered for the analogous reaction with 106. Subsequent Sonogashira reaction
between 107 and 2-methylbut-3-yn-2-ol resulted in an inseparable mixture, with mass

spectrometry of the crude material indicating no starting material or desired product.

The successful SnyAr reactions of 6-bromoindoline with hydroxymethyl 106 and the
cyclopropyl analogue indicate that routes analogous to that shown in Scheme 29 to 4-
indolinyl-5-alkynylpyrrolopyrimidines are viable, but that more development work is
required to understand steric and electronic parameters within which the SyAr reaction is

able to proceed.
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4. Case study: compound 73 development
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As discussed in chapter 3, 73 is a known compound which has previously been disclosed as

a NIK inhibitor.'%® Existing biological or pharmacological data relating to this compound are,
however, scarce: with the published data merely stating that it showed a biochemical
potency <1 pM.®> In-house assessment provided a K; of 15 nM and so it was decided to use
compound 73 as a tool compound to, firstly, investigate the biological and phenotypic
effects of NIK inhibition and, secondly, to obtain PK and off-target data as a benchmark for

potential improvement.

Biochemical assessment against IKKa and IKKB showed no activity of the compound up to
30 uM and so a pancreatic and a prostate cancer cell line (PANC-1 and PC3M respectively)
were selected to observe effects on protein levels with treatment and to study the

phenotypic effects of treatment with compound 73.

The canonical and non-canonical NF-kB pathways are shown in Figure 89 for reference.
Under basal conditions, the canonical marker IkBa exists as a stable complex, incorporating
the inactive p65 (RelA) subunit and p105. Upon stimulation, IkBa is phosphorylated by the
IKKa/B/NEMO complex and degrades, resulting in the release of the phosphoprotein p65
and proteolysis of p105 to p50. When canonical inhibition occurs, the expected observation
is a reversal of IkBa degradation accompanied by increasing pp65 and decreasing p105

levels.

In the non-canonical pathway, basal conditions involve the rapid proteolysis of NIK and thus
minimal phosphorylation of IKKa and, consequently, low pp100 levels correlated with low
p52 levels. Activation of the pathway leads to phosphorylation of IKKa, subsequent
phosphorylation of p100 and release of p52. By inhibiting this pathway, this process is
expected to be reversed, with ppl00 and p52 levels decreasing in a dose-dependent

manner.
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NF-kB pathways.
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Figure 90. Western blot analysis of compound 73 against NF-kB markers in PANC-1 cells.
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Figure 90 (cont). Western blot analysis of compound 73 against NF-kB markers in PANC-1
cells.

Western blot analysis, completed by Ka Ho Ho and Ahlam Al-Obaidi, determined the cellular
ICso for phosphorylation of p100 to be 149 nM in PANC-1 cells. No effect on canonical
markers pp105, pp65 or IkBa was observed up to 10 uM, suggesting no engagement of the
canonical NF-kB pathway. A similar trend was also observed against non-canonical pp100
and p52 markers and canonical marker pp65 in PC3M cells, with 1Cso for both p52 and
pp100 less than 1 pM.
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Figure 91. Western blot analysis of compound 73 against NF-kB markers in PC3M cells.
Since the selectivity profile against the two main NF-kB pathways observed in the
biochemical assay was largely translated into the cellular setting, an alamarBlue®
cytotoxicity assay was carried out to investigate to what phenotypic response the observed

target engagement led. Cell viability ICso in PANC-1 was shown to be 490 nM.

Cell viability with compound 73 treatment
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Figure 92. PANC-1 viability after 48 hours as determined by alamarBlue®.
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AlamarBlue® does not give any indication of mechanism of cell death; only viability
compared to a control group as determined by metabolic activity. The key component is
resazurin; a blue dye which is efficiently reduced in mitochondria to the pink coloured

resorufin.

@ NADH, H*  NAD™, H,O

QKIM AL,

Scheme 35. Reduction of resazurin to resorufin.

Alongside the phenotypic assay, in vitro PK data was obtained from Cyprotex (Macclesfield,

UK). The results are shown in Table 14.

Compound 73
Caco-2 permeability | 29.6 x 10® cms?

Efflux ratio 1.14
Clearance 3.08 uL mintmg
Half-life 225 mins

Table 14. PK data for compound 73.

Compound 73 showed good permeability in the Caco-2 setting. Data generated by Cyprotex
and Zhao et al. suggest that compounds with Caco-2 permeability between 10°® and 10°
cms? are likely to show 70-90% human intestinal absorption.**2> The cell permeability
experiment also suggested that the compound was not effluxed from cells. This means that
the compound is able to remain within the cell and is therefore able to exert its
pharmacological effect. A clearance, based on the mouse S9 microsomal fraction, of 3.08 L
mintmgtis considered low which suggests that the compound is metabolised for excretion
quite slowly, giving it more time to exert its effect on the target.?3®* A mouse microsomal
half-life of 225 minutes is difficult to interpret as an isolated figure; however this is

compared to a midazolam (anaesthesia) standard with a half-life of less than 32 minutes.

These results suggest that this kind of scaffold could be amenable to further development
for in vivo investigation. A screen against a representative panel of kinases, performed by
Life Technologies (Paisley, UK), however, indicated that compound 73 is active against a

selection of other kinases.
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As discussed in the introductory section, a multi-kinase inhibitor may, clinically, be very
desirable; particularly when some of the kinases inhibited by compound 73, such as TAB1-
TAK1 and the GSKs have themselves been suggested as targets for cancer treatment.’%”3
Promiscuity can also be detrimental, however, as multi-kinase inhibition may result in
unwanted toxicity.’** Multi-kinase inhibition is also not desirable for tool compounds
designed to interrogate signalling pathways, as it is often difficult to determine which
observed phenotypic effects are a consequence of the inhibition of each target. It was
therefore important that compounds with differing kinome profiles be developed. Firstly,
as useful tool compounds to investigate the effects of targeting different kinases along with
NIK, and secondly to provide different scaffolds which may confer selectivity for different
kinases and, consequently, affect different cell lines in different ways. Compounds 81 and

87 were assessed for activity against the same panel of 67 kinases as compound 73.

Both compounds 81 and 87 showed an improved selectivity profile when compared to
compound 73: with 3 and 0 other kinases showing greater than 80% inhibition at 1 uM
respectively compared with 7 for compound 73. It should be noted that, due to the
significantly reduced potency of compound 81 versus 73 (Ki = 350 nM vs 15 nM), NIK
inhibition was determined to be 62% at 1 uM. Taking this into account, however, only 2
other kinases tested exhibited greater than 40% inhibition at 1 uM. Unfortunately, no
crystal structures exist in the PDB for many of the kinases which exhibit stark differences in
their inhibitory profile such as MINK1, MAP4K2 (GCK) and PKCn and thus it is difficult to

explain this disparity.

The potency of compound 81 against JAK2 is very interesting. Biochemically, almost no
activity is observed at 1 uM, however, modelling this compound in a published crystal
structure of JAK2 (PDB code 5L3A) suggests an almost identical interaction map as that
observed for NIK. The reason for such a marked decrease in potency is therefore unclear

and a crystal structure is likely to be the only way to fully understand the reasons for it.
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Figure 94. Interaction map suggested from computational modelling showing key
interactions of compound 81 with NIK (left) and JAK2 (right).

Figure 95. Docked pose of compound 81 in NIK (left) and JAK2 (right).

The smaller decrease in JAK2 activity from 73 to 87 is more easily understood, assuming the
binding pose is consistent between the two kinases. The analogous residue to Q479 in JAK2
is D939. This is not capable of forming a hydrogen bond to the nitrile in its ionised state and

thus, with one fewer hydrogen bond, the interaction with 87 and JAK2 is weaker than

between 87 and NIK.
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Figure 96. Comparison of proposed binding modes of 87 in NIK (top) and JAK2 (bottom).
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The only remarkable increase in inhibitory activity against any kinase in the panel was the
effect of 87 against CLK2. One distinct difference between NIK and CLK is, again, the
gatekeeper residue, which is also a phenylalanine in CLK2. Whilst this does not account for
the marked change in activity between the two kinases, it is thought that the change in
gatekeeper allows for alternative binding poses for the pyrrolopyrimidine scaffold in CLK2
which are either not available to, or less favourable for, the aminopyrimidine scaffolds of 73
and 81. Docking studies using a published CLK2 structure (PDB code 3NR9) suggest that the
proposed biding mode of 73 and 81 in NIK is not transferable to CLK2 and the biochemical
activity suggests that there is no favourable binding pose. The addition of the nitrile in 87,

however, provides an extra hydrogen bond acceptor and thus more possible poses, such as

the one suggested by modelling in Figure 97.
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Figure 97. Interaction map of p055|ble binding pose of 87 in CLK2.
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Along with NIK, all three compounds assessed also show inhibition of TAK1: particularly 73
and 81. The reason for this is likely to be that all the residues with which the molecules are
proposed to interact are conserved and thus there is little difference in the potency of the

molecules against each kinase.

Alongside improving the selectivity profile, maintaining good pharmacokinetic properties is
an important consideration. Compound 87 was shown to be less stable, and cleared faster,
than 73, however, with a half-life using the liver S9 fraction still greater than 1 hour, and
the clearance rate considered not far outside “low”,?® it is still a viable candidate for
further development. Compound 81 was shown to be extremely stable in the S9 setting,
with no metabolism observed during the experiment. Whilst this is a very encouraging
result, there is still the possibility that it is metabolised in a non-cytosolic process. There is

also the danger, in an in vivo setting, that no metabolism could lead to long-term toxicity as

the compound may prove difficult to excrete.

Both 81 and 87 show similar cell permeability profiles to 73, with both exhibiting
permeability in the 10 cms™® range. This is likely to translate to around 80% absorption in a
human intestinal setting.’*? In addition, compound 81 does not seem to undergo efflux,
though 87 shows an efflux ratio of 5.47, suggesting that it undergoes moderate efflux from
the cell. The drug transporters P-gp and BCRP are both active in Caco-2 cells and so it is
likely that one of these is responsible for the observed efflux of 87. It has been reported
that the drug dipyridamole is a substrate for BCRP.%27 This molecule has a similar core
scaffold to compound 87 which suggests BCRP is likely more heavily involved in the efflux of

87.
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Figure 99. Structures of 87 and dipyridamole highlighting similar scaffolds.

One way of investigating this hypothesis would be to treat the Caco-2 cells with either a P-
gp or BRCP inhibitor prior to treatment with compound 87. If no efflux is observed then

whichever transporter has been inhibited is likely to be causing the efflux.

73 81 87
Caco-2 permeability (cms™) | 29.6 x 10°® 22.8x10° 9.0x10°
Efflux ratio 1.14 0.53 5.47
Clearance (uL mintmg?) 3.08 Immeasurable 10.8
Half-life (minutes) 225 Stable at 45 mins | 64.1

Table 15. Comparison of PK data for 73, 81 and 87.

Preliminary testing of 87 against PC3M cells shows no activity against markers of the
canonical pathway and a significant drop in cellular potency against non-canonical NF-kB
marker pp100 relative to compound 73. It is likely, however, that this is only a partial
picture given that PK data suggests efflux from the cell. Kinome screening suggests very
little activity against IKKB and thus canonical markers are unlikely to be affected, however
treatment with an efflux inhibitor may show 87 to be even more potent against non-

canonical NF-kB markers.
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Figure 100. Western blot analysis of compound 87 against NF-kB markers in PC3M cells.

Both compounds 81 and 87 have retained, overall, good pharmacokinetic properties

relative to 73, though moderate efflux is observed in 87. Both also have improved kinome

profiles when compared to 73 and could both, therefore, be useful hit compounds in

further developing NIK inhibitors. Cytotoxicity assessment of 87 against both PC3M and

PANC-1 cells showed significantly reduced activity relative to 73, with ICso values around 10

UM, though again, if used in combination with an efflux inhibitor, this may improve. An

alternative explanation may be that the cytotoxicity observed with 73 is due to inhibition of

kinases not inhibited by 87 which may indicate the benefit of a multi-kinase inhibitor.

Cell viability with compound 87 treatment
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Figure 101. Cell viability after 48 hours as determined by alamarBlue®.
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Figure 102. Results of kinome screen for compounds 81 and 87.
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5. Concluding Remarks and Future Work

The work presented in this thesis has led to a range of interesting chemical tools for
investigating the non-canonical NF-kB pathway and some compounds that have the
potential to be useful in the treatment of cancers dependent on non-canonical NF-kB
signalling. Compounds 9 and 15 represent very potent IKKa inhibitors whilst compounds 12

and 14 show by far the best IKKa selectivity of any published IKK inhibitor.?3®

Promising results have been shown too from both published and novel NIK inhibitors.
Compound 73, a known compound, has been shown to be potent against NIK in
biochemical assessment but also shows nanomolar potency in a cellular setting against
immortalised cancer cells. 48 hour treatment of pancreatic cancer cells also shows 50%
reduction in viability at a sub-micromolar level along with favourable pharmacokinetic
properties. Novel NIK inhibitors developed during this project have also shown promise,

with compound 87 standing out: showing nanomolar potency in a cell-free assay.

Investigations into the 2-amidopyridine series as IKKa selective inhibitors have shown that
the 3-aminoindazole head group is essential for binding and modifications at this position
prove detrimental to potency. Amine linked example 34 suggests that the amide carbonyl is
not essential for bonding. Further investigation into this series may prove valuable as 34
has a lower TPSA, possibly improving permeability, and more rotatable bonds, possibly
improving solubility; though with the caveat that greater flexibility can sometimes lead to
greater promiscuity.?? If the planarity or flexibility of the linker was shown to be important,
an alternative to the amide could be an alkene linker. This would also allow for a range of

different substituents to be inserted into the linker.

N—-NH N—-NH
H,N H,N

A/

Iz

Figure 104. Possible amide isostere.
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Given the potency of the compounds exemplified in the upper right quadrant of the Craig
plot, further investigation into substituents with similar characteristics such as replacing the

pyridyl with diazabenzenes or 5-membered heterocycles,'®®

or replacing the
trifluoromethyls with trifluromethylsulfonate, trifluoromethoxy or pentafluorosulfanyl

groups may be beneficial .24

$ o i, >

N N N N
\
Log P: 0.7 Log P: 0.3 Log P: 0.77 Log P: 0.76
tPSA: 12.36 tPSA: 24.72 tPSA: 12.36 tPSA: 3.24
F F F\E. _F 0.0
K >80 _O_F 7 F
E Tr Tr
F F
om =043 om = 0.61 om =0.38 om = 0.83
n=1.07 n=1.50 n=1.21 n=0.93

Figure 105. Selected properties of alternative groups.
LogP and TPSA calculated by ChemDraw. o and Tt parameters from.1>%1%

Work on the NIK inhibitors has shown two main scaffolds that could be useful for
generating potent compounds. The first is the published 2-aminopyrimidine scaffold as
exemplified by compound 73. Comparison of compounds 72 and 73 indicate that the
positioning of nitrogens in the ring is exceptionally important, with a greater than 160-fold
decrease in activity seen between the 6-amino and 2-aminopyrimidines. The angle provided
by the 5,6-ring system for the alkyne substitution has been shown to be important. Use of
an aniline linker, and thus a reduced angle between the hinge binding motif and the alkyne,
leads to a reduction in potency of 1-2 orders of magnitude as demonstrated by compounds
65 and 73 when compared to 84 and 82. This loss of potency may also be explained by the
change from a tertiary to a secondary amine linker. One way to investigate this could be an
additional methyl or cyclopropyl group to mimic the lost hydrophobicity and to retain the

tertiary amine linker.
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Figure 106. Possible tertiary amine linked analogue.

The alkyne substituents have also proved important. The potency of compounds 65 and 70
relative to 63 and 68 suggest the need for hydrophobicity. This may be due to specific
hydrophobic interactions with the back pocket, an entropic effect of displacing water or a
use in shielding part of the pocket from the polar alcohol. In any of these cases, a range of

hydrophobic substituents of increasing size may prove beneficial.

OH _ OH _ OH _ OH _
D R Vol © s

Figure 107. Alternative hydrophobic substituents for alkynyl alcohols.

The substitution pattern of the alkyne has been widely studied in the literature regarding
effect on NIK inhibition'®>?*! but this could still prove to be of value for use in conjunction

with other scaffolds.

One alternative scaffold briefly investigated in this work which has been extensively used in
kinase inhibiting compounds,?**?4® though with very different binding motifs, is that of the
carbazole and its related analogues, as exemplified by compounds 79-81. Carbazole 81
shows a biochemical potency of 350 nM against NIK, and this could prove to be a useful hit
compound in a future NIK inhibitor project. Carbazoles have many isosteres which could
retain the 5,6 ring system shown to be important for potency (Figure 108, blue), whilst

providing a path to novel compounds.
/R
OO D
N N N N
ko ko ko i

Figure 108. Carbazole analogues: carbolines; tetrahydrocarbazole; substituted carbazoles.
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One of the most interesting observations has been the effect of the 2-amino and 5-
carbonitrile moieties. As already discussed, individually, these substitutions do not have a
significant impact on potency, but a combination of the 2-amino-5-carbonitrile with the
gem-dimethylalkynyl alcohol in the 6-position of the indoline ring leads to a novel, potent,
NIK inhibitor. These results certainly warrant further investigation, with nitrile isosteres

possibly being of value.

1

1
1

]
V 1
1

j - v *
o] 0
N /N
Figure 109. Possible nitrile isosteres.

Whilst the change in potency between compounds 56-58 suggests that increasing p-
character orbitals at the 5-position decreases activity, the biggest change is from HBA
groups to HBD groups, and thus it may be that, although some of the analogues shown in
Figure 109 are sp? or sp® hybridised, the fact that they are not HBD groups may prove to be
more important than the hybridisation. The terminal alkyne may also indicate whether the
effect of the nitrile is predominantly a steric one, as it has the same geometry and very
similar Van der Waals radius. The 1-fluoroalkyne, accessible from the reaction of

244

perhalostyrenes with organolithium reagents,*** represents another isostere, mimicking the

highly electron withdrawing nature of the nitrile whilst retaining the geometry.
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6. Experimental Procedures

a. Reagents

b. Analysis

c. Synthesis and analytical data
d. Biochemical assays

e. Computational methods

a. Reagents

Reagent grade solvents were obtained from Fisher Scientific, anhydrous solvents from
either Sigma-Aldrich or Acros and deuterated solvents from Sigma-Aldrich. Chemicals were
purchased at >95% purity from Acros, Alfa Aesar, Apollo Scientific, Boron Molecular, Combi-
Blocks, Fluorochem, Johnson-Matthey or Sigma-Aldrich and used without further

purification.

Air- or moisture-sensitive reactions were carried out under an inert atmosphere of nitrogen

or argon.

Microwave reactions were carried out using a Biotage Initiator* system.

b. Analysis

TLC monitoring was performed on Merck-Millipore 60F254 TLC plates and spots visualised
using UV light (254/280 nm) and, if necessary, stained with KMnOs ninhydrin,
phosphomolybdic acid or iodine. Column chromatography was performed on a Biotage SP4

using silica stationary phase (60 A, 35-70 micron, Fisher Scientific).

HPLC purification was completed using a Shimadzu Prominance HPLC. Separation was
achieved with a Phenomenex Luna C18(2) 5 um 21.2 x 50 mm column at 40 °C; flow rate: 6

mL/min; Detection: 254 nm; mobile phase: acetonitrile/0.1% TFA.
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FTIR was completed using a Shimadzu IRAffinity-1. Samples were measured neat and

vibrational frequency reported in cm™.

NMR data was collected at 298 K on either a Bruker Avance 3/DPX400 (400 MHz), Bruker
AV400 (400 MHz), Bruker DRX500 (500 MHz) Bruker AV500HD (500 MHz) or Bruker AV600
(600 MHz) and analysed using Bruker Topspin or ACD Labs NMR Processor software.
Chemical shifts (8) are reported in parts per million (ppm) and coupling constants (J) in
Hertz (Hz). All shifts are reported relative to tetramethylsilane (& = 0 ppm). Abbreviations
used to describe multiplicity are as follows: s = singlet, br. s = broad singlet, d = doublet, t =

triplet, g = quadruplet, m = multiplet.

LC-MS purity was determined using an Agilent Technologies 1220 series LC system with
Agilent 6100 series single quadrupole mass spectrometer in ESI/APCI mode. Separation was
achieved with an Agilent Eclipse C18 4.6 x 50 mm column; flow rate: 1 mL/min; Detection:
254 nm; sample volume: 10 pL; mobile phase: acetonitrile/SmM ammonium
acetate:water/5mM ammonium acetate; 5%, 1.48 mins; 5-100%, 8 mins; 100%, 13.5 mins;
100-5%, 16.5 mins; 5%, 18 mins. LRMS carried out using a ThermoQuest Finnigan LCQ Duo
in ESI mode by direct injection. HRMS was conducted on either a Thermo Scientific Exactive

or Thermo Scientific LTQ Orbitrap.
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c. Synthesis and analytical data

6.1. N-(4-chloropyridin-2-yl)-2-phenylacetamide

2-Amino-4-chloropyridine (500 mg, 3.9 mmol) and phenylacetyl chloride (773 mg, 660 L, 5
mmol) were dissolved in DCM (25 mL, anhydrous) to which triethylamine (1.01 g, 1.45 mL,
10 mmol) was added. Reaction was stirred at reflux for 24 hours. Reaction was quenched
with water (50 mL) and organics extracted into ethyl acetate (250 mL). These were dried
over magnesium sulphate, filtered and adsorbed onto silica under reduced pressure.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: hexane/ethyl
acetate, 30% 3CV; 30-50% 3CV; 50% 3CV) yielded title product as a yellow oil (780 mg,
81%). (LC-MS purity = 89.8%); *H (DMSO-ds, 400 MHz) 6 3.73 (s, 2H), 7.25 (dd, /= 5.7 & 1.8
Hz, 2H), 7.33 (m, 4H), 8.15 (d, J = 1.8 Hz, 1H), 8.32 (d, J = 5.3 Hz, 1H), 11.03 (s, 1H); 3C
(DMSO-ds, 100 MHz) 43.35, 113.31, 119.91, 127.12, 128.80 (2C), 129.67 (2C), 135.94,
144.45, 149.92, 153.59, 171.02.
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6.2. N-(4-chloropyridin-2-yl)-2-(2-fluorophenyl)acetamide

Cl

2-Amino-4-chloropyridine (500 mg, 3.9 mmol) was dissolved in dichloromethane (25 mL) to
which triethylamine (1.45 mL, 10 mmol) was added at 0 °C with stirring. After 30 mins, 2-
fluorophenylacetyl chloride (0.68 mL, 5 mmol) was added and the reaction mixture stirred
at reflux for 24 hours. Reaction was quenched with water (40 mL) and organics
resuspended in ethyl acetate (100 mL). Organics were washed with saturated NaHCO3 (2 x
50 mL) and 1 M HCI (2 x 50 mL), dried over magnesium sulphate and filtered before
concentrating under reduced pressure to yield title compound as a pale brown solid (845
mg, 82%). (LC-MS purity = 93.4%); 'H (DMSO-ds, 400 MHz) & 3.85 (s, 2H), 7.18 (m, 2H), 7.25
(dd, J=5.3 & 2 Hz, 1H), 7.33 (m, 1H), 7.39 (td, J = 7.7 & 1.5 Hz, 1H), 8.14 (d, J = 1.8 Hz, 1H),
8.33 (d, J = 5.3 Hz, 1H), 11.02 (s, 1H) 3C (DMSO-ds, 100 MHz) & 36.63 (d, J = 2.2 Hz), 113.33,
115.49 (d, J = 21 Hz), 119.92, 122.92 (d, J = 16.1 Hz), 124.71 (d, J = 4 Hz), 129.39 (d, J = 9 Hz),
132.53 (d, J = 4 Hz), 144.47, 149.95, 153.52, 161.17 (d, J = 242 Hz), 169.98.
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6.3. N-(4-bromopyridin-2-yl)-2-(2-chlorophenyl)acetamide

Cl

2-Amino-4-bromopyridine (600.4 mg, 3.5 mmol) and 2-chlorophenylacetic acid (511.8 mg, 3
mmol) were dissolved in THF (15 mL, anhydrous) to which triethylamine (1.62 mL, 12 mmol)
was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 3.48
mL, 6 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction was
qguenched with water (100 mL) and the resulting solid was filtered to yield title compound
as an off-white solid (948 mg, 97%). (LC-MS purity = 98.8%); *H (DMSO-ds, 500 MHz) & 3.95
(s, 2H), 7.31 (m, 2H), 7.37 (dd, J = 5.3 & 1.8 Hz, 1H), 7.43 (m, 2H), 8.25 (d, J = 5.3 Hz, 1H),
8.30 (d, J = 1.0 Hz, 1H), 11.01 (s, 1H); *C (DMSO-ds, 125 MHz) & 41.09, 116.34, 122.78,
127.55, 129.18, 129.47, 132.76, 133.58, 133.96, 134.20, 149.81, 153.37, 169.86.
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6.4. N-(4-bromopyridin-2-yl)-2-(3-chlorophenyl)acetamide

2-Amino-4-bromopyridine (600.4 mg, 3.5 mmol) and 3-chlorophenylacetic acid (511.8 mg, 3
mmol) were dissolved in THF (15 mL, anhydrous) to which triethylamine (1.62 mL, 12 mmol)
was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 3.48
mL, 6 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction was
qguenched with water (100 mL), sonicated for 2 hours and the resulting solid was filtered to
yield title compound as an off-white solid (900 mg, 92%). (LC-MS purity = 97.3%); H
(DMSO-ds, 500 MHz) & 3.77 (s, 2H), 7.34 (m, 4H), 7.42 (s, 1H), 8.23 (d, J = 5.3 Hz, 1H), 8.30
(d, J = 1.3 Hz, 1H), 10.98 (s, 1H); *C (DMSO-ds, 125 MHz) & 42.75, 116.39, 122.91, 127.15,
128.47, 129.62, 130.61, 133.31, 133.59, 138.27, 149.78, 153.27, 170.43.
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6.5. N-(4-bromopyridin-2-yl)-2-(4-chlorophenyl)acetamide

Br
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2-Amino-4-bromopyridine (600.4 mg, 3.5 mmol) and 4-chlorophenylacetic acid (511.8 mg, 3
mmol) were dissolved in THF (15 mL, anhydrous) to which triethylamine (1.62 mL, 12 mmol)
was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 3.48
mL, 6 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction was
qguenched with water (100 mL), sonicated for 3 hours and the resulting solid was filtered to
yield title compound as an off-white solid (866 mg, 88%). (LC-MS purity = 98.3%); H
(DMSO-ds, 500 MHz) & 3.75 (s, 2H), 7.37 (m, 5H), 8.23 (d, J = 5.3 Hz, 1H), 8.30 (d, J = 1.5 Hz,
1H), 10.98 (s, 1H); *C (DMSO-ds, 125 MHz) 6 42.52, 116.36, 122.86, 128.72 (2C), 131.58
(2C), 131.91, 133.57, 134.91, 149.78, 153.33, 170.62.

