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ABSTRACT

This thesis is divided into two parts. Part One investigates the physicochemical
properties, in particular the thermodynamic solubility, of 6,5-bicyclic heterocycles.
The heterocycle with the best balance of properties was taken forward as a scaffold
for Part Two of the research, where lipid kinase PI4KIlIB was targeted with an

electrophilic, covalent warhead.

Part One of this thesis details the synthesis of a range of nitrogen containing 6,5-
bicyclic heterocyclic cores shown below which are common scaffolds in medicinal
chemistry. The physicochemical properties of these compounds were measured, and
a comparison of the data was carried out. Crystalline solids were obtained where
possible to give a more robust comparison of the thermodynamic solubility. Various
parameters such as pKa, melting point and solubility, were investigated.
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The biological target for the compounds prepared was lipid kinase PI4KIIIB which is
responsible for the synthesis of PI4P (phosphatidylinositol 4-phosphate), the most
abundant phosphoinositide in eukaryotic cells, that plays a critical role in a number
of pathological processes, one being a key mediator for viral replication. There is
significant interest in targeting PI4KIIIB because viruses are able to hijack the cell’s
machinery for replication. This has led to an interest in PI4KIIIB as being a potential
target to treat diseases such as hepatitis C, human rhinovirus infection and also

cancer cell proliferation.?




Part Two of the thesis builds upon the results of Part One, where the core with the
best balance of activity against PI4KIIIB and physicochemical properties was taken
forwards. This was appended with different electrophilic warheads to initially target

covalent modification of the conserved lysine in the active site of PI4KIIIp.

A range of novel fluorosulfate based inhibitors were synthesised and their stability to
buffers and reactivity to amino acids were investigated. In addition to measuring
enzymatic potency a long incubation cellular assay was also carried out, and the
enhanced potency indicated the possibility of a non-reversible binding event. To
determine the potential for covalent modification, the compounds were profiled by
protein mass spectrometry to identify adducts. The onset of inhibition was measured

and the rate constants for the reversible and irreversible binding events were

determined.
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The success of the fluorosulfate covalent inhibitors targeting PI4KIIIB led to the
exploration of the first in-house non-cysteine targeted covalent fragment library.
Data on the solubility from Part One of the thesis was used to aid the design of
PI14KIIIB fragment fluorosulfate molecules to selectively target PI4KIIIB and validate
the concept of a fluorosulfate fragment library. Finally, a robust and high throughput
synthetic procedure for synthesising a first generation of a fluorosulfate fragment
library was established and the fragment set was screened against several protein

targets.




ACKNOWLEDGMENTS

| would like to acknowledge:

My two supervisors:

Mike Barker (GSK) and Prof. Nick Tomkinson (Strathclyde).

Ken Down, Sophie Bertrand, Emma Grant, Don Somers and John Evans.




Contents

DeClaration.......ccieeeeeeuiiiiiiiiiiiii s eee i
Y 1 - o iii
AcknowledgmeENnts .......cccivuiiiiiiiiiiiiiiiii e se s e sen s san s sannnes v
00T = 3 U vi
ADBBreviations.......cooiiiiriiiiiiiiiiir e viii
I - T o 0t N 1
1.1  Physicochemical properties in drug discovery.........ccoccceeeeiieiccciieeeeeeeeeeens 1
1.2 Strategies for improving solubility .........cccoeviiiiiiiiiiiiii e, 6
1.3 Project aims . 12
1.4 Synthesis of COres 1-5 ..o e e e e 15
1.5 Physicochemical properties of the synthesised heterocycles .................... 26
1iB  SUMIMAIY i 36
EXPerimental ... ..o reae s sneesensessne e senesesensnssansesannnns 37
1.7  General methods and aSSaysS.....cccceeeicciiiiiiee e e e e 37
1.8  SYNTNESIS .t e e s e e e e 42
REFErENCES ...uuuuueiiiiiiiiitiitttt e 70
N - | 7 N 74
S R 1 = 1 <L PP OOPPI 74
2.2 Lipid KiNGS@S: PIAKIIP ..euvereeeeeeeee ettt ee ettt e e e e anrree e e e e e e e eanrneeeees 77
2.3 Covalent inhibition in drug disSCOVEry.......coovciiiiieiiee e, 80
2.4 Mechanism of covalent inhibition.........ccccoovieiiiiiiiii, 83
2.5 BeYONd CYSERINE coiiiiieiiereeeee ettt e e e e e e e e e e e e e e e anrreeeeas 84
2.6 Targeting a lipid kinome conserved lySine ........cccceeeeeieecciiieeeee e, 87

2.7  Sulfur Fluoride Exchange (SUFEx): Emerging technology in drug discovery 89

2.8  Fragment library technolOgY ......ccccvmrieiiiiiieiceeee e 92
DS I o o Y [Tt o 1 o L3Pt 94
2.10 Synthesis of activated esters.......cccoieeiee i 98
2.11 Synthesis and characterisation of a sulfonyl fluoride inhibitor ................ 111
2.12 Fluorosulfate inhibitor design and characterisation .........ccccccecevveennnneeen.. 114
2.13 Lipid kinase selectivity of lead compound 2.45 ...........cccovivieiiiiiienennnnen. 124

vi



2.14 Stability screen of fluorosulfates.......ccccccvveeeirieeeeiieiieiireeee e, 125
2.15 AMINO ACId SCrEEN ...eeeiiiiieiiec et 129
2.16  HPLC reaCtiVity @SSAY ....uuuueuurererererererererererereeeeereeerererererereeeeeeeeeeeeeeeereeeeeeeee 130
2.17 Mass spectrometry characterisation of lysine targeted inhibition........... 137
2.18 PI4KIINB kinetic binding assay and characterisation of lysine inhibition ... 144
2.19  Targeting tYrOSINE. ... uuuiiiiieiiiiieieierttarerererrrererrrer e 148
2.20 Characterisation of tyrosine targeted covalent inhibition........................ 154
2.21 Dual covalent inhibitor........cccoiiiiiiiiiii e 157
2.22  Fragment library design.. ... 162
2.23  CONCIUSIONS ...ttt ettt e e 182
(s =T g T4 =T 4 N 187
2.24 General methods and aSSayS......ccccvireieeiirieiiiiiiiee e 187
2.25  SYNENESIS ciiiiiiiii et e e e e e raees 194
REFErENCES ...uuuuueeiiiiiiititttt s 258
S T Y o] e 7T T [T of T OO PUPRS 267
N B {2 - T =1 Y LS 267
3.2 Lipid kinase screen of 2.45 ........cooovciiiiiiiiieeecceee e 268
3.3 HPLC reference control plots.......cocciiiiiciiie e 269
3.4  Crystallography data......ccccceeee oo 271
3.5 Fragment mass spectrometry control compound 2.98 ...........ccccvvevernneen. 277

Vii



ABBREVIATIONS

Ac Acetyl

AcOH Acetic acid

ADP Adenosine Diphosphate

AISF (Acetylamino)phenyl]imidodiSulfuryldiFluoride

AMP Artificial membrane permeability

ATP Adenosine Triphosphate

Aq Aqueous

BRD4 Bromodomain-containing protein 4

BrettPhos Dicyclohexyl(2',4',6'-triisopropyl-3,6-dimethoxy-[1,1'-
biphenyl]-2-yl)phosphine

Bu Butyl

Boc tert-butyloxycarbonyl

BTK Bruton’s Tyrosine Kinase

CAD Charged Aerosol Detection

CDK Cyclin Dependent Kinase

ChromLogD7.4 Chromatographic distribution coefficient at a particular
pH, usually physiological; 7.4

Cl Clearance

CLND Chemiluminescence Nitrogen Detector

clogP Calculated partition coefficient

CML Chronic Myeloid Leukaemia

COPD Chronic Obstructive Pulmonary Disease

(6(0)4 Cyclooxygenase

CPE Cytopathic effect

Cys Cysteine

DABSO 1,4-Diazabicyclo[2.2.2]octane  bis(sulfur  dioxide)
adduct

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene

Dba Dibenzylideneacetone

viii



DIPEA
DMAP
DMF
DMSO
Dppf
DTT
EicB
EDC

Et
EGFR
ESI

Eq.
FaSSIF

For

g
GSE

GSH
GSK

HATU

HEPES

hERG

HPLC
HRMS
HRV

N,N-Diisopropylethylamine
N,N-Dimethylpyridin-4-amine
N,N-Dimethylformamide

Dimethyl sulfoxide
1,1-Bis(diphenylphosphino)ferrocene
Dithiothreitol (Cleland’s reagent)
Elimination Unimolecular conjugate Base

N-((ethylimino)methylene)-N3,N3-dimethylpropane-
1,3-diamine

Ethyl

Epidermal Growth Factor Receptor
Electrospray lonisation
Equivalent(s)

Fasted state simulated intestinal fluid (biorelevant
solubility test)

Formic acid

Grams

General Solubility Equation

Glutathione

GlaxoSmithKline

Hour(s)

1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate

4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid

Human ether a-go-go related gene

High pH

High performance liquid chromatography
High resolution mass spectrometry

Human Rhinovirus




ICso Concentration of inhibitor required to inhibit activity by

50 %
IPA Isopropanol
IR Infra-red (spectroscopy)
JAK Janus Kinase
KJ Kilojoule
LCMS Liquid chromatography mass spectrometry
LE Ligand Efficiency
LLE Lipophilic Ligand Efficiency
Lys Lysine
m Metre
M Concentration in moles/L
MDAP Mass directed auto preparative chromatography
MDCK Madin Darby Canine Kidney cells
min Minutes
Me Methyl
mL Millilitres
mM Millimolar
mmol Millimoles
mp Melting point
mRNA Messenger RNA
MW Molecular Weight
NBS N-Bromosuccinimide
NFSI N-Fluoro-N-(phenylsulfonyl)benzenesulfonamide
NIS N-lodosuccinimide
nm Nanometre
NMR Nuclear Magnetic Resonance
NSCLC Non-Small Cell Lung Carcinoma
PBS Phosphate Buffered Saline
Perm Permeability




Ph

Pl
PIP
PI3K
P14K
pKa
pH
plCso
PMB
PSA
Ptdins
RBF
RCC
Ry
RNA
RT
SDI
Ser
SuFEx
Sol.
SLF
SNAr
TCEP
TGN
TFA
TFE
THF
TLC
™S

Phenyl

Phosphoinositide
Phosphatidylinositol phosphate
Phosphatidylinositol 3-Kinases
Phosphatidylinositol 4-Kinases
-logKa (pH at which 50% of the molecule is ionised)
-Log[H"]

-LoglCso

Para-MethoxyBenzyl

Polar Surface Area
Phosphatidylinositol
Round-Bottomed Flask

Renal Cell Carcinoma
Retardation factor

Ribonucleic acid

Room Temperature
Sulfonyldiimidazole

Serine

Sulfur Fluoride Exchange
Solubility

Simulated Lung Fluid
Nucleophilic aromatic substitution
Tris-(2-carboxyethyl)phosphine
Trans-Golgi Network
Trifluoroacetic acid
Trifluoroethanol
Tetrahydrofuran

Thin-layer chromatography

Trimethylsilane

xi



T3P

Tret

Tyr
Val
VEGFR
XRPD
uL

uM

um

2,4,6-Tripropyl-1,3,5,2,4,6-trioxatriphosphinane 2,4,6-
trioxide

Retention time

Tyrosine

Valine

Vascular Endothelial Growth Factor Receptor
X-ray Powder Diffraction

Microliters

Micromolar

Micrometres

xii



1 PART1
1.1 Physicochemical properties in drug discovery

Physicochemical and molecular properties such as solubility, permeability and
lipophilicity are important parameters in drug discovery. They can influence the
pharmacokinetic, pharmacodynamic and safety profile of a potential drug.? There is
often a balancing act between these various parameters to find candidates with

sufficient solubility, permeability and metabolic stability for the desired target.3*

Solubility is a critical parameter in drug discovery, particularly for orally dosed
compounds.®> Poorly soluble compounds can have reduced gut absorption and
variability in drug plasma concentration which can lead to attrition during
development.® It is important to measure solubility during lead optimisation, and to

be able to have strategies for improving it.>’

Solubility is reported as either thermodynamic or kinetic; these refer to two different
aspects of behaviour that a molecule possesses when undergoing dissolution.®
Kinetic solubility refers to any solubility that is associated with a metastable form of
a compound.® Thermodynamic solubility is the maximum amount of the most stable
form of the compound (preferably crystalline) that can remain in solution under
equilibrium conditions.'® In the literature, kinetic solubility is widely reported and

accepted as it can be automated more easily.>

Obtaining permeable compounds is crucial as it is important for the drug to reach the
desired site of action. Permeability is often reported as artificial membrane
permeability (AMP) and is a measure of the passive diffusion of molecules across an
artificial phospholipid membrane.!? There are other permeability assays e.g. the
MDCK cell line, where active transporters are present which will affect the

permeability.’? Permeability assays with active transporters present are desirable as




they can establish an in vitro model to screen for orally absorbed compounds, which
can provide an indication of the mechanism of transport i.e. is the compound likely
to be actively transported into or out of the cell? Often, increasing lipophilicity helps

increase the passive permeability of the compounds.3

Lipophilicity is measured experimentally as a partition coefficient and is reported as
logP or logD. Log P describes the partition equilibrium of un-ionized solutes between
water and n-octanol.'* Whereas, log D describes the ratio of the sum of the
concentration of all forms of the compound in the aqueous phase and is measured at
a specific pH.*>1® Under physiological conditions the pH of blood is 7.4 and is the
standard pH quoted for logD. However, it can also be informative to measure the
lipophilicity under more basic (pH 10) and acidic (pH 4) systems. Our laboratories
have developed a high-throughput chromatographic measure of lipophilicity using a
reversed phase HPLC column which is referred to as chromlogD7.4.1” The value of the
chromatographic measurement of the lipophilicity has been demonstrated by Young
et al, where it could be correlated with the distribution of all species present at a

given pH.%2

These three parameters combined make up part of the physicochemical profile of a
compound and being able to optimise these is key to the drug development process,
where these types of issues are often encountered in lead optimisation. For example,
Pfizer have published work around the lead optimisation of the physicochemical
properties of a series of molecules 1.1.2° As the lipophilicity of the compound was
decreased (lowered logD), the permeability was reduced but the thermodynamic
solubility increased. The optimisation of the physicochemical profile led to the

development of a candidate selected compound 1.2 (Figure 1.1).*°
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Figure 1.1: Optimisation of the physicochemical profile.