147



6.6. N-(4-chloropyridin-2-yl)-2-(2-pyridyl)acetamide

2-Amino-4-chloropyridine (310 mg, 2.4 mmol) and 2-pyridylacetic acid monohydrochloride
(347 mg, 2 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1 mL,
7.4 mmol) was added. Solution was stirred for 15 mins before addition of T3P (50% w/w in
DMF, 2.32 mL, 4 mmol). Reaction mixture was stirred at room temperature for 42 hours.
Sodium carbonate (1 M, 100 mL) was added and solution cooled to 4 °C before filtering to
yield title compound as a pale yellow solid (665 mg, 65%). (LC-MS purity = 99.1%); 'H
(DMSO-ds, 400 MHz) & 3.96 (s, 2H), 7.27 (m, 2H), 7.39 (d, J = 7.9 Hz, 1H), 7.76 (td, /= 7.6 &
1.5 Hz, 1H), 8.16 (d, J = 1.3 Hz, 1H), 8.33 (d, J = 5.7 Hz, 1H), 8.50 (d, J = 4.4 Hz, 1H), 8.52 (s,
1H), 11.05 (s, 1H); **C (DMSO-ds, 100 MHz) & 45.80, 113.33, 119.93, 122.46, 124.59, 137.10,
144.45, 149.48, 149.96, 153.48 156.05, 170.04.
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6.7. N-(4-chloropyridin-2-yl)-2-(3-pyridyl)acetamide

Cl
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2-Amino-4-chloropyridine (310 mg, 2.4 mmol) and 3-pyridylacetic acid monohydrochloride
(347 mg, 2 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1 mL,
7.4 mmol) was added. Solution was stirred for 15 mins before addition of T3P (50% w/w in
DMF, 2.32 mL, 4 mmol). Reaction mixture was stirred at room temperature for 42 hours.
Sodium carbonate (1 M, 50 mL) was added and solution cooled to 4 °C before filtering to
yield title compound as an off-white solid (832 mg, 82%). (LC-MS purity = 97.1%); 'H
(DMSO-ds, 400 MHz) & 3.80 (s, 2H), 7.25 (dd, J = 5.3 & 1.8 Hz, 1H), 7.36 (dd, /= 7.5 & 4.8 Hz,
1H), 7.74 (d, J = 7.9 Hz, 1H), 8.14 (d, J = 1.3 Hz, 1H), 8.33 (d, J = 5.3 Hz, 1H), 8.46 (dd, /= 4.8
& 1.3 Hz, 1H), 8.52 (s, 1H), 11.10 (s, 1H); **C (DMSO-ds, 100 MHz) & 40.31 (2C), 113.39,
120.00, 123.88, 131.58, 137.31, 144.48, 148.39, 149.95, 150.72 153.48, 170.47.
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6.8. N-(4-chloropyridin-2-yl)-2-(2-(trifluoromethyl)phenyl)acetamide

CF3

2-Amino-4-chloropyridine (310 mg, 2.4 mmol) and 2-(trifluoromethyl)phenylacetic acid
(408 mg, 2 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1 mL,
7.4 mmol) was added. Stirring continued for 15 mins before addition of T3P (50% w/w in
DMF, 2.32 mL, 4 mmol). Reaction mixture was stirred at room temperature for 24 hours.
Reaction was quenched with water (50 mL) and the resulting solid was filtered to yield title
compound as a pale yellow solid (629 mg, >99%). (LC-MS purity = 98.7%); *H (DMSO-ds, 400
MHz) & 4.03 (s, 2H), 7.25 (dd, J = 5.5 & 1.5 Hz, 1H), 7.50 (m, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.71
(d, J = 7.9 Hz, 1H), 8.10, (s, 1H), 8.33 (d, J = 5.3 Hz, 1H), 11.07 (s, 1H); 3C (DMSO-ds, 100
MHz) & CH, peak missing- possibly under DMSO 113.28, 119.88, 124.92 (d, J = 274.4 Hz),
126.10, 126.28, 127.92, 128.42 (J = 30.8 Hz), 132.73, 133.84, 134.03, 144.47, 149.97,
153.53, 170.04.
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6.9. N-(4-chloropyridin-2-yl)-2-(3-(trifluoromethyl)phenyl)acetamide

2-Amino-4-chloropyridine (310 mg, 2.4 mmol) and 3-(trifluoromethyl)phenylacetic acid
(408 mg, 2 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1 mL,
7.4 mmol) was added. Stirring continued for 15 mins before addition of T3P (50% w/w in
DMF, 2.32 mL, 4 mmol). Reaction mixture was stirred at room temperature for 24 hours.
Reaction was quenched with water (50 mL) and the resulting solid was filtered to yield title
compound as a pale yellow solid (562 mg, 89%). (LC-MS purity = 94.9%); *H (DMSO-ds, 400
MHz) & 3.88 (s, 2H), 7.25 (dd, J = 5.3 & 1.8 Hz, 1H), 7.57 (m, 1H), 7.63 (m, 2H), 7.71 (s, 1H),
8.13, (s, 1H), 8.32 (d, J = 5.3 Hz, 1H), 11.08 (s, 1H); *C (DMSO-ds, 100 MHz) & 42.76, 113.39,
120.02, 123.92, 124.47 (d, J = 272.7 Hz) 126.42, 129.45 (d, J = 31.5 Hz) 129.81, 133.99,
137.24, 144.49, 149.95, 153.47, 170.43.
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6.10. N-(4-chloropyridin-2-yl)-2-(4-(trifluoromethyl)phenyl)acetamide
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2-Amino-4-chloropyridine (310 mg, 2.4 mmol) and 4-(trifluoromethyl)phenylacetic acid
(408 mg, 2 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1 mL,
7.4 mmol) was added. Stirring continued for 15 mins before addition of T3P (50% w/w in
DMF, 2.32 mL, 4 mmol). Reaction mixture was stirred at room temperature for 24 hours.
Reaction was quenched with water (50 mL) and the resulting solid was filtered to yield title
compound as a pale yellow solid (591 mg, 94%). (LC-MS purity = 97.4%); *H (DMSO-ds, 400
MHz) & 3.87 (s, 2H), 7.25 (dd, J = 5.5 & 2 Hz, 1H), 7.56 (d, J = 7.9 Hz, 2H), 7.70 (d, J = 7.9 Hz,
2H), 8.13, (s, 1H), 8.32 (d, J = 5.7 Hz, 1H), 11.10 (s, 1H); *C (DMSO-ds, 100 MHz) & 42.97,
113.38, 120.03, 124.83 (d, J = 272.2 Hz), 125.60 (q, J = 3.7 Hz, 2C), 127.91 (d, J = 31.2 Hz),
130.62 (2C), 140.72, 144.48, 149.95, 153.47, 170.30.
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6.11. N-(4-chloropyridin-2-yl)-2-(3-Boc-aminophenyl)acetamide

Cl
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2-Amino-4-chloropyridine (384 mg, 3 mmol) and 3-Boc-aminophenylacetic acid (627 mg,
2.5 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1.45 mL, 10
mmol) was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF,
2.95 mL, 5 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction
was quenched with Na,COs (0.5 M, 50 mL), the resulting solid was filtered and washed with
water to yield title compound as a pale brown solid (832 mg, 92%). (LC-MS purity = 93.3%);
1H (DMSO-ds, 400 MHz) & 1.46 (s, 9H), 3.67 (s, 2H), 6.93 (d, J = 7.5 Hz, 1H), 7.18 (t, J = 7.9 Hz,
1H), 7.25 (m, 2H), 7.51 (s, 1H), 8.15 (d, J = 1.8 Hz, 1H), 8.31 (d, J = 5.7 Hz, 1H), 9.34 (s, 1H),
11.02 (s, 1H). 3C (DMSO-ds, 100 MHz) 6 28.60 (3C), 43.47, 113.31, 117.14, 119.35, 119.90,
123.48, 128.97, 136.37, 140.01, 144.44, 149.92, 153.23, 153.60, 170.96.
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6.12. N-(4-chloropyridin-2-yl)-2-(4-Boc-aminophenyl)acetamide

2-Amino-4-chloropyridine (167 mg, 1.3 mmol) and 4-Boc-aminophenylacetic acid (251 mg,
1 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (0.54 mL, 4 mmol)
was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 1.16
mL, 2 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction was
qguenched with water (50 mL) and the resulting solid was filtered to yield title compound as
a pale yellow solid (262 mg, 72%). (LC-MS purity = 98.0%); 'H (DMSO-ds, 400 MHz) 6 1.46 (s,
9H), 3.64 (s, 2H), 7.20 (d, J = 8.3 Hz, 2H), 7.24 (dd, J = 5.5 & 2 Hz, 1H), 7.38 (d, J = 8.3 Hz, 2H),
8.14 (d, J = 1.3 Hz, 1H), 8.31 (d, J = 5.3 Hz, 1H), 9.30 (s, 1H), 10.94 (s, 1H); *C (DMSO-ds, 100
MHz) & 28.60 (3C), 42.69, 113.25, 118.61, 119.87, 129.39, 129.85 (2C), 138.63, 144.42,
149.86, 149.93 (2C), 153.24, 153.62, 171.26.
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6.13. N-(4-chloropyridin-2-yl)-2-(4-(methylthio)phenyl)acetamide

2-Amino-4-chloropyridine (310 mg, 2.4 mmol) and 4-(methylthio)phenylacetic acid (364 mg,
2 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1 mL, 7.4 mmol)
was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 2.32
mL, 4 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction was
qguenched with water (50 mL) and the resulting solid was filtered to yield title compound as
a pale yellow solid (568 mg, 97%). (LC-MS purity = 97.9%); *H (DMSO-ds, 400 MHz) & 2.45 (s,
3H), 3.69 (s, 2H), 7.25 (m, 5H), 8.14 (d, J = 1.8 Hz, 1H), 8.31 (d, J = 5.7 Hz, 1H), 11.00 (s, 1H);
13C (DMSO-ds, 100 MHz) 6 15.38, 42.76, 113.29, 119.91, 126.63 (2C), 130.26 (2C), 132.60,
136.76, 144.45, 149.92, 153.58, 170.99.
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6.14. N-(4-chloropyridin-2-yl)-2-(2-methoxyphenyl)acetamide

2-Amino-4-chloropyridine (500 mg, 3.9 mmol) and 2-methoxyphenylacetic acid (540 mg,
3.25 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (1.7 mL, 12
mmol) was added at 0 °C. Stirring continued for 15 mins before addition of T3P (50% w/w in
DMF, 3.8 mL, 6.5 mmol). Reaction mixture was stirred at room temperature for 24 hours.
Resultant solution was diluted with ethyl acetate (100 mL) and washed with 1 M Na»COs (2
x 50 mL), 1 M HCI (2 x 50 mL) and brine (50 mL) before drying over magnesium sulphate
and filtering. Product was concentrated under reduced pressure and recrystallized from
THF to yield title compound as a pale brown solid (786 mg, 87%). (LC-MS purity = 99.4%);
'H (DMSO-ds, 400 MHz) 6 3.72 (s, 2H), 3.74 (s, 3H), 6.90 (t, J = 7.5 Hz, 1H), 6.98 (d, J = 8.3 Hz,
1H), 7.23 (m, 3H), 8.14 (s, 1H), 8.31 (d, J = 5.3 Hz, 1H, 10.83 (s, 1H); *C (DMSO-ds, 100 MHz)
6 38.09, 55.88, 111.15, 113.18, 119.71, 120.63, 124.15, 128.68, 131.49, 144.40, 149.94,
153.68, 157.73, 171.06.
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6.15. N-(4-chloropyridin-2-yl)-2-(3-methoxyphenyl)acetamide
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2-Amino-4-chloropyridine (500 mg, 3.9 mmol) was dissolved in anhydrous dichloromethane
(25 mL) to which triethylamine (1.01 g, 1.45 mL, 10 mmol) was added at 0 °C and stirred for
30 minutes. 3-methoxyphenylacetyl chloride (0.92 g, 0.78 mL, 5 mmol) was added and the
solution stirred at reflux for 24 hours. Resultant solution was washed with saturated
NaHCOs (40 mL), 1 M HCI (2 x 20 mL) and brine (40 mL). Organic layer was washed with
further saturated sodium hydrogen carbonate (150 mL) and 1 M HCI (150 mL), dried over
magnesium sulphate, filtered and isolated in vacuo to yield title product as a pale brown
solid (726 mg, 81%). (LC-MS purity = 94.4%); *H (DMSO-ds, 400 MHz) § 3.70 (s, 2H), 3.74 (s,
3H), 6.82 (dd, J = 8.3, 1.8 Hz, 1H), 6.90 (m, 2H), 7.24 (m, 2H), 8.15 (s, 1H), 8.31 (d, J = 5.7 Hz,
1H), 11.00 (s, 1H); *C (DMSO-ds, 100 MHz) 6 42.29, 54.93, 112.03, 112.80, 114.97, 119.40,
121.36, 129.29, 136.81, 143.94, 149.39, 153.06, 159.17, 170.36.

157



6.16. N-(4-chloropyridin-2-yl)-2-(4-methoxyphenyl)acetamide

2-Amino-4-chloropyridine (384 mg, 3 mmol) was dissolved in dichloromethane (15 mL) and
THF (5 mL) to which pyridine (0.36 mL, 4.5 mmol) was added with stirring. After 15 mins, 4-
methoxyphenylacetyl chloride (0.61 mL, 4 mmol) was added and the reaction mixture
stirred at room temperature for 24 hours, then at reflux for 6 hours. Solution was diluted in
ethyl acetate (100 mL), washed with water (50 mL) and brine (50 mL), organics dried over
magnesium sulphate and filtered before adsorbing onto silica under reduced pressure.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: hexane/ethyl
acetate, gradient: 0-50% 3CV; 50% 3CV; 50-100% 3CV) yielded title product as an off-white
solid (432 mg, 52%). (LC-MS purity = 81.9%); *H (DMSO-ds, 400 MHz) & 3.65 (s, 2H), 3.72 (s,
3H), 6.88 (d, J = 8.3 Hz, 2H), 7.25 (m, 3H), 8.14 (d, J = 1.8 Hz, 1H), 8.31 (d, J = 5.3 Hz, 1H),
10.94 (s, 1H); *C (DMSO-ds, 100 MHz) 6 42.49, 55.49, 113.27, 114.24 (2C), 119.84, 127.83,
130.68 (2C), 114.43, 149.89, 153.65, 158.59, 171.39.
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6.17. N-(4-chloropyridin-2-yl)-2-(3-(methylsulfonyl)phenyl)acetamide

2-Amino-4-chloropyridine (167 mg, 1.3 mmol) and 3-(methylsulfonyl)phenylacetic acid (214
mg, 1 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (0.54 mL, 4
mmol) was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF,
1.16 mL, 2 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction
was quenched with water (50 mL) and the resulting solid was filtered to vyield title
compound as a pale yellow solid (270 mg, 83%). (LC-MS purity = 98.8%); *H (DMSO-ds, 400
MHz) & 3.22 (s, 3H), 3.90 (s, 2H), 7.26 (dd, J = 5.5 & 2 Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 7.69 (d,
J=7.9Hz, 1H), 7.84 (d, J = 7.9 Hz, 1H), 7.92 (s, 1H), 8.15 (d, J = 1.3 Hz, 1H), 8.33 (d, J = 5.7
Hz, 1H), 11.12 (s, 1H); 3C (DMSO-ds, 100 MHz) 6 42.77, 43.99, 113.37, 120.05, 125.86,
128.01, 129.92, 135.04, 137.37, 141.32, 144.50, 149.99, 153.47, 170.34.
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6.18. N-(4-chloropyridin-2-yl)-2-(4-(methylsulfonyl)phenyl)acetamide

2-Amino-4-chloropyridine (167 mg, 1.3 mmol) and 4-(methylsulfonyl)phenylacetic acid (214
mg, 1 mmol) were dissolved in THF (5 mL, anhydrous) to which triethylamine (0.54 mL, 4
mmol) was added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF,
1.16 mL, 2 mmol). Reaction mixture was stirred at room temperature for 24 hours. Reaction
was quenched with water (50 mL) and the resulting solid was filtered to vyield title
compound as a pale yellow solid (285 mg, 88%). (LC-MS purity = >99.9%); *H (DMSO-ds, 400
MHz) & 3.20 (s, 3H), 3.89 (s, 2H), 7.26 (dd, J = 5.5 & 2 Hz, 1H), 7.60 (d, J = 8.3 Hz, 2H), 7.89
(d, J = 8.3 Hz, 2H), 8.13 (d, J = 1.8 Hz, 1H), 8.33 (d, J = 5.3 Hz, 1H), 11.12 (s, 1H); *C (DMSO-
ds, 100 MHz) 6 43.02, 44.03, 113.36, 120.06, 127.49 (2C), 130.73 (2C), 139.74, 141.89,
144.50, 149.99, 153.44, 170.17.
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6.19. N-(4-chloropyridin-2-yl)-2-(2-tolyl)acetamide
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2-Amino-4-chloropyridine (500 mg, 3.9 mmol) and 2-tolylacetic acid (488 mg, 3.25 mmol)
were dissolved in THF (5 mL, anhydrous) to which triethylamine (1.7 mL, 12 mmol) was
added at 0 °C. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 3.8
mL, 6.5 mmol). Reaction mixture was stirred at room temperature for 24 hours. Resultant
solution was diluted with ethyl acetate (100 mL) and washed with 1 M Na,COs (2 x 50 mL),
1 M HCI (2 x 50 mL) and brine (50 mL) before drying over magnesium sulphate and filtering.
Product was concentrated under reduced pressure and recrystallized from THF to yield title
compound as a pale brown solid (741 mg, 88%). (LC-MS purity = 99.1%); *H (DMSO-ds, 400
MHz) 6 2.28 (s, 3H), 3.79 (s, 2H), 7.15 (m, 3H), 7.24, (m, 2H), 8.16 (d, J = 1.5 Hz, 1H), 8.32 (d,
J = 5.3 Hz, 1H), 10.95 (br s, 1H); 3C (DMSO-ds, 100 MHz) & 19.28, 40.57, 112.80, 119.34,
125.72, 126.76, 129.85, 130.03, 134.09, 136.67, 143.93, 149.40, 153.08, 170.43.
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6.20. N-(4-chloropyridin-2-yl)-2-(3-tolyl)acetamide
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2-Amino-4-chloropyridine (500 mg, 3.9 mmol) and 3-tolylacetic acid (488 mg, 3.25 mmol)
were dissolved in THF (5 mL, anhydrous) to which triethylamine (1.7 mL, 12 mmol) was
added at 0 °C. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 3.8
mL, 6.5 mmol). Reaction mixture was stirred at room temperature for 24 hours. Resultant
solution was diluted with ethyl acetate (100 mL) and washed with 1 M Na,COs (2 x 50 mL),
1 M HCI (2 x 50 mL) and brine (50 mL) before drying over magnesium sulphate and filtering.
Product was concentrated under reduced pressure and recrystallized from THF to yield title
compound as a pale brown solid (632 mg, 75%). (LC-MS purity = 99.4%); *H (DMSO-ds, 400
MHz) 6 2.29 (s, 3H), 3.70 (s, 2H), 7.06 (d, J = 7.5 Hz, 1H), 7.14 (m, 2H), 7.21 (t, / = 7.3 Hz, 1H),
7.24 (dd, J = 5.3 & 3.5 Hz, 1H), 8.16 (d, J = 1.8 Hz, 1H), 8.32 (d, J = 5.5 Hz, 1H), 10.95 (s, 1H);
13C (DMSO-ds, 100 MHz) 6 20.92, 42.79, 112.79, 119.38, 126.21, 127.24, 128.18, 129.75,
135.29, 137.32, 142.82, 143.92, 149.39, 153.08, 170.54.
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6.21. N-(4-chloropyridin-2-yl)-2-(4-tolyl)acetamide

2-Amino-4-chloropyridine (500 mg, 3.9 mmol) and 4-tolylacetic acid (488 mg, 3.25 mmol)
were dissolved in THF (5 mL, anhydrous) to which triethylamine (1.7 mL, 12 mmol) was
added at 0 °C. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 3.8
mL, 6.5 mmol). Reaction mixture was stirred at room temperature for 24 hours. Resultant
solution was diluted with ethyl acetate (100 mL) and washed with 1 M Na,COs (2 x 50 mL),
1 M HCI (2 x 50 mL) and brine (50 mL) before drying over magnesium sulphate and filtering.
Product was concentrated under reduced pressure and recrystallized from THF to yield title
compound as a pale brown solid (689 mg, 81%). (LC-MS purity = 99.4%); *H (DMSO-ds, 400
MHz) 6 2.28 (s, 3H), 3.68 (s, 2H), 7.13 (d, J = 7.8 Hz, 2H), 7.23 (m, 3H), 8.15 (d, J = 1.8 Hz,
1H), 8.31 (d, J = 5 Hz, 1H), 10.93 (s, 1H); 3C (DMSO-ds, 100 MHz) & 20.58, 42.44, 112.74,
119.34, 124.26, 128.83 (2C), 128.98 (2C), 132.32, 135.63, 143.90, 149.38, 153.09, 170.66.
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6.22. 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine

HN”\{
NH»

To a solution of 2-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (1.98 g,
8 mmol) in ethanol (100 mL) was added hydrazine hydrate (50-60% solution in water, 2.4
mL, 2.47 g, 39 mmol) and the solution refluxed for 30 h. Solvent was removed in vacuo and
resultant solid suspended in water (100 mL) before filtering to yield title compound as an
off-white solid (1.217 g, 59%). *H (DMSO-ds, 400 MHz) § 1.30 (s, 12H), 5.49 (s, 2H), 7.18 (d, J
= 7.9 Hz, 1H), 7.48 (dd, J = 8.3 & 0.9 Hz, 1H), 8.17 (s, 1H), 11.49 (s, 1H); *C (DMSO-ds, 100
MHz) § 25.23 (4C), 83.65 (2C), 109.11, 114.57, 129.29, 131.92, 143.26, 150.27.
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6.23. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-phenylacetamide 1

HN"\i
NH,

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (100 mg, 0.38 mmol),
N-(4-chloropyridin-2-yl)-2-phenylacetamide (78 mg, 0.32 mmol) in ethanol (O>-free, 0.8 mL)
and Pd(dtbpf)Cl; (21 mg, 0.032 mmol) were placed in a 2-5 mL microwave vial which was
sealed and purged with nitrogen for 5 mins. The suspension stirred at 50 °C under nitrogen
for a further 10 mins. KsPO4 (1 M, 0.4 mL) was added and the solution stirred at 70 °C for 24
hours. Reaction was quenched with water (5 mL) to yield a brown solid which was extracted
into ethyl acetate and adsorbed onto silica under reduced pressure. Chromatographic
purification (Biotage SP4, 50 g cartridge, solvent system: ethyl acetate/methanol, 0% 2CV;
0-5% 3CV; 5% 4CV) yielded title product as a grey/brown solid (65 mg, 57%). (LC-MS purity
= 99.7%); 'H (DMSO-ds, 400 MHz) & 3.77 (s, 2H), 5.53 (s, 2H), 7.26 (m, 1H), 7.34 (m, 3H),
7.39 (m, 3H), 7.59 (dd, J = 8.8 & 1.8 Hz, 1H), 8.15 (d, / = 1 Hz, 1H), 8.35 (d, J = 5.3 Hz, 1H),
8.44 (s, 1H), 10.74 (s, 1H), 11.58 (br s, 1H); 13C (DMSO-ds, 100 MHz) & 43.51, 110.58, 115.14,
117.34, 119.66, 125.50, 127.05, 127.38, 128.76 (2C), 129.74 (2C), 136.29, 142.00, 148.81,
150.45, 150.59, 153.27, 170.61; HRMS (ESI +ve): For CyH17NsO requires 344.1506 found
344.1503.
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6.24. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(2-fluorophenyl)acetamide 3

HN-N
NH,
X O
»
N" N
H

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (85 mg, 0.325 mmol),
N-(4-chloropyridin-2-yl)-2-(2-tolyl)acetamide (66 mg, 0.25 mmol) and Pd(dtbpf)Cl, (9 mg,
0.0125 mmol) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension stirred at 50 °C
under nitrogen for a further 5 mins. K3sPO,4 (1 M, 0.5 mL) was added and the solution stirred
at 100 °C for 24 hours. Reaction was quenched with water (8 mL) to yield a brown solid
which was filtered and further washed with water (15 x 10 mL) and hexane (8 x 10 mL).
Solid was resuspended in 50% ethyl acetate/ methanol (20 mL), filtered and adsorbed onto
silica. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: 1% NEtsin
ethyl acetate/methanol, gradient: 0% 3CV; 0-5% 2CV; 5% 4CV) yielded title product as a
pale brown solid (7 mg, 8%). (LC-MS purity = 97.5%); *H (DMSO-ds, 400 MHz) & 3.86 (s, 2H),
5.55 (brs, 2H), 7.18 (m, 2H), 7.32 (d, J = 8.8 Hz, 2H), 7.40 (m, 2H), 7.59 (d, J = 8.3 Hz, 1H),
8.15 (s, 1H), 8.35 (m, 1H), 8.43 (s, 1H), 10.81 (s, 1H), 11.57 (s, 1H); 3C (DMSO-ds, 150 MHz)
6 36.71, 110.56, 110.59, 115.14, 115.48 (d, J = 21 Hz), 117.32, 119.63, 123.26 (d, J = 16.1
Hz), 124.68 (d, J = 3.4 Hz), 125.50, 127.35, 129.31 (d, / = 8 Hz), 132.61 (d, / = 4.6 Hz), 142.01,
148.84, 150.47, 150.58, 153.22, 161.23 (d, J = 244.5 Hz), 169.58; HRMS: For CxoH17FNsO
requires 362.1412 found 362.14.
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6.25. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(2-chlorophenyl)acetamide

HN-N
NH,
N O
»
N" N
H

Cl

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (165 mg, 0.6 mmol), N-
(4-bromopyridin-2-yl)-2-(2-chlorophenyl)acetamide (162.4 mg, 0.5 mmol) and Pd(dtbpf)Cl,
(16.2 mg, 0.025 mmol) were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen for 5 mins. Ethanol (O,-free, 1.3 mL) was added and the suspension
stirred at 40 °C under nitrogen for a further 10 mins. KsPO,4 (1 M, 0.65 mL) was added and
the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield
a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and adsorbed onto
silica under reduced pressure. . Chromatographic purification (Biotage SP4, 50 g cartridge,
solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2% 4CV) yielded title
product as a greenish solid (98 mg, 52%) (LC-MS purity = 99.5%); *H (DMSO-ds, 500 MHz) &
3.97 (s, 2H), 5.52 (s, 2H), 7.31, (m, 3H), 7.39 (dd, J = 5.3 & 1.6 Hz, 1H), 7.44 (m, 2H), 7.58
(dd, J=8.6 & 1.7 Hz, 1H), 8.14 (d, J = 1.3 Hz, 1H), 8.34 (d, J = 5.3 Hz, 1H), 8.43 (s, 1H), 10.78
(s, 1H), 11.55 (br s, 1H); 3C (DMSO-ds, 125 MHz) § 41.15, 110.52, 110.56, 115.14, 117.25,
119.60, 124.48, 127.33, 127.51, 129.10, 129.46, 132.83, 134.25, 134.30, 142.01, 148.84,
150.46, 150.55, 153.26, 169.46. HRMS: CxH17CINsO requires 378.1116 found 378.1114
(100%) and 380.1086 (31%).
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6.26. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-chlorophenyl)acetamide

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (165 mg, 0.6 mmol), N-
(4-bromopyridin-2-yl)-2-(3-chlorophenyl)acetamide (162.4 mg, 0.5 mmol) and Pd(dtbpf)Cl,
(16.2 mg, 0.025 mmol) were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen for 5 mins. Ethanol (O,-free, 1.3 mL) was added and the suspension
stirred at 40 °C under nitrogen for a further 10 mins. KsPO,4 (1 M, 0.65 mL) was added and
the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield
a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and adsorbed onto
silica under reduced pressure. . Chromatographic purification (Biotage SP4, 50 g cartridge,
solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2% 4CV) yielded title
product as a brown/green powder (95 mg, 50%) (LC-MS purity = 97.2%); *H (DMSO-ds, 500
MHz) & 3.79 (s, 2H), 5.52 (s, 2H), 7.32, (m, 3H), 7.36 (m, 1H) 7.39 (dd, J = 5.3 & 1.9 Hz, 1H),
7.45 (t,J= 1.7 Hz, 1H), 7.58 (dd, / = 8.8 & 1.6 Hz, 1H), 8.14 (d, J = 0.9 Hz, 1H), 8.34 (d, /= 5.3
Hz, 1H), 8.41 (s, 1H), 10.77 (s, 1H), 11.56 (s, 1H); 3C (DMSO-ds, 125 MHz) & 42.90, 110.58
(2C), 115.14, 117.41, 119.66, 125.49, 127.07, 127.33, 128.54, 129.69, 130.60, 133.29,
138.67, 142.00, 148.84, 150.46, 150.62, 153.18, 170.04. HRMS: CyoH1;CINsO requires
378.1116 found 378.1114 (100%) and 380.1086 (32%).
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6.27. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-chlorophenyl)acetamide

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (165 mg, 0.6 mmol), N-
(4-bromopyridin-2-yl)-2-(3-chlorophenyl)acetamide (162.4 mg, 0.5 mmol) and Pd(dtbpf)Cl,
(16.2 mg, 0.025 mmol) were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen for 5 mins. Ethanol (O,-free, 1.3 mL) was added and the suspension
stirred at 40 °C under nitrogen for a further 10 mins. KsPO,4 (1 M, 0.65 mL) was added and
the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield
a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and adsorbed onto
silica under reduced pressure. . Chromatographic purification (Biotage SP4, 50 g cartridge,
solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2% 4CV) yielded title
product as a brown/green powder (95 mg, 50%) (LC-MS purity = 97.2%); *H (DMSO-ds, 500
MHz) & 3.79 (s, 2H), 5.52 (s, 2H), 7.32, (m, 3H), 7.36 (m, 1H) 7.39 (dd, J = 5.3 & 1.9 Hz, 1H),
7.45 (t,J= 1.7 Hz, 1H), 7.58 (dd, / = 8.8 & 1.6 Hz, 1H), 8.14 (d, J = 0.9 Hz, 1H), 8.34 (d, /= 5.3
Hz, 1H), 8.41 (s, 1H), 10.77 (s, 1H), 11.56 (s, 1H); 3C (DMSO-ds, 125 MHz) & 42.90, 110.58
(2C), 115.14, 117.41, 119.66, 125.49, 127.07, 127.33, 128.54, 129.69, 130.60, 133.29,
138.67, 142.00, 148.84, 150.46, 150.62, 153.18, 170.04. HRMS: CyoH1;CINsO requires
378.1116 found 378.1114 (100%) and 380.1086 (32%).
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6.28. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-chlorophenyl)acetamide

HN-N
NH,

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (165 mg, 0.6 mmol), N-
(4-bromopyridin-2-yl)-2-(4-chlorophenyl)acetamide (162.4 mg, 0.5 mmol) and Pd(dtbpf)Cl;
(16.2 mg, 0.025 mmol) were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen for 5 mins. Ethanol (O,-free, 1.3 mL) was added and the suspension
stirred at 40 °C under nitrogen for a further 10 mins. KsPO,4 (1 M, 0.65 mL) was added and
the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield
a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and adsorbed onto
silica under reduced pressure. . Chromatographic purification (Biotage SP4, 50 g cartridge,
solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2% 4CV) yielded title
product as a pale green powder (93 mg, 49%) (LC-MS purity = 100.0%); *H (DMSO-ds, 500
MHz) & 3.76 (s, 2H), 5.51 (s, 2H), 7.32 (d, J = 8.5 Hz, 1H), 7.38 (m, 5H), 7.58 (dd, /= 8.6 & 1.6
Hz, 1H), 8.13 (d, J = 0.9 Hz, 1H), 8.34 (d, / = 5.3 Hz, 1H), 8.40 (s, 1H), 10.75 (s, 1H), 11.55 (br
s, 1H); 3C (DMSO-ds, 125 MHz) 6 42.66, 110.58 (2C), 115.15, 117.38, 119.65, 125.48,
127.34, 128.70 (2C), 131.64 (2C), 131.82, 135.27, 141.98, 148.83, 150.46, 150.61, 153.20,
170.24. HRMS: Cy0H17CINsO requires 378.1116 found 378.1114 (100%) and 380.1086 (32%).

170



6.29. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(2-pyridyl)acetamide 9

N-(4-chloropyridin-2-yl)-2-(2-pyridyl)acetamide (100 mg, 0.4 mmol), 5-(4,4,5,5-Tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol), and Pd(dtbpf)Cl, (26 mg,
0.04 mmol) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the suspension stirred under
nitrogen for a further 10 mins. K3sPO,4 (O,-free, 1 M, 0.56 mL) was added and the solution
stirred at 70 °C for 24 hours. Organics were extracted into ethyl acetate/methanol 9:1 (50
mL), washed with water and dried over magnesium sulphate, then adsorbed onto silica
under reduced pressure. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent
system: ethyl acetate/methanol/1% Nets, gradient: 0% 5CV; 0-2% 2CV; 2% 4CV) followed by
HPLC purification yielded title compound as a bright yellow solid (as TFA salt) (42 mg, 23%)
(LC-MS purity = 92.8%); *H (DMSO-ds, 400 MHz) & 4.23 (2, 2H), 7.47 (m, 2H), 7.68 (m, 1H),
7.78 (m, 2H), 8.22 (t, J = 7.8 Hz, 1H), 8.29 (s, 1H), 8.41 (m, 2H), 8.76 (d, J = 5.3 Hz, 1H), 11.06
(br. s, 1H); °F (DMSO-ds, 376 MHz) & -74.67; 3C (DMSO-ds, 100 MHz) & 42.96, 110.72,
111.61, 117.63, 120.26, 124.52, 127.44, 127.95, 128.87, 142.24, 142.70, 145.26, 148.72,
150.28, 152.78, 152.93, 158.69, 159.04, 168.38; HRMS: C1sH17N¢O requires 345.1458 found
345.1458.
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6.30. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-pyridyl)acetamide 10

HN—N
NH,
|\ (o) /I
= N
N N \
H

N-(4-chloropyridin-2-yl)-2-(2-pyridyl)acetamide (100 mg, 0.4 mmol), 5-(4,4,5,5-Tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol), and Pd(dtbpf)Cl, (26 mg,
0.04 mmol) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the suspension stirred under
nitrogen for a further 10 mins. K3PO, (O,-free, 1 M, 0.56 mL) was added and the solution
stirred at 70 °C for 24 hours. Organics were extracted into ethyl acetate/methanol 9:1 (50
mL), washed with water and dried over magnesium sulphate, then adsorbed onto silica
under reduced pressure. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent
system: ethyl acetate/methanol/1% Nets, gradient: 0% 5CV; 0-2% 2CV; 2% 4CV) followed by
HPLC purification yielded title compound as a bright yellow solid (as TFA salt) (87 mg, 47%)
(LC-MS purity = 91.5%); 'H (DMSO-ds, 400 MHz) & 4.08 (2, 2H), 7.46 (m, 2H), 7.76 (dd, J =
8.8 & 1.8 Hz, 1H), 7.92 (dd, J = 7.8 & 5.5 Hz, 1H), 8.29 (d, J = 0.8 Hz, 1H), 8.40 (m, 3H), 8.79
(d, J =5 Hz, 1H), 8.86 (s, 1H), 11.08 (s, 1H); °F (DMSO-ds, 376 MHz) 6 -74.61; *C (DMSO-ds,
100 MHz) & 49.05, 110.72, 111.56, 117.56, 120.22, 127.84, 128.83, 134.89, 142.22, 142.75,
144.97, 145.25, 148.73, 150.24, 152.90, 158.77, 159.12, 169.29; HRMS: C15H17NgO requires
345.1458 found 345.1458.
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6.31. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(2-

(trifluoromethyl)phenyl)acetamide 12

HN-N
NH,
N o)
P
N" N
H

CF3

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol),
N-(4-chloropyridin-2-yl)-2-(2-(trifluoromethyl)phenyl)acetamide (126 mg, 0.4 mmol) and
Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the
suspension stirred at 40 °C under nitrogen for a further 10 mins. K3sPO,4 (1 M, 0.56 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5
mL) to yield a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and
adsorbed onto silica under reduced pressure. . Chromatographic purification (Biotage SP4,
50 g cartridge, solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2%
4CV) yielded title product as a pale yellow solid (94 mg, 57%) (LC-MS purity = 98.3%); H
(DMSO-ds, 400 MHz) 6 4.07 (s, 2H), 5.52 (s, 2H), 7.33, (d, J = 8.8 Hz, 1H), 7.41 (dd, J = 5.3 &
1.8 Hz, 1H), 7.50 (t, J = 7.5 Hz, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.59 (dd, J = 8.8 & 1.8 Hz, 1H),
7.66 (t,J=7.5Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 8.15 (d, J = 1 Hz, 1H), 8.36 (d, / = 5.3 Hz, 1H),
8.42 (s, 1H), 10.80 (s, 1H), 11.56 (brs, 1H); *3C (DMSO-ds, 100 MHz) § 40.12, 110.48, 110.56,
115.14, 117.24, 119.59, 124.97 (d, J = 273.6 Hz), 125.47, 126.07 (d, J = 5.9 Hz), 127.31,
127.81, 128.15 (d, J = 30.2 Hz), 132.67, 134.11, 134.25, 142.00, 148.85, 150.46, 150.56,
153.25, 169.62. HRMS: C;1H17F3Ns0 requires 412.1380 found 412.1373.
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6.32. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-

(trifluoromethyl)phenyl)acetamide 13

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol),
N-(4-chloropyridin-2-yl)-2-(3-(trifluoromethyl)phenyl)acetamide (126 mg, 0.4 mmol) and
Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the
suspension stirred at 40 °C under nitrogen for a further 10 mins. K3PO,4 (1 M, 0.56 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5
mL) to yield a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and
adsorbed onto silica under reduced pressure. . Chromatographic purification (Biotage SP4,
50 g cartridge, solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2%
4CV) yielded title product as a pale yellow solid (71 mg, 43%) (LC-MS purity = 96.4%); H
(DMSO-ds, 400 MHz) 6 3.91 (s, 2H), 5.53 (s, 2H), 7.33, (d, J = 8.5 Hz, 1H), 7.41 (dd, J = 5.3 &
1.8 Hz, 1H), 7.60 (m, 3H), 7.71 (s, 1H), 7.72 (s, 1H), 8.16 (d, J = 1 Hz, 1H), 8.35 (d, J = 5.3 Hz,
1H), 8.43 (s, 1H), 10.84 (s, 1H), 11.62 (br s, 1H); *C (DMSO-ds, 100 MHz) & 43.12, 110.62,
115.14, 117.43, 119.66, 124.86 (d, / = 271.6 Hz), 125.47, 125.58 (q, 3.7 Hz), 127.33, 127.85
(d, 4 = 31.2 Hz), 130.66 (2C), 130.80, 141.09, 142.00, 148.84, 150.46, 150.63, 153.16,
169.89; HRMS: C;1H17FsNsO requires 412.1380 found 412.1372.

174



6.33. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-

(trifluoromethyl)phenyl)acetamide 14

HN-N
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5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol),
N-(4-chloropyridin-2-yl)-2-(4-(trifluoromethyl)phenyl)acetamide (126 mg, 0.4 mmol) and
Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the
suspension stirred at 40 °C under nitrogen for a further 10 mins. K3sPO,4 (1 M, 0.56 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5
mL) to yield a yellowish solid. Organics were extracted into ethyl acetate (50 mL) and
adsorbed onto silica under reduced pressure. . Chromatographic purification (Biotage SP4,
50 g cartridge, solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2%
4CV) yielded title product as a pale yellow solid (78 mg, 47%) (LC-MS purity = 95.0%); *H
(DMSO-ds, 400 MHz) 6 3.92 (s, 2H), 5.53 (s, 2H), 7.34, (d, J = 8.8 Hz, 1H), 7.41 (dd, J = 5.3 &
1.8 Hz, 1H), 7.59 (m, 2H), 7.64 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.76 (s, 1H), 8.16
(d, J =1 Hz, 1H), 8.36 (d, J = 5.3 Hz, 1H), 8.43 (s, 1H), 10.83 (s, 1H), 11.63 (br s, 1H); 3C
(DMSO-ds, 100 MHz) 6 42.92, 110.59, 115.14, 117.43, 119.66, 123.87 (q, J = 3.7 Hz), 124.86
(d, J =272.7 Hz), 125.50, 126.44 (q, J = 3.7 Hz), 127.32, 129.45 (d, J = 31.2 Hz), 129.78 (2C),
134.03, 137.60, 142.01, 148.84, 150.46, 150.64, 153.16, 170.01. HRMS: Cy;H17F3NsO
requires 412.1380 found 412.1374.
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6.34. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-aminophenyl)acetamide
15

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol),
N-(4-chloropyridin-2-yl)-2-(3-Boc-aminophenyl)acetamide (145.5 mg, 0.4 mmol) and
Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (0,-free, 1.12 mL) was added and the
suspension stirred at 50 °C under nitrogen for a further 10 mins. K3PO,4 (1 M, 0.56 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (50
mL) to yield a yellowish solid. This was sonicated for 30 mins and resultant solid was filtered
and resuspended in 80% ethyl acetate/methanol (18 mL) and adsorbed onto silica. Product
was obtained by chromatographic purification (Biotage SP4, 50 g cartridge, solvent system:
ethyl acetate/methanol, gradient: 0% 2CV; 0-2% 2CV; 2% 6CV). Product was suspended in
dichloromethane (3 mL) and trifluroacetic acid (1.5 mL) and stirred at room temperature
for 8 hours. Solution was diluted with ethyl acetate (40 mL), washed with Na,COs (sat., 20
mL) and concentrated under reduced pressure to yield title product (55 mg, 39% over 2
steps). (LC-MS purity = 95.2%); *H (DMSO-ds, 400 MHz) & 3.58 (s, 2H), 5.02 (s, 2H), 5.52 (s,
2H), 6.44 (ddd, J = 8, 2.2 & 0.9 Hz, 1H), 6.52 (d, J = 7.5 Hz), 6.58 (m, 1H), 6.96 (t, J = 7.8 Hz,
1H), 7.34 (d, J = 8.5 Hz, 1H), 7.38 (dd, J = 5.3 & 1.8 Hz, 1H), 7.59 (dd, J = 8.8 & 1.8 Hz, 1H),
8.15 (d, J = 1 Hz, 1H), 8.34 (d, J = 5.3 Hz, 1H), 8.44 (s, 1H), 10.60 (s, 1H), 11.56 (s, 1H); 3C
(DMSO-ds, 100 MHz) & 43.83, 110.55, 110.58, 112.78, 115.09, 117.24, 117.28, 119.66,
125.50, 127.43, 129.22, 136.74, 142.00, 148.78, 149.09, 150.45, 150.57, 153.33, 170.83;
HRMS: For Cy0H19N6O requires 359.1615 found 359.1609.
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6.35. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-aminophenyl)acetamide
16

HN-N
NH,

|
N N

H

N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-Boc-aminophenyl)acetamide (25 mg, 0.07
mmol) was dissolved in dichloromethane (3 mL), methanol (0.3 mL) and trifluoroacetic acid
(1 mL) and stirred at room temperature for 24 hours. TLC showed consumption of starting
material so reaction was quenched with 1 M Na,COs solution (5 mL), product extracted into
ethyl acetate (25 mlL) and organics dried over magnesium sulphate, filtered and
concentrated under reduced pressure to yield title compound as a brown solid (14 mg,
70%). (LC-MS purity = 86.4%); *H (DMSO-ds, 400 MHz) & 3.53 (s, 2H), 4.95 (br s, 2H), 5.55 (s,
2H), 6.52 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.8 Hz, 1H), 7.37 (dd, J = 5.3
& 1.8 Hz, 1H), 7.58 (dd, J = 8.8, 1.8 Hz, 1H), 8.14 (d, J = 1 Hz, 1H), 8.33 (d, / = 5 Hz, 1H), 8.42
(s, 1H), 10.55 (s, 1H), 11.57 (s, 1H); 3C (DMSO-ds, 150 MHz) & 42.85, 110.51, 110.59, 114.33
(2C), 115.10, 117.24, 119.63, 123.09, 125.51, 127.45, 130.13 (2C), 141.99, 147.76, 148.77,
150.43, 150.54, 153.34, 171.48; HRMS: For C30H19NO requires 359.1615 found 359.1612.
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6.36. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-Boc-

aminophenyl)acetamide 18

HN/'\i
NH,

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (120 mg, 0.46 mmol),
N-(4-chloropyridin-2-yl)-2-(3-Boc-aminophenyl)acetamide (120 mg, 0.33 mmol) and
Pd(dtbpf)Cl, (21.6 mg, 0.033 mmol) were placed in a 2-5 mL microwave vial which was
sealed and purged with nitrogen for 5 mins. Ethanol (O.-free, 1 mL) was added and the
suspension stirred at 50 °C under nitrogen for a further 10 mins. K3sPO4 (1 M, 0.5 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (50
mL) to yield a yellowish solid. This was sonicated for 30 mins and resultant solid was filtered
and resuspended in 80% ethyl acetate/methanol (18 mL) and adsorbed onto silica.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: ethyl
acetate/methanol, gradient: 0% 2CV; 0-5% 3CV; 5% 6CV) yielded title product as a brown
solid (30 mg, 20%) (LC-MS purity = 94.9%); (61 mg, 40%) (NMR purity *90%); *H (DMSO-ds,
400 MHz) & 1.47 (s, 9H), 3.71 (s, 2H), 5.52 (s, 2H), 6.98 (d, J = 7.5 Hz, 1H), 7.20 (t, J = 7.8 Hz,
1H), 7.27 (d, J =8 Hz, 1H), 7.34 (d, J = 8.8 Hz, 1H), 7.39 (dd, J = 5.3 & 1.8 Hz, 1H), 7.55 (s, 1H),
7.59 (dd, J = 8.8, 1.8 Hz, 1H), 8.15 (d, J = 0.8 Hz, 1H), 8.34 (d, J = 5.5 Hz, 1H), 8.43 (s, 1H),
9.31 (s, 1H), 10.72 (s, 1H), 11.56 (s, 1H); *C (DMSO-ds, 100 MHz) & 28.59, 79.46, 110.59,
110.62, 115.10, 117.13, 117.36, 119.48, 119.64, 123.62, 125.54, 127.43, 128.96, 136.71,
139.95, 142.00, 148.83, 150.44, 150.57, 153.24, 153.28, 170.60; HRMS: For CsH27NsO,
requires 459.2139 found 459.2138
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6.37. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-Boc-

aminophenyl)acetamide 19

HN-N
NH,

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol),
N-(4-chloropyridin-2-yl)-2-(4-Boc-aminophenyl)acetamide (127 mg, 0.35 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension
stirred at 50 °C under nitrogen for a further 10 mins. K3sPO4 (1 M, 0.5 mL) was added and
the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield
a yellowish solid. Supernatant was removed and solid resuspended in 80% ethyl
acetate/methanol (6 mL) and adsorbed onto silica under reduced pressure.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: ethyl
acetate/methanol, gradient: 0% 2CV; 0-5% 3CV; 5% 4CV) yielded title product as a brown
solid (79 mg, 52%) (LC-MS purity = 100.0%); *H (DMSO-ds, 400 MHz) § 1.46 (s, 9H), 3.66 (s,
2H), 5.54 (s, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.8 Hz, 1H), 7.39 (m, 3H), 7.59 (dd, J =
8.3, 1.8 Hz, 1H), 8.14 (s, 1H), 8.33 (d, J = 4.8 Hz, 1H), 8.41 (s, 1H), 9.29 (s, 1H), 10.69 (s, 1H),
11.57 (s, 1H); 3C (DMSO-ds, 100 MHz) 6 28.60 (3C), 42.84, 110.52, 110.56, 115.11, 117.30,
118.63, 119.66, 125.50, 127.36, 129.78, 129.90 (2C), 138.56, 141.94, 148.81 (2C), 150.47,
150.56, 153.25, 153.29, 170.85* HRMS: For CysH,7NsO; requires 459.2139 found 459.2133.

*Peak expected ~79 ppm for C(CHs)s not observed
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6.38. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-

(methylthio)phenyl)acetamide 21

HN-N
NH,

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol),
N-(4-chloropyridin-2-yl)-2-(4-(methylthio)phenyl)acetamide (102 mg, 0.35 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension
stirred at 40 °C under nitrogen for a further 10 mins. KsPO4 (1 M, 0.5 mL) was added and
the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield
a yellowish solid. Supernatant was removed and solid resuspended in 80% ethyl
acetate/methanol (8 mL) and adsorbed onto silica under reduced pressure.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: ethyl
acetate/methanol, gradient: 0% 2CV; 0-5% 3CV; 5% 4CV) yielded title product as a brown
solid (41 mg, 25%) (LC-MS purity = 93.8%); %); *H (DMSO-ds, 400 MHz) & 2.46 (s, 3H), 3.72
(s, 2H), 5.55 (s, 2H), 7.24 (m, 2H), 7.33 (m, 3H), 7.39 (dd, J = 5.3 & 1.8 Hz, 1H), 7.59 (dd, J =
8.8 & 1.8 Hz, 1H), 8.15 (d, /= 1 Hz, 1H), 8.34 (dd, / = 5.3 & 0.5 Hz, 1H), 8.42 (s, 1H), 10.75 (s,
1H), 11.58 (br s, 1H); 3C (DMSO-ds, 100 MHz) & 15.44 (3H), 42.92 (2H), 110.57 (2C), 115.14,
117.34, 119.65, 125.48, 126.65 (2C), 127.38, 130.32 (2C), 133.00, 136.64, 141.99, 148.81,
150.45, 150.59, 153.25, 170.57; HRMS: C21H20Ns0S requires 390.1383 found 390.1377.
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6.39. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(2-

methoxyphenyl)acetamide 22

HN-N
NH,
N o
P
N
O\

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol),
N-(4-chloropyridin-2-yl)-2-(2-methoxyphenyl)acetamide (97 mg, 0.35 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension
stirred at 50 °C under nitrogen for a further 5 mins. K3PO,4 (1 M, 0.5 mL) was added and the
solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield a
yellowish solid. Supernatant was removed and solid was resuspended in 80% ethyl
acetate/methanol (6 mL) and adsorbed onto silica. Chromatographic purification (Biotage
SP4, 50 g cartridge, solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-5% 3CV;
5% 6CV) yielded title product as a pale brown solid (99 mg, 76%). (LC-MS purity = 97.6%); *H
(DMSO-ds, 400 MHz) & 3.76 (s, 2H), 3.77 (s, 3H), 5.54 (br s, 2H), 6.91 (t, J = 7.3 Hz, 1H), 6.99
(d, J=7.9Hz, 1H), 7.24 (d, J = 7.5Hz, 2H), 7.32 (d, J = 8.3 Hz, 1H), 7.32 (dd, / = 5.3 & 1.8 Hz,
1H), 7.59 (d, J = 8.8 Hz 1H), 8.15 (s, 1H), 8.34 (d, J = 5.7 Hz, 1H), 8.44 (s, 1H), 10.55 (s, 1H),
11.57 (s, 1H); C (DMSO-ds, 100 MHz) & 38.12, 55.89, 110.43, 110.54, 111.14, 115.11,
117.10, 119.61, 120.62, 124.44, 125.48, 127.36, 128.60, 131.56, 141.95, 148.81, 150.47,
153.36, 157.78, 170.61; HRMS: For C,1H20NsO; requires 374.1612 found 374.1606.
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6.40. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-

methoxyphenyl)acetamide 23

HN-N
NH,

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol),
N-(4-chloropyridin-2-yl)-2-(3-methoxyphenyl)acetamide (97 mg, 0.35 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension
stirred at 50 °C under nitrogen for a further 5 mins. K3PO4 (1 M, 0.5 mL) was added and the
solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield a
yellowish solid. Supernatant was removed and solid was resuspended in 80% ethyl
acetate/methanol (6 mL) and adsorbed onto silica. Chromatographic purification (Biotage
SP4, 50 g cartridge, solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-5% 3CV;
5% 6CV) yielded title product as a pale brown solid (82 mg, 63%). (LC-MS purity = 90.1%); *H
(DMSO-ds, 400 MHz) 6 3.72 (s, 2H), 3.75 (s, 3H), 5.55 (s, 2H), 6.83 (d, J = 7.9 Hz, 1H), 6.94
(m, 2H), 7.24 (t, J = 7.7 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 7.39 (d, J = 5.3 Hz, 1H), 7.59 (d, J =
8.8 Hz, 1H), 8.15 (s, 1H), 8.34 (d, J = 5.3 Hz, 1H), 8.43 (s, 1H), 10.74 (s, 1H), 11.58 (br s, 1H);
13C (DMSO-ds, 100 MHz) 6 43.56, 55.44, 110.52, 110.57, 112.43, 115.11, 115.55, 117.34,
119.67, 121.96, 125.50, 127.34, 129.79, 137.70, 141.95, 148.83, 150.46, 150.59, 153.25,
159.66, 170.48; HRMS: For Cy1H20NsO; requires 374.1612 found 374.1606.
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6.41. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-

methoxyphenyl)acetamide 24

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol),
N-(4-chloropyridin-2-yl)-2-(4-methoxyphenyl)acetamide (97 mg, 0.35 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension
stirred at 50 °C under nitrogen for a further 5 mins. K3PO,4 (1 M, 0.5 mL) was added and the
solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield a
yellowish solid. Supernatant was removed and solid was resuspended in 80% ethyl
acetate/methanol (6 mL) and adsorbed onto silica. Chromatographic purification (Biotage
SP4, 50 g cartridge, solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 0-5% 3CV;
5% 6CV) yielded title product as a pale brown solid (90 mg, 69%). (LC-MS purity = 98.4%); *H
(DMSO-ds, 400 MHz) & 3.68 (s, 2H), 3.73 (s, 3H), 5.55 (br s, 2H), 6.91 (m, 2H), 7.29 (m, 2H),
7.34(d, J=8.8 Hz, 1H), 7.39 (dd, J = 5.4 & 1.6 Hz, 1H), 7.59 (dd, J = 8.8 & 1.8 Hz, 1H), 8.15 (s,
1H), 8.34 (d, J = 6.3 Hz, 1H), 8.43 (s, 1H), 10.70 (s, 1H), 11.59 (s, 1H); *C (DMSO-ds, 100
MHz) 6 42.62, 55.5, 110.51, 110.57, 114.20 (2C), 115.11, 117.29, 119.66, 125.50, 127.36,
128.18, 130.73 (2C), 141.95, 148.81, 150.56, 153.31, 158.55, 170.99; HRMS: For C,1H20Ns0;
requires 374.1612 found 374.1606.
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6.42. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-