To aid the medicinal chemist, in 1997, Lipinski introduced the rule of five which is the
most cited rule to evaluate the likelihood of a compound being orally bioavailable.?%?!
The rule of five was based on the observation that phase Il candidates fall within a
certain size, lipophilicity and polarity range regardless of the pharmacological class.
Lipinski’s rules state that, in general, an orally bioavailable drug has no more than
one violation of the following:

Lipophilicity should be less than 5 (clogP).

Number of H-bond donor groups should be less than 5 (HBD).

Number of H-bond acceptor groups should be less than 10 (HBA).

P w N

A molecular mass less than 500 Da (MW).

It has been well established that over 90% of marketed drugs obey these guidelines,

22 More recently, the literature has

exhibiting a good pharmacokinetic profile.
reported modifications to Lipinski’s rule of five in the design of molecules with a good
physicochemical space for orally dosed drugs.?3 Pfizer developed the golden triangle
which has been used as a visualisation tool to help medicinal chemists achieve
metabolically stable, permeable and potent drug candidates.?*?> The golden triangle

can be used as a tool to impact the design of new targets with desirable drug-like

properties (Figure 1.2).
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Figure 1.2: The golden triangle; visualisation tool to aid compound design (Graphical

image adapted from pfizer, see reference 24).2

Additionally, building upon Lipinski’s rule of five, subsequent reports have identified
both polar surface area (PSA), i.e., surface belonging to polar atoms, and rotatable
bonds as factors which impact the likelihood of drug developability.”?¢?” Veber and
co-workers measured the oral bioavailability in rats for over 1100 drug candidates
which allowed them to delineate the effects of the number of rotatable bonds and
polar surface area on the oral bioavailability of the compounds.?®2° This revealed the
benefits of reducing the polar surface area (<140) and keeping the number of

rotatable bond less than or equal to 10 on the oral bioavailability of the compounds.

Despite the success of chemists obeying the ‘rule of five’ there are recent reports
regarding the development of new therapeutic agents that surpass the rule of five.3°
AbbVie stressed the observation that approximately 6% of oral drugs are outside of
Lipinski’s guidelines which suggests that there are opportunities to exploit. Lipinski
later published his views on Navitoclax 1.3 (Figure 1.3) an orally bioavailable drug
which does not comply with the rule of five.? Compound 1.3 has a clogP greater than
5, 14 hydrogen bond acceptors and a molecular weight greater than 500 Da, breaking
three of Lipinski’s rules. Generally, recent marketed drugs appear to be increasing in

molecular weight and lipophilicity which suggests more drug discovery efforts are




focusing on alternative profiles.3! Different target classes are emerging e.g. protein
protein interactions and so the acquired physicochemical properties of the

compounds are dependent on the protein target.

1.3
logP 9.6
HBD
HBA 14
MWt 975
Figure 1.3: Arecent example of an oral bioavailable drug which does not comply with

Lipinski’s guidelines.

Solubility is important to the drug discovery process and to aid the chemist,
Yalkowsky deduced an equation (Equation 1.1), referred to as the general solubility
equation (GSE) which has been extensively used in the pharmaceutical industry and
academia to predict the solubility of a compound.3? The variables used in the
equation are the melting point temperature (tm) which can be experimentally
determined from crystalline solid and the octanol water partition coefficient (clogP)
which can be experimentally measured or calculated using software programmes
such as CLOGP.33 The solubility of a compound can be estimated if the melting point
and clogP are known. It is important to note that clogP only measures the partition
of un-ionized solutes and generally a small clogP and tm correlate to a large logS.3*
85% of drugs have logS values between -1 and -5, with -1 being highly polar molecules
that may have low membrane permeability and -5 being hydrophobic molecules with

low aqueous solubility.3>36

logS = 0.5 —clogP — 0.01(t,, — 25)

Equation 1.1: The Yalkowsky equation (GSE).




1.2 Strategies for improving solubility

In drug-discovery, phenyl and heteroaromatic rings are ubiquitous, with benzene 1.4
and pyridine 1.5 being the two most commonly found aromatic systems in marketed
drugs.3” Varying the aromatic and heteroaromatic groups can confer different
physicochemical properties to the molecule which can have potential impact on the
progression of drug discovery projects.3®3° The introduction of a basic centre and
polarity to the compound have been shown to influence the properties of the
compound (Figure 1.4).4%4! The presence of the nitrogen atom in the pyridine ring
alters the electron distribution, inducing a dipole and introducing polarity into the
ring which can influence the properties of the compound. Thus, understanding how
these types of modifications impact the physicochemical profile of the compounds is
crucial. As a result, different approaches in the pharmaceutical industry have been
employed for improving the physicochemical properties.384243 For example,
replacing a phenyl ring with a pyridyl ring is frequently used by medicinal chemists to

improve the profile of a molecule.**
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Figure 1.4: Substitution of CH with an N atom is a small structural modification with

potential implications on the physicochemical and pharmacological profile.

It has been shown that too many carboaromatic rings lead to poorer overall
developability of a compound by increasing the lipophilicity and decreasing the
solubility.*> A widely used strategy to overcome this problem is to increase the
solubility of a drug candidate by increasing its polarity through replacement of
carboaromatic rings with heteroaromatic rings; the use of this approach is reflected
in the increasing prominence of heteroaromatics in drug discovery (Figure 1.5).36:46

The increase in carboaromatic character represents a significant decrease in the




average solubility.*® Introducing heteroatoms improves the average solubility and
decreasing the aromatic ring count by replacing with heteroaliphatic rings increases

the average solubility further.3®

-150 -100 -50 0 50 100 150
Average sol. (uM)

@ @ @l 1 Carboaromatic

'
: .
' Heteroaromatic
'

Heteroaliphatic !

Figure 1.5: Change in average solubility for 3 classes of rings (set of 19196
compounds). Red = -carboaromatic; Yellow = heteroaromatic; Green =

heteroaliphatic.*> Adapted from reference 45.

Humblet and co-workers hypothesised that increasing saturation was an approach to
improving clinical success.*’” They demonstrated that both fraction of sp® character
and the presence of chiral centres correlated with the success as compounds
transitioned from discovery, through to drug molecules (Figure 1.6).*® This could be
further correlated to the solubility and melting point temperature.3? The increased
saturation disrupts the crystal lattice energy, decreasing the melting point and

thereby increasing compound solubility.*
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Figure 1.6 The average Fsp? character at the different stages of drug development

(adapted from reference 47).

This hypothesis was explored by Wang et al where significant gains in thermodynamic
aqueous solubility were obtained for their clinical candidate 1.7 as shown in Figure
1.7.5° Their strategy was to increase the sp® character of 1.6 to reduce structural
planarity thereby disrupting the crystal-stacking capability of the molecule.”! These
changes meant that the thermodynamic solubility was increased and this was
reflected in the decreased melting point temperature of 1.7 (Figure 1.7). However,
the lipophilicity of 1.7 was reduced and so this was also likely to have contributed to
the thermodynamic solubility gains, thus highlighting the difficulties associated with

correlating solubility gains with a single molecular property.

- o

HN>:N CF, HN N cFy
S@OW S@Ow@
NN NN
1.6 1.7
Solubility (0.01 M HCI): <1 pg ml? Solubility (0.01 M HCI): 13 pg ml?
clogP: clogP:
mp: 219-221 °C mp: 130-131 °C
Fsp3 0.1 Fsp3

Figure 1.7: The effect of increasing carbon sp? character on the thermodynamic

solubility.




Nitrogen atoms are ubiquitous in drug discovery programs and contribute to the
molecular properties of the compound.** Whether or not basic nitrogen atoms are
protonated under physiological conditions may not only be critical for binding
potency, but also affects the physicochemical properties. Protonation of a nitrogen
leads to an increase in aqueous solubility but can also be linked with introducing
other liabilites.”? It has been established that basic nitrogen atoms increase the
volume of distribution leading to wider tissue distribution, thus in some cases
increasing off target effects.>3>* Bristol Myers Squibb have correlated the effects of
introducing basic groups with the probability of increasing hERG inhibition.>> hERG
encodes a voltage-gated potassium channel which is key for the function of the
cardiac action potential. Pharmacological blockage of this channel can cause sudden
death.>® There are reported strategies for controlling the pKa of basic nitrogens which
could potentially overcome the risks associated with the introduction of a basic
centre e.g. fluorination. Therefore, basic nitrogens are common structural
modifications for improving the physicochemical profile of a candidate drug

molecule.”’

A carboxylic acid group is ionised under physiological conditions which significantly
improves the aqueous solubility of the compound. However, a carboxylate group is
known to be detrimental to the permeability of a molecule, leading to poor cell
activity and reduced oral exposure.?>® This has led to the work of Christel and co-
workers, where the physicochemical properties of ciprofloxacin (1.8) derivatives
were investigated through synthesising flexible lipophilic esters of the acid as shown
in Figure 1.8.>° It was hypothesised lipophilic fragments (1.9) could disrupt the crystal
lattice energy by increasing the molecular flexibility, resulting in improved solubility
and permeability. In this study, the introduction of lipophilic ester groups improved
the permeability of 1.8, but did not always improve the solubility of the compound
which highlighted the importance of striking a balance between polarity and

flexibility when considering compound solubility.
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Figure 1.8: Ciprofloxacin and analogues appended with different groups.

AstraZeneca have proposed a strategy for improving the properties of compounds
through ‘building bridges’ (Figure 1.9).°° The properties of common medicinal
chemistry containing groups (e.g. morpholine, piperazine and piperidine) were
explored and it was demonstrated how building a one carbon-sp? bridge actually
decreased the lipophilicity of the resulting bicyclic structure.>® As shown in Figure 1.9,
compound 1.10 showed in increase in basicity and a decrease in lipophilicity in
comparison to compound 1.11. Quantum mechanical calculations showed that the 3-
dimensional shape of the compound was significantly altered, and this led to an
increased solvent exposed polar surface area, increasing the basicity. This has
potential implications on the crystal lattice packing which can influence the solubility

through decreasing the melting point (see Equation 1.1).

o)

o () 7

~ + pKa
/7 - logD
+1sp3C +1sp*C

O_N O_N O _N
o o o
\ NH \ NH \ NH
1.10 111 1.12
logD, , 3.0 logD, , logD, ,
pKa 7.5 pKa 8.1

Figure 1.9: The positional influence of introducing a single sp® carbon on the

physicochemical properties.
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Ferrins et al explored the work carried out by AstraZeneca.®! Their lead compound
1.13 was potent towards the desired target but lacked appropriate physicochemical
properties. Multiparameter optimisation was carried out through increasing the
carbon sp3 character and significant changes to the profile of the compound were
observed through this approach. The appended piperazine group (1.13) was changed
to a bridged piperazine, 1.14, and this gave significant gains in the aqueous solubility,

potency, lipophilic ligand efficiency (LLE) and metabolic stability (Figure 1.10).52

) )
HN™ N HNT N
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N N N™™ N
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LLE=4.3 LLE=4.7
clogP csp® fsp? pKa ~ clogP csp3 fsp3 pKa "
25 5 02374 27 6 0.267.6

Figure 1.10: Multiparameter optimisation of a quinoline series through building a

carbon bridge. * Properties calculated using GSK predictive algorithms.