(methylsulfonyl)phenyl)acetamide 25

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol),
N-(4-chloropyridin-2-yl)-2-(3-(methylsulfonyl)phenyl)acetamide (139 mg, 0.4 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the
suspension stirred at 50 °C under nitrogen for a further 10 mins. K3PO,4 (1 M, 0.56 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5
mL) to yield a yellowish solid. Supernatant was removed and solid resuspended in 80%
ethyl acetate/methanol (6 mL) and adsorbed onto silica under reduced pressure.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: ethyl
acetate/methanol, gradient: 0% 2CV; 0-5% 3CV; 5% 4CV) yielded title product as a greenish
solid (61 mg, 34%). (LC-MS purity = 96.3%); 'H (DMSO-ds, 400 MHz) 6 3.23 (s, 3H), 3.93 (s,
2H), 5.53 (s, 2H), 7.34 (d, J = 8.5 Hz, 1H), 7.41 (dd, / = 5.3 & 1.8 Hz, 1H), 7.59 (dd, J = 8.8 &
1.8 Hz, 1H), 7.64 (t, J = 7.8 Hz, 1H), 7.73 (m, 1H), 7.85 (ddd, J = 7.6, 1.6 & 1.3 Hz, 1H), 7.97
(m, 1H), 8.16 (d, J = 1 Hz, 1H), 8.36 (dd, J = 5.3 & 0.5 Hz, 1H), 8.43 (s, 1H), 10.86 (s, 1H),
11.56 (s, 1H); *C (DMSO-ds, 100 MHz) & 42.92, 44.00, 110.56, 110.59, 115.11, 117.43,
119.68, 125.50, 125.80, 127.28, 128.04, 129.90, 135.10, 137.73, 141.30, 141.96, 148.87,
150.47, 150.62, 153.15, 169.92; HRMS: For C,1H,0NsOsS requires 422.1281 found 422.1279.
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6.43. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-

(methylsulfonyl)phenyl)acetamide 26

HN"‘{
NH,»

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (118 mg, 0.45 mmol),
N-(4-chloropyridin-2-yl)-2-(4-(methylsulfonyl)phenyl)acetamide (139 mg, 0.4 mmol) and
Pd(dtbpf)Cl, (23 mg, 0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed
and purged with nitrogen for 5 mins. Ethanol (O,-free, 1.12 mL) was added and the
suspension stirred at 50 °C under nitrogen for a further 10 mins. K3PO,4 (1 M, 0.56 mL) was
added and the solution stirred at 70 °C for 24 hours. Reaction was quenched with water (5
mL) to yield a yellowish solid. Supernatant was removed and solid resuspended in 80%
ethyl acetate/methanol (6 mL) and adsorbed onto silica under reduced pressure.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: ethyl
acetate/methanol, gradient: 0% 2CV; 0-5% 3CV; 5% 4CV) yielded title product as a greenish
solid (30 mg, 17%). (LC-MS purity = 96.5%); 'H (DMSO-ds, 400 MHz) 6 3.21 (s, 3H), 3.93 (s,
2H), 5.52 (s, 2H), 7.34 (d, J = 8.8 Hz, 1H), 7.41 (dd, / = 5.3 & 1.8 Hz, 1H), 7.59 (dd, J = 8.7 &
1.6 Hz, 1H), 7.64 (d, J = 8.3 Hz, 2H), 7.91 (d, J/ = 8.4 Hz, 2H), 8.15 (d, J = 1 Hz, 1H), 8.36 (d, J =
5.5 Hz, 1H), 8.42 (s, 1H), 10.85 (s, 1H), 11.57 (s, 1H); 3C (DMSO-ds, 100 MHz) § 43.18, 44.07,
110.61 (2C), 115.14, 117.45, 119.66, 125.47, 127.30, 127.45 (2C), 130.77 (2C), 139.70,
141.99, 142.27, 148.86, 150.45, 150.63, 153.13, 169.73; HRMS: C1H»0NsO3S requires
422.1281 found 422.1276.

185



6.44. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(2-tolyl)acetamide 27

HN-N
NH,
N o)
W
NN
H

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (85 mg, 0.325 mmol),
N-(4-chloropyridin-2-yl)-2-(2-tolyl)acetamide (65 mg, 0.25 mmol) and Pd(dtbpf)Cl, (9 mg,
0.0125 mmol) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension stirred at 50 °C
under nitrogen for a further 5 mins. K3sPO,4 (1 M, 0.5 mL) was added and the solution stirred
at 100 °C for 24 hours. Reaction was quenched with water (8 mL) to yield a brown solid
which was filtered and further washed with water (15 x 10 mL) and hexane (8 x 10 mL).
Solid was resuspended in 50% ethyl acetate/ methanol (20 mL), filtered and adsorbed onto
silica. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: 1% NEtsin
ethyl acetate/methanol, gradient: 0% 3CV; 0-5% 2CV; 5% 4CV) yielded title product as a
pale brown solid (59 mg, 66%). (LC-MS purity = 89.9%); *H (DMSO-ds, 400 MHz) & 2.32 (s,
3H), 3.81 (s, 2H), 5.55 (s, 2H), 7.16 (m, 3H), 7.28 (m, 1H), 7.32 (d, J = 8.8 Hz, 1H), 7.39 (dd, J
=5.1 & 1.5 Hz, 1H), 7.59 (dd, J = 8.8 & 1.3 Hz, 1H), 8.14 (s, 1H), 8.34 (d, J = 5.3 Hz, 1H), 8.43
(s, 1H), 10.74 (s, 1H), 11.57 (s, 1H); 3C (DMSO-ds, 150 MHz) & 19.86, 41.20, 110.57, 110.61,
115.21, 117.28, 119.69, 125.53, 126.22, 127.20, 127.39, 130.35, 130.66, 134.98, 137.21,
141.97, 148.81, 150.49, 150.57, 153.29, 170.57; HRMS: For C;1H19NsO requires 358.1662
found 358.1656.
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6.45. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(3-tolyl)acetamide 28

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (85 mg, 0.325 mmol),
N-(4-chloropyridin-2-yl)-2-(3-tolyl)acetamide (65 mg, 0.25 mmol) and Pd(dtbpf)Cl, (9 mg,
0.0125 mmol) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Ethanol (O,-free, 1 mL) was added and the suspension stirred at 50 °C
under nitrogen for a further 5 mins. K3sPO,4 (1 M, 0.5 mL) was added and the solution stirred
at 100 °C for 24 hours. Reaction was quenched with water (8 mL) to yield a brown solid
which was filtered and further washed with water (15 x 10 mL) and hexane (8 x 10 mL).
Solid was resuspended in 50% ethyl acetate/ methanol (20 mL), filtered and adsorbed onto
silica. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: 1% NEtsin
ethyl acetate/methanol, gradient: 0% 3CV; 0-5% 2CV; 5% 4CV) yielded title product as a
pale brown solid (35.8 mg, 40%). (LC-MS purity = 98.9%), *H (DMSO-ds, 400 MHz) & 2.30 (s,
3H), 3.71 (s, 2H), 5.55 (s, 2H), 7.06 (d, J = 7.5 Hz, 1H), 7.17 (m, 2H), 7.22 (t, J = 7.5 Hz, 1H),
7.33(d, J=8.8 Hz, 1H), 7.59 (dd, /= 5.3 & 1.8 Hz, 1H), 7.58 (d, / = 8.8 Hz, 1H), 8.34 (d, /= 5.3
Hz, 1H), 8.43 (s, 1H), 10.74 (s, 1H), 11.58 (s, 1H); 3C (DMSO-ds, 100 MHz) & 20.95, 42.95,
110.05 (2C), 114.72, 116.81, 119.14, 124.98, 126.30, 127.18, 128.17, 128.14, 128.17,
129.86, 135.66, 137.29, 148.30, 150.07, 152.78, 170.15; HRMS: For C;1H1sNsO requires
358.1662 found 358.1656.
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6.46. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-2-(4-tolyl)acetamide 29

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol),
N-(4-chloropyridin-2-yl)-2-(4-tolyl)acetamide (91 mg, 0.35 mmol) and Pd(dtbpf)Cl, (23 mg,
0.035 mmol) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Ethanol (O>-free, 1 mL) was added and the suspension stirred at 50 °C
under nitrogen for a further 5 mins. KsPO4 (1 M, 0.5 mL) was added and the solution stirred
at 70 °C for 24 hours. Reaction was quenched with water (5 mL) to yield a yellowish solid.
Supernatant was removed and solid was resuspended in 80% ethyl acetate/methanol (6
mL) and adsorbed onto silica. Chromatographic purification (Biotage SP4, 50 g cartridge,
solvent system: ethyl acetate/methanol, gradient: 0% 2CV; 2% 8CV) yielded title product as
a pale brown solid (52 mg, 42%). (LC-MS purity = 97.4%); *H (DMSO-ds, 400 MHz) 6 2.28 (s,
3H), 3.71 (s, 2H), 5.53 (s, 2H), 7.14 (d, J = 7.8 Hz, 2H), 7.28 (d, / = 8 Hz, 2H), 7.34 (d, J = 8.5
Hz, 1H), 7.39 (dd, / = 5.3 & 1.8 Hz, 1H), 7.59 (dd, J = 8.8 & 1.8 Hz, 1H), 8.15 (s, 1H), 8.34 (d, J
= 5.5 Hz, 1H), 8.42 (2, 1H), 10.68 (s, 1H), 11.56 (s, 1H); *C (DMSO-ds, 100 MHz) & 21.12,
43.13, 110.56, 115.14, 117.31, 119.64, 125.49, 127.39, 129.32 (2C), 129.59 (2C), 133.22,
136.08, 141.99, 148.79, 150.45, 150.58, 153.29, 170.78; HRMS: For C;1H1sNsO requires
358.1662 found 358.1660.
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6.47. 3-(2-(2-Phenylacetamido)pyridin-4-yl)benzamide 30

o]
NH,
98 Ve
o
N N
H
N-(4-chloropyridin-2-yl)-2-phenylacetamide (123 mg, 0.5 mmol), 3-

aminocarbonylphenylboronic acid (99 mg, 0.6 mmol, 1.2 equiv.) and Pd(dppf)Cl, (26 mg,
0.05 mmol, 0.1 equiv.), were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen. Ethanol (1.5 mL) was added and the suspension brought to 90 °C
with stirring before addition of KsPO, (O,-free, 1 M, 0.75 mL). Stirring continued for 24
hours. Reaction was quenched with water (5 mL) to yield a brown solid which was filtered
and further washed with water (5 x 10 mL) and ethyl acetate/1% methanol (10 x 5 mL) to
yield title product (80 mg, 48%). (LC-MS purity = > 99.9%); *H (DMSO-ds, 400 MHz) 6 3.77 (s,
2H), 7.26 (m, 1H), 7.35 (m, 4H), 7.49 (d, J = 5.5 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H), 7.85 (d, J =
7.8 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H), 8.14 (s, 1H), 8.20 (s, 1H), 8.42 (br s, 2H), 10.83 (s, 1H);
13C (DMSO-ds, 100 MHz) & 43.47, 111.23, 117.86, 126.28, 127.06, 128.72, 128.77 (2C),
129.72 (3C), 129.97, 135.66, 136.19, 138.13, 149.13, 149.19, 153.34, 167.90, 170.74; HRMS
(ESI +ve): For CH1sN30; requires 332.1394 found 332.1388.
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6.48. 4-(2-(2-Phenylacetamido)pyridin-4-yl)benzamide 31

O+__NH,

N-(4-chloropyridin-2-yl)-2-phenylacetamide (123 mg, 0.5 mmol), 4-
aminocarbonylphenylboronic acid (99 mg, 0.6 mmol, 1.2 equiv.) and Pd(dppf)Cl, (26 mg,
0.05 mmol, 0.1 equiv.), were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen. Ethanol (1.5 mL) was added and the suspension brought to 90 °C
with stirring before addition of KsPO, (O,-free, 1 M, 0.75 mL). Stirring continued for 24
hours. Reaction was quenched with water (5 mL) to yield a brown solid which was filtered
and further washed with water (5 x 10 mL) and ethyl acetate/1% methanol (10 x 5 mL) to
yield title product (27 mg, 17%). (LC-MS purity = 97.6%); *H (DMSO-ds, 400 MHz) & 3.77 (s,
2H), 7.26 (m, 1H), 7.35 (m, 4H), 7.44 (br s, 1H), 7.47 (dd, J = 5.1 & 1.6 Hz, 1H), 7.97 (d, / = 8.5
Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 8.07 (br s, 1H), 8.42 (m, 2H), 10.84 (s, 1H); 13C (DMSO-ds,
100 MHz) 6 43.46, 111.20, 117.81, 127.07, 127.12 (2C), 128.77 (2C), 128.77 (2C), 128.82
(2C), 129.97 (2C), 135.28, 136.19, 140.58, 148.81, 149.18, 153.35, 167.75, 170.78; HRMS
(ESI +ve): For CH1sN30; requires 332.1394 found 332.1388.
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6.49. N-(4-(1H-benzo[d]imidazol-6-yl)pyridin-2-yl)-2-phenylacetamide 32

N=—\
NH

N-(4-chloropyridin-2-yl)-2-phenylacetamide (123 mg, 0.5 mmol), 1H-benzimidazole-5-
boronic acid pinacol ester (146.5 mg, 0.6 mmol, 1.2 equiv.) and Pd(dppf)Cl, (26 mg, 0.05
mmol, 0.1 equiv.), were placed in a 2-5 mL microwave vial which was sealed and purged
with nitrogen. Ethanol (1.5 mL) was added and the suspension brought to 90 °C with stirring
before addition of K3PO,4 (O,-free, 1 M, 0.75 mL). Stirring continued for 24 hours. Resultant
solution was cooled and quenched with water (5 mL) to yield a brown solid. Organics were
extracted into ethyl acetate (100 mL), dried over magnesium sulphate and adsorbed onto
silica under reduced pressure. Chromatographic purification (Biotage SP4, 50 g cartridge,
solvent system: ethyl acetate/methanol, 0% 4CV; 0-2% 2CV; 2% 1CV; 2-5% 1CV; 5% 3CV; 2-
10% 2CV; 10% 3 CV) yielded title product as a pale brown solid (16 mg, 10%). (LC-MS purity
= 87.6%); 1H (DMSO-d6, 400 MHz) & 3.77 (s, 1H), 6.57 (brs, 1H), 7.65 (m, 1H), 7.36 (m, 4H),
7.48 (d, ) = 4 Hz, 1H), 7.56 (d, J = 6.5 Hz, 1H), 7.71 (m, 1H), 7.93 (m, 1H), 8.31 (s, 1H), 8.36 (d,
J = 5.3 Hz, 1H), 8.45 (s, 1H), 10.77 (s, 1H), 12.59 (br s, 1H); HRMS (ESI +ve): For CaoH1sN4O
requires 329.1397 found 329.1396.
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6.50. N-(4-(4-((dimethylamino)methyl)phenyl)pyridin-2-yl)-2-phenylacetamide
33

N-(4-chloropyridin-2-yl)-2-phenylacetamide (123 mg, 0.5 mmol), 4-((N,N-
dimethylamino)methyl)phenylboronic acid pinacol ester (155 mg, 0.6 mmol, 1.2 equiv.) and
Pd(dppf)Cl; (26 mg, 0.05 mmol, 0.1 equiv.), were placed in a 2-5 mL microwave vial which
was sealed and purged with nitrogen. Ethanol (1.5 mL) was added and the suspension
brought to 90 °C with stirring before addition of KsPO4 (O,-free, 1 M, 0.75 mL). Stirring
continued for 24 hours. Resultant solution was cooled and diluted in ethyl acetate, washed
with water and adsorbed onto silica under reduced pressure. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: ethyl acetate/methanol, 0% 4CV; 0-2% 2CV;
2% 3CV; 2-10% 1CV; 10% 2 CV) yielded title product as a sticky brown solid (116 mg, 67%).
(LC-MS purity = 96.0%); *H (DMSO-ds, 400 MHz) & 2.16 (s, 6H), 3.44 (s, 2H), 3.75 (s, 2H), 7.25
(m, 1H), 7.34 (m, 4H), 7.42 (m, 3H), 7.66 (d, J = 7.9 Hz, 2H), 8.37 (m, 2H), 10.82 (s, 1H); 33C
(DMSO-ds, 100 MHz) 6 43.50, 45.42 (2C), 63.39, 110.99, 117.53, 126.99 (2C), 127.03, 128.74
(2€), 129.69 (2C), 129.96 (2C), 136.24, 136.64, 140.75, 149.00, 149.51, 153.31, 170.69;
HRMS (ESI +ve): For C22H23Ns0 requires 346.1914 found 346.1913.
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6.51. 4-Bromo-N-phenethylpyridin-2-amine

Br

4-Bromo-2-fluoropyridine (0.10 mL, 1 mmol), phenethylamine (1.17 mL, 10 mmol) and
ethanol (2 mL) were placed in a 2-5 mL microwave vial which was sealed and purged with
nitrogen for 5 mins. Reaction mixture was microwaved at 140 °C for 40 mins then at 160 °C
for 3 hours. Reaction was diluted with water (5 mL) and filtered, washing with a further 200
mL of water (20 x 10 mL) and hexane (8 x 10 mL) to yield title product as a pale yellow solid
(223 mg, 80%). (LC-MS purity = 87.9%); 'H (DMSO-ds, 400 MHz) 6 2.81 (t, J = 7.5 Hz, 2H),
3.45 (q, J = 6.6 Hz, 2H), 6.65 (d, J = 4.8 Hz, 1H), 6.68 (s, 1H), 6.89 (m, 1H), 7.26 (m, 1H) 7.86
(d, J = 5.3 Hz, 1H); 3C (DMSO-ds, 100 MHz) 6 35.45, 42.80, 110.62, 114.64, 126.49, 128.77
(2C), 129.16 (2C), 132.08, 140.24, 149.56, 160.13.
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6.52. 5-((2-Phenethylamino)pyridin-4-yl)-3-amino-1H-indazole 34

4-Bromo-N-phenethylpyridin-2-amine (111 mg, 0.4 mmol), 5-(4,4,5,5-Tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indazol-3-amine (110 mg, 0.42 mmol), Pd(dtbpf)Cl, (26 mg, 0.04
mmol) and ethanol (1.12 mL) were placed in a 2-5 mL microwave vial which was sealed and
purged with nitrogen for 5 mins. KsPO4 (1 M, 0.56 mL) was added and the solution stirred at
70 °C for 24 hours. Organics were extracted into ethyl acetate (50 mL), washed with water
and dried over magnesium sulphate. This was filtered and organics adsorbed onto silica.
Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system: ethyl
acetate/methanol, 0% 2CV; 0-5% 3CV; 5% 4CV) yielded title product as a brown solid (58
mg, 44%). (LC-MS purity = 98.7%); *H (DMSO-ds, 400 MHz) & 2.88 (t, J = 7.4 Hz, 2H), 3.54 (q,
J = 6.8 Hz, 2H), 5.47 (s, 2H), 6.55 (t, J = 5.5 Hz, 1H), 6.73 (s, 1H), 6.80 (dd, J = 5.3 & 1.5 Hz,
1H), 7.21 (m, 1H) 7.30 (m, 5H), 7.54 (dd, J = 8.8 & 1.8 Hz, 1H), 8.04 (d, J = 5.3 Hz, 1H), 8.09(d,
J =1 Hz, 1H), 11.52 (br s, 1H); *C (DMSO-ds, 100 MHz) & 35.80, 43.14, 104.99, 110.28,
110.32, 115.08, 119.06, 125.39, 126.41, 128.31, 128.76 (2C), 129.17 (2C), 141.05, 141.87,
148.60, 149.14, 150.29, 159.93; HRMS (ESI +ve): For CyHisNs requires 330.1713 found
330.1712.
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6.53. N-(4-chloropyridin-2-yl)-3-phenylpropanamide

2-Amino-4-chloropyridine (167 mg, 1.3 mmol) and hydrocinnamic acid (150.2 mg, 1 mmol)
were dissolved in THF (5 mL, anhydrous) to which triethylamine (0.54 mL, 4 mmol) was
added. Stirring continued for 15 mins before addition of T3P (50% w/w in DMF, 1.16 mL, 2
mmol). Reaction mixture was stirred at room temperature for 28 hours. Reaction was
qguenched with water (50 mL), and organics extracted into ethyl acetate (250 mL). These
were dried over magnesium sulphate, filtered and adsorbed onto silica under reduced
pressure. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent system:
hexane/ethyl acetate, 30% 3CV; 30-50% 3CV; 50% 3CV) yielded title product as an off-white
solid (78 mg, 30%). (LC-MS purity = ??.?%); *H (DMSO-ds, 400 MHz) & 2.73 (t-like, J = 7.6 Hz,
2H), 2.91 (t-like, J = 7.6 Hz, 2H), 7.23 (m, 6H), 8.19 (d, J/ = 1.8 Hz, 1H), 8.29 (d, J/ = 5.5 Hz, 1H),
10.76 (s, 1H); *C (DMSO-ds, 100 MHz) 6 30.97, 38.10, 113.27, 119.71, 126.44, 128.73 (2C),
128.78 (2C), 141.42, 144.39, 149.88, 153.60, 172.34.
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6.54. N-(4-(3-amino-1H-indazol-5-yl)pyridin-2-yl)-3-phenylpropanamide 35

HN/'\i
NH,
N O
P
N N
H

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-3-amine (43 mg, 0.17 mmol), N-
(4-chloropyridin-2-yl)-3-phenylpropanamide (37 mg, 0.14 mmol) in ethanol (O.-free, 0.4
mL) and Pd(dtbpf)Cl; (9 mg, 0.017 mmol) were placed in a 2-5 mL microwave vial which was
sealed and purged with nitrogen for 5 mins. The suspension stirred at 50 °C under nitrogen
for a further 5 mins. KsPO4 (1 M, 0.2 mL) was added and the solution stirred at 70 °C for 24
hours. Reaction was quenched with water (5 mL) and precipitate was filtered, washed with
water (10 x 5 mL) and hexane (5 x 5 mL), dissolved in ethyl acetate and adsorbed onto silica
under reduced pressure. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent
system: ethyl acetate/methanol, 0% 2CV; 0-5% 3CV; 5% 4CV) yielded title product as a
grey/green solid (27 mg, 54%). (LC-MS purity = 97.3%); *H (DMSO-ds, 400 MHz) § 2.76 (t, J =
7.3 Hz, 2H), 2.94 (t, J = 7.8 Hz, 2H), 5.55 (s, 2H), 7.19 (m, 1H), 7.29 (m, 4H), 7.37 (m, 2H),
7.60 (dd, J = 8.8, 1.5 Hz, 1H), 8.17 (s, 1H), 8.32 (d, J = 5.3 Hz, 1H), 8.46 (s, 1H), 10.51 (s, 1H),
11.59 (br s, 1H); 3C (DMSO-ds, 100 MHz) § 31.10, 38.10, 110.63, 115.16, 117.18, 119.66,
125.51, 126.42, 127.47, 128.75 (2C), 128.79 (2C), 141.59, 142.00, 148.75, 150.46, 150.56,
153.28, 171.92; HRMS (ESI +ve): For C21H1sNsO requires 358.1662 found 358.1659.
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6.55. 3-(Pyridine-4-yl)benzamide 36

NH,

\

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 4-chloropyridine hydrochloride (119
mg, 0.8 mmol) and Pd(dtbpf)Cl; (26 mg, 0.04 mmol) were placed in a 10-20 mL microwave
vial which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and the
suspension brought to 90 °C with stirring before addition of K3PO, (O,-free, 1 M, 1.6 mL).
Stirring continued for 24 hours. Resultant solution was diluted in ethyl acetate, washed
with water and adsorbed onto silica under reduced pressure. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: isocratic, ethyl acetate/0.5%
triethylamine/10% methanol; 15 CV yielded product as a white solid. (130 mg, 82%). (LC-MS
purity = 99.7%); 'H (DMSO-ds, 500 MHz) & 7.49 (br's, 1H), 7.61 (t, J = 7.7 Hz, 1H), 7.77 (dd, J
= 4.4 & 1.6 Hz, 2H), 7.95 (m, 2H), 8.15 (brs, 1H), 8.28 (t, J = 1.7 Hz, 1H), 8.66 (dd, J = 4.7 &
1.6 Hz, 2H); 3C (DMSO-ds, 125 MHz) & 121.8, 126.23, 128.83, 129.74, 130.00, 135.66,
137.65, 146.92, 150.77, 167.93; HRMS (ESI +ve): For C12H11N20O requires 199.0866 found
199.0864.
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6.56. 3'-Amino-[1,1'-biphenyl]-3-carboxamide 37

o
‘ NH,

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 3-chloroaniline (84 L, 0.8 mmol) and
Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 10-20 mL microwave vial which was
sealed and purged with nitrogen. Ethanol (3.2 mL) was added and the suspension brought
to 90 °C with stirring before addition of KsPO4 (O2-free, 1 M, 1.6 mL). Stirring continued for
24 hours. Resultant solution was diluted in ethyl acetate, washed with water and adsorbed
onto silica under reduced pressure. Chromatographic purification (Biotage SP4, 50 g
cartridge, solvent system: pet. ether/ethyl acetate, 20%, 2 CV; 20-80%, 1 CV; 80%, 4 CV;
100%, 6 CV) yielded product as a pale yellow solid (132 mg, 78%). (LC-MS purity = 99.1%);
'H (DMSO-ds, 500 MHz) & 5.16 (s, 2H), 6.58 (dd, J = 8 & 1.4 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H),
6.89 (t,J = 1.7 Hz, 1H), 7.11 (t, J = 7.8 Hz, 1H), 7.38 (brs, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.49 (d,
J=7.8Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 8.07 (m, 2 H); 3C (DMSO-ds,
125 MHz) 6 112.67, 113.88, 114.90, 126.06, 126.62, 129.16, 129.60, 129.92, 135.25, 140.77,
141.52, 149.64, 168.39; HRMS (ESI +ve): For C13H13N,0 requires 213.1022 found 213.1021.
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6.57. 3-(2-Aminopyridin-4-yl)benzamide 38

NH,

X

P

N” NH,

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 2-amino-4-chloropyridine (102 mg,
0.8 mmol) and Pd(dtbpf)Cl; (26 mg, 0.04 mmol) were placed in a 10-20 mL microwave vial
which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and the
suspension brought to 90 °C with stirring before addition of K3PO, (O,-free, 1 M, 1.6 mL).
Stirring continued for 24 hours. Resultant solution was diluted in ethyl acetate, washed
with water and adsorbed onto silica under reduced pressure. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: pet. ether/ethyl acetate, 20%, 2 CV; 20-80%, 1
CV; 80%, 4 CV; 100%, 6 CV) yielded product as a pale yellow solid (42 mg, 25%) (LC-MS
purity = 97.6%); *H (DMSO-ds, 500 MHz) & 5.98 (s, 2H), 6.76 (s, 1H), 6.84 (d, J = 4.4 Hz, 1H),
7.43 (s, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 8.00 (d, J
= 4.7 Hz, 1H), 8.09 (s, 1H), 8.14 (s, 1H); 13C (DMSO-ds, 125 MHz) & 105.66, 110.58, 125.99,
128.17, 129.49, 129.59, 135.46, 138.88, 148.07, 148.99, 160.95, 168.06; HRMS (ESI +ve):
For C12H12N30 requires 214.0975 found 214.0973.
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6.58. 3-(6-Aminopyrimidin-4-yl)benzamide 39

NH,

/:Z
\§

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 6-amino-4-chloropyrimidine (104 mg,
0.8 mmol) and Pd(dtbpf)Cl; (26 mg, 0.04 mmol) were placed in a 10-20 mL microwave vial
which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and the
suspension brought to 80 °C with stirring before addition of K3PO, (O,-free, 1 M, 1.6 mL).
Stirring continued for 24 hours. Reaction was allowed to cool to room temperature before
water (10 mL) was added. Resultant suspension was filtered, washing with small quantities
of water, pet. ether and methanol to yield product as a pale yellow solid (66 mg, 39%) (LC-
MS purity = 87.7%); *H (DMSO-ds, 500 MHz) § 6.93 (br s, 2H), 6.96 (br's, 1H), 7.42 (br s, 1H),
7.56 (m, 1H), 7.95 (d, J = 6 Hz, 1H), 8.11 (br s, 2H), 8.46 (br s, 2H); 13C (DMSO-ds, 125 MHz) &
100.47, 126.06, 129.19, 129.31, 129.48, 135.30, 137.87, 159.13, 160.80, 164.92, 168.12;
HRMS (ESI +ve): For C11H11N4O requires 215.0927 found 215.0925.
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6.59. 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzamide 40

NH,

NTX
L7

Iz __

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 4-chloro-7H-pyrrolo[2,3-d]pyrimidine
(123 mg, 0.8 mmol) and Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 10-20 mL
microwave vial which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added
and the suspension brought to 80 °C with stirring before addition of K3PO,4 (O,-free, 1 M, 1.6
mL). Stirring continued for 24 hours. Reaction was allowed to cool to room temperature
before water (10 mL) was added. Resultant suspension was filtered, washing with small
guantities of water, pet. ether and methanol to yield product as a pale brown solid (136
mg, 71%). (LC-MS purity = 98.4%); *H (DMSO-ds, 500 MHz) & 6.90 (br s, 1H), 7.47 (br's, 1H),
7.68 (m, 2H), 8.03 (d, J = 6.3 Hz, 1H), 8.15 (br s, 1H), 8.30 (d, J = 6 Hz, 1H), 8.64 (br s, 1H),
8.86 (brs, 1H), 12.29 (br s, 1H); 3C (DMSO-ds, 125 MHz) § 100.34, 115.06, 128.12, 128.41,
129.32 (2C), 131.66, 135.49, 138.48, 151.38, 153.11, 155.43, 168.18; HRMS (ESI +ve): For
C13H1:N4O requires 239.0927 found 239.0924.
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6.60. 3-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzamide 41

NH,

X
7
N

Iz _

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 4-bromo-7H-pyrrolo[2,3-b]pyridine
(157 mg, 0.8 mmol) and Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 10-20 mL
microwave vial which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added
and the suspension brought to 70 °C with stirring before addition of K3PO,4 (O,-free, 1 M, 1.6
mL). Stirring continued for 24 hours. Reaction was allowed to cool to room temperature
before water (10 mL) was added. Resultant suspension was filtered, washing with small
guantities of water, pet. ether and methanol to yield product as a pale brown solid (144
mg, 76%). (LC-MS purity = >99.9%); *H (DMSO-ds, 500 MHz) & 6.61 (br s, 1H), 7.25 (d, J= 3.5
Hz, 1H), 7.45 (brs, 1H), 7.56 (br s, 1H), 7.63 (t, J = 6.6 Hz, 1H), 7.91 (d, J = 6.9 Hz, 1H), 7.95
(d, J = 6.6 Hz, 1H), 8.12 (br's, 1H), 8.25 (br's, 1H), 8.31 (d, J = 2.8 Hz, 1H), 11.82 (br s, 1H); 3C
(DMSO-ds, 125 MHz) 6 99.37, 114.80, 117.70, 127.28, 127.68, 127.85, 129.44, 131.39,
135.57, 138.97, 140.11, 143.41, 149.63, 168.23; HRMS (ESI +ve): For CisH1,NsO requires
238.0975 found 238.0972.
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6.61. 3-(2-Amino-7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzamide 42

NS
N7

H,oN

Iz _

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 4-chloro-7H-pyrrolo[2,3-d]pyrimidin-
2-amine (135 mg, 0.8 mmol) and Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 10-20
mL microwave vial which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added
and the suspension brought to 90 °C with stirring before addition of K3PO,4 (O,-free, 1 M, 1.6
mL). Stirring continued for 24 hours. Reaction was allowed to cool to room temperature
before water (20 mL) was added. Resultant suspension was filtered, washing with water
and pet. ether to yield product as a tan solid (189 mg, 93%). (LC-MS purity = 97.6%); H
(DMSO-ds, 400 MHz) 6 6.16 (s, 2H), 6.57 (d, J = 2 Hz, 1H), 7.14 (brs, 1H), 7.43 (br s, 1H), 7.61
(t,J = 7.7 Hz, 1H), 7.98 (d, J = 7.8 Hz, 1H), 8.01 (br's, 1H), 8.18 (d, J = 7.8 Hz, 1H), 8.54 (s, 1H),
11.29 (br s, 1H); 3C (DMSO-ds, 100 MHz) §100.32, 108.15, 123.61, 128.06, 128.78, 128.93,
131.40, 135.24, 139.03, 155.79, 156.59, 160.40, 168.31; HRMS (ESI +ve): For Ci3H1:NsO
requires 254.1036 found 254.1036.
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6.62. 3-(2,6-Diaminopyrimidin-4-yl)benzamide 43

H,oN

N™

P

H,N™ N” NH,

3-Carboxamidephenylboronic acid (165 mg, 1 mmol), 6-chloropyrimidine-2,4-diamine (116
mg, 0.8 mmol) and Pd(dtbpf)Cl; (26 mg, 0.04 mmol) were placed in a 10-20 mL microwave
vial which was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and the
suspension brought to 90 °C with stirring before addition of K3PO, (O,-free, 1 M, 1.6 mL).
Stirring continued for 24 hours. Reaction was allowed to cool to room temperature before
water (20 mL) was added. Resultant suspension was filtered, washing with water and pet.
ether to yield product as a tan solid (158 mg, 86%). (LC-MS purity = 87.5%); 'H (DMSO-ds,
400 MHz) &6 5.98 (s, 2H), 6.28 (s, 1H), 6.36 (br s, 2H), 7.39 (br s, 1H), 7.52 (t, J = 7.7 Hz, 1H),
7.91 (d, J = 7.8 Hz, 1H), 8.04 (m, 2H), 8.41 (s, 1H); 13C (DMSO-ds, 100 MHz) & 91.28, 126.16,
128.62, 128.76, 129.34, 135.03, 138.93, 162.16, 164.16, 164.18, 165.72, 168.37; HRMS (ESI
+ve): For C11H1,Ns0 requires 230.1036 found 230.1037.
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6.63. 4-Phenyl-7H-pyrrolo[2,3-d]pyrimidine 44

N™ S\
|
kN/H

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (123 mg, 0.8 mmol), phenylboronic acid (122 mg, 1
mmol) and Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which
was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and stirring continued
under nitrogen for a further 5 minutes. The suspension brought to 90 °C with stirring before
addition of KsPO, (O,-free, 1 M, 1.6 mL). Stirring continued for 24 hours. Reaction was
allowed to cool to room temperature before water (5 mL) was added. Precipitate was
filtered, washing with water and pet. ether, to yield title compound as a pale orange solid
(148 mg, 95%). (LC-MS purity = 91.5%); 'H (DMSO-ds, 400 MHz) & 6.88 (d, J = 3.5 Hz, 1H),
7.57 (m, 3H), 7.65 (d, J = 3.5 Hz, 1H), 8.17 (m, 2H), 8.83 (s, 1H), 12.24 (br. s, 1H); **C (DMSO-
ds, 100 MHz) & 99.89, 114.45, 127.64, 128.49 (2C), 128.77 (2C), 137.90, 150.88, 152.56,
155.49. HRMS (ESI +ve): For Ci3H10N3 requires 196.1869 found 196.1868.
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6.64. 4-(m-Tolyl)-7H-pyrrolo[2,3-d]pyrimidine 45

X
Z
N

N
L

Iz __

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol), m-tolylboronic acid (136 mg, 1
mmol) and Pd(dtbpf)Cl, (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which
was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and stirring continued
under nitrogen for a further 5 minutes. The suspension brought to 90 °C with stirring before
addition of KsPO, (O,-free, 1 M, 1.6 mL). Stirring continued for 24 hours. Reaction was
allowed to cool to room temperature before water (5 mL) was added. Precipitate was
filtered, washing with water and pet. ether, to yield title compound as a pale orange solid
(182 mg, 87%). *H (DMSO-ds, 400 MHz) & 2.44 (s, 3H), 6.88 (d, J = 3.5 Hz, 1H), 7.35(d, J= 7.6
Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.64 (d, J = 3.5 Hz, 1H), 7.96 (m, 2H), 8.81 (s, 1H), 12.22 (br.
s, 1H); *C (DMSO-ds, 100 MHz) 6 21.07, 100.00, 114.47, 125.71, 127.53, 128.66, 128.97,
130.58, 137.90, 137.99, 150.84, 152.53, 155.63. HRMS (ESI +ve): For Ci3H1;N3 requires
210.1026 found 210.1028.
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6.65. 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline 46
H,N

NTX
L

N

Iz _

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol), 3-aminophenylboronic acid (137
mg, 1.2 mmol) and Pd(dtbpf)Cl, (36 mg, 0.05 mmol) were placed in a 2-5 mL microwave vial
which was sealed and purged with nitrogen. Ethanol (3 mL) was added and stirring
continued under nitrogen for a further 5 minutes. The suspension brought to 85 °C with
stirring before addition of KsPO, (O,-free, 1 M, 1.5 mL). Stirring continued for 24 hours.
Reaction was allowed to cool to room temperature before water (5 mL) was added.
Organics were extracted into ethyl acetate, washed with water and dried over magnesium
sulphate. Solution was filtered and adsorbed onto silica. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: pet. ether 40-60/ethyl acetate/1%
triethylamine, 50%, 4 CV; 50-100%, 1 CV; 100%, 9 CV; ethyl acetate/1%
triethylamine/methanol, 5%, 4 CV) yielded product as a pale yellow solid (82 mg, 39%). (LC-
MS purity = > 99.9.%); *H (DMSO-ds, 400 MHz) § 5.28 (s, 2H), 6.71 (ddd, /= 7.8, 2.2 & 0.9 Hz,
1H), 6.94 (dd, J = 3.6 & 1.7 Hz, 1H), 7.19 (t, J = 7.7 Hz, 1H), 7.31 (dt, J = 7.5 & 0.9 Hz, 1H),
7.44 (t, J = 1.9 Hz, 1H), 7.60 (dd, J = 3.3 & 2.4 Hz, 1H), 8.77 (s, 1H), 12.15 (br s, 1H); 3C
(DMSO-ds, 100 MHz) 6 100.22, 113.92, 114.37, 115.49, 116.15, 127.09, 129.12, 138.54,
149.01, 150.75, 152.50, 156.37; HRMS (ESI +ve): For Ci2H11Ns requires 211.0978 found
211.0977.
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6.66. 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenol 47

HO

N™ S\
|
kN/ ”

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol), 3-hydroxyphenylboronic acid
(164.3 mg, 1.2 mmol) and Pd(dtbpf)Cl, (36 mg, 0.05 mmol) were placed in a 2-5 mL
microwave vial which was sealed and purged with nitrogen. Ethanol (3 mL) was added and
stirring continued under nitrogen for a further 5 minutes. The suspension brought to 85 °C
with stirring before addition of K3PO4 (O,-free, 1 M, 1.5 mL). Stirring continued for 24 hours.
Reaction was allowed to cool to room temperature before water (5 mL) was added.
Organics were extracted into ethyl acetate, washed with water and dried over magnesium
sulphate. Solution was filtered and adsorbed onto silica. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: pet. ether 40-60/ethyl acetate/1%
triethylamine, 100%, 15 CV) yielded product as a pale yellow solid (72 mg, 34%). (LC-MS
purity = 98.5.%); *H (DMSO-ds, 400 MHz) & 6.84 (dd, J = 3.5 & 1 Hz, 1H), 6.94 (ddd, J = 8, 2.3
& 1.3 Hz, 1H), 7.38 (t, J = 7.9 Hz, 1H), 7.61 (m, 2H), 7.65 (dd, J = 3.4 & 2.1 Hz, 1H), 8.82 (s,
1H), 9.65 (s, 1H), 12.22 (br's, 1H); *3C (DMSO-ds, 100 MHz) 6 100.41, 114.91, 115.63, 117.51,
119.81, 128.02, 130.29, 139.71, 151.31, 153.06, 156.03, 158.13; HRMS (ESI +ve): For
C12H10N4O requires 212.0818 found 212.0818.
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6.67. (3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)methanol 48

HO

L

—

NN
4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol), 3-(hydroxymethyl)phenylboronic
acid (152 mg, 1.2 mmol) and Pd(dtbpf)Cl, (36 mg, 0.05 mmol) were placed in a 2-5 mL
microwave vial which was sealed and purged with nitrogen. Ethanol (3 mL) was added and
stirring continued under nitrogen for a further 5 minutes. The suspension brought to 85 °C
with stirring before addition of K3PO4 (O,-free, 1 M, 1.5 mL). Stirring continued for 24 hours.
Reaction was allowed to cool to room temperature before water (5 mL) was added.
Organics were extracted into ethyl acetate, washed with water and dried over magnesium
sulphate. Solution was filtered and adsorbed onto silica. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: pet. ether 40-60/ethyl acetate, 70-100%, 3 CV;
100%, 13 CV) yielded product as an off-white solid (26 mg, 12%). (LC-MS purity = >99.9%);
'H (DMSO-ds, 400 MHz) 6 4.65 (d, J = 5.5 Hz, 2H), 5.33 (t, J = 5.8 Hz, 1H), 6.90 (d, J = 3.5 Hg,
1H), 7.48 (m, 1H), 7.54 (t, J = 7.5 Hz, 1H), 7.66 (d, J = 3.5 Hz, 1H), 8.05 (dt, / = 7.7 & 1.4 Hz,
1H), 8.17 (d, J = 0.5 Hz, 1H), 8.84 (s, 1H), 12.24 (br s, 1H); **C (DMSO-ds, 100 MHz) & 63.27,
100.49, 114.98, 126.99, 127.36, 128.07, 128.49, 129.02, 138.26, 143.70, 151.37, 153.07,
156.16; HRMS (ESI +ve): For C13H12N30 requires 226.0975 found 226.0972.
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6.68. 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzonitrile 49

Nx

Z/:
\ /7
Iz _

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol), 3-cyanophenylboronic acid (147
mg, 1.2 mmol) and Pd(dtbpf)Cl; (36 mg, 0.05 mmol) were placed in a 2-5 mL microwave vial
which was sealed and purged with nitrogen. Ethanol (3 mL) was added and stirring
continued under nitrogen for a further 5 minutes. The suspension brought to 85 °C with
stirring before addition of KsPO, (O,-free, 1 M, 1.5 mL). Stirring continued for 24 hours.
Reaction was allowed to cool to room temperature before water (5 mL) was added.
Organics were extracted into ethyl acetate, washed with water and dried over magnesium
sulphate. Solution was filtered and adsorbed onto silica. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: pet. ether 40-60/ethyl acetate, 70-100%, 4 CV;
100%, 7 CV; ethyl acetate/methanol, 10%, 6 CV) yielded product as a white solid (82 mg,
37%). (LC-MS purity = 98.4%); *H (DMSO-ds, 400 MHz) & 6.99 (d, J = 3.5 Hz, 1H), 7.73 (d, J =
3.5 Hz, 1H), 7.81 (td, J = 7.8 & 0.5 Hz, 1H), 8.03 (dt, J = 7.9 & 1.3 Hz, 1H), 8.52 (m, 2H), 8.89
(2, 1H), 12.38 (br s, 1H); *C (DMSO-ds, 100 MHz) § 100.20, 112.61, 115.11, 119.02, 128.97,
130.70, 132.26, 133.64, 133.94, 139.47, 151.34, 153.27, 153.62; HRMS (ESI +ve): For
Ci3HsN4 requires 221.0822 found 221.0819.
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6.69. 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzoic acid 50

HO

N7
(7

Iz _

4-Chloro-7H-pyrrolo[2,3-b]pyridine (123 mg, 0.8 mmol), 3-boronobenzoic acid (166 mg, 1
mmol) and Pd(dtbpf)Cl; (26 mg, 0.04 mmol) were placed in a 2-5 mL microwave vial which
was sealed and purged with nitrogen. Ethanol (3.2 mL) was added and stirring continued
under nitrogen for a further 5 minutes. The suspension brought to 90 °C with stirring before
addition of K3P0O4 (02-free, 1 M, 1.6 mL). Stirring continued for 24 hours. Reaction was
allowed to cool to room temperature before water (5 mL) was added. Precipitate was
filtered, washing with water and pet. ether, to yield title compound as a pale orange solid
(183 mg, 96%). (LC-MS purity = 97.5%); *H (DMSO-ds, 400 MHz) 6 6.87 (dd, J = 3.5 & 1.8 Hz,
1H), 7.71 (m, 2H), 8.10 (dt, J = 7.8 & 1.3 Hz, 1H), 8.41 (dt, J = 7.9 & 1.4 Hz, 1H), 8.76 (t, J =
1.6Hz, 1H), 8.87 (s, 1H), 12.32 (br's, 1H), 13.19 (br s, 1H); 33C (DMSO-ds, 100 MHz) & 99.60,
114.48, 128.13, 129.19, 129.27, 130.58, 131.46, 132.63, 138.16, 150.90, 152.99, 154.69,
154.37, 167.01; HRMS (ESI +ve): For Ci13H10N30; requires 240.0768 found 240.0768.
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6.70. 1-(3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)urea 51

H
H,N_ _N

b

O

N™ S\
I
kN/H

3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline (42 mg, 0.2 mmol) and potassium cyanate (52
mg, 0.6 mmol) were diluted in acetic acid (9 mL) and water (1 mL) and stirred at room
temperature for 24 hours. Solution was diluted in water and organics were extracted into
ethyl acetate before solvent was removed under reduced pressure to yield title compound
as a pale brown solid (18 mg, 36%). (LC-MS purity = 95.0%); *H (DMSO-ds, 400 MHz) & 5.89
(s, 2H), 6.90 (d, J = 3.5 Hz, 1H), 7.41 (t, J = 7.7 Hz, 1H), 7.50 (ddd, J = 8.0, 2.2 & 1 Hz, 1H),
7.64 (d, J=3 Hz, 1H), 7.72 (dt, / = 7.8 & 1.3 Hz, 1H), 8.36 (t, / = 1.9 Hz, 1H), 8.80 (s, 1H), 8.81
(s, 1H), 12.21 (br s, 1H); *C (DMSO-ds, 100 MHz) 6 100.01, 114.44, 117.96, 119.18, 121.18,
127.48, 128.98, 138.18, 140.94, 150.79, 152.58, 155.59, 156.03; HRMS (ESI +ve): For
C13H12NsO requires 254.1036 found 254.1035.
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6.71. 3-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzenesulfonamide 52

0, O
H,N

X
Pz
N

Iz _

4-Chloro-7H-pyrrolo[2,3-b]pyridine (38 mg, 0.25 mmol), (3-sulfamoylphenyl)boronic acid
(50 mg, 0.25 mmol) and Pd(dtbpf)Cl, (16.3 mg, 0.025 mmol) were placed in a 2-5 mL
microwave vial which was sealed and purged with nitrogen. Dioxane (1.5 mL) was added
and stirring continued under nitrogen for a further 5 minutes. The suspension brought to
110 °C with stirring before addition of K,CO; (O,-free, 2 M, 0.5 mL, 1 mmol). Stirring
continued for 24 hours. Reaction was allowed to cool to room temperature before water (5
mL) was added. Organics were extracted into ethyl acetate, washed with water and dried
over magnesium sulphate. Solution was filtered and adsorbed onto silica. Chromatographic
purification (Biotage SP4, 10 g cartridge, solvent system: ethyl acetate, 100%, 10 CV)
yielded product as a pale brown solid (25 mg, 37%). (LC-MS purity = 96.3%); *H (DMSO-ds,
400 MHz) 6 6.64 (dd, J = 3.3 & 1.8 Hz, 1H), 7.23 (d, J = 5.1 Hz, 1H), 7.46 (s, 2H), 7.61 (t, J = 3
Hz, 1H), 7.75 (t, J = 7.6 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 8.22 (s, 1H),
8.33 (d, J = 4.8 Hz, 1H), 11.88 (br s, 1H); *C (DMSO-ds, 100 MHz) & 98.66, 114.16, 117.04,
125.19, 125.34, 127.16, 129.80, 131.40, 138.61, 139.10, 142.99, 144.77, 149.16; HRMS (ESI
-ve): For C13H10N30,S requires 272.0499 found 272.0504.
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6.72. N-(3-(dimethylamino)propyl)-3-(7H-pyrrolo[2,3-d]pyrimidin-4-
yl)benzamide 53

A
L

Iz __

3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzoic acid (120 mg, 0.5 mmol), N,N-dimethylpropane-
1,3-diamine (81 pL, 0.65 mmol) and triethylamine (0.27 mL, 2 mmol) were stirred in THF (8
mL) under nitrogen for 5 mins after which T3P (50% w/w in DMF, 0.58 mL, 1 mmol) was
added and the solution stirred at room temperature for 24 hours. Solution was diluted in
water, extracted into ethyl acetate and dried over magnesium sulphate. Solution was
filtered and solvent removed under reduced pressure. Solids were triturated with ethyl
acetate (2 mL) and oven dried to yield title product as a white solid (51 mg, 32%) (LC-MS
purity = 86.0%); 'H (DMSO-ds, 400 MHz) & 1.73 (qu, J = 7.1 Hz, 2H), 2.26 (s, 6H), 2.42 (t, J =
6.9 Hz, 2H), 3.34 (m, 2H), 6.91 (dd, J = 3.5 & 1.5 Hz, 1H), 7.96 (m, 2H), 8.00 (dt, J = 8 & 1.3
Hz, 1H), 8.31 (dt, J = 7.8 & 1.4 Hz, 1H), 8.62 (t, J = 1.6 Hz, 1H), 8.73 (t, J = 5.5 Hz, 1H), 8.88 (s,
1H), 12.31 (br s, 1H); 3C (DMSO-ds, 100 MHz) 6 27.07, 38.17, 45.20, 57.14, 100.33, 115.05,
127.65, 128.45, 129.06, 129.38, 131.51, 135.78, 138.49, 151.39, 153.13, 155.38, 166.35;
HRMS (ESI +ve): For Ci1sH22NsO requires 324.1819 found 324.1822.
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6.73. N-(3-methoxypropyl)-3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzamide 54

Z/:
\ /
IZ/

3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzoic acid (120 mg, 0.5 mmol), 3-methoxypropylamine
(76 uL, 0.75 mmol) and triethylamine (0.27 mL, 2 mmol) were stirred in THF (8 mL) under
nitrogen for 5 mins after which T3P (50% w/w in DMF, 0.58 mL, 1 mmol) was added and the
solution stirred at room temperature for 24 hours. Solution was diluted in water, extracted
into ethyl acetate and dried over magnesium sulphate. Solution was filtered and solvent
removed under reduced pressure. Solids were triturated with diethyl ether (2 mL) and oven
dried to yield title product as an off-white solid (58 mg, 37%) (LC-MS purity = 97.2%); 'H
(DMSO-ds, 400 MHz) 6 1.80 (qu, J = 6.7 Hz, 2H), 3.31 (s, 3H), 3.36 (q, / = 6.8 Hz, 2H), 3.41 (t,
J=6.3 Hz, 2H), 6.91 (dd, J = 3.5 & 1.5 Hz, 1H), 7.69 (m, 2H), 8.00 (dt, J = 7.9 & 1.3 Hz, 1H),
8.31 (dt, J = 7.8 & 1.4 Hz, 1H), 8.62 (t, J = 1.6 Hz, 1H), 8.65 (t, J = 5.5 Hz, 1H), 8.88 (s, 1H),
12.31 (br s, 1H); 3C (DMSO-ds, 100 MHz) 629.69, 37.18, 58.41, 70.27, 100.35, 115.06,
127.72, 128.42, 129.10, 129.38, 131.52, 135.83, 138.48, 151.41, 153.13, 155.40, 166.41;
HRMS (ESI +ve): For C17H15N4O; requires 311.1503 found 311.1504.
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6.74. N-isopentyl-3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzamide 55
)\/\ i

N
H

N7
(7

Iz _

3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzoic acid (120 mg, 0.5 mmol), 3-methylbutan-1-
amine (88 uL, 0.75 mmol) and triethylamine (0.27 mL, 2 mmol) were stirred in THF (8 mL)
under nitrogen for 5 mins after which T3P (50% w/w in DMF, 0.58 mL, 1 mmol) was added
and the solution stirred at room temperature for 24 hours. Solution was diluted in water,
extracted into ethyl acetate and dried over magnesium sulphate. Solution was filtered and
solvent removed under reduced pressure. Solids were triturated with diethyl ether (2 mL)
and oven dried to yield title product as an off-white solid (60 mg, 39%) (LC-MS purity =
96.8%); 'H (DMSO-ds, 400 MHz) & 0.92 (s, 3H), 0.94 (s, 3H) 1.47 (q, J = 6.9 Hz, 2H), 1.47
(sept, J = 6.6 Hz, 1H), 3.34 (m, 2H), 6.91 (d, J = 3.5 Hz, 1H), 7.68 (m, 2H), 8.00 (dt, J = 7.9 &
1.3 Hz, 1H), 8.30 (dt, J = 7.7 & 1.3 Hz, 1H), 8.60 (m, 2H), 8.88 (s, 1H), 12.31 (br s, 1H); 3C
(DMSO-ds, 100 MHz) 6 22.95, 25.84, 38.06, 38.59, 100.33, 115.06, 127.72, 128.47, 129.09,
129.35, 131.46, 135.93, 138.47, 151.40, 153.13, 155.43, 166.27; HRMS (ESI +ve): For
C1sH2:N4O requires 309.1710 found 309.1704.
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6.75. 4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde 90

/O

Cl
X
—
N

Iz _

4-Chloro-1H-pyrrolo[2,3-b]pyridine (1.83 g, 12 mmol) and hexamethylenetetramine (2.52 g,
18 mmol) were suspended in 33% acetic acid (75 mL) and stirred at reflux for 18 h.
Suspension was added to cold water (200 mL) and filtered to yield title compound as an off-
white solid (1.973 g, 91%). *H (DMSO-ds, 400 MHz) § 7.40 (d, J = 5.3 Hz, 1H), 8.29 (d, /= 5.3
Hz, 1H), 8.47 (s, 1H), 10.27 (s, 1H), 13.07 (s, 1H); **C (DMSO-ds, 100 MHz) § 116.21, 116.74,
119.28, 135.52, 136.54, 145.24, 150.83, 184.56.
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6.76. (4-Chloro-1H-pyrrolo[2,3-b]pyridin-3-yl)methanol 91

Cl OH

X
Pz

Iz __

N

4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (180 mg, 1 mmol), sodium borohydride
(76 mg, 2 mmol) and acetic acid (70 pL, 1.25 mmol) were dissolved in DCM/ethanol (15 mL,
2:1) and stirred at room temperature under nitrogen for 24 hours. Water (80 mL) was
added and the precipitate filtered and dried to yield product as a whitish solid (101 mg,
55%). 'H (DMSO-ds, 400 MHz) 6 4.77 (m, 2H), 4.84 (m, 1H), 7.12 (d, J = 5.3 Hz, 1H), 7.45 (d, J
= 2.3 Hz, 1H), 8.12 (d, J = 5.3 Hz, 1H), 11.80 (br s, 1H); *C (DMSO-ds, 100 MHz) & 55.73,
114.85, 115.70, 116.00, 125.43, 134.37, 143.04, 149.72; LRMS (ESI -ve): 181.06, 183.06
(100:29) (CsH6CIN2O, [M-1]")
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6.77. 4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde oxime 92

pH
Cl —N
B
~
N
N"H

4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (903 mg, 5 mmol), hydroxylamine
hydrochloride (834 mg, 12 mmol, pyridine (1.4 mL, 18 mmol), THF (5 mL) and methanol (2.5
mL) were placed in a 10-20 mL microwave vial which was sealed and purged with nitrogen.
Solution was stirred at 70 °C for 4 h before cooling and diluting with water. Precipitate was
filtered to yield product as a white solid (511 mg, 52%). *H (DMSO-ds, 400 MHz) 6 7.30 (d, J
= 5.3 Hz, 1H), 8.19 (s, 1H), 8.24 (d, J = 5 Hz, 1H), 8.54 (s, 1H), 11.54 (s, 1H), 12.53 (br s, 1H);
13C (DMSO-ds, 100 MHz) 6 105.77, 115.40, 118.02, 113.13, 134.91, 137.85, 144.43, 149.00.