Significant improvements to the profile of the compound was achieved through
increasing the fraction of carbon sp? character (0.23 vs 0.26). Additionally, the pKa of
the most basic centre was calculated using GSK predictive tools and a 0.2 log
difference is estimated (7.4 vs 7.6). This correlated to approximately a 1.5-fold
difference in protonation of the bridged piperazine ring and there is a 20-fold
difference in the aqueous solubility. In addition, the paper should have reported the
chromlogD and pKa values of the molecule which could be further correlated with
the increased basicity of the bridged piperazine ring. As a result, the increased
solubility could have been due to several parameters. From the limited data, the

authors concluded that the solubility increase was due to the increased fsp3character

11



(0.23 vs 0.26). Despite the improved profile, hERG inhibition was identified (linked
with increased basicity) and the authors were sceptical about further development
of this compound series.®® This work highlights the difficulties associated with
multiparameter optimisation and how improvement of one parameter can often

introduce other liabilities and affect compound progression in drug development.®

In summary, current literature methods for improving the physicochemical profile of
a compound include decreasing the lipophilicity of molecule, through replacement of
aromatic rings with heteroaromatic rings. Increasing the saturation of the compound
by increasing the sp? character has been shown to disrupt the crystal lattice packing,
resulting in a solubility improvement. Current strategies for improving the overall
profile of lead candidates have highlighted the associated issues encountered.
Liabilities are often introduced which prevents further progression of the lead
compound series, therefore, other strategies for improving the physicochemical

profile require exploration.

1.3 Project aims

PI4KIIIB has recently generated attention in drug discovery projects within our
laboratories and elsewhere. A key focus within optimising has been on the potency
of the compounds.®® The current literature shows the design of some highly potent
molecules with a 6,5-bicyclic cores, however, many of these compounds demonstrate
suboptimal physicochemical properties for further progression (Figure 1.11).%° Lead
compound 1.15 shows desirable activity towards PI4KIIIB but has a poor overall
physicochemical profile e.g. low solubility. Due to the tendency to focus on selectivity
and potency during series optimisation within kinase drug discovery programmes,
there is limited literature available with a specific focus on the physicochemical

properties of the compounds and how this effects the progression of compounds.
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OMe

HN__O

)
N

IO

H,N SNTS
1.15

PI4KINB ICso (nM) 11

logD (pH7.4) not determined
Kinetic solubility (uM) 6
clogP 3.8, Fsp® *

Figure 1.11: Literature example of a potent PI4KIIIB inhibitor with poor

physicochemical properties.! * Properties calculated using GSK predictive algorithms.

Due to the ubiquitous nature of heteroaromatic ring systems in drug discovery,
investigation of the properties of these ring systems is important. The initial aim of
this work was to investigate the systematic effects of different nitrogen atom
configurations of 6,5 bicyclic heterocycles on the physicochemical properties of a
compound, such as thermodynamic solubility (Figure 1.12). Analysis of the
physicochemical properties was carried out on crystalline batches (supported by
XRPD analysis) to give a robust comparison of the thermodynamic solubility data.
Additional properties such as pKa, melting point and lipophilicity were measured to
understand how subtle core changes can influence physicochemical properties. The
rationale behind this was that there could potentially be a drug scaffold with better
physicochemical properties to build the molecule around and therefore provide a

greater chance of the molecule meeting the GSK candidate quality criteria.?®
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Q OMe| Selected for activity

Figure 1.12: 6,5-Bicyclic heterocycles investigated, each core was appended with

three different rings (1.16-1.18).

To enable the direct comparison of the effect of altering the core on the
physicochemical profile of the molecule, the pendant groups were kept constant.
Based upon project knowledge, 3,4-dimethoxy benzene was selected for all final
compounds to provide a level of solubility and potency in the final molecule. The
methoxy substituents of the phenyl ring made key hydrogen bonding interactions
inside the active site of the lipid kinase PI4KIlIB. The pendant amine R group (1.16-
1.18) consists of typical medicinal chemistry functional groups: an aromatic ring, a
heteroaromatic ring and a fully saturated ring which provided a broader range of

functionality on each of the cores to determine how the properties were affected.

Part Two of the thesis builds upon this work, where the core with the best balance of
potency and physicochemical properties was taken forward to investigate whether a
covalent warhead could be appended to the scaffold to target the conserved lysine

in the active site of PI4KIIIp.
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1.4 Synthesis of Cores 1-5

The synthetic procedures to prepare the 5 cores are described below. Crystalline
batches of the final compounds were obtained, excluding Core 3 where multiple
crystallisation techniques were performed but the set of compounds remained as
amorphous solids. The crystallinity of the molecules was supported by plane

polarised light microscopy and X-ray powder diffraction analysis (Appendices 3.1).

Core 1 was the only core to contain 2 nitrogen atoms and the first three steps of the

synthesis are shown in Scheme 1.1.

Br EtOH, N, (g) Br
NH, Q . N
= 24h,95°C A N\=
N * step 1 N Nf
Cl
1.19 1.20 1.21 (77%)
NIS, CH,Cl,
2
SteP2| 1 h 0°cC
PdCl,(dppf)-CH,CI, (6 mol%)
Na,CO; (2.8 eq.) Y HO.__OH
Br 1,4-dioxane/H,0 (4:1) B
N ~ 24h,95°C = /'j .
N step 3 X N\f OMe
I OMe
OMe 1.22 (88%) 1.23
OMe

1.24 (26%)

Scheme 1.1: Synthesis of intermediate 1.24.

Compound 1.19 underwent cyclisation with chloroacetone 1.20 under an inert
nitrogen atmosphere and forcing reaction conditions to afford 8-bromo-2,6-
dimethylimidazo[1,2-a]pyridine (1.21) in 77% vyield (Scheme 1.1). Compound 1.21
was purified by an aqueous wash and characterised by *H NMR, '3C NMR and LCMS.
8-Bromo-2,6-dimethylimidazo[1,2-a]pyridine (1.21) was iodinated with NIS in CHCl;

at 0 °C to form the bis-halogenated compound (1.22) in 88% vyield. The reaction
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progressed smoothly, and an aqueous work up was adequate for purification
purposes. 8-Bromo-3-(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridine
(1.24) was formed by a Suzuki-cross coupling reaction. The boronic acid (1.23) was
coupled with the bis-halogenated reactant (1.22) to form the desired product in poor
yield (26%), after purification by column chromatography. The poor yield was due to
selectivity issues during the reaction of the bis-halogenated intermediate (1.22)
which was supported by LCMS. To overcome this, the subsequent Buchwald-Hartwig
cross coupling reaction could have been performed before the iodination. However,
the presence of the amino group may have been problematic for the Suzuki-cross
coupling reaction.®” At this stage sufficient amounts of 1.24 had been prepared for

subsequent investigations.

H,N__O
Pd,(dba), (10 mol%) N ©
BrettPhos (0.4 eq.) (% Kg
Br Na'BuO (2 eq.) \H " "
Jn THF, N, (g) . . .
N+ Ry —2h1d0c ~ > /@4/ /@4/
step 4 X N N
OMe OMe OMe OMe
OMe OMe OMe OMe
124  1.16-1.18 1.25 (23%) 1.26 (46%)  1.27 (82%)

Scheme 1.2: Synthesis of target compounds of Core 1.

Finally, a series of Buchwald-Hartwig cross coupling reactions were carried out under
inert reaction conditions on compound (1.24) to form the new carbon nitrogen bond
as shown in Scheme 1.2. Forcing reaction conditions were required to bring about
the transformation which led to the formation of side-products which introduced
challenges to the purification. The reactions gave poor to good yields of the products
(23-82%) and were purified by column chromatography or by mass directed auto
preparative chromatography (MDAP). The basicity associated with the imidazo-

pyridine core led to target products eluting in a higher proportion of EtOAc (1.25,
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1.26 & 1.27) from the silica column. The final compounds were isolated as solids and

were fully characterised by 'H NMR, 3C NMR, LCMS, IR, Mp and HRMS.

Core 2 contained an additional nitrogen atom in the 6,5-bicyclic system. This was
selected as it could identify whether an additional nitrogen atom would be necessary
to improve the overall physicochemical profile. A general overview for the synthesis

of Core 2 is shown below in Figure 1.13.

(0] (0]
[ ] 3G 0
I
O
1.28 1.29 1.31
1 1
_N ~-N
w /’\(/’\‘l\>_
NS A N AN
|
1.34 1.33

Figure 1.13: General synthetic procedure for key intermediate (1.34).

The additional nitrogen atom was introduced into the 6,5-bicyclic system to
investigate the effects this could potentially have on the physicochemical profile of

the final compounds.

NaOH (2 eq.)
(0] EtOH/ H,0
2 h, 100 °C O O O OH O O O OH O
| | step 1 o W W W
(0]
1.28 1.29 (62%)

Scheme 1.3: Synthesis of tricarbonyl intermediate (1.29).
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To begin with, 2,6-dimethyl-pyran-4-one (1.28) and aqueous NaOH (16 M) were
refluxed together in ethanol for 2 hours. The product was purified by precipitation
from solution, and was collected by vacuum filtration, washed with diethyl ether and
isolated in good yield (62%). Compound (1.29) exhibits tautomerism with different
enol forms being present in solution as shown in Scheme 1.3 which gave rise to

complex 'H and *3C NMR data, consistent with the literature.%®

Na,CO;(0.5 eq.), H,0 0
o o o 1h,100°c Ly Ny

o)
_NH >
)J\/”\/U\ + HzNJ\N 2 step 2 w+ W
H NP

1.29 1.30 1.31 (79%) 132 ©

Scheme 1.4: Synthesis of 2,5-dimethylpyrazolo-pyrimidin-7-one (1.31).

The tricarbonyl reactant (1.29) and hydrazinecarboxamide (1.30) were heated
together under aqueous basic conditions to form the bicyclic heterocycle 1.31 in a
single step. A co-product 1.32 was also observed in the crude 'H NMR spectrum of
the reaction. Nucleophilic attack of compound (1.30) could occur at the central
carbonyl group of 1.29 instead of the terminal carbonyl group leading to 1.32. This
produced a pyrazole species which was not detectable by LCMS (1.32). Column

chromatography was used to remove this unwanted product.

PhNEt, (1 eq.)
0 POCI, (14 eq.) ji\l NIS, CH,Cl, )C\l
HN N/N\ 16h,110°C N7 N/N\ 1h,0°C _ N7 N/N\
W step 3 W step 4 W
[
1.31 1.33 (69%) 1.34 (54%)

Scheme 1.5: Synthesis of compound (1.34).

The pyrimidone species (1.31) was refluxed in POCl; in the presence of N,N-
diethylaniline for 16 hours to give the chlorinated compound (1.33). The solvent was
removed in vacuo and the crude material was purified by an aqueous work-up to

afford the product in good yield (69%). Compound (1.33) was iodinated with NIS in

18



CHCl; at 0 °C to form the bis-halogenated compound (1.34) as shown in Scheme 1.5.
Aqueous sodium thiosulfate was used to remove excess iodine residues. The crude
product was purified by column chromatography to give the desired product (1.34)
in moderate yield (54%).

Et;N (2 eq.) @ ;:)
C

NH

1,4-dioxane
N)\N’N\ R. 5h,120°C N%N’N\ N)\N’N\ N)\N’N\
! | ! !
1.34 1.16-1.18 1.35 (37%) 1.36(35%)  1.37(92%)

1.23
XPhosPdG2 (10 mol%)
step 6 Cs,C05 (2.2 eq.)
1,4-dioxane/H,0(4:1)

5h,130°C

° ¥

N/ N/N )\N/N J\N/N

\ N \ N \
A= NGFES NG

OMe OMe OMe
OMe OMe OMe

1.38 (22%) 1.39 (74%) 1.40 (54%)

Scheme 1.6: Synthesis of compounds 1.38, 1.39 and 1.40.

The bis-halogenated intermediate (1.34) was heated to 120 °C for 5 hours in the
presence of triethylamine and a primary amine (as shown in Scheme 1.6) to give the
products of a nucleophilic aromatic substitution (SnAr) reaction. After the reaction
went to completion, an aqueous work-up was performed and the crude product was
purified by MDAP (high pH method). The final step of the synthesis involved a series

of Suzuki cross-coupling reactions under forcing reaction conditions, whereby the
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aryl iodide was reacted with the boronic acid (1.23). All of the reactions required

column chromatography to obtain analytically pure material.

The synthesis for Core 3 is shown below in Scheme 1.7, where the position of the

central bridged nitrogen was shifted one position.

NIS, CH,Cl,

o] Cl

)\/NHz ? 2.5h,130°C ~N2\fN 4h,0°C N;YN

)N\/IN + <\ step 1 )\/Nf step 2 X N\/gi
N ol |

1.41 1.20 1.42 (63%) 1.43 (79%)

1.16-1.18

Et;N (2 eq.)
1,4-dioxane
5h,130°C

step 3

H,oN

e}

/N&N%)N\/ N/\/ﬁL N%

N

1.44 (24%) 1.45(51%)  1.46 (55%)

Scheme 1.7: Synthesis of bis-halogenated intermediate (1.43) and subsequent SnyAr

reactions.