219



6.78. 4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbonitrile 93

N
Cl i
B
—

NN

4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde oxime (400 mg, 2.05 mg) was
suspended in DCM (10 mL) and SOCI; (1.5 mL, 20.5 mmol) added under nitrogen.
Suspension was stirred at room temperature for 24 hours before addition of water (50 mL)
and filtering to yield product as a white solid (310 mg, 84%). *H (DMSO-ds, 400 MHz) 6 7.41
(d, J = 5.3 Hz, 1H), 8.34 (d, J = 5.1 Hz, 1H), 8.55 (d, J = 2.3 Hz, 1H), 13.15 (br s, 1H); *C
(DMSO-ds, 100 MHz) 6 82.56, 115.31, 116.50, 118.18, 134.66, 137.31 145.73, 148.23; LRMS
(ESI +ve) found 178.2, 180.2 (3:1) (CgHsCINs, [M+1]*); IR major peaks (cm™): 1311.59,
1334.74,1396.46, 1454.33,1512.19, 1571.99, 2227.78, 2831.50-3138.18.
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6.79. 3-(3-Cyano-1H-pyrrolo[2,3-b]pyridin-4-yl)benzamide 56
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4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbonitrile (89 mg, 0.5 mmol), 3-
carboxamidephenylboronic acid (99 mg, 0.6 mmol) and Pd(dtbpf)Cl, (24 mg, 0.037 mmol)
were placed in a 2-5 mL microwave vial which was sealed and purged with nitrogen.
Ethanol (1.5 mL) was added and stirring continued under nitrogen for a further 5 minutes.
The suspension brought to 80 °C with stirring before addition of KsPO4 (O,-free, 1 M, 0.75
mL). Stirring continued for 24 hours. Solution was allowed to cool to room temperature
before water (5 mL) was added. Organics were extracted into ethyl acetate/methanol 9:1,
dried over magnesium sulfate and adsorbed onto silica. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: ethyl acetate isocratic 6 CV) yielded product as
an off-white solid (133 mg, >99%). (LC-MS purity = 95.0%); *H (DMSO-ds, 500 MHz) § 7.30
(d, J = 4.4 Hz, 1H), 7.44 (s, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.5
Hz, 1H), 8.03 (s, 1H), 8.12 (s, 1H), 8.46 (d, J = 4.7 Hz, 1H), 8.52 (s, 1H), 13.01 (br s, 1H); 3C
(DMSO-ds, 125 MHz) & 83.57, 116.04, 116.34, 118.60, 128.45, 128.59, 128.77, 132.39,
134.89, 136.67, 137.70, 142.15, 145.58, 148.69, 167.93; HRMS (ESI -ve): For CisHsN4O
requires 261.0771 found 261.0785. IR major peaks (cm™): 1321.24, 1336.67, 1386.82,
1413.82, 1485.19, 1514.12, 1566.20, 2214.28, 3014.74-3086.11, 3115.04, 3192.19, 3425.58.
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6.80. 3-(3-Formyl-1H-pyrrolo[2,3-b]pyridin-4-yl)benzamide 57
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4-Chloro-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (542 mg, 3 mmol), 3-
carboxamidephenylboronic acid (693 mg, 4.2 mmol) and Pd(dtbpf)Cl; (98 mg, 0.15 mmol)
were placed in a 10-20 mL microwave vial which was sealed and purged with nitrogen.
Dioxane (7 mL) and K,COs3 (Ox-free, 2 M, 3 mL, 6 mmol) were added and the solution heated
under microwave conditions to 120 °C for 2 hours. Organics were extracted into ethyl
acetate, washed with water and dried over magnesium sulphate. Solution was filtered and
adsorbed onto silica. Chromatographic purification (Biotage SP4, 50 g cartridge, solvent
system: pet. ether 40-60/ethyl acetate, 50%, 6 CV; 50-80%, 4 CV; 80%, 4 CV; 80-100%, 4CV;
100%, 2 CV; ethyl acetate/methanol, 0-10%, 4 CV; 10%, 16 CV; 15%, 11 CV) yielded product
as a pale brown solid (395 mg, 50%). (LC-MS purity = 95.1%); *H (DMSO-ds, 400 MHz) & 7.26
(d, J = 5.3 Hz, 1H), 7.41 (br s, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.65 (d, J = 7.5 Hz, 1H), 8.00 (d, J =
7.8 Hz, 1H), 8.03 (s, 1H), 8.08 (br s, 1H), 8.43 (d, J = 4.8 Hz, 1H), 8.46 (s, 1H), 9.56 (s, 1H),
13.05 (brs, 1H); 3C (DMSO-ds, 100 MHz) 6 115.26, 117.29, 119.48, 127.90, 128.30, 128.59,
132.07, 134.52, 137.20, 139.87, 143.10, 144.80, 150.50, 168.01, 184.00. HRMS (ESI +ve):
For C1sH12N40; requires 266.0924 found 266.0912.
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6.81. 3-(3-(Hydroxymethyl)-1H-pyrrolo[2,3-b]pyridin-4-yl)benzamide 58
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(4-Chloro-1H-pyrrolo[2,3-b]pyridin-3-yl)methanol (91 mg, 0.5 mmol), 3-
carboxamidephenylboronic acid (99 mg, 0.6 mmol) and Pd(dtbpf)Cl, (16.3 mg, 0.025 mmol)
were placed in a 2-5 mL microwave vial which was sealed and purged with nitrogen.
Ethanol (1.5 mL) was added and stirring continued under nitrogen for a further 5 minutes.
The suspension brought to 80 °C with stirring before addition of KsPO4 (O,-free, 1 M, 0.75
mL). Stirring continued for 24 hours. Solution was cooled, extracted into ethyl acetate,
dried over magnesium sulfate and adsorbed onto silica. Chromatographic purification
(Biotage SP4, 50 g cartridge, solvent system: ethyl acetate/methanol; 0% 6 CV; 0-2% 4 CV;
2% 2 CV; 2-5% 2 CV; 5% 2 CV; 5-10% 2 CV; 10% 10 CV) yielded product as a white solid (40
mg, 30%). (LC-MS purity = 98.4%); 'H (DMSO-ds, 500 MHz) & 4.18 (d, J = 5 Hz, 2H), 4.71 (t, J
= 5.3 Hz, 1H), 6.98 (d, J = 4.7 Hz, 1H), 7.42 (m, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.68 (dt, J = 7.7 &
1.2 Hz, 1H), 7.94 (dt, J = 7.8 & 1.4 Hz, 1H), 8.05 (t, J = 2.0 Hz, 1H), 8.24 (d, J = 5.0 Hz, 1H),
11.65 (br s, 1H); **C (DMSO-ds, 125 MHz) 6 56.98, 115.46, 116.01, 116.56, 125.55, 127.58,
128.13, 128.69, 131.78, 134.53, 139.84, 142.03, 142.82, 149.83, 168.17; HRMS (ESI +ve):
For CisH14aN30; requires 268.1081 found 268.1079.
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6.82. 6-Bromoindoline
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6-Bromoindole (1.96 g, 10 mmol) and sodium cyanoborohydride (2.5 g, 40 mmol) were
stirred in glacial acetic acid (50 mL) at room temperature under an inert atmosphere for 2
h. Solution was poured into cold water and neutralised with sodium hydroxide. Organics
were extracted into ethyl acetate , dried over magnesium sulfate and isolated in vacuo to
yield title compound as a brown solid (601 mg, 30%). *H (DMSO-ds, 500 MHz) § 2.89 (t, J =
8.5 Hz, 2H), 3.47 (t, J = 8.5 Hz, 2H), 6.62 (d, J = 1.5 Hz, 1H), 6.65 (dd, J = 7.7 & 1.8 Hz, 1H),
6.96 (d, J = 7.6 Hz, 1H); 3C (DMSO-ds, 125 MHz) § 28.49, 46.63, 110.38, 118.68, 119.74,
125.65, 128.25, 154.47; LRMS (ESI +ve): 198.13, 200.13 (50:48) (CsHsBrN, [M+1]*)
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6.83. 4-(Indolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine 63
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4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol), indoline (274 pL, 2 mmol) were
stirred in dioxane (1 mL) under microwave conditions at 130 °C for 2 hours. The suspension
was filtered and washed with water to yield title compound as an off-white solid (206 mg,
87%). (LC-MS purity > 99.9%); *H (DMSO-ds, 400 MHz) & 3.29 (t, J = 8.5 Hz, 2H), 4.53 (t, J =
8.5 Hz, 2H), 6.73 (d, J = 3.5 Hz, 1H), 6.95 (td, J = 7.4 & 1 Hz, 1H), 7.19 (td, J = 7.8 & 1 Hz, 1H),
7.26 (dd, J = 7.3 & 0.8 Hz, 1H), 7.30 (d, J = 3.5 Hz, 1H), 8.34 (s, 1H), 8.57 (d, J = 7.8 Hz, 1H),
11.88 (br s, 1H); **C (DMSO-ds, 100 MHz) & 28.23, 50.52, 101.67, 104.15, 117.02, 122.26,
122.55, 125.07, 127.22, 132.23, 144.72, 150.78, 152.43, 153.98; HRMS (ESI +ve): For
Ci4H13N4 requires 237.1135 found 237.1134.
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6.84. 4-(6-Bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine 64
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4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol) and 6-bromoindoline (198 mg, 1
mmol) were stirred in IPA (2 mL) and dioxane (1 mL) under microwave conditions at 130 °C
for 2 hours. Solvent was removed in vacuo to yield title compound as a blue solid (315 mg,
>99%). (LC-MS purity = 96.3.%); 'H (DMSO-ds, 400 MHz) § 3.24 (t, J = 8.6 Hz, 2H), 4.56 (t, J =
8.6 Hz, 2H), 6.75 (dd, J = 3.5 & 1.8 Hz, 1H), 7.11 (dd, J = 7.8 & 1.8 Hz, 1H), 7.20 (d, J = 7.8 Hz,
1H), 7.33 (m, 1H), 8.42 (s, 1H), 8.77 (d, J = 1.8 Hz, 1H), 12.04 (br s, 1H); 13C (DMSO-ds, 100
MHz) 6 27.26, 50.62, 101.35, 103.84, 118.98, 119.33, 122.70, 124.35, 126.15, 131.58,
145.61, 149.51, 150.79, 153.27; LRMS (ESI +ve) found 315.0, 317.0 (50:50) ([M+1]*); HRMS
(ESI -ve): For C14H10N4Br requires 313.0094 found 313.0096.
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6.85. 3-(1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)indolin-6-yl)prop-2-yn-1-ol 65

HO\/Q_>
—

N

D

N

Iz _

Bis(triphenylphosphine)palladium (Il) dichloride (70 mg, 0.1 mmol) and copper iodide (38
mg, 0.2 mmol) were stirred under nitrogen in dry DMF (1mL) for 10 minutes. A solution of
4-(6-bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (314 mg, 1 mmol) and propargyl
alcohol (87 pL, 1.5 mmol) in diisopropylamine (560 uL, 4 mmol) and DMF (1 mL) were
added and reaction mixture stirred at 60 °C for 24 hours. HPLC purification yielded title
product as a white TFA salt (40 mg, 10%). (LC-MS purity = 99.1%); *H (DMSO-ds, 400 MHz) &
3.31(t, /=8.5Hz, 2H), 4.58 (t, /= 8.5 Hz, 2H), 6.78 (dd, /= 3.4 & 1.6 Hz, 1H), 7.05 (dd, /= 7.7
& 1.4 Hz, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.35 (dd, J = 3.5 & 2.5 Hz, 1H), 8.46 (s, 1H), 8.65 (d, J =
1.3 Hz, 1H), 12.06 (br s, 1H); *C (DMSO-ds, 100 MHz) 628.18, 49.98, 50.70, 85.02, 89.07,
101.63, 119.39, 121.15, 122.82, 125.24, 125.49, 132.48, 133.25, 144.89, 150.75, 152.51,
153.91; HRMS (ESI -ve): For C17H13N4O requires 289.1095 found 289.1093.
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6.86. 4-(1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)indolin-6-yl)but-3-yn-1-ol 66
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Bis(triphenylphosphine)palladium (Il) dichloride (70 mg, 0.1 mmol) and copper iodide (38
mg, 0.2 mmol) were stirred under nitrogen in dry DMF (1mL) for 10 minutes. A solution of
4-(6-bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (314 mg, 1 mmol) and but-3-yn-1-ol
(114 pL, 1.5 mmol) in diisopropylamine (560 uL, 4 mmol) and DMF (1 mL) were added and
reaction mixture stirred at 60 °C for 24 hours. Chromatographic purification (Biotage SP4,
50 g cartridge, solvent system: pet. ether 60-80/ethyl acetate, 50%, 3 CV; 50-100%, 6 CV;
100%, 10 CV) yielded title product as an off-white solid (40 mg, 13%). (LC-MS purity =
99.4%); 'H (DMSO-ds, 400 MHz) § 2.57 (t, J = 6.8 Hz, 2H), 3.28 (t, J = 8.5 Hz, 2H), 3.60 (td, J =
6.8 & 5.5 Hz, 2H), 4.55 (t, J = 8.7 Hz, 2H), 4.92 (t, / = 5.5 Hz, 1H), 6.73 (dd, J = 3.6 & 1.9 Hz,
1H), 6.99 (dd, / = 7.5 & 1.5 Hz, 1H), 7.22 (d, J = 7.5 Hz, 1H), 7.31 (dd, J = 3.5 & 2.5 Hz, 1H),
8.38 (s, 1H), 8.61 (d, J = 1.3 Hz, 1H), 11.92 (br s, 1H); **C (DMSO-ds, 100 MHz) 6 23.26, 27.63,
50.21, 59.78, 81.84, 87.14, 101.14, 118.90, 121.42, 122.27, 124.59, 125.13, 132.12, 144.29,
150.26, 151.98, 153.40; HRMS (ESI -ve): For C1sH1sN4O requires 303.1251 found 303.1252.
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6.87. 4-(1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)indolin-6-yl)-2-methylbut-3-yn-2-ol
67
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Bis(triphenylphosphine)palladium (l1) dichloride (70 mg, 0.1 mmol) and copper iodide (38
mg, 0.2 mmol) were stirred under nitrogen in dry DMF (1mL) for 10 minutes. A solution of
4-(6-bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (314 mg, 1 mmol) and 2-methylbut-3-
yn-2-ol (145 pL, 1.5 mmol) in diisopropylamine (560 pL, 4 mmol) and DMF (1 mL) were
added and reaction mixture stirred at 60 °C for 24 hours. HPLC purification yielded title
product as a white TFA salt (42 mg, 10%). (LC-MS purity = 98.3%); *H (DMSO-ds, 400 MHz) 6
1.49 (s, 6H), 3.30 (t, / = 8.4 Hz, 2H), 4.57 (t, J = 8.5 Hz, 2H), 6.78 (dd, J = 3.5 & 1.8 Hz, 1H),
7.01(dd,J=7.5& 1.5 Hz, 1H), 7.26 (d, J = 7.8 Hz, 1H), 7.35 (dd, J = 3.4 & 2.4 Hz, 1H), 8.44 (s,
1H), 8.59 (d, J = 1.3 Hz, 1H), 12.04 (br s, 1H); **C (DMSO-ds, 100 MHz) § 27.63, 31.66 (2C),
50.22, 59.70, 63.58, 81.23, 94.72, 101.15, 118.69, 120.84, 122.30, 124.68, 125.13, 132.47,
144.33, 150.24, 151.99, 153.40; HRMS (ESI +ve): For CisH17N4O requires 317.1408 found
317.1405
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6.88. 4-(1H-indol-1-yl)-7H-pyrrolo[2,3-d]pyrimidine 68
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4-(indolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (118 mg, 0.5 mmol) and DDQ (136 mg, 0.6
mmol) were stirred in 1,4-dioxane at 80 °C for 24 hours. Resultant solution was adsorbed
onto silica and chromatographic purification (Biotage SP4, 10 g cartridge, solvent system:
pet. ether 60-80/ethyl acetate; isocratic, 30% ethyl acetate, 8CV) yielded title compound as
a pale tan solid (114 mg, 97%). (LC-MS purity > 99.9%); *H (DMSO-ds, 400 MHz) & 6.88 (dd, J
=3.6 & 1.9 Hz, 1H), 6.89 (dd, J = 3.5 & 0.8 Hz, 1H), 7.25 (m, 1H), 7.32 (m, 1H), 7.66 (dd, J =
3.5 & 2.5 Hz, 1H), 7.70 (dt, J = 7.9 & 0.9 Hz, 1H), 8.18 (d, J = 3.8 Hz, 1H), 8.57 (dd, J = 8.4 &
0.9 Hz, 1H), 8.75 (s, 1H), 12.42 (br s, 1H); 3C (DMSO-ds, 100 MHz) & 99.63, 106.88, 106.90,
115.23, 120.79, 121.94, 123.20, 126.79, 127.12, 129.82, 135.16, 150.27, 153.50%; HRMS (ESI
+ve): For CisH11Narequires 235.1978 found 235.0976

*1 peak missing - not found through JMOD/HSQC/HMBC.
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6.89. 4-(6-Bromo-1H-indol-1-yl)-7H-pyrrolo[2,3-d]pyrimidine 69

o~y

N
N\
@Q

N"H

4-(6-Bromo-1H-indolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (945 mg, 3 mmol) and DDQ (816
mg, 3.6 mmol) were stirred in 1,4-dioxane at 80 °C for 24 hours. Resultant solution was
adsorbed onto silica and chromatographic purification (Biotage SP4, 10 g cartridge, solvent
system: pet. ether 60-80/ethyl acetate; isocratic, 30% ethyl acetate, 8CV) yielded title
compound as a pale brown solid (396 mg, 42%). (LC-MS purity = 83.4%); *H (DMSO-ds, 400
MHz) & 6.92 (m, 2H), 7.40 (dd, J = 8.3 & 1.8 Hz, 1H), 7.68 (m, 2H), 8.24 (d, J = 3.5 Hz, 1H),
8.79 (s, 1H), 8.84 (d, J = 1.8 Hz, 1H), 12.47 (br s, 1H); **C (DMSO-ds, 100 MHz) 6 99.53,
106.70, 106.94, 114.38, 117.97, 122.51, 124.85, 127.11, 128.01, 129.51, 135.80, 150.21,
153.57*; LRMS (ESI +ve) found 311.0, 313.0 (50:50) ([M+1]*); HRMS (ESI -ve): For Ci4HsN4Br
requires 310.9938 found 310.9937.

*1 peak missing - not found through JMOD/HSQC/HMBC.
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6.90. 3-(1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-indol-6-yl)prop-2-yn-1-ol 70
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Bis(triphenylphosphine)palladium (1) dichloride (21 mg, 0.03 mmol) and copper iodide
(11.4 mg, 0.06 mmol) were stirred under nitrogen in dry DMF (2mL) for 10 minutes. A
solution of 4-(6-bromoindol-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (94 mg, 0.3 mmol) and
propargyl alcohol (35 pL, 0.6 mmol) in diisopropylamine (168 pL, 1.2 mmol) and DMF (2 mL)
were added and reaction mixture stirred at 80 °C for 18 hours. Chromatographic
purification (Biotage SP4, 10 g cartridge, solvent system: pet. ether 60-80/ethyl acetate;
50%, 8CV; 50-100%, 4.5 CV; 100%, 6 CV) followed by HPLC purification yielded title product
as a white TFA salt (1.5 mg, 2%). (LC-MS purity = 97.1%); *H (DMSO-ds, 400 MHz) § 4.34 (s,
2H), 6.92 (m, 2H), 7.28 (dd, J = 8 & 1.5 Hz, 1H), 7.70 (m, 2H), 8.29 (d, / = 3.8 Hz, 1H), 8.72 (s,
1H), 8.80 (s, 1H), 12.49 (br s, 1H); *C (DMSO-ds, 100 MHz) 6 49.53, 84.87, 88.69, 90.08,
99.55, 107.08, 110.55, 116.94, 118.54, 121.08, 125.05, 127.03, 128.62, 129.85, 134.74,
150.52, 153.55; HRMS (ESI -ve): For C17H1:N4O requires 287.0938 found 287.0937.
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6.91. 4-(1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-indol-6-yl)but-3-yn-1-ol 71
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Bis(triphenylphosphine)palladium (1) dichloride (21 mg, 0.03 mmol) and copper iodide
(11.4 mg, 0.06 mmol) were stirred under nitrogen in dry DMF (2mL) for 10 minutes. A
solution of 4-(6-bromoindol-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (94 mg, 0.3 mmol) and but-3-
yn-1-ol (45 pL, 0.6 mmol) in diisopropylamine (168 pL, 1.2 mmol) and DMF (2 mL) were
added and reaction mixture stirred at 80 °C for 18 hours. Chromatographic purification
(Biotage SP4, 10 g cartridge, solvent system: pet. ether 60-80/ethyl acetate; 50%, 8CV; 50-
100%, 4.5 CV; 100%, 6 CV) followed by HPLC purification yielded title product as a white
TFA salt (5 mg, 5%). (LC-MS purity = 95.7%); *H (DMSO-ds, 400 MHz) 6 2.59 (t, J = 6.8 Hz,
2H), 3.62 (t, J = 6.9 Hz, 2H), 6.90 (m, 2H), 7.25 (dd, J = 8 & 1.3 Hz, 1H), 7.66 (d, J = 8 Hz, 1H),
7.68 (dd, J = 3.4 & 2.4 Hz, 1H), 8.25 (d, J = 3.5 Hz, 1H), 8.66 (s, 1H), 8.79 (s, 1H), 12.46 (br s,
1H); **C (DMSO-ds, 100 MHz) & 23.35, 59.84, 82.18, 87.23, 99.56, 106.78, 107.05, 110.26,
117.80, 118.36, 120.91, 125.28, 126.98, 128.77, 129.46, 134.77, 150.26, 153.54; HRMS (ESI
-ve): For C33H13N40 requires 301.1095 found 301.1096.
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6.92. 4-(1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-indol-6-yl)-2-methylbut-3-yn-2-
ol 72
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Bis(triphenylphosphine)palladium (Il) dichloride (21 mg, 0.03 mmol) and copper iodide
(11.4 mg, 0.06 mmol) were stirred under nitrogen in dry DMF (2mL) for 10 minutes. A
solution of 4-(6-bromoindol-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (94 mg, 0.3 mmol) and 2-
methylbut-3-yn-2-ol (58 pL, 0.6 mmol) in diisopropylamine (168 uL, 1.2 mmol) and DMF (2
mL) were added and reaction mixture stirred at 80 °C for 18 hours. Chromatographic
purification (Biotage SP4, 10 g cartridge, solvent system: pet. ether 60-80/ethyl acetate;
50%, 8CV; 50-100%, 4.5 CV; 100%, 6 CV) followed by HPLC purification yielded title product
as a white TFA salt (3 mg, 2%). (LC-MS purity = 98.4%); 'H (DMSO-ds, 400 MHz) & 1.50 (s,
6H), 6.92 (m, 2H), 7.25 (dd, J = 8.2 & 1.4 Hz, 1H), 7.68 (m, 2H) 8.26 (d, J = 3.5 Hz, 1H), 8.65
(s, 1H), 8.80 (s, 1H), 12.46 (br s, 1H); *C (DMSO-ds, 150 MHz) 6 31.27 (2C), 63.64, 81.58,
94.88, 99.56, 106.65, 107.07, 117.16, 118.25, 121.02, 125.19, 127.35, 128.82, 129.68,
134.74, 150.48, 153.54*; HRMS (ESI -ve): For C1sH13N4O requires 315.1251 found 315.1251.

*1 peak missing - not found through JMOD/HSQC/HMBC.
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6.93. 6-Bromo-1-(pyrimidin-4-yl)indoline

4-Chloropyrimidine dihydrochloride (188 mg, 1 mmol) and 6-bromoindoline (198 mg, 1
mmol) were dissolved in isopropyl alcohol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave
vial and heated to 140 °C for 2 hours under microwave conditions. Water (3 mL) was added
and organics extracted into ethyl acetate. Solvent was removed under reduced pressure
then resolubilised in a minimum of ethyl acetate, sonicated and precipitated from pet.
ether to yield title product as a pale brown solid (305 mg, 87%). *H (DMSO-ds, 500 MHz) &
3.20 (t, / = 8.7 Hz, 2H), 4.08 (t, J = 8.7 Hz, 2H), 6.88 (d, J = 6.1 Hz, 1H), 7.13 (dd, J = 7.9, 1.8
Hz, 1H), 7.22 (d, J = 7.8 Hz, 1H), 8.47 (d, J = 6.1 Hz, 1H), 8.65 (d, / = 1.5 Hz, 1H), 8.81 (s, 1H);
13C (DMSO-ds, 125 MHz) 6 26.90, 49.03, 106.66, 118.69, 119.94, 124.97, 126.93, 132.50,
145.11, 156.79, 157.95, 158.77.

235



6.94. 6-(6-Bromoindolin-1-yl)pyrimidin-4-amine

4-Chloropyrimidin-2-amine (194 mg, 1.5 mmol) and 6-bromoindoline (297 mg, 1.5 mmol)
were dissolved in ethanol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial and heated
to 140 °C for 2 hours under microwave conditions. Water (3 mL) was added and the
resulting precipitate filtered to yield title product as a beige coloured solid (312 mg, 71%).
H (DMSO-ds, 400 MHz) & 3.18 (t, J = 8.5 Hz, 2H), 4.00 (t, J = 8.5 Hz, 2H), 5.84 (s, 1H), 7.15
(dd, J = 8 & 1.8 Hz, 1H), 7.22 (d, J = 8 Hz, 1H), 7.62 (brs, 2H), 8.44 (s, 1H), 8.50 (d, J = 1.8 Hz,
1H); 3C (DMSO-ds, 150 MHz) § 26.43, 48.95, 84.28, 118.53, 119.52, 124.93, 126.58, 132.20,
144.47,151.73, 158.02, 158.17.
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6.95. 4-(6-Bromoindolin-1-yl)pyrimidin-2-amine

4-Chloropyrimidin-2-amine (194 mg, 1.5 mmol) and 6-bromoindoline (297 mg, 1.5 mmol)
were dissolved in ethanol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial and heated
to 140 °C for 2 hours under microwave conditions. Water (3 mL) was added and the
resulting precipitate filtered to yield title product as a beige coloured solid (313 mg, 72%).
H (DMSO-ds, 400 MHz) & 3.17 (t, J = 8.5 Hz, 2H), 4.10 (t, J = 8.5 Hz, 2H), 6.27 (d, J = 6.8 Hz,
1H), 7.20 (m, 2H), 7.43 (br's, 2H), 8.03 (d, J = 6.8 Hz, 1H), 8.70 (d, J = 1.5 Hz, 1H); 13C (DMSO-
ds, 150 MHz) & 26.32, 49.08, 96.50, 119.43, 119.73, 125.73, 126.38, 132.54, 144.00, 129.80,
158.01, 159.59.
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6.96. 6-(6-Bromoindolin-1-yl)pyrimidine-2,4-diamine

6-Chloropyrimidine-2,4-diamine (72 mg, 0.5 mmol) and 6-bromoindoline (99 mg, 0.5 mmol)
were dissolved in isopropyl alcohol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial
and heated to 160 °C for 2 hours under microwave conditions. Water (3 mL) was added and
organics extracted into ethyl acetate. Solvent was removed under reduced pressure then
resolubilised in a minimum of ethyl acetate, sonicated and precipitated from pet. ether to
yield title product as a brown solid (131 mg, 86%). *H (DMSO-ds, 500 MHz) § 3.16 (t, /= 8.5
Hz, 2H), 3.97 (t, J = 8.6 Hz, 2H), 5.25 (s, 1H), 5.77 (s, 1H), 6.37 (br s, 2H), 6.65 (br s, 2H), 7.07
(d, J=7.9 Hz, 1H), 7.17 (d, J = 7.3 Hz, 1H), 8.62 (s, 1H); LRMS (ESI +ve) found 306.1, 308.0
(50:50) (C12H13BrNs, [M+1]*).
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6.97. 6-(6-Bromoindolin-1-yl)-9H-purine

6-Chloro-9H-purine (154 mg, 1 mmol) and 6-bromoindoline (219 mg, 1.1 mmol) were
stirred in ethanol (2 mL) and dioxane (1 mL) under microwave conditions at 140 °C for 2
hours. Water was added and precipitate filtered to yield title product as a pale brown solid
(295 mg, 93%). 'H (DMSO-ds, 400 MHz) & 3.23 (t, J = 8.5 Hz, 2H), 4.83 (t, J = 8.5 Hz, 2H), 7.15
(dd, J = 7.8 & 1.8 Hz, 1H), 8.30 (s, 1H), 8.50 (s, 1H), 8.84 (d, J = 1.8 Hz, 1H), 13.30 (br s, 1H);
13C (DMSO-ds, 150 MHz) 6 27.34, 51.37, 118.94, 119.35, 119.83, 124.59, 126.25, 126.27,
131.77, 145.41, 150.90, 151.38, 152.09.
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6.98. 4-(6-Bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-2-amine

Br@;;
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4-Chloro-7H-pyrrolo[2,3-d]pyrimidin-2-amine (82 mg, 0.5 mmol) and 6-bromoindoline (99
mg, 0.5 mmol) were dissolved in isopropyl alcohol (2 mL) and dioxane (1 mL) in a 2-5 mL
microwave vial and heated to 160 °C for 2 hours under microwave conditions. Water (3 mL)
was added and the resulting precipitate filtered to yield title product as a brown solid (280
mg, 85%). *H (DMSO-ds, 500 MHz) & 3.23 (t, J = 8.5 Hz, 2H), 4.52 (t, J = 8.5 Hz, 2H), 6.63 (br
s, 1H), 6.97 (brs, 1H), 7.19 (d, J = 8 Hz, 1H), 7.23 (d, / = 8 Hz, 1H), 8.77 (s, 1H).
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6.99. 2-Methyl-4-(1-(pyrimidin-4-yl)indolin-6-yl)but-3-yn-2-ol 73
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6-Bromo-1-(pyrimidin-4-yl)indoline (110 mg, 0.4 mmol), copper iodide (15.2 mg, 0.08
mmol) and Pd(dppf)Cl, (33 mg, 0.04 mmol) were stirred under argon in DMF (1 mL) in a
sealed 0.5-2 mL microwave vial. DIPA (225 pL, 1.6 mmol) and 2-methylbut-3-yn-2-ol (78 uL,
0.8 mmol) were added before heating to 90 °C with stirring for 24 hours. HPLC purification
yielded title product as a brown TFA salt (35 mg, 19%). (LC-MS purity = 95.5%); *H (DMSO-
ds, 500 MHz) 6 1.48 (s, 6H), 3.29 (t, J = 8.3 Hz, 2H), 4.17 (t, J = 8.3 Hz, 2H), 5.63 (d, J = 15.9
Hz, 1H), 6.14 (d, J = 16.0 Hz, 1H), 7.14 (m, 2H), 7.33 (d, J = 7.6 Hz, 1H), 8.50 (s, 1H); 3C
(DMSO-ds, 125 MHz) 6 27.26, 32.10, 49.62, 64.09, 81.09, 95.90, 105.63, 117.47, 119.86,
21.80, 125.96, 127.81, 134.63, 142.55, 152.30, 158.76; HRMS (ESI +ve): For Ci7H1sN3O
requires 280.1444 found 280.1441.
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6.100. 4-(1-(6-Aminopyrimidin-4-yl)indolin-6-yl)-2-methylbut-3-yn-2-ol 74

6-(6-Bromoindolin-1-yl)pyrimidin-4-amine (73 mg, 0.25 mmol), copper iodide (9.3 mg, 0.05
mmol) and Pd(dppf)Cl; (20.4 mg, 0.025 mmol) were stirred under argon in DMF (1 mL) in a
sealed 0.5-2 mL microwave vial. DIPA (140 pL, 1 mmol) and 2-methylbut-3-yn-2-ol (24 uL,
0.25 mmol) were added before heating to 90 °C with stirring for 24 hours. HPLC purification
yielded title product as a white TFA salt. (28 mg, 27%). (LC-MS purity = 96.4%); *H (DMSO-
ds, 500 MHz) 6 1.47 (brs, 6H), 3.24 (t, J = 7.78 Hz, 2H), 4.01 (t, J = 7.86 Hz, 2H), 5.85 (br s,
1H), 7.04 (d, J = 7.32 Hz, 1H), 7.27 (d, J = 7.17 Hz, 1H), 7.81 (br s, 2H), 8.31 (br s, 1H), 8.50
(br's, 1H); 3C (DMSO-ds, 125 MHz) & 27.28, 32.12 (2C), 49.32, 64.10, 81.26, 84.45, 95.97,
119.04, 121.72, 125.78, 126.79, 133.91, 143.25, 151.22, 157.17, 158.61; HRMS (ESI +ve):
For C17H19N40 requires 295.1553 found 295.1550.
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6.101. 4-(1-(2-Aminopyrimidin-4-yl)indolin-6-yl)-2-methylbut-3-yn-2-ol'*> 75
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4-(6-Bromoindolin-1-yl)pyrimidin-2-amine (73 mg, 0.25 mmol), copper iodide (9.3 mg, 0.05
mmol) and Pd(dppf)Cl; (20.4 mg, 0.025 mmol) were stirred under argon in DMF (1 mL) in a
sealed 0.5-2 mL microwave vial. DIPA (140 pL, 1 mmol) and 2-methylbut-3-yn-2-ol (24 uL,
0.25 mmol) were added before heating to 90 °C with stirring for 24 hours. HPLC purification
yielded title product as a white TFA salt. (24 mg, 24%). (LC-MS purity = 96.6%); *H (DMSO-
ds, 500 MHz) & 1.50 (s, 1H), 3.24 (t, J = 7.9 Hz, 2H), 4.19 (t, J = 8.1 Hz, 2H), 5.42 (br s, 1H),
6.47 (d, J = 6.4 Hz, 1H), 7.15 (d, J = 7.5 Hz, 1H), 7.31 (d, J = 7.3 Hz, 1H), 8.05 (br s, 1H), 8.17
(br s, 2H), 8.48 (br s, 1H); 33C (DMSO-ds, 125 MHz) & 27.15, 32.12, 49.89, 64.18, 81.23,
96.08, 98.03, 120.41, 122.04, 125.82, 128.68, 134.81, 142.23, 144.45, 155.16, 160.05;
HRMS (ESI +ve): For C17H15N4O requires 295.1553 found 295.1556.
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6.102. 4-(1-(2,6-Diaminopyrimidin-4-yl)indolin-6-yl)-2-methylbut-3-yn-2-ol 76

6-(6-Bromoindolin-1-yl)pyrimidine-2,4-diamine (impure, 122 mg, assumed 0.4 mmol),
copper iodide (19 mg, 0.1 mmol) and Pd(dppf)Cl; (36.5 mg, 0.05 mmol) were stirred under
argon in DMF:dioxane (3 mL, 2:1) in a sealed 2-5 mL microwave vial. DIPA (280 pL, 2 mmol)
and 2-methylbut-3-yn-2-ol (97 uL, 1 mmol) were added before heating to 90 °C with stirring
for 24 hours. HPLC purification yielded title product as an off-white TFA salt (106 mg, 63%
over 2 steps). (LC-MS purity = 93.8%); *H (DMSO-ds, 500 MHz) § 1.49 (s, 6H), 3.18 (t, J = 8.4
Hz, 2H), 3.98 (t, J = 8.5 Hz, 2H), 5.33 (br s, 1H), 7.02 (dd, J = 7.6 & 1.1 Hz, 1H), 7.23 (d, /= 7.8
Hz, 1H), 7.59 (br s, 2H), 7.72 (br s, 2H), 8.32 (br s, 1H); 3C (DMSO-ds, 150 MHz) 6 27.16,
32.13, 49.37, 64.16, 75.45, 81.50, 95.68, 121.82, 125.56, 127.03, 128.78, 133.85, 143.30,
153.88, 159.09, 160.42; HRMS (ESI +ve): For C37H20Ns0 requires 310.1662 found 310.1659.
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6.103. 4-(1-(9H-purin-6-yl)indolin-6-yl)-2-methylbut-3-yn-2-ol 77
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6-(6-Bromoindolin-1-yl)-9H-purine (47 mg, 0.15 mmol), copper iodide (5.6 mg, 0.03 mmol)
and Pd(dppf)Cl, (12.3 mg, 0.015 mmol) were stirred under argon in DMF (1 mL) in a sealed
2-5 mL microwave vial. DIPA (84 pL, 0.6 mmol) and 2-methylbut-3-yn-2-ol (37 uL, 0.3 mmol)
were added before heating to 90 °C with stirring for 24 hours. HPLC purification yielded title
product as an off-white TFA salt (7 mg, 11%). (LC-MS purity = 93.2%); 'H (DMSO-ds, 500
MHz) & 1.49 (s, 6H), 3.28 (t, J = 8.9 Hz, 2H), 4.81 (t, J = 8.4 Hz, 2H), 7.02 (d, J = 7.5 Hz, 1H),
7.27 (d, J = 7.6 Hz, 1H), 8.29 (s, 1H), 8.54 (br s, 1H), 8.65 (s, 1H); 3C not obtained- signal
suppression due to nitrogen; HRMS (ESI +ve): For CisHi7NsO requires 320.1506 found
320.1501.
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6.104. 4-(1-(2-Amino-7H-pyrrolo[2,3-d]pyrimidin-4-yl)indolin-6-yl)-2-methylbut-
3-yn-2-0l 78
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4-(6-Bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-2-amine (132 mg, 0.4 mmol), copper
iodide (15.2 mg, 0.08 mmol) and Pd(dppf)Cl> (33 mg, 0.04 mmol) were stirred under argon
in DMF (1 mL) in a sealed 0.5-2 mL microwave vial. DIPA (225 uL, 1.6 mmol) and 2-
methylbut-3-yn-2-ol (78 pL, 0.8 mmol) were added before heating to 90 °C with stirring for
24 hours. Product was adsorbed onto celite and chromatographic purification (Biotage SP4,
10 g cartridge, solvent system: pet. ether/ethyl acetate, 50% 6CV; 50-100% 6CV; 100%
10CV) yielded title product as a pale brown solid (43 mg, 32%). (LC-MS purity = 92.6%); *H
(DMSO-ds, 500 MHz) 6 1.49 (s, 6H), 3.24 (t, J = 8.5 Hz, 2H), 4.45 (t, J = 8.5 Hz, 2H), 5.39 (s,
1H), 6.02 (br s, 1H), 6.51 (br s, 2H), 6.88 (d, J = 2.9 Hz, 1H), 6.95 (d, J = 7.5 Hz, 1H), 7.20 (d, J
= 7.5 Hz, 1H), 8.53 (s, 1H); 3C (DMSO-ds, 125 MHz) & 28.05, 32.16, 50.75, 64.14, 81.94,
95.27, 97.87, 102.24, 118.92, 119.52, 121.51, 125.06, 125.72, 132.94, 144.77, 153.77,
154.54, 158.84; HRMS (ESI +ve): For C15H20NsO requires 334.1662 found 334.1662.
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6.105. 4-(9H-carbazol-9-yl)pyrimidin-2-amine 79

9H-carbazole (167 mg, 1 mmol) and NaH (40 mg, 1 mmol, 60% dispersion in oil) were
stirred in anhydrous DMF (1 mL) and stirred under argon at 0 °C in a 2-5 mL microwave vial.
4-chloropyrimidin-2-amine (129 mg, 1 mmol) was added and the solution stirred at 100 °C
for 24 hours. Water (30 mL) was added and the resulting precipitate filtered to yield title
product as a white solid (41 mg, 16%). (LC-MS purity = 84.9%); 'H (DMSO-ds, 500 MHz) &
6.96 (d, J = 5.5 Hz, 1H), 6.98 (s, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.50 (t, J = 7.4 Hz, 2H), 8.13 (d, J
= 8.4 Hz, 2H), 8.23 (d, J = 7.6 Hz, 2H), 8.43 (d, J = 5.5 Hz, 1H); **C (DMSO-ds, 125 MHz) 6
102.83, 113.55, 120.78, 122.13, 124.69, 127.00, 138.74, 158.71, 160.74, 164.48; HRMS (ESI
+ve): For Ci6H13N4 requires 261.1135 found 261.1134.
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6.106. 4-(2-Bromo-9H-carbazol-9-yl)pyrimidin-2-amine 80

2-Bromo-9H-carbazole (492 mg, 2 mmol) and NaH (85 mg, 2.125 mmol, 60% dispersion in
oil) were stirred in anhydrous DMF (2 mL) and stirred under argon at 0 °C in a 2-5 mL
microwave vial. 4-chloropyrimidin-2-amine (259 mg, 2 mmol) was added and the solution
stirred at 100 °C for 24 hours. Water (30 mL) was added and the resulting precipitate
filtered to yield title product as a white solid (188 mg, 28%). (LC-MS purity = 99.9%); H
(DMSO-ds, 500 MHz) § 6.94 (d, J = 5.3 Hz, 1H), 7.07 (s, 2H), 7.38 (t, J = 7.4 Hz, 1H), 7.52 (m,
2H), 8.02 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.2 Hz, 1H), 8.24 (d, J = 7.6 Hz, 1H), 8.30 (d, /= 1.4
Hz, 1H), 8.45 (d, J = 5.3 Hz, 1H); 3C (DMSO-ds, 125 MHz) 6 102.97, 113.33, 116.18, 119.73,
121.07, 122.47, 122.50, 123.77, 123.98, 125.00, 127.53, 138.82, 139.55, 158.28, 161.10,
164.49; LRMS (ESI +ve) found 339.0, 341.0 (50:50) ([M+1]*); HRMS (ESI +ve): For CigH12N4Br
requires 339.0240 found 339.0240.
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6.107. 4-(9-(2-Aminopyrimidin-4-yl)-9H-carbazol-2-yl)-2-methylbut-3-yn-2-ol 81
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4-(2-Bromo-9H-carbazol-9-yl)pyrimidin-2-amine (85 mg, 0.25 mmol), copper iodide (9.3 mg,
0.05 mmol) and Pd(dppf)Cl>.CHxCl; (20.4 mg, 0.025 mmol) were stirred under argon in DMF
(1 mL) in a sealed 0.5-2 mL microwave vial. DIPA (140 pL, 1 mmol) and 2-methylbut-3-yn-2-
ol (50 uL, 0.5 mmol) were added before heating to 100 °C with stirring for 18 hours. Product
was adsorbed onto silica and chromatographic purification (Biotage SP4, 10 g cartridge,
solvent system: pet. ether/ethyl acetate, 60% 8CV; 60-100% 4CV; 100% 4CV) yielded title
product as a pale brown solid (60 mg, 70%). (LC-MS purity = 90.7%); *H (DMSO-ds, 500 MHz)
& 1.51 (s, 6H), 5.49 (s, 1H), 6.94 (d, J = 3.4 Hz, 1H), 7.07 (br s, 2H), 7.37 (m, 2H), 7.51 (t, J =
7.7 Hz, 1H), 8.05 (m, 2H), 8.21 (d, J = 8.2 Hz, 1H), 8.23 (d, J = 8.2 Hz, 1H), 8.52 (s, 1H); 13C
(DMSO-ds, 125 MHz) 6 32.14 (2C), 64.19, 81.77, 96.54, 103.37, 113.33, 115.77, 120.90,
121.09, 121.11, 122.39, 124.13, 124.42, 125.38, 127.51, 138.43, 139.29, 158.40, 160.99,
164.61; HRMS (ESI +ve): For C,1H19N4O requires 343.1553 found 343.1553.
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6.108. N-(3-iodophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (153 mg, 1 mmol) and 3-iodoaniline (219 mg, 1
mmol) were dissolved in ethanol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial and
heated to 140 °C for 2 hours under microwave conditions. Water (3 mL) was added and the
resulting precipitate filtered to yield title product as an indigo coloured solid (151 mg, 45%).
H (DMSO-ds, 400 MHz) & 6.81 (dd, J = 3.5 & 2 Hz, 1H), 7.14 (t, J = 8 Hz, 1H), 7.27 (dd, J = 3.4
& 2.4 Hz, 1H), 7.36 (ddd, J = 7.8, 1.6 & 0.9 Hz, 1H), 7.96 (ddd, J = 8.3, 2 & 1 Hz, 1H), 8.33 (s,
1H), 8.40 (t, J = 1.9 Hz, 1H), 9.39 (s, 1H); *C (DMSO-ds, 150 MHz) & 94.36, 98.69, 103.85,
119.09, 122.59, 127.85, 130.25, 130.50, 141.93, 150.43, 150.81, 153.01.
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6.109. N*-(3-iodophenyl)pyrimidine-4,6-diamine

6-Chloropyrimidin-4-amine (129 mg, 1 mmol) and 3-iodoaniline (219 mg, 1 mmol) were
dissolved in ethanol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial and heated to
140 °C for 2 hours under microwave conditions. Water (3 mL) was added, organics
extracted into ethyl acetate and dried over magnesium sulfate. Solvent was removed under
reduced pressure then resolubilised in a minimum of ethyl acetate, sonicated and
precipitated from pet. ether to yield title product as an off-white solid (70 mg, 22%). H
(DMSO-ds, 400 MHz) 6 3.18 (s, 2H), 5.97 (d, J = 0.8 Hz, 1H), 7.18 (t, J = 8 Hz, 1H), 7.48 (m,
2H), 7.67 (s, 1H), 7.93 (s, 1H), 8.38 (s, 1H); 3C not obtained- signal suppression due to

nitrogen, no more available material.
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6.110. N*-(3-iodophenyl)pyrimidine-2,4-diamine

4-Chloropyrimidin-2-amine (129 mg, 1 mmol) and 3-iodoaniline (219 mg, 1 mmol) were
dissolved in ethanol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial and heated to
140 °C for 2 hours under microwave conditions. Water (3 mL) was added and the resulting
precipitate filtered to yield title product as an off-white solid (73 mg, 23%). *H (DMSO-ds,
400 MHz) 6 6.39 (d, J = 7.3 Hz, 1H), 7.18 (t, J = 8 Hz, 1H), 7.53 (dq, J = 7.8 & 0.8 Hz, 1H), 7.87
(m, 2H), 8.09 (s, 1H), 10.85 (s, 1H); 3*C (DMSO-ds, 150 MHz) & 94.58, 98.89, 120.60, 129.25,
130.76, 130.09, 139.42, 142.41, 155.31, 161.36.
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6.111. N-(3-iodophenyl)-9H-purin-6-amine

6-Chloro-9H-purine (154 mg, 1 mmol) and 3-iodoaniline (219 mg, 1 mmol) were dissolved in
ethanol (2 mL) and dioxane (1 mL) in a 2-5 mL microwave vial and heated to 140 °C for 2
hours under microwave conditions. Water (3 mL) was added and the resulting precipitate
filtered to yield title product as an off-white solid (260 mg, 77%). *H (DMSO-ds, 400 MHz) &
7.13 (t, J = 8.0 Hz, 1H), 7.37 (d, J = 8.3 Hz, 1H), 7.99 (dd, J = 8.3, 1.3 Hz, 1H), 8.32 (s, 1H), 8.43
(s, 1H), 8.52 (t, J = 1.8 Hz, 1H), 9.93 (s, 1H), 13.25 (br s, 1H); *C (DMSO-ds, 150 MHz) &
94.25,119.58, 128.27, 130.35, 130.64, 141.47, 150.59, 151.49, 151.70*

*2 peaks missing - not found through JMOD/HSQC/HMBC.
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6.112. 4-(3-((7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino)phenyl)-2-methylbut-3-yn-2-
ol 82
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Copper iodide (7.4 mg, 0.04 mmol) and tetrakis(triphenylphosphine)palladium(0) (12 mg,
0.02 mmol) were stirred under nitrogen in DMF (1 mL) in a sealed 0.5-2 mL microwave vial.
N-(3-iodophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (66 mg, 0.2 mmol) and 2-methylbut-
3-yn-2-ol (39 pL, 0.4 mmol) were added in a solution of DIPA (112 uL, 0.8 mmol) and DMF
(1 mL) and the solution stirred at 100 °C for 18 hours. Resultant solution was diluted in
ethyl acetate and washed with water before removing solvent under reduced pressure.
HPLC purification yielded product as a white TFA salt (10 mg, 12%); (LC-MS purity = 99.1%);
'H (DMSO-ds, 400 MHz) § 1.48 (s, 6H), 6.82 (s, 1H), 7.13 (d, J = 7.3 Hz, 1H), 7.34 (d, J = 3 Hz,
1H), 7.38 (t,J = 7.9 Hz, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 7.94 Hz, 1H), 8.39 (s, 1H); 3C
(DMSO-ds, 150 MHz) & 32.07, 64.10, 80.77, 96.57, 99.65, 100.22, 122.00, 123.57, 123.91,
124.48, 126.83, 129.75, 139.53, 149.63, 150.90, 152.58; HRMS (ESI +ve): For Cy7H17N4O
requires 293.1397 found 293.1395.
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6.113. 4-(3-((6-Aminopyrimidin-4-yl)amino)phenyl)-2-methylbut-3-yn-2-ol 83

Copper iodide (7.4 mg, 0.04 mmol), Pd(dppf)Cl, (16.3 mg, 0.02 mmol) and N*-(3-
iodophenyl)pyrimidine-4,6-diamine (62 mg, 0.2 mmol) were placed in a 2-5 mL microwave
vial which was sealed and purged with argon. DMF (anhy., 1 mL) and DIPA (112 uL, 0.8
mmol) were added and the solution heated to 90 °C before addition of 2-methylbut-3-yn-2-
ol (39 uL, 0.4 mmol) and stirring for 24 hours. HPLC purification yielded title product as an
off-white TFA salt (12 mg, 16%). (LC-MS purity = 94.9%); *H (DMSO-ds, 500 MHz) & 1.47 (s,
6H), 5.93 (s, 1H), 7.15 (d, J = 7 Hz, 1H), 7.38 (m, 2H), 7.51 (br s, 1H), 7.73 (brs, 2H) 8.38 (br s,
1H), 10.02 (s, 1H); *C (DMSO-ds, 150 MHz) 6 31.53, 63.58, 79.98, 82.97, 96.34, 121.71,
123.30, 124.14, 126.95, 129.43, 129.45, 138.53, 149.06, 151.33; HRMS (ESI +ve): For
Ci5H17N40 requires 269.1397 found 269.1392.
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6.114. 4-(3-((2-Aminopyrimidin-4-yl)amino)phenyl)-2-methylbut-3-yn-2-ol 84

Copper iodide (7.4 mg, 0.04 mmol), Pd(dppf)Cl, (16.3 mg, 0.02 mmol) and N*-(3-
iodophenyl)pyrimidine-2,4-diamine (62 mg, 0.2 mmol) were placed in a 2-5 mL microwave
vial which was sealed and purged with argon. DMF (anhy., 1 mL) and DIPA (112 uL, 0.8
mmol) were added and the solution heated to 90 °C before addition of 2-methylbut-3-yn-2-
ol (39 uL, 0.4 mmol) and stirring for 24 hours. HPLC purification yielded title product as an
off-white TFA salt (15 mg, 20%). (LC-MS purity = 94.9%); *H (DMSO-ds, 500 MHz) & 1.48 (s,
6H), 3.17 (t, J = 8.5 Hz, 2H), 4.10 (t, 8.5 Hz, 2H), 6.27 (d, J = 6.8 Hz, 1H), 7.20 (m, 2H), 7.43 (br
s, 2H), 8.03 (d, J = 6.8 Hz, 1H), 8.70 (d, J = 1.5 Hz, 1H); *C (DMSO-ds, 100 MHz) & 32.04,
64.11, 80.41, 96.97, 123.72, 127.98, 129.82, 138.54, 143.32, 155.89, 161.99; HRMS (ESI
+ve): For Ci5sH17N40 requires 269.1397 found 269.1395.
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6.115. 4-(3-((9H-purin-6-yl)amino)phenyl)-2-methylbut-3-yn-2-ol 85

ﬁ%QNH

NN
|)\/E\>
. N

Copper iodide (7.4 mg, 0.04 mmol), Pd(dppf)Cl> (16.3 mg, 0.02 mmol) and N-(3-
iodophenyl)-9H-purin-6-amine (70 mg, 0.24 mmol) were placed in a 2-5 mL microwave vial
which was sealed and purged with argon. DMF (anhy., 1 mL) and DIPA (112 pL, 0.8 mmol)
were added and the solution heated to 90 °C before addition of 2-methylbut-3-yn-2-ol (39
uL, 0.4 mmol) and stirring for 24 hours. HPLC purification yielded title product as an off-
white TFA salt (22 mg, 23%). (LC-MS purity = 99.9%); *H (DMSO-ds, 500 MHz) & 1.48 (br s,
6H), 7.08 (d, J = 7.3 Hz, 1H), 7.34 (t, J =7.7 Hz, 1 H), 7.86 (d, J=7.8 Hz, 1 H), 8.08 (br s, 1 H),
8.39 (brs, 1 H), 8.48 (brs, 1 H), 10.01 (br s, 1 H); 3C not obtained- signal suppression due to
nitrogen; HRMS (ESI +ve): For Ci6H16NsO requires 294.1349 found 294.1347.