Compounds 1.41 and 1.20 were heated together at 130 °C for 2.5 hours to form the
cyclised product (1.42) in good yield (Scheme 1.7). It was important to carry out the
reaction under solvent free conditions to prevent the formation of multiple alkylation
side-products. An aqueous work up was carried out and the product was
characterised by *H NMR, 3C NMR and LCMS. Compound 1.42 was halogenated with
NIS at 0 °C to give compound 1.43 in 79% yield (Scheme 1.7). The penultimate step

of the synthesis involved a series of SNAr reactions where compound 1.43 was treated
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with amines (1.16-1.18) under forcing reaction conditions to give compounds 1.44,

1.45 and 1.46 in low to moderate yield (24-55%).

H,N__O

~N
PACL,(dppf)CH,C1,(20 mol%) |
oH Cs,CO; (2.2 eq.)

B~ 1,4-dioxane/ H,0 (4:1) NH NH NH

N)\i'}i 5h,130°C N)\(/N N)\FN N)\r/N
Vel >

oMo step 4 A/N / A/N / )WN /

OMe OMe OMe

OMe OMe OMe

1.44,1.45, 1.46 1.23 1.47 (63%) 1.48 (87%) 1.49 (33%)

Scheme 1.8: Synthesis of final compounds 1.47, 1.48 and 1.49.

Intermediates 1.44, 1.45 and 1.46 were coupled with 3,4-dimethoxyphenyl boronic
acid (1.23) under forcing reaction conditions to give the final compounds (1.47, 1.48
& 1.49) as gums in moderate to high yields (33-87%), after column chromatography
and MDAP purification (Scheme 1.8). Multiple crystallisation techniques were carried
out on these final compounds, however, amorphous solids could only be obtained,
and this was supported by plane polarised light microscopy and XRPD analysis. This
could potentially influence the thermodynamic solubility data because the most
stable form of the compounds (crystalline) were not obtained which could therefore

lead to an over estimation of the compound’s true thermodynamic solubility.

A four-step sequence to prepare Core 4 is shown below in Scheme 1.9.
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AcOH, 1,4-dioxane Q
Q 92 HN-N 6 h, 100 °C N-N
’ » A\
MOEt +H2NM step 1 | NM

1.50 1.51 1.52 (73%)

POCl5, MeCN

SteP2 | 1o h 80°C

Y

OPh PhOH, NaH, DMF G Br,, MeOH/H,0 ¢l

_N N , . N
7Ny« LhRT 7NTy 20 min, -107C /)N\%
\N = step 4 \N S step 3 \N =

Br Br

1.55 (69%) 1.54 (77%) 1.53 (74%)

Scheme 1.9: A literature four-step synthetic route to prepare 1.55.

Compound 1.55 was synthesised according to Scheme 1.9. 3-Methyl-pyrazol-5-amine
(1.51) and ethyl 3-oxobutanoate (1.50) were refluxed together with acetic acid in 1,4-
dioxane to form 2,5-dimethylpyrazolopyrimidin-7-one (1.52) with a yield of 73%. The
pyrimidinone intermediate (1.52) was refluxed in toluene, in the presence of POCls
to afford the chlorinated product (1.53). Compound (1.53) was subsequently
brominated with bromine in methanol/water at -10 °C to give 3-bromo-7-chloro-2,5-
dimethylpyrazolopyrimidine (1.54). Step 4 involved treatment of phenol with sodium
hydride to form sodium phenoxide, followed by the addition of the bis-halogenated
heterocycle (1.54). This underwent an SyAr reaction to give the final compound (1.55)
in good vyield (69%). The product precipitated out of solution and no further
purification was required. Overall, the yield for the 4 steps was 29%; this synthetic
route had been developed by another lab member prior to the author commencing

work on the project.®®
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1.23
PdCl,(dppf)-CH,Cl, (10 mol %) 1.16-1.18
K,HPO, (5 eq.) Et;N (4 eq.)

OPh 1,4-dioxane/H,0 (4:1) OPh IPA
NN 16h,120°C _ ~ NN, 5h, 120 °C Z N/N = N/N y
N )%27 step 5 NS step 6 \ -~ = ~
N N N N N
Br

OMe OMe OMe

OMe OMe OMe

1.55 1.56 (50%) 1.57 (63%) 1.58 (76%)

Scheme 1.10: Final compounds of Core 4.

3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolopyrimidine  (1.56) was
synthesised according to Scheme 1.10 by carrying out a Suzuki-coupling reaction of
compound (1.55) with boronic acid (1.23). The reaction was purified by column
chromatography to give the product (1.56) in moderate yield (50%). A significant by-
product of this reaction was the des-bromo species. Subsequently, a series of SNAr
reactions were performed on compound (1.56) as shown in Scheme 1.10. The
phenoxy group was displaced by heating in the presence of a primary amine (1.16-
1.18), and triethylamine in IPA at 120 °C for 5 hours. The products were purified by
MDAP (high pH method) to give solid products in good yields (63-76%).

The final target was to synthesise Core 5. An additional fourth nitrogen atom was

introduced into the ring system.
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CH;CO,H (1.1 eq.)

ELtOA NaOEt (20 eq.)
tOAC
- EtOH 0
-N AcO~ ¢ -N
NH HN ° NH-HN O °
B N — 1hasc )\\3@_ .0 5 h, 100 °C =HNJ\N,N\
OEt  H,N step 1 N EtO” TOEt step 2 )\\ /IQ_
N
1.60 1.51 1.61 (84%) 1.62 1.63 (73%)
NBS (1.2 eq.)
step 3 CH,Cl,
1.23 3h,25°C
Pd(PPh,),Cl, (10 mol%)
| PhNEt, (2 eq.) KH,PO, (1.5 eq.) \
(0] . . 0
POCI 1,4-dioxane/water (4:1)
AN 3 M

N7\ 72 h, 115 °C HN

N 3h,120°C HN” °N-N
\ ’ N
)\\N = - step 5 )\\N = o step 4 )\\ngi

OMe OMe
OMe OMe

Br

1.66 (70%) 1.65 (52%) 1.64 (82%)

Scheme 1.11: Synthetic route to key intermediate (1.66).

3-Methyl-1H-pyrazol-5-amine (1.51) was stirred with ethyl acetimidate (1.60) at
room temperature for 1 hour. Subsequently, acetic acid was added to the reaction,
stirred for 30 min and the desired product was collected by vacuum filtration
affording 1.61 in 84% yield. Amidine derivative 1.61 does not ionise under LCMS
conditions but the parent compound (minus the acetate) was detected by HRMS. To
form the cyclised intermediate (1.63), excess diethyl carbonate (1.62) was used, in
the presence of sodium ethoxide. Foaming of the reaction mixture was initially
observed and it was important to use a new bottle of sodium ethoxide to ensure the
progression of the reaction. Compound 1.63 was treated with N-bromosuccinimide
to incorporate and the reaction progressed smoothly, with the desired product (1.64)
precipitating out of solution as a white solid without the need for further purification.
A Suzuki-cross coupling reaction was then carried out and this gave the desired
product (1.65) in 52% yield. A problematic step of the synthesis was the formation of
the chlorinated compound (1.66). The desired reaction gradually progressed over
three days, however, there was an instability associated with 1.66 which led to

difficulties with the isolation of this compound. A quick aqueous work up was
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performed, and column chromatography was carried out efficiently to prevent the

hydrolysis of the chloride product.

H,N__O
| =
DIPEA (2 eq.)
§ S R R
N7 N’N\ R 1h,25-60°C NZ N/N\ NZ N/N\ N)\N’N
- N\
NS * NH, step 6 XA N A S A
N N N N
OMe OMe OMe OMe
OMe OMe OMe OMe
1.66 1.16-1.18 1.67 (66%) 1.68 (37%) 1.69 (36%)

Scheme 1.12: Final compounds of Core 5 synthesis.

Primary amines (1.16-1.18) were pre-mixed with DIPEA in DMSO before the addition
of the chlorinated substrate (1.66). The desired compounds were obtained in
moderate yields (36-66%), the unstable nature of compound (1.66) may have
contributed to the poorer yields of the final compounds. The reaction conditions
were varied through controlling the reaction temperature. Initially the SNAr reaction
was carried out at 60 °C and this led to poorer overall yields for compounds (1.68 &
1.69). Potentially the rate of hydrolysis was faster than the rate of the desired
reaction. The reaction was then carried out at RT and this led to an improved yield
for 1.67 (66%). Crystalline batches of the final compounds were obtained, and the

compounds were fully characterised.

The 6,5-bicyclic heterocycles (shown in Figure 1.14) were successfully synthesised
and characterised. The next step was to investigate the properties of all fifteen
compounds to determine which pendant group and core molecule displayed the
most promising physicochemical properties. In combination with the potency data,

one of the cores would be taken forwards to the next part of the project.
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Figure 1.14: Final 6,5-bicyclic heterocycles.

1.5 Physicochemical properties of the synthesised heterocycles

The subsequent part of this work was to measure the kinetic and thermodynamic
solubilities of the synthesised nitrogen containing heterocycles in order to determine
if there was a difference between the cores. The protocols for the solubility assays
are discussed in Section 1.7. The kinetic solubility was determined by the
precipitation of the sample out of solution, whereas, the thermodynamic solubility

was measured through the solid sample undergoing dissolution.

The kinetic and thermodynamic solubility were measured for each final compound.
The kinetic solubility was detected by CAD (charged aerosol detection) which is a
method used to accurately determine the absolute concentration of stock and
sample solution. This can be important for the kinetic assay as overestimation of the

compound’s solubility is often observed due to the hygroscopic nature of DMSO.

The thermodynamic solubility was measured using two different biorelevant media,
FaSSIF (Fasted State Intestinal Fluid, pH 6.5) and SLF (Simulated Lung Fluid, pH 6.9).
Additional properties such as permeability, lipophilicity, pKa and potency were
measured for each final compound. The permeability was measured as it would give
an indication for how well the compound enters through the cell membrane. The pKa

was experimentally measured as the basicity of the core was altered through the
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changes in the nitrogen atom configuration. The physicochemical data of the

compounds is summarised in Table 1.1.

For the thermodynamic solubility assay, the physical form of the compound was
important as the solubility is a measure of dissolution from the solid state and less
energy would be required to break up a less ordered arrangement of atoms.
Consequently, the form of compounds (1.25-1.69) were analysed. Plane polarised
light microscopy was used initially to observe the birefringence displayed by
crystalline material as shown in Figure 1.15. Whereas, amorphous compounds do not
show colour and absorb all of the plane polarised light, thus appear black. The
compounds (1.25-1.69) were then analysed by X-Ray Powder Diffraction (XRPD) to
determine their crystallinity (see Appendices 3.1 for details). XRPD was crucial as it
could determine whether the compound was crystalline or not and it is important
when measuring thermodynamic solubility to know whether the compound is
crystalline. The spectrum generated can act as a fingerprint for the compound’s
polymorph, which can help with comparing crystal forms of different batches of the
same compound. Often, different crystallisation techniques can lead to different

polymorphs which can have differing thermodynamic solubilities.

Figure 1.15: Birefringence was observed by plane polarised light microscopy of

compound 1.58.
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Table 1.1: Physicochemical profile of compounds (1.25-1.69).

The solubility experiments were performed in duplicate (or more) and on crystalline

material unless otherwise noted. 2n = 1, = amorphous material, ¢ = pKa of pyridine

measured. Melting point (Mp, °C), Permeability (Perm, nm/s), Kinetic solubility7.

(ug/mL), FaSSIF solubilityss (ug/mL), SLF solubilityss (ng/mL), and ChromlogDz7.a.

clogP and PSA (A) were calculated using GSK algorithm tools.

Cpd KineticFaSSIF SLF  pKa ChromlogD, , Mp Perm | clogP PSA '

L 1.25 29 6 2 6.6 43 203-205 300 3.9 909 .
=N c _ X
< Nf 1.26 86 109 33 6.5/4.7 4.9 85-88 280 39 607 |
R 127 64 233 29 6.7 6 90-94 290 42 570 |

H)N\’R' 138 19 5 <6 3.8 4.8 194-198 345 3.0 103.8
2 -N |
w 139 35 31 6  2.8/4.9° 55 101-103 430 30 736 !
R 1.40 44 13 3 4.4 6.4 104-107 340 33 699 |

.R' :

HIN 1.47 53 32b gb 5 3.9 191-193> 370 33 103.8 ¢
NN X
)\,Nf 148 67 335 58° 53/4.0° 4.5 128-131° 480 33 736 |
R 1.49 99 7b 10b 5.6 5.2 93-95> 410 3.6 69.9

HN-T 1.57 79 15° 12 5.4 3.7 238-240 523 30 104
-N |
KL?— 1.58 >107 141°  39% 54/4.1° 43 149-151 625 3.0 73.6 |
N X

R 1.59 >180 25° 182 5.7 5.2 157-159 585 33 69.9

iR 1.67 19 32 10 2.9 3.9 167-169 420 23 1167 !
N*)N;’}f 1.68 >150 36 36 2.5/4.7° 4.5 149-152 600 23 86.5 .
S 1.69 >165 29 18 3.1 5.1 143-145 620 2.6 82.85

The individual compound solubility shown in Table 1.1 was averaged for each core

(1-5) and plotted in Figure 1.16. The effects of each different nitrogen atom

configuration was best represented in this format (Figure 1.16). The effects of the

different amine monomers is shown in Figure 1.17. The permeability for the final

compounds (1.25-1.69) was high across all five cores.
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Figure 1.16: Compounds (1.25-1.69) measured kinetic solubility (pH = 7.4) and
thermodynamic (FaSSIF, pH = 6.5 & SLF, pH = 6.9) solubility. Data is displayed as an
average for each Core 1-5, in numerical order. ** 1.58, 1.59, 1.68 and 1.69 contain a
greater than (>) modifier in the kinetic solubility measurement. * 1.38 contains a

less than (<) modifier in the SLF solubility measurement.

The thermodynamic solubility differs depending on the media in which it is measured.
The two standard assays used at GSK during lead optimisation are FaSSIF and SLF.
They have different buffer compositions, FaSSIF is buffered to pH 6.5 and contains
0.75 mM lecithin which comprises fatty lipids (see Section 1.7). Whereas, SLF is at pH
6.9 and contains both 0.75 mM lecithin and bovine serum albumin (BSA) which is a
protein. Therefore, the presence of the fatty lipids and protein in the buffer will
influence the solubility of the compounds. The lipids could potentially form micelles
in the buffer and the BSA could also interact with the compounds through non-

covalent interactions.

An additional point to consider is the pKa of the compounds, which were
experimentally determined. Two units above the measured pKa, the compound is
expected to be fully ionised and two units below the pKa, the compound is expected
to be neutral. As shown in Table 1.1, the pKa values were experimentally determined

to help aid the understanding of the solubility of the compounds. However, it is
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important to consider the buffer composition and the effects it could have on the
basicity of the compound. The presence of the fatty lipids and BSA, is likely to reduce
the pKa of the compound and in turn reduce the solubility. Therefore, the measured
pKa values could possibly be overestimated in the biorelevant buffers for measuring

the thermodynamic solubility.

There are some interesting trends in the data. Core 2 demonstrates the lowest
average solubility of all five cores, across all three solubility assays. This can
potentially be correlated with its inherent lipophilicity, whereby it has the highest
measured ChromLogD values at pH=7.4. As previously discussed, lipophilicity is linked

to poorer solubility (see Section 1.2).

All of the five cores had an average FaSSIF solubility that was greater than the average
SLF solubility. The 0.4 log unit difference in the pH of the two media equates to a 2.5-
fold difference. In the more acidic FaSSIF media, the equilibrium will be shifted
towards the protonated state if it contains a basic centre. Obviously, the increased
ionisation state will increase solubility of a compound. The pKa of each compound

was measured to help investigate this.

Core 1, containing an imidazopyridine bicycle, was the most basic core of the five
examined. This had the greatest average FaSSIF solubility of the four crystalline cores.
Interestingly, the pKa of around 6.6 falls between the 2 pH values of the FaSSIF and
SLF media and so its ionisation state will be susceptible to small changes in pH. Going
from FaSSIF to SLF the solubility drops, probably due to decreasing ionised compound

in the SLF assay medium.

Another trend observed is that the average kinetic solubility (measured at pH = 7.4)
is higher than the SLF solubility (measured at pH = 6.9) for all of the cores, and also
individually for all fifteen compounds. Often, medicinal chemists will use kinetic

solubility to drive SAR as this is a higher throughput assay. However, there is often a
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drop off observed when measuring thermodynamic solubility e.g. kinetic solubility vs
SLF. The data supports the need for measuring thermodynamic solubility early in the
optimisation of a series, and also ensuring that this is done on a crystalline form. Core
3 was amorphous, and although this was more soluble in the kinetic assay than the
SLF, it was more soluble in the FaSSIF assay than the kinetic solubility assay. As a
consequence of this, it is important to try to find a stable crystalline polymorph of a
compound as early as possible to get a realistic measurement of the thermodynamic

solubility.

Each core was appended with an aromatic, heteroaromatic and saturated group. This
provided a broader range of functionality to understand how each of the groups
affected the solubility. The effect of each monomer (benzamide (1.16), meta-pyridine
(1.17) and tetrahydropyran (1.18)) on the average solubility was plotted (Figure
1.17).

1405
1204
1004

* %

* %

solubility (ung / mL)

0 T T
Monomer: 1.16 1.17 1.18 1.16 1.17 1.18 1.16 1.17 1.18

Kinetic FaSSIF SLF

Figure 1.17: The average solubility for cores containing each monomer (1.16-1.18
attached to the core of the molecule). ** 1.58, 1.59, 1.68 and 1.69 contain a greater
than (>) modifier in the kinetic solubility measurement. * 1.38 contains a less than (<)

modifier in the SLF solubility measurement.

The cores containing the pyridine monomer (1.17) show the highest thermodynamic

solubility in both FaSSIF and SLF. This is probably due to the additional basic centre
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resulting in a higher proportion of protonated species. A higher proportion of
compound could be protonated in the lower pH system (FaSSIF) which was reflected

in the improved solubility.

Compounds appended with the benzamide monomer (1.16) display the poorest
solubility across all three solubility assays. This was likely due to the presence of an
additional carboaromatic ring which can support nt-it stacking, with the amide group
co-planar to the aromatic ring. It is also able to interact with other molecules via
intermolecular hydrogen bonding. This led to an enhanced crystal lattice energy, and
compounds appended with the benzamide monomer showed the highest melting
point which reflected in the poorest solubility. Furthermore, as represented in the
General Solubility Equation (GSE), a high melting point is associated with a low

solubility, consistent with the data represented in Table 1.2.

The GSE, also known as the Yalkowsky equation, is shown below Equation 1.1. It is
used to predict the solubility of a given compound if the melting point and clogP of
the compound are known. The equation is a predictive tool which serves as platform
to analyse large data sets. It is important to be aware of the form of the compound
as the melting point can influence the accuracy of the GSE, and so a stable crystalline
solid would be more informative. An interesting observation of using the equation is
that it predicts that an increase of 100 °C in melting point would reduce the intrinsic
solubility by a factor of 10 (logarithmic scale) which equates to a unit lower in
logS.8:3536

logS = 0.5 — clogP — 0.01(tm — 25)

Equation 1.1: Yalkowsky (GSE) equation.

The equation utilises clogP, but it should be noted that clogP does not take into
consideration the ionisation of the molecule and it was treated as a neutral species
in solution. A compound would display some ionisation character and the extent of

the ionisation depends on both the pH of the buffered environment and the pKa of
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the most basic centre of the compound as represented in Figure 1.16 and Figure 1.17.
For example, the pH of the buffered solution used in the FaSSIF thermodynamic
solubility assay is 6.5 and for example, if a compound of interest contained a
carboxylic acid group (pKa ~ 4.5, dependant on adjacent functional groups), the ratio
between charged and uncharged molecules would be roughly 99:1 and this would
significantly alter the dissolution of the compound of interest. The equation neglects
this important observation and so it must be carefully considered upon

interpretation.

Moreover, the physical state of the compound is important to know. For example, an
amorphous solid can display multiple melting points which reduces the reliability of
interpreting the GSE equation. On the other hand, a crystalline solid will only show
one single sharp melt. Therefore, predicting the solubility of a crystalline solid would

provide a more reliable comparison instead of an amorphous solid.
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Cpd KineticFaSSIF SLF logS clogP Mp

L 1.25 29 6 2 -52 39 203-205
Z N 1.26 86 109 33 -40 39 85-88
T
R 1.27 64 233 29 -44 42  90-94
AN 1.38 19 5 6< | 42 3.0 194-198
e

W 1.39 35 31 6 -33 3.0 101-103

R 140 44 13 3 |36 33 104-107
HN 1.47 53 320 9 | .45 33 191-193°
)'i\@)f 1.48 67 335 58® | 38 3.3 128-131°
R 1.49 99 7° 10° | -3.8 3.6 93-95°

N 1.57 79 152 1* | -46 3.0 238-240
fj‘:?— 158 >107 141* 39° | -3.8 3.0 149-151
"k 1.59 >180 25 18 | -41 3.3 157-159
R 1.67 19 32 10 | -32 23 167-169

NN 1.68 >150 36 36 |31 23 149-152
\N)*ei 1.69 >165 29 18 |-33 2.6 143-145

Table 1.2: Kinetic and thermodynamic solubility of all compounds and GSE variables
required to interpret the equation. 2n = 1, = amorphous material, Melting point (Mp,
°C), Kinetic solubility74 (ug/mL), FaSSIF solubilityes (ug/mL) and SLF solubilitys.o
(ng/mL).

Table 1.2 does qualitatively show a correlation between the FaSSIF solubility of
crystalline compounds and their predicted solubility values. As shown in Table 1.2,
compound 1.25 displays the lowest solubility in Core 1 and it was predicted to have
the poorest solubility by the GSE equation. This trend was consistent with all of the
crystalline compounds where the logS value was reflective of the compounds in each
core. However, in Core 3, where the set of compounds were amorphous, the
predicted solubilities did not follow the measured FaSSIF thermodynamic solubilities.
This was probably due to the amorphous form of the compounds and the uncertainty
associated with the measured melting points of the compounds. This again highlights
the importance of gathering thermodynamic solubility data on crystalline

compounds.
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6,5-Bicyclic heterocycles are prominent in the field of lipid kinase drug design.”®7? It
was not only important to investigate the physicochemical properties of the
compounds, but also the activity in the enzyme assay when taking any of these cores
forwards. Therefore, due to the high interest, the plCso values of compounds (1.25-
1.69) were generated (shown in Figure 1.18). The physicochemical properties could
be combined with an activity profile against the targeted lipid kinase and could

provide a more optimal starting point for carrying out lead optimisation.

7.61
7.21
6.81
6.41
6.01
5.61
5.21

Average core plCg

4.8;
4.4;

Core: 12345 12345 1234512345 12345

PI4K B
PI3Ky
PI3K §
PI3KB
PI3K

Figure 1.18: The averaged measured plCsos for each core (1.25-1.69).

The synthesised 6,5-bicyclic heterocycles displayed a general selectivity preference
for P14KIIIB over all isoforms of closely related PI3K (Figure 1.18). Where Core 1, the
most thermodynamically soluble template (Figure 1.16), was the least active and
Core 5, a template with lower solubility, displayed the greatest activity towards

P14KIIIPB.
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1.6 Summary

Five 6,5-bicyclic nitrogen containing heterocycles were synthesised and crystalline
batches were obtained for 4 of the 5 cores in order to gather thermodynamic
solubility data for a more robust comparison between the cores. Overall, promising
physicochemical data was obtained for the final compounds. The intrinsic properties
of the nitrogen atom configuration was shown to influence the solubility considerably
through modifications to lipophilicity and basicity. The effect of varying the amine
monomer was investigated and it was established that the carboaromatic group gave

the poorest solubility.

The data also showed that the kinetic solubility was consistently higher when
compared with the thermodynamic solubility. In addition, the solubility in SLF was, in
all cases, lower than in FaSSIF. This was most likely due to the pH difference of these
media (pH 6.9 for SLF compared to pH 6.5 for FaSSIF). The effect of the core variation
on solubility showed that Core 1 was the most soluble, potentially driven by its
increased basicity (pKa) and that Core 2 was the least soluble, probably due to its high

lipophilicity.

The subsequent part of this research was to select the core with the best balance of
physicochemical properties and potency to target lipid kinase PI4KIIIB and to
synthesise potential covalent inhibitors. As a result, Core 4, appended with the meta-

pyridyl group (1.58) was selected for this reason.

36



EXPERIMENTAL

1.7 General methods and assays

Solvents and reagents — Solvents and reagents were purchased from commercial

suppliers and used as received unless otherwise noted.

Reaction monitoring — Reactions were monitored by either liquid chromatography-

mass spectroscopy (LCMS) or thin-layer chromatography (TLC).

Thin-layer chromatography (TLC) — TLC was carried out using polyester-backed
precoated silica plates (0.2 mm particle size). Spots were visualised under ultraviolet
(UV) light of Amax = 254 nm or 365 nm. Where spots were difficult to see, they were

stained with either vanillin or phosphomolybdic acid before gentle drying.

Liquid chromatography mass spectrometry — LCMS analysis was completed on a
Waters® Acquity UPLC instrument equipped with a BEH column (50 mm x 2.1 mm
with 1.7 um packing diameter) and a Waters®” Micromass ZQ MS using alternate-scan
positive and negative electrospray ionisation. Analytes were then detected as a
summed UV wavelength spectrum between 210-350 nm.

Two methods were used:

Formic: 40 °C, 1 mL/min flow rate, using a gradient with mobile phases of water
containing 0.1% volume (v/v) of formic acid and MeCN with 0.1% formic acid (v/v).
Gradient conditions were initially 1% of the MeCN mixture, increasing linearly to 97
% over 1.5 min, and remaining at 97% for 0.4 min, before increasing to 100% over 0.1
min.