257



6.116. 4-Chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine 97

cr
N\
I%
L Z=N

H

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (400 mg, 2.62 mmol) and N-iodosuccinimide (646 mg,
2.88 mmol) were suspended in DCM (20 mL) and stirred at room temperature for 16 hours.
Solvent was removed under reduced pressure and solids stirred in saturated sodium
thiosulfate (50 mL) for 5 minutes. Suspension was filtered, washed with water and pet.
ether to yield title product as a pale tan solid (687 mg, 91%). *H (DMSO-ds, 500 MHz) & 7.94
(s, 1H), 8.60 (s, 1H), 12.96 (br s, 1H); ); 3C (DMSO-ds, 125 MHz) & 52.13, 116.26, 134.35,
150.96, 151.21, 152.00.
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6.117. 4-Chloro-7H-pyrrolo[2,3-d]pyrimidine-5-carbaldehyde 98

Cl —0
iR
~

N
N" 4

4-Chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (2.23 g, 8 mmol) was stirred in anhydrous THF
(50 mL) under argon at -78 °C for 5 minutes. n-butyllithium (2M in hexanes, 8.8 mL, 17.6
mmol) was added slowly and solution was stirred for 1 hour. Anhydrous DMF (0.62 mL, 8
mmol) was added and stirring continued for 30 minutes before warming to room
temperature and stirring for a further 1 hour. Water (2 mL) was added and solvent
removed under reduced pressure. Solids were solubilised in ethyl acetate, washed with sat.
ammonium chloride solution and dried over magnesium sulfate. Product was adsorbed to
silica and chromatographic purification (Biotage SP4, 10 g cartridge, solvent system: pet.
ether/ethyl acetate, 10%, 15CV) yielded an analytically pure sample of title compound. *H
(DMSO-ds, 500 MHz) 6 8.60 (s, 1H), 8.75 (s, 1H), 10.25 (s, 1H), 13.55 (br s, 1H); *C (DMSO-
ds, 125 MHz) 6 114.29, 116.04, 137.75, 151.67, 152.18, 154.24, 184.37.
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6.118. 4-Chloro-7H-pyrrolo[2,3-d]pyrimidine-5-carbaldehyde oxime 99

OH

S

Cl =N
Ph
~
N R
4-Chloro-7H-pyrrolo[2,3-d]pyrimidine-5-carbaldehyde (171 mg, 0.94 mmol), sodium
carbonate (212 mg, 2 mmol) and hydroxylamine hydrochloride (244 mg, 3.5 mmol) were
solubilised in ethanol (9 mL) and water (1 mL) and stirred at room temperature for 2 hours.
Solvent was removed under reduced pressure and solids sonicated in water for 2 minutes.
Suspension was filtered and washed with water and pet. ether to yield title product as a
pale tan solid (178 mg, 96%, 5:7 mixture of isomers by *H NMR). *H (DMSO-ds, 500 MHz) &
8.02 and 8.10 (s, 1H), 8.52 and 8.58 (s, 1H), 8.63 and 8.67 (s, 1H), 11.08 and 11.80 (s, 1H);
13C (DMSO-ds, 125 MHz) & 107.93, 114.25, 126.54, 141.35, 150.83, 151.10, 152.78 and
105.32, 113.93, 133.66, 136.94, 150.76, 151.43, 152.00; LC-MS R: = 4.84 (m/z = 197.0
(100%) and 198.9 (40%)) and 4.70 minutes (m/z = 196.9 (100%) and 199.1 (20%))
(C7H6CIN4O, [M+1]%).
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6.119. 4-Chloro-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile 99

N

Cl 1l
N\\
LAy
N H

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine-5-carbaldehyde oxime (158 mg, 0.8 mmol) and SOCI,
(580 uL, 8 mmol) were solubilised in DCM (10 mL) and stirred at room temperature for 16
hours. Solvent was removed under reduced pressure and residual SOCl, was azeotroped
with toluene. Solids were stirred in sat. sodium bicarbonate for 5 minutes before filtering
and washing with water and pet. ether to yield title compound as a pale brown solid (71
mg, 50%). *H (DMSO-ds, 500 MHz) & 8.69 (s, 1H), 8.79 (s, 1H), 13.65 (br s, 1H); **C (DMSO-
ds, 125 MHz) & 85.81, 114.73, 115.50, 139.00, 151.30, 152.18, 152.87; IR major peaks (cm"
1): 1236.4, 1560.4, 1604.8, 2239.4, 2816.1, 2955.0m 3074.5; LRMS (ESI -ve) found 177.0,
179.0 (100:35) (C7H,CIN4, [M-1]").

261



6.120. 4-(6-Bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (65 mg, 0.33 mol) and 6-bromoindoline
(61 mg, 0.33 mmol) were dissolved in isopropyl alcohol (2 mL) and dioxane (1 mL) in a 10-
20 mL microwave vial and heated to 175 °C for 3 hours under microwave conditions. Water
(10 mL) was added and the resulting precipitate filtered, washing with water to yield title
product as a brown solid (98mg, 87%). *H (DMSO-ds, 400 MHz) & 3.24 (t, J = 8.3 Hz, 2H),
4.56 (t, J = 8.3 Hz, 2H), 7.16 (dd, J = 7.9 & 1.9 Hz), 7.25 (d, J = 7.6 Hz, 1H), 8.30 (d, J = 1.8 Hz,
1H), 8.47 (s, 1H), 8.51 (s, 1H), 13.13 (br s, 1H); ); *C (DMSO-ds, 150 MHz) & 28.22, 52.88,
84.21, 102.89, 117.78, 119.61, 119.84, 125.43, 126.78, 132.48, 136.32, 145.98, 152.11,
153.28, 153.76; LRMS (ESI +ve) found 340.0, 342.0 (50:50) (C1sH11BrNs, [M+1]").
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6.121. 4-(6-(3-Hydroxy-3-methylbut-1-yn-1-yl)indolin-1-yl)-7H-pyrrolo[2,3-

d]pyrimidine-5-carbonitrile 86
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4-(6-Bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (85 mg, 0.25 mmol),
copper iodide (9.5 mg, 0.05 mmol) and Pd(dppf)Cl, (19 mg, 0.025 mmol) were stirred under
argon in DMF (1 mL) in a sealed 0.5-2 mL microwave vial. DIPA (140 uL, 1 mmol) and 2-
methylbut-3-yn-2-ol (98 uL, 1 mmol) were added before heating to 90 °C with stirring for 18
hours. Product was adsorbed onto silica and chromatographic purification (Biotage SP4, 10
g cartridge, solvent system: pet. ether/ethyl acetate, 10%, 8 CV; 10-100%, 8 CV; 100%, 8 CV)
followed by HPLC purification yielded title product as a white TFA salt (8 mg, 9%) (LC-MS
purity = 96.5%); *H (DMSO-ds, 500 MHz) 6 1.47 (s, 6H), 3.28 (t, J = 8.2 Hz, 2H), 4.55 (t, /= 8.3
Hz, 2H), 7.03 (dd, J = 7.6 & 0.9 Hz, 1H), 7.28 (d, J = 7.6 Hz, 1H), 8.13 (s, 1H), 8.45 (s, 1H), 8.50
(s, 1H), 13.10 (br s, 1H); 3C (DMSO-ds, 125 MHz) & 28.68, 32.14, 52.72, 64.10, 81.49, 84.28,
95.45, 102.84, 117.90, 119.86, 121.23, 125.41, 126.49, 133.59, 136.19, 144.46, 152.18,
153.28, 154.01; HRMS (ESI +ve): For CxH1sNsO requires 344.1506 found 334.1490.
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6.122. 2-Amino-4-(6-bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine-5-

carbonitrile

Br N

N-(4-chloro-5-cyano-6,7-dihydro-5H-pyrrolo[2,3-d]pyrimidin-2-yl)pivalamide (36 mg, 0.13
mmol) and 6-bromoindoline (26 mg, 0.13 mmol) were dissolved in isopropyl alcohol (2 mL)
and dioxane (1 mL) in a 10-20 mL microwave vial and heated to 175 °C for 3 hours under
microwave conditions. Brine (10 mL) was added and the resulting precipitate filtered,
washing with water to yield title product as a brown solid (38mg, 82%). *H (DMSO-ds, 500
MHz) & 3.17 (t, J = 8.3 Hz, 2H), 4.43 (t, J = 8.3 Hz, 2H), 7.09 (dd, / = 7.8 & 1.8 Hz, 1H), 7.19 (d,
J=7.9 Hz, 1H), 7.98 (s, 1H), 8.14 (d, J = 1.7 Hz, 1H); 3C (DMSO-ds, 125 MHz) & 28.09, 52.68,
84.25, 96.03, 118.38, 119.40, 119.89, 124..98, 126.58, 132.17, 133.15, 141.39, 146.41,
154.49, 178.57; LRMS (ESI +ve) found 355.0, 356.9 (50:50) (C1sH12BrNg, [M+1]*).
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6.123. 2-Amino-4-(6-(3-hydroxy-3-methylbut-1-yn-1-yl)indolin-1-yl)-7H-

pyrrolo[2,3-d]pyrimidine-5-carbonitrile 87

OH
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N Il
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~
N
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2-Amino-4-(6-bromoindolin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (35.5 mg, 0.1
mmol), copper iodide (1.9 mg, 0.02 mmol) and Pd(dppf)Cl, (7.3 mg, 0.01 mmol) were
stirred under argon in DMF (1 mL) in a sealed 0.5-2 mL microwave vial. DIPA (56 uL, 0.4
mmol) and 2-methylbut-3-yn-2-ol (29 uL, 0.3 mmol) were added before heating to 100 °C
with stirring for 18 hours. Product was adsorbed onto silica and chromatographic
purification (Biotage SP4, 10 g cartridge, solvent system: pet. ether/ethyl acetate, 50% 6CV;
50-100% 6CV; 100% 10CV) yielded title product as a brown solid (13 mg, 36%). (LC-MS
purity = 95.0%); *H (DMSO-ds, 500 MHz) 6 1.47 (s, 6H), 3.21 (t, J = 8.1 Hz, 2H), 4.40 (t, /= 8.1
Hz, 2H), 5.40 (s, 1H), 6.21 (br s, 2H), 6.95 (d, / = 7.3 Hz, 1H), 7.22 (d, J = 7.5 Hz, 1H), 7.88 (s,
1H), 7.98 (s, 1H), 12.19 (br s, 1H); **C (DMSO-ds, 125 MHz) & 28.55, 32.16 (2C), 52.48, 64.11,
81.75, 84.18, 95.27, 96.33, 118.41, 118.88, 121.37, 125.18, 125.78, 132.93, 133.16, 145.14,
154.78, 156.14, 160.17; LRMS (ESI +ve): 359.1 ([M+1]*); HRMS (ESI +ve): For CxHisNgO
requires 359.1615 found 196.0695 (M**+NH,*)
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6.124. 4-Chloro-5-(cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidine

4-Chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (140 mg, 0.5 mmol), Pd(PPhs),Cl, (36 mg, 0.05
mmol) and Cul (19 mg, 0.1 mmol) were stirred under argon in DMF (2 mL) in a sealed 10-20
mL microwave vial. DIPA (280 pL, 2 mmol) and ethynylcyclopropane (160 pL, 2 mmol) was
added and the reaction stirred at r.t. for 72 hours. Product was adsorbed onto celite and
chromatographic purification (Biotage SP4, 10 g cartridge, solvent system: pet. ether/ethyl
acetate; 10%, 6CV; 10-50%, 4 CV; 50%, 4 CV) yielded title compound as a yellowy solid (56
mg, 52%). *H (DMSO-ds, 500 MHz) 6 0.74 (m, 2H), 0.89 (m, 2H), 1.57 (m, 1H), 7.90 (s, 1H),
8.59 (s, 1H), 12.76 (br s, 1H); **C (DMSO-ds, 125 MHz) 6 0.02, 8.08 (2C), 67.66, 95.11, 95.87,
115.62, 131.90, 151.08, 151.17; LRMS (ESI +ve): 218.1, 220.1 (100:30) (C11HsCINs, [M+1]*).
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6.125. 4-(6-Bromoindolin-1-yl)-5-(cyclopropylethynyl)-7H-pyrrolo[2,3-
d]pyrimidine

Br/®_> /

N

Ph
—

NT R
4-Chloro-5-(cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidine (43 mg, 0.2 mmol) and 6-
bromoindoline (44 mg, 0.22 mmol) were stirred in isopropyl alcohol (2 mL) and dioxane (1
mL) under microwave conditions at 175 °C for 2 hours. Organics were adsorbed to celite
and chromatographic purification (Biotage SP4, 10 g cartridge, solvent system: pet.
ether/ethyl acetate; 0%, 4 CV; 0-50%, 6 CV; 50%, 6 CV, 50-100%, 4 CV; 100%, 6 CV) yielded
impure title compound (38 mg, 56% pure by LC) LRMS (ESI +ve): 379.0, 381.0 (50:50)
(C19H16BrN4, [M+1]*).
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6.126. 4-(1-(5-(Cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)indolin-6-yl)-
2-methylbut-3-yn-2-ol 88

OH/
— N //
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Impure 4-(6-bromoindolin-1-yl)-5-(cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidine (30 mg,
0.08 mmol), Pd(PPhs),Cl; (2.8 mg, 400 umol) and Cul (1.5 mg, 800 umol) were stirred under
argon in DMF (1 mL) in a sealed 0.5-2 mL microwave vial. DIPA (25 pL, 0.32 mmol) and 2-
methylbut-3-yn-2-ol (32 uL, 0.32 mmol) were added and the reaction stirred at 90 °C for 16
hours. HPLC purification yielded title product as a white TFA salt (6 mg, 3% over 2 steps).
(LC-MS purity = 98.4%). *H (DMSO-ds, 500 MHz) & 0.13 (m, 2H), 0.46 (m, 2H), 0.89 (m, 1H),
1.44 (s, 6H), 3.12 (t, J = 7.9 Hz, 2H), 4.22 (t, J = 8.1 Hz, 2H), 6.89 (d, J = 7.5 Hz, 1H), 6.99 (s,
1H), 7.23 (d, J = 7.5 Hz, 1H), 7.40 (s, 1H), 8.31 (d, J = 2.1 Hz, 1H), 8.50 (s, 1H), 12.65 (br s,
1H); LRMS (ESI +ve): 383.1 (CasH23NsO, [M+1]*) and 401.1 (CasH2sNsO,, [M+H50]")
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d. Biochemical assays

IKK biochemical assay

Recombinant IKKa (active) 37 nM or recombinant IKKB (active) 37 nM, (Millipore, Dundee,
UK) were incubated with IkBa (Ser32), biotinylated peptide substrate (0.375 uM or 0.18 uM
respectively) (New England Biolabs, Hitchin, UK) and ATP (40 uM or 10 uM respectively) in
assay buffer (40 mM Tris-HCI (pH 7.5), 20 mM MgCl,, EDTA 1 mM, DTT 2 mM and BSA 0.01
mg/mL) in a V-bottom 96-well plate in the presence and absence of test compound or

standard.

The assay plate was then incubated for 1 hour at 30 °C, after which the kinase reaction was
qguenched by the addition of 50 mM EDTA, pH8. The resulting mixture was transferred to a
streptavidin coated 96-well plate (Perkin Elmer, Beaconsfield, UK) and incubated for 1 hour
at 30 °C to immobilise the substrate peptide. After three washes with wash buffer (0.01 M
PBS, 0.05% Tween-20, pH 7.4), p-IkBa (Ser32/36) mouse mAb (New England Biolabs,
Hitchin, UK) (1:1000 dilution with 1% BSA in wash buffer) (40 pL) was added and incubated
at 37 °C for 2 hours.

After a further three washes, a secondary europiated antibody (Eu-N1 labelled anti-mouse
IgG, (Perkin Elmer, Beaconsfield, UK) diluted 1:500 with 1% BSA in wash buffer) (40 pL) was
added and incubated at 30 °C for 30 minutes. After a further five washes, DELFIA
enhancement solution (Perkin Elmer, Beaconsfield UK) was added and allowed to incubate
for 10 min at room temperature, protected from light. The relative fluorescence units (RFU)
signal were measured on a Wallac Victor2 1420 multilabel counter (Perkin Elmer,
Beaconsfield, UK ), in time-resolved fluorescence mode. The counter was set at an
excitation wavelength of 340 nm with a 400 ps delay before detecting emitted light at 615

nm.

The apparent K; was calculated for each compound using the Cheng-Prusoff Equation.*
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NIK biochemical assay

Recombinant human NIK (active) 5 nM (Promega, USA) was added to MBP 0.1 mg/mL
(Promega, USA) and 5 uM ATP in assay buffer (40 mM Tris-HCl (pH 7.5 £ 0.05), 20 mM
MgCl,, BSA 0.1 mg/mL and DTT (50 uM) in a white half well 96-well plate (Greiner Bio One
GmbH, Germany), in the presence and absence of test compound, to a total volume of 20
pL. Plate was covered with a lid, wrapped in cling film and placed in a foil bag (previously
stored streptavidin coated plate (Perkin Elmer, UK)) and shaken on a Stuart microplate
shaker (Bibby Scientific Ltd, UK) at 850 rpm for 1 minute before incubating at 30 °C for 1
hour. Plate was removed from foil bag and allowed to equilibrate to 21 °C for 15 minutes
before addition of Kinase-Glo® reagent (Promega, USA) (20 pL). Mixture was incubated in
the dark for 10 minutes and luminescence was detected on a Wallac Victor? 1420 multilabel

counter (Perkin Elmer, UK).

The apparent K; was calculated for each compound using the Cheng-Prusoff Equation.'#®
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e. Computational methods

Docking methods

Structures to be docked were first drawn in ChemDraw?*

and prepared using Pipeline
Pilot**® to “add hydrogens”, “minimize molecule” and calculate “3D co-ordinates”. Protein
crystal structures were downloaded from the PDB and prepared in Discovery Studio®¥ by
removing crystallisation artefacts and non-structural waters. Prepared compounds were
docked using CCDC GOLD software.?*® Chemscore_kinase was used as the template and any
structural water or crystallised ligand extracted and reloaded. Binding sites were defined as
a centroid around the approximate centre of the orthosteric binding site and residues
within 10 A made available for interaction. Compounds were given the freedom for amides
and protonated carboxylic acids to flip, as were planar nitrogens. Pyramidal nitrogens were
also allowed to invert. ChemPLP with default parameters was used as the scoring function

and no early termination was allowed. Compounds were docked either 10 or 100 times

with diverse solutions requested for library docking prior to synthesis.
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8. Appendix |

In order to explore differences between to the two IKK isoforms, we built a homology
model of the IKKa kinase domain based on the crystal structure of IKKB (chain B, residues 1-
309, PDB entry 4KIK), keeping the inhibitor (KSA700 in the pdb file) and water molecules
found within 6 A of the protein-inhibitor complex (Figure 1). Both IKK kinase domains were
solvated then subjected to extended molecular dynamics, with an average structure
generated for the last 21 ns (IKKa) or 26 ns (IKKB) and subsequently minimised.
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Figure 1. Sequence alignment for the kinase domains of IKKa (IKK1) and IKKB (IKK2)
(4KIK_chainB) showing 61 % of identical residues (coloured in turquoise), a further 14 %
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similar residues (polar for polar, hydrophobic for hydrophobic; in light blue) and 25 % non-
similar residues (white).

When superimposing the pre-simulated structures of both IKK isoforms, it was striking to
see how regions making up the ATP-binding pocket were essentially identical (Figure 2;
Left). However, analysis of descriptors of motion extracted from their MD trajectories such
as residual fluctuation, revealed dynamic differences between the two isoforms that could
be exploited in an inhibitor design programme.
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Figure 2 Left: Minimized average structure of IKKB highlighting residues that are identical
(dark blue), similar (light blue) or different (white) with IKKa. The staurosporine analogue
present in the PDB file (entry 4KIK, stick model) marks the ATP binding site and is
surrounded by dark blue residues. Right: Residual fluctuations of IKKa (black line) and IKKB
(blue line) arising during the MD simulations. Several areas were found to be more flexible
in IKKa (red underline).

Residual fluctuations obtained from the MD trajectories highlighted areas of the IKKs that
acted differently during the simulations (Figure 2; Right). Overall, the two isoforms behaved
very similarly, but IKKa appeared more flexible in several key areas around the ATP binding
site, particularly at the G-loop (residues 22-27) above the site entrance and the loop
located just adjacent to the hinge (residues 155-159 in IKKa (VGGKI) and residues 156-160
in IKKB (GEQRL)). Two residues could account for the differences observed with the G-loop:
Pro52 and GIn48 in IKKB (Thr52 and Leu52 in IKKa) induce a tension at the tip of the first a-
helix through proline’s intrinsic structure and the engagement of the glutamine side chain
in a reciprocal H-bond dimer arrangement with the side chain amide of Asn28 (Figure 3).
This asparagine is located at the end of the G-loop and its interaction with GIn48 restrained
the G-loop movement by more than 1 A in IKKB when compared with IKKa. A different
dynamic behaviour was observed with IKKa, as the equivalent residues do not impose
restraints on the G-loop movements: Thr52 has no rigid turn capability like Pro52 in IKKB
and the side chain of Leu48 seeks a hydrophobic environment and will not engage in H-
bond formation with Asn28, leaving the side chain of this latter residue free to make
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interactions in the ATP binding site of IKKa (as opposed to being sequestered by GIn48 in
IKKB) (Figure 3). The other interesting difference was related to the VGGKI (residues 155-
159) loop in IKKa (residues GEQRL (number 156-160) in IKKB). In this case, one residue is
responsible for the change observed in residual fluctuation: Lys158 in IKKa is replaced by
Arg159 in IKKB. The slightly longer arginine side chain and its bifurcate H-bonding capacity
forms a reciprocal H-bond dimer with the side chain carboxylate of Asp128 in IKKpB that is
maintained throughout the simulation, whilst the equivalent lysine in IKKa never engages in

a strong interaction with the equivalent Asp127 in IKKa (Figure 4). This interaction in IKKp is
responsible for tethering the 156-160 loop to a-helix 3 (Asp128 is located in the middle of
this helix), thus reducing its flexibility compared with IKKa.

Figure 3. Superimposition of IKKa (white) and IKKB (blue) highlighting the differences
near/in the ATP binding site (marked by the staurosporine analogue as a stick model)
between the two isoforms. The expanded area shows equivalent residues in IKKa (ASN28,
LEU48 and THR52) and IKKB (ASN28, GLN48 and PRO52) engaged in different
interactions/structural effects resulting in ASN28 being available to interact with putative
ligands in the binding pocket of IKKa but not IKK.
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Figure 4. Left: Structure of the loop located below the active site in IKKa (white) and IKKB
(blue) and its relationship with a-helix 3 residue ASP127 (IKKa)/ASP128 (IKKPB). In IKKB,
ARG159 makes a reciprocal hydrogen bond dimer interaction with ASP128, whereas in
IKKa, LYS158 has no close interactions with ASP127. Right: Side chain amine nitrogen
(LYS158 (IKKa)/ARG159 (IKKB)) to side chain acid oxygen (ASP127 (IKKa)/ASP128 (IKKPB))
distance throughout the equilibrated phase of the simulation.

With respect to putative inhibitor binding, the implications for isoform selectivity of these
two sets of differences in the ATP site are two-fold: firstly, it should be possible to design
small molecules that target the free Asn28 side chain amide presented at the back of the
IKKa pocket that is otherwise engaged in IKKB (Figure 3); and secondly, because the ATP
binding pocket has greater flexibility in IKKa, it has the potential to accommodate larger
substituents, particularly below the G-loop.
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