High pH: 40 °C, 1 mL/min flow rate, using a gradient of mobile phases of 10.0 mM
aqueous ammonium bicarbonate solution, adjusted to pH 10.0 with 0.880 M aqueous
ammonia and MeCN. Gradient conditions began at 1% MeCN, and increased linearly
to 97% MeCN over 1.5 min, before remaining at this concentration for 0.40 min, and

rising to 100% over 0.1 min.
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Silica gel column chromatography — Column chromatography was carried out using

the Teledyne ISCO CombiFlash® Rs+ apparatus with RediSep® silica cartridges.

Infa-red (IR) spectroscopy — spectra were recorded using an RT-IR Perkin Elmer®
Spectrum 1 machine directly from a solid sample. Absorption maxima (vmax) are
reported in wavenumbers (cm™) and are described as strong (s), medium (m), weak

(w) and broad (br.).

Nuclear magnetic resonance (NMR) spectroscopy — Proton (*H) and carbon (*3C)
spectra were recorded in deuterated solvents at ambient temperatures (unless
otherwise stated) using the standardised pulse methods on the Bruker AV-400 (*H =
400 MHz, 13C = 101 MHz) spectrometer. Chemical shifts are reported in ppm and
referenced to tetramethylsilane (TMS) or the following solvent peaks: CDCls3
(*H=7.27 ppm, 13C = 77.0 ppm), ds-Methanol (*H = 3.31, 13C = 49.0) or ds-DMSO
(*H =2.50 ppm, 3C = 39.5 ppm). Peak assignments were chosen based on chemical
shifts, integrations, and coupling constants, considering 2D analyses where
necessary. Coupling constants are quoted to the nearest 0.1 Hz and multiplicities
described as singlet (s), doublet (d), triplet (t), quartet (q), quintet (quin), sextet (sxt),

septet (sept), broad (br.) or multiplet (m).

High-resolution mass spectrometry — High-resolution mass spectra were recorded
on a micromass Q-Tof Ultima® time-of-flight mass spectrometer, and analytes were
separated on an Agilent” 1100 Liquid Chromatograph equipped with a Phenomenex®
Luna C18 (2) reversed phase column (100 mm x 2.1 mm, 3 um packing diameter).
Conditions used were 0.5 mL/min flow rate at 35 °C, and an injection volume of 2-5
uL, using a gradient elution made up of water with 0.1 % volume formic acid (v/v) and
0.1 % formic acid (v/v) in MeCN. Elution conditions began with 5 % MeCN mixture,
and increased linearly to 100 % over 6 min, before remaining at 100 % for 2.5 min,
decreasing back to 5 % MeCN mixture for 1 min and equilibrating for 2.5 min prior to

the next injection in the machine. Mass to charge (m/z) ratios are shown in Daltons.
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Mass directed auto preparation (MDAP) — Mass directed auto preparation was
carried out on a Waters® ZQ MS using alternate scan positive and negative
electrospray ionisation and a summed UV wavelength of 210-350 nm.

Two methods were used:

Formic: Sunfire® C18 column (100 mm x 19.0 mm, 5.00 pm packing diameter, 20.0
mL/min flow rate) using a gradient elution at ambient temperature with the mobile
phases of water with 0.100 % formic acid by volume (v/v) and MeCN containing 0.1
% formic acid by volume (v/v).

High pH: Xbridge C18 column (100 mm x 19.0 mm, 5.00 um packing diameter, 20.0
mL/min flow rate) using a gradient elution at ambient temperature using mobile
phases as 10.0 mM aqueous ammonium bicarbonate solution, adjusted to pH 10.0

with 0.880 M aqueous ammonia, and MeCN.

Microwave — Reactions were carried out in a Biotage Initiator microwave, model:

INITIATOR ROBOT SIXTY 355381,20233-14T.

X-ray Powder Diffraction — Carried out using a pan analytical diffractometer, using
method M0000757,v1. The samples were applied to slightly greased silicon wafer for
a 10 min scan 0-40 ° 26.

Simulated Lung Fluid — SLF buffer pH 6.9 contains 0.75 mM Lecithin Disperse 59 mg
Lecithin (Lipoid grade) and 100 mg bovine serum albumin (Sigma A7906) in 100 mL
of phosphate buffer pH 6.9. Phosphate buffer solution pH 6.9 contains sodium
dihydrogen orthophosphate and sodium chloride. The final solution has an expiry
date of one month. The injection sequence: DMSO and SLF. Standard injection
volume (unless otherwise stated), 1 upL Injection sequence, three DMSO blank
injections from vial position 1 (0.2 pL Injection volume) to settle system. Samples are
then run (0.2 ul injection volume). The assay is carried out on an Agilent 1290 puHPLC

with an HDR-DAD cluster. 2 x 1 mg of solid, one for the internal standard in DMSO
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and the other incubated for 4 hours then filtered and analysed. The method uses a
fast 2min generic gradient on a water CSH C18 column 2 mm x 50 mm using water

and MeCN with 0.1% TFA.

Fasted State Simulated Intestine Fluid — FaSSIF, pH 6.5 contains 0.75 mM Lecithin
and 3.0 mM Taurocholate. Phosphate buffered solution pH 6.5: NaCl (6.19 g), Sodium
phosphate monobasic monohydrate (3.95 g), 1 M Sodium hydroxide Solution (10 mL).
Dissolve all components in deionised water (900 mL) and titrate to pH 6.5, then make
up to volume (1 L). Standard injection volume (unless otherwise stated): 3 ulL
Injection sequence: 3 DMSO blanks run initially to allow the system to settle followed
by a 1 uL DMSO blank injection. All of the standards are then run in sequence with
two injections for each standard (1 x 3 pL, 1 x 1 uL) followed by two DMSO blanks
once all of the standards have been run. This is then followed by 2 FaSSIF blanks (2 x
10 plL) and an additional 2 FaSSIF blanks (2 x 1 uL). All of the samples are then run in
sequence with two injections (1 x 10 pL, 1 x 1 uL) for each sample followed by two
DMSO blank runs once all of the samples have run. The assay is carried out on an
Agilent 1290 pHPLC with an HDR-DAD cluster. 2 x 1 mg of solid. One for the internal
standard in DMSO and the other incubated for 4 hours then filtered and analysed.
The method uses a fast 2min generic gradient on a water CSH C18 column 2mm x

50mm using water and MeCN with 0.1% TFA.

Kinetic solubility — The kinetic aqueous solubility at pH 7.4 was determined by
measuring the concentration of solute in solution after precipitation from DMSO
stock solution. The DMSO stock solution was diluted 20-fold with PBS pH 7.4 and the
solubility of the compound is measured after 1-hour equilibration at room
temperature. In this procedure quantification is done using a Charged Aerosol
Detector (CAD). The actual DMSO concentration of the stock solution was also
determined using this technique. Calibration parameters generated for CAD response
of two calibrants (Primidone and Ketoconazole) are used to calculate the solubility of

solutes considering the density of the compound and ion-pairing effects.
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pKa measurements — Carried out using a Sirius T3 (T304037 or FB5012) instrument.
0.5-1 mg of solid was accurately weighed into a vial and this is blown to dryness prior
to starting assay. From the T3 software the appropriate experiment (pKa) was picked
from the drop-down menu. The data was fitted within T3 software (Refinement Pro)
by Target Factor Analysis. The no. of ionised species was determined and when
combined with Yasuda-Shedlovsky extrapolation also the acid or basic character

could be assigned.

Permeability (AMP nm s!) — Lipid preparation: 1.8% phosphatidylcholine in 1%
Cholesterol Decan solution. Weigh out 600 mg of cholesterol and dissolve it in 60 mL
of decane (sonicate if needed). 1.8% phosphatidylcholine in 1% cholesterol decane
solution. Weigh out 1 g of phosphatidylcholine and dissolve in 56 mL of 1%
cholesterol decane solution. Sonicate (the solution should keep at the room
temperature when sonicating). Transfer the lipid solution to 4 mL vials and seal the
vials with parafilm, then store at -20 °C freezer. The assay is run by the Biomek FX and
Biomek software. The assay procedure is written under the Biomek software. For one
batch assay, it can test two 96-well sample plates with at least one standard on each
sample plate. The total assay time is about 4 hours. Add 3.5 uL of lipid solution to the
filer plate, shake the plate for 12 seconds, and then add 250 pL of buffer to donor
side and 100 pL to the receiver side. The assay plate is shaking for 45 min before
adding the compounds. Add the compounds. The test compounds (2.5 uL) are added
to the donor side. The assay is run as replicates. Assay plate 1 and 2 test the sample
plate 1; assay plate 3 and 4 test the sample plate 2. The assay plates are then
incubated at room temperature on the shaker for 3 hours. Transfer the assay samples
to the HPLC analysis plates Aspirate 100 uL of receiver solution and transfer them to
the receiver analysis plate, then transfer 100 pL donor solution to the donor analysis
plate.

Melting points — Melting points were recorded on a Stuart SMP40 melting point

apparatus.
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1.8 Synthesis

8-Bromo-2,6-dimethylimidazo[1,2-a]pyridine (1.21)%

3-Bromo-5-methylpyridin-2-amine (3.54 g, 18.94 mmol) was added to an RBF (100
mL) and the reaction vessel was degassed and placed under a nitrogen atmosphere.
Anhydrous ethanol (25 mL) and 1-chloropropan-2-one (3.17 mL, 39.8 mmol) were
added and the reaction mixture was heated at 95 °C for 24 h. After cooling, the
reaction mixture was concentrated in vacuo and the residue was diluted with CH2Cl;
(20 mL) and washed with aqueous sodium bicarbonate (20 mL). The organic layer was
passed through a hydrophobic frit and concentrated in vacuo to give 8-bromo-2,6-
dimethylimidazo[1,2-a]pyridine (3.28 g, 14.58 mmol, 77% vyield). *H NMR (400 MHz,
CDCl3) 6 = 7.86 (s, 1H), 7.39 (s, 1H), 7.28 (s, 1H), 2.49 (s, 3H), 2.31 (d, / = 0.8 Hz, 3H).
13C NMR (101 MHz, CDCl3) 6 = 143.4, 141.7, 129.8, 124.3, 122.4, 111.2, 109.7, 17.8,
14.1. LCMS (HpH) 92% desired product; tret = 0.81 min, MH* 227.05.

8-Bromo-3-iodo-2,6-dimethylimidazo[1,2-a]pyridine (1.22)

Br

\N\/Xi

|
8-Bromo-2,6-dimethylimidazo[1,2-a]pyridine (3.96 g, 17.59 mmol) was dissolved in
CH,Cl, (40 mL) at 0 °C. Cold 1-iodopyrrolidine-2,5-dione (4.35 g, 19.35 mmol) was
added and the reaction mixture was left to stir for 1 h. The reaction mixture was
partitioned between water (40 mL) and CH,Cl, (40 mL). The organic layer was passed
through a hydrophobic frit and concentrated in vacuo to give 8-bromo-3-iodo-2,6-
dimethylimidazo[1,2-a]pyridine (5.45 g, 15.48 mmol, 88% yield). *H NMR (400 MHz,
DMSO-dg) 6 = 8.14 (s, 1H), 7.64 (s, 1H), 2.39 (s, 3H), 2.37 (s, 3H). 3C NMR (101 MHz,
DMSO-ds) 6 = 146.2, 143.2, 131.6, 124.7, 124.0, 108.6, 30.0, 17.7, 14.7. LCMS (HpH)
93% desired product; tret = 1.08 min, MH* 352.3.
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8-Bromo-3-(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridine (1.24)

Br
SN/

OMe

OMe
8-Bromo-3-iodo-2,6-dimethylimidazo[1,2-alpyridine (4.44 g, 12.66 mmol),
PdCly(dppf)-CH,Cloadduct (60 mg, 0.07 mmol), (3,4-dimethoxyphenyl)boronic acid
(2.32 g, 12.74 mmol) and sodium carbonate (3.76 g, 35.5 mmol) were added to an
RBF (500 mL). The reaction vessel was degassed and placed under a nitrogen
atmosphere. 1,4-Dioxane (88 mL) and water (12 mL) were added and nitrogen was
bubbled through the solution for 5 minutes. The reaction was heated at 95 °C for 24
h and, after cooling, the reaction mixture was concentrated in vacuo. The residue was
diluted with EtOAc (40 mL) and washed with brine (40 mL). The organic layer was
evaporated in vacuo, re-dissolved in a minimum amount of CHxCl, and filtered
through Celite™. The crude product was purified by column chromatography eluting
with EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were
combined and concentrated in vacuo to give 8-bromo-3-(3,4-dimethoxyphenyl)-2,6-
dimethylimidazo[1,2-a]pyridine (1.18 g, 3.29 mmol, 26% yield). *H NMR (400 MHz,
DMSO-ds) 6 = 8.05 - 8.02 (m, 1H), 7.46 (d, J = 1.0 Hz, 1H), 7.15 (d, J = 8.1 Hz, 1H), 7.09
-7.01 (m, 2H), 3.85 (s, 3H), 3.81 (s, 3H), 2.35 (s, 3H), 2.25 (d, J = 1.0 Hz, 3H). 13C NMR
(101 MHz, DMSO-de) 6 =179.4, 149.6, 149.4,140.8, 129.5, 123.2, 122.6, 122.2,121.4,
119.6, 113.5, 112.8, 109.8, 56.2, 56.1, 17.7, 14.3. LCMS (HpH) 90% desired product;
tret = 1.08 min, MH* 363.1.
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4-(((3-(3,4-Dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridin-8-
yl)amino)methyl)benzamide (1.25)

H,N__O

OMe
OMe

8-Bromo-3-(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridine (300 mg, 0.83
mmol) in a microwave vial (20 mL) was dissolved in THF (8 mL). 4-
(Aminomethyl)benzamide (162 mg, 1.08 mmol), sodium tert-butoxide (144 mg, 1.50
mmol), Pda(dba)s (76 mg, 0.08 mmol) and BrettPhos™ (131 mg, 0.33 mmol) were
added and nitrogen was bubbled into the solution for 5 minutes. The reaction vessel
was sealed and heated in a microwave at 135 °C for 2 h. After cooling, the reaction
mixture was passed through Celite™, diluted with EtOAc (20 mL) and washed with
brine (20 mL). The organic layer was passed through a hydrophobic frit and
concentrated in vacuo. The orange solid was purified by MDAP (high pH method). The
appropriate fractions were combined and evaporated in vacuo to give 4-(((3-(3,4-
dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridin-8-yl)Jamino)methyl)benzamide
(81 mg, 0.19 mmol, 23% yield). *H NMR (400 MHz, DMSO-d¢) 6 = 7.91 - 7.87 (m, 1H),
7.84-7.81(m, 2H), 7.46 - 7.43 (m, 2H), 7.29 - 7.27 (m, 2H), 7.14 - 7.11 (m, 1H), 7.02 -
7.00 (m, 2H), 6.72 - 6.68 (m, 1H), 5.82 (d, /= 1.0 Hz, 1H), 4.52 (d, J = 6.0 Hz, 2H), 3.83
(s, 3H), 3.80 (s, 3H), 2.34 (s, 3H), 2.06 (s, 3H). 1*C NMR (101 MHz, DMSO-d¢) 6 = 168.2,
149.5, 149.0, 143.8, 137.7, 136.7, 136.1, 133.2, 128.0, 127.1, 122.6, 122.4, 122.3,
122.0, 113.5, 112.8, 109.8, 100.3, 56.1, 56.0, 45.9, 18.9, 14.2. LCMS (HpH) 97%
desired product; tret = 1.01 min, MH* 431.4. HRMS (C2s5H26N403) [M+H*] requires
431.2083, found [M+H*] 431.2079. vmax (neat) / cm™ 3489, 3261, 2955, 1675, 1565,
1510, 1456, 1414, 1373, 1269, 1253, 1216, 1144, 1025, 829, 774, 765. Mp 203-205
°C.
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3-(3,4-Dimethoxyphenyl)-2,6-dimethyl-N-(pyridin-3-ylmethyl)imidazo[1,2-
alpyridin-8-amine (1.26)

~N
=

NH
=N
s N/

OMe
OMe

8-Bromo-3-(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridine (300 mg, 0.83
mmol) in a microwave vial (20 mL) was dissolved in THF (8 mL). Pyridin-3-
ylmethanamine (0.110 mL, 1.08 mmol), sodium tert-butoxide (144 mg, 1.50 mmol),
Pd,(dba)s (76 mg, 0.08 mmol) and BrettPhos™ (178 mg, 0.33 mmol) were added and
nitrogen was bubbled into the solution for 5 minutes. The reaction vessel was sealed
and heated in the microwave at 140 °C for 2 h. After cooling, the reaction mixture
was passed through Celite™, diluted with EtOAc (20 mL) and washed with brine (40
mL). The organic layer was concentrated in vacuo and crude product was purified by
column chromatography eluting with EtOAc in cyclohexane (gradient 0-100%) and
then flushed with ethanol in EtOAc (1:3) to retrieve the product. The appropriate
fractions were concentrated in vacuo to give an orange oil which was further purified
by MDAP (high pH method). The solvent was evaporated in vacuo to give 3-(3,4-
dimethoxyphenyl)-2,6-dimethyl-N-(pyridin-3-ylmethyl)imidazo[1,2-a]pyridin-8-

amine (146 mg, 0.38 mmol, 46% yield). *H NMR (400 MHz, DMSO-d¢) 6 = 8.65 - 8.61
(m, 1H), 8.46 - 8.42 (m, 1H), 7.82 - 7.76 (m, 1H), 7.37 - 7.31 (m, 1H), 7.30 - 7.28 (m,
1H), 7.12 (d, J = 8.1 Hz, 1H), 7.03 - 6.96 (m, 2H), 6.74 - 6.68 (m, 1H), 5.93 - 5.90 (m,
1H), 4.51 (d, J = 6.5 Hz, 2H), 3.83 (s, 3H), 3.80 (s, 3H), 2.33 (s, 3H), 2.08 (d, / = 1.0 Hz,
3H).13C NMR (101 MHz, DMSO-ds) 6 = 149.5, 149.2, 148.9, 148.4, 137.7, 136.7, 135.9,
135.7,135.2,123.9,122.6,122.4,122.3,122.0, 113.4,112.8, 110.0, 100.4, 56.1, 56.0,
43.7,18.9, 14.2. LCMS (HpH) 100% desired product; tret = 1.05 min, MH* 389.3. HRMS
(C23H24N407) [M+H*] requires 389.1978, found [M+H*] 389.1973. Vmax (neat) / cm™
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3331, 2930, 1564, 1506, 1455, 1415, 1250, 1213, 1172, 1138, 1024, 875, 812, 766,
751, 712, 690. Mp 85-88 °C.

3-(3,4-Dimethoxyphenyl)-2,6-dimethyl-N-((tetrahydro-2H-pyran-4-

yl)methyl)imidazo[1,2-a]pyridin-8-amine (1.27)
o}

ke

NH

=N
s N/

OMe

OMe
8-Bromo-3-(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyridine (307 mg, 0.85
mmol) in a microwave vial (20 mL) was dissolved in THF (8 mL). (Tetrahydro-2H-
pyran-4-yl)methanamine (0.135 mL, 1.11 mmol), sodium tert-butoxide (147 mg, 1.53
mmol), Pdx(dba)s (78 mg, 0.09 mmol) and BrettPhos™ (182 mg, 0.34 mmol) were
added and nitrogen was bubbled into the solution for 5 minutes. The reaction vessel
was sealed and heated in a microwave at 140 °C for 2 h. After cooling, the reaction
mixture was passed through Celite™, diluted with EtOAc (20 mL) and washed with
brine (40 mL). The organic layer was concentrated in vacuo and the crude product
was purified by column chromatography eluting with EtOAc in cyclohexane (gradient
0-100%). The column was flushed with ethanol in EtOAc (1:3) to retrieve the product.
The appropriate fractions were combined and concentrated in vacuo to give 3-(3,4-
dimethoxyphenyl)-2,6-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)imidazo([1,2-
a]pyridin-8-amine (277 mg, 0.70 mmol, 82% yield). *H NMR (400 MHz, DMSO-ds) § =
7.30 - 7.26 (m, 1H), 7.13 (d, J = 8.1 Hz, 1H), 7.03 - 6.97 (m, 2H), 6.00 - 5.97 (m, 1H),
5.88-5.83 (m, 1H), 3.84 - 3.83 (m, 3H), 3.81-3.80 (m, 3H), 3.30 - 3.24 (m, 2H), 3.19 -
3.17 (m, 2H), 3.14 - 3.10 (m, 2H), 2.31 (s, 3H), 2.18 - 2.16 (m, 3H), 2.00 - 1.90 (m, 1H),
1.66 (br dd, J = 2.0, 12.6 Hz, 2H), 1.31 - 1.19 (m, 2H). *3C NMR (101 MHz, DMSO-ds) &
= 149.5, 148.9, 137.5, 136.7, 136.6, 122.9, 122.4, 122.0, 113.5, 112.8, 109.3, 99.5,
67.3,56.1, 56.0, 49.1, 48.7, 34.3, 31.1, 19.0, 14.1. LCMS (HpH) 99% desired product;
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tret = 1.18 min, MH* 396.4. HRMS (Cz3H29N303) [M+H*] requires 396.2287, found
[M+H*] 396.2286. vmax (neat) / cm™ 2935, 1568, 1509, 1464, 1441, 1415, 1254, 1216,
1174, 1139, 1093, 1026 985, 812, 765, 751. Mp 91-94 °C.

Heptane-2,4,6-trione (1.29)
O 0 o

Sodium hydroxide pellets (3.22g) were stirred in water (5 mL) to form sodium
hydroxide (16 M) solution. To the RBF (100 mL), ethanol (25 mL) and 2,6-dimethyl-
4H-pyran-4-one (5.0 g, 40.3 mmol) were added and the reaction mixture was heated
at 100 °C for 2 h, after which time, precipitation occurred. The solid was collected by
filtration and washed with diethyl ether (20 mL). The solid was re-dissolved in water
(20 mL) and acidified with aqueous HCI (2M, 75 mL). The product was extracted out
of the aqueous layer with diethyl ether (40 mL) and the organic layer was passed
through a hydrophobic frit and concentrated in vacuo to give heptan-2,4,6-trione (3.5

g, 25 mmol, 62% yield). Characterisation data was consistent with literature.”?

2,5-Dimethylpyrazolo[1,5-c]pyrimidin-7(6H)-one (1.31)
0

Hydrazinecarboxamide, hydrochloride (3.02 g, 27.0 mmol) and water (40 mL) were
added to an RBF (250 mL) containing heptane-2,4,6-trione (3.49 g, 24.58 mmol). The
reaction mixture was stirred at RT followed by the addition of saturated aqueous
sodium carbonate (40 mL, 12.55 mmol). The reaction mixture was heated at 100 °C
for 1 h. After cooling, the product was extracted out of the aqueous with CH,Cl, (4 x
15 mL). The combined organics were passed through a hydrophobic frit and
concentrated in vacuo to give 2,5-dimethylpyrazolo[1,5-c]pyrimidin-7(6H)-one (2.51
g, 7.8 mmol, 79% yield). 1H NMR (600 MHz, CDCl3) &= 11.12 (br s, 1H), 6.18 (s, 1H),
6.09 (s, 1H), 2.43 (s, 3H), 2.33 (d, J = 0.9 Hz, 3H). 13C NMR (151 MHz, CDCl3) & = 155.6,
147.8, 143.1, 137.0, 99.8, 95.9, 18.7, 14.1. LCMS (HpH) 96% desired product; tret =
0.58 min, MH* 163.9.
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7-Chloro-2,5-dimethylpyrazolo[1,5-c]pyrimidine (1.33)
cl

2,5-Dimethylpyrazolo[1,5-c]pyrimidin-7(6H)-one (2.434 g, 14.95 mmol) and POClIs (20
mL, 215 mmol) were stirred in an RBF (500 mL). N,N-Diethylaniline (2.38 mL, 14.96
mmol) was added dropwise and the reaction mixture was heated at 110 °C for 16 h.
After cooling, the reaction mixture was concentrated in vacuo, diluted with CH,Cl;
(30 mL) and washed with aqgueous ammonium chloride (30 mL). The organic layer
was passed through a hydrophobic frit and concentrated in vacuo to give 7-chloro-
2,5-dimethylpyrazolo[1,5-c]pyrimidine (1.85 g, 10.3 mmol, 69% vyield). *H NMR (400
MHz, CDCl3) 6 = 7.10 (s, 1H), 6.32 (s, 1H), 2.54 (s, 3H), 2.48 (s, 3H).13C NMR (101 MHz,
CDCl3) 6 = 155.7, 147.3, 144.0, 108.4, 98.1, 53.7, 23.0, 14.2. LCMS (HpH) 98% desired
product; tret = 0.81 min, MH* 181.9.

7-Chloro-3-iodo-2,5-dimethylpyrazolo[1,5-c]pyrimidine (1.34)
cl
2 N ,N\

N
W
|

7-Chloro-2,5-dimethylpyrazolo[1,5-c]pyrimidine (1.85 g, 10.19 mmol) was dissolved
in CH2Cl> (50 mL) at 0 °C. 1-lodopyrrolidine-2,5-dione (2.30 g, 10.20 mmol) was added
and the reaction mixture was stirred at RT for 0.5 h. The organic layer was washed
with aqueous sodium thiosulfate (20 mL), passed through a hydrophobic frit and
concentrated in vacuo. The crude material was purified by column chromatography
eluting with EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were
combined and concentrated in vacuo to give 7-chloro-3-iodo-2,5-
dimethylpyrazolo[1,5-c]pyrimidine (1.67 g, 5.5 mmol, 54% vyield). *H NMR (600 MHz,
CDCl3) & = 7.05 (d, J = 0.9 Hz, 1H), 2.53 (s, 3H), 2.51 (d, J = 0.9 Hz, 3H). 13C NMR (151
MHz, CDCl3) 6 = 157.1, 149.0, 144.8, 138.1, 108.7, 53.0, 23.2, 14.4. LCMS (For) 94%
desired product; tret = 1.11 min, MH* 307.9.

48



4-(((3-lodo-2,5-dimethylpyrazolo[1,5-c]pyrimidin-7-yl)Jamino)methyl)benzamide

(1.35)
H,N__O

7-Chloro-3-iodo-2,5-dimethylpyrazolo[1,5-c]pyrimidine (271 mg, 0.88 mmol) was
dissolved in 1,4-dioxane (2 mL) and added to a microwave vial (5 mL). Triethylamine
(0.267 mL, 1.92 mmol) and 4-(aminomethyl)benzamide (0.246 mL, 1.92 mmol) were
added and the reaction vessel was sealed and heated at 120 °C for 5 h. After cooling,
the reaction mixture was concentrated in vacuo and purified by MDAP (high pH
method). The appropriate fractions were combined and concentrated in vacuo to
give 4-(((3-iodo-2,5-dimethylpyrazolo[1,5-c]pyrimidin-7-yl)amino)methyl)benzamide
(146 mg, 0.35 mmol, 37% yield). *H NMR (400 MHz, DMSO-dg) 6 ppm 2.27 (s, 3 H)
2.38(s,3H)4.72(d,/=6.0Hz, 2 H) 6.45 (s, 1 H) 7.27 (brs, 1 H) 7.42 (d, /= 8.6 Hz, 2
H) 7.80 (d, J = 8.1 Hz, 2 H) 7.88 (br s, 1 H) 8.41 - 8.48 (m, 1 H). 3C NMR (101 MHz,
DMSO-ds) 6 =168.2,154.2,150.4,145.4,144.2,143.3,133.3,127.9, 127.4,98.2,51.7,
43.8, 24.1, 14.4. LCMS (HpH) 100% desired product; tret = 1.14 min, MH* 422.2.

3-lodo-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-c]pyrimidin-7-amine
(1.36)

7-Chloro-3-iodo-2,5-dimethylpyrazolo[1,5-c]pyrimidine (287 mg, 0.93 mmol) was

dissolved in 1,4-dioxane (2 mL) and added to a microwave vial (5 mL). Triethylamine
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(0.267 mL, 1.92 mmol) and pyridin-3-ylmethanamine (0.195 mL, 1.92 mmol) were
added. The reaction vessel was sealed and heated at 120 °C for 5 h. After cooling, the
reaction mixture was concentrated in vacuo. The residue was dissolved in CH,Cl; (20
mL) and washed with sodium bicarbonate solution (20 mL). The organic layer was
passed through a hydrophobic frit and concentrated in vacuo to give 3-iodo-2,5-
dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-c]pyrimidin-7-amine (124 mg, 0.33
mmol, 35% yield). 'H NMR (400 MHz, CDCls) & = 8.73 - 8.68 (m, 1H), 8.58 - 8.54 (m,
1H), 7.79 - 7.74 (m, 1H), 7.31 - 7.26 (m, 1H), 6.54 (br t, J = 5.5 Hz, 1H), 6.51 (d, J = 1.0
Hz, 1H), 4.85 (d, J = 6.5 Hz, 2H), 2.42 (s, 3H), 2.41 (d, J = 1.0 Hz, 3H). 3C NMR (101
MHz, CDCl3) 6 = 179.3, 154.6, 150.2, 149.3, 144.6, 144.0, 135.6, 133.9, 123.5, 99.5,
50.3,42.4,24.0, 14.1. LCMS (For) 98% desired product; tret = 0.81 min, MH* 379.9.

3-lodo-2,5-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)pyrazolo[1,5-

c]pyrimidin-7-amine (1.37)
0

N
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7-Chloro-3-iodo-2,5-dimethylpyrazolo[1,5-c]pyrimidine (295 mg, 0.96 mmol) was
dissolved in 1,4-dioxane (2 mL) and added to a microwave vial (5 mL). Triethylamine
(0.534 mL, 3.84 mmol) and (tetrahydro-2H-pyran-4-yl)methanamine (0.470 mL, 3.84
mmol) were added and the reaction vessel was sealed and heated at 120 °C for 5 h.
After cooling, the reaction mixture was concentrated in vacuo and the residue was
dissolved in CH,Cl> (20 mL) and washed with aqgueous ammonium chloride (20 mL).
The organic layer was passed through a hydrophobic frit and concentrated in vacuo.
The crude product was purified by MDAP (high pH method). The appropriate
fractions were combined and concentrated in vacuo to give 3-iodo-2,5-dimethyl-N-
((tetrahydro-2H-pyran-4-yl)methyl)pyrazolo[1,5-c]pyrimidin-7-amine (342 mg, 0.88
mmol, 92% vyield). *H NMR (400 MHz, CDCl5) 6 = 6.45 (d, J = 1.0 Hz, 1H), 6.29 - 6.20
(m, 1H), 4.05 - 4.00 (m, 2H), 3.57 - 3.53 (m, 2H), 3.45 - 3.39 (m, 2H), 2.43 (s, 3H), 2.40
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(d,J=1.0 Hz, 3H), 2.04 - 1.92 (m, 1H), 1.78 - 1.72 (m, 2H), 1.51 - 1.40 (m, 2H). 3C NMR
(101 MHz, CDCl3) 6 = 154.3, 150.3, 145.1, 143.9, 98.7, 67.6, 50.0, 46.5, 35.3, 30.7,
24.1, 14.2. LCMS (For) 100% desired product; tret = 1.26 min, MH* 386.9.

4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-c]pyrimidin-7-
yl)amino)methyl)benzamide (1.38)

H,N__O

NH

NJ\N’N\

\\

OMe

OMe
4-(((3-lodo-2,5-dimethylpyrazolo[1,5-c]pyrimidin-7-yl)Jamino)methyl)benzamide
(305 mg, 0.72 mmol) in a microwave vial (20 mL) was dissolved in 1,4-dioxane (8 mL).
Cesium carbonate (519 mg, 1.59 mmol) dissolved in water (2 mL), (3,4-
dimethoxyphenyl)boronic acid (264 mg, 1.45 mmol) and XPhosPdG2™ (5.70 mg, 7.24
pumol) were added. The reaction vessel was sealed and heated at 130 °C for 5 h. After
cooling, the reaction mixture was passed through Celite™ and diluted with EtOAc (20
mL). The organic layer was washed with brine (20 mL), passed through a hydrophobic
frit and concentrated in vacuo. The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (+ 2% NEts) (0-40% gradient). The
appropriate fractions were combined and concentrated in vacuo to give 4-(((3-(3,4-
dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-c]pyrimidin-7-
yl)Jamino)methyl)benzamide (68 mg, 0.16 mmol, 22% vyield). *TH NMR (400 MHz,
DMSO-d¢) & = 8.36 - 8.31 (m, 1H), 7.92 - 7.87 (m, 1H), 7.85 - 7.79 (m, 2H), 7.47 - 7.41
(m, 2H), 7.30 - 7.26 (m, 1H), 7.08 - 7.03 (m, 1H), 7.00 - 6.93 (m, 2H), 6.69 - 6.66 (m,
1H), 4.78 - 4.73 (m, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 2.47 (s, 3H), 2.25 - 2.24 (m, 3H). 13C
NMR (101 MHz, DMSO-ds) 6 = 168.2, 150.6, 149.4, 149.0, 147.9, 145.2, 143.5, 139.9,
133.3, 127.9, 127.4, 125.6, 121.2,112.9, 112.9, 110.0, 97.8, 56.1, 56.1, 43.7, 24.2,
13.5. LCMS (HpH) 98% desired product; tret = 1.06 min, MH* 432.4. HRMS
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(C24H25Ns03) [M+H*] requires 432.2036, found [M+H*] 432.2028. Vmax (neat) / cm™
3410, 3326, 2901, 1634, 1603, 1570, 1537,1512,1439, 1328, 1254,1234,1218, 1141,
1017, 824, 778, 765. Mp 194-197 °C.

3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-
c]pyrimidin-7-amine (1.39)
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3-lodo-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-c]pyrimidin-7-amine (468
mg, 1.23 mmol) in a microwave vial (20 mL) was dissolved in 1,4-dioxane (8 mL).
Cesium carbonate (885 mg, 2.72 mmol) dissolved in water (2 mL), (3,4-
dimethoxyphenyl)boronic acid (449 mg, 2.47 mmol) and XPhosPdG2™ (9.71 mg, 0.01
mmol) were added. The reaction vessel was sealed and heated at 130 °C for 5 h. After
cooling, the reaction mixture was passed through Celite™ and diluted with EtOAc (20
mL). The organic layer was washed with brine (20 mL), passed through a hydrophobic
frit and concentrated in vacuo. The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (+ 2% NEts3) (0-100% gradient).
The appropriate fractions were combined and concentrated in vacuo to give 3-(3,4-
dimethoxyphenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-c]pyrimidin-7-

amine (355 mg, 0.95 mmol, 74% yield). *H NMR (400 MHz, CDCl3) § = 8.75 - 8.72 (m,
1H), 8.58 - 8.55 (m, 1H), 7.83 - 7.78 (m, 1H), 7.32 - 7.29 (m, 1H), 6.99 - 6.97 (m, 2H),
6.94 - 6.93 (m, 1H), 6.68 - 6.67 (m, 1H), 6.62 - 6.58 (m, 1H), 4.88 (d, J = 6.0 Hz, 2H),
3.95 (s, 3H), 3.94 (s, 3H), 2.49 (s, 3H), 2.38 (d, J = 1.0 Hz, 3H). 3C NMR (101 MHz,
CDCl3) 6 =150.9, 149.5, 149.1, 148.9, 148.9, 147.8, 144.5, 140.1, 135.7, 134.2, 125.7,
123.5,121.3,112.4,111.7, 110.5, 98.8, 56.0, 56.0, 42.3, 24.8, 13.0. LCMS (HpH) 96%
desired product; tret = 1.14 min, MH* 390.0. HRMS (C22H23Ns032) [M+H*] requires
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390.1930, found [M+H*] 390.1927. Vmax (neat) / cm 2995, 1588, 1577, 1537, 1461,
1453, 1440, 1423, 1247, 1228, 1214, 1174, 1135, 1024, 791, 711. Mp 101-103 °C.

3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-N-((tetrahydro-2H-pyran-4-

yl)methyl)pyrazolo[1,5-c]pyrimidin-7-amine (1.40)
0
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3-lodo-2,5-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)pyrazolo[1,5-c]pyrimidin-

7-amine (69 mg, 0.18 mmol) in a microwave vial (20 mL) was dissolved in 1,4-dioxane
(8 mL). Cesium carbonate (128 mg, 0.39 mmol) dissolved in water (2 mL), (3,4-
dimethoxyphenyl)boronic acid (65 mg, 0.36 mmol) and XPhosPdG2™ (15 mg, 0.02
mmol) were added. The reaction vessel was sealed and heated at 130 °C for 5 h. After
cooling, the reaction mixture was passed through Celite™ and diluted with EtOAc (20
mL). The organic layer was washed with brine (20 mL), passed through a hydrophobic
frit and concentrated in vacuo. The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (0-100% gradient). The
appropriate fractions were combined and concentrated in vacuo to give 3-(3,4-
dimethoxyphenyl)-2,5-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)pyrazolo[1,5-

c]pyrimidin-7-amine (38 mg, 0.10 mmol, 54% yield). *H NMR (400 MHz, CDCls) 6 =
6.98 - 6.94 (m, 3H), 6.63 - 6.62 (m, 1H), 6.32 - 6.28 (m, 1H), 4.06 - 4.01 (m, 2H), 3.95
(s, 3H), 3.94 - 3.94 (m, 3H), 3.60 - 3.56 (m, 2H), 3.47 - 3.40 (m, 2H), 2.51 (s, 3H), 2.38
(s, 3H),2.06-1.95 (m, 1H), 1.82 - 1.75 (m, 2H), 1.53 - 1.42 (m, 2H). 3C NMR (101 MHz,
CDCl3) 6 = 150.6, 149.1, 149.1, 147.7, 145.0, 140.0, 125.9, 121.3, 112.3, 111.6, 110.3,
98.0,67.7,56.0, 56.0, 46.5, 35.4, 30.7, 24.1, 13.0. LCMS (HpH) 100% desired product;
tret = 1.22 min, MH* 397.1. HRMS (C22H28N403) [M+H*] requires 397.2240, found
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[M+H?*] 397.2235. vmax (neat) / cm™3321, 2935, 1604, 1579, 1536, 1451, 1328, 1254,
1217, 1092, 1016, 979, 823, 801, 702. Mp 104-107 °C.

8-Chloro-2,6-dimethylimidazo[1,2-a]pyrazine (1.42)

Cl
N)\fN
Aons ™

3-Chloro-5-methylpyrazin-2-amine (219 mg, 1.53 mmol) and 1-chloropropan-2-one
(486 pL, 6.10 mmol) were added to a microwave vial (5 mL). The reaction vessel was
sealed and heated in a microwave at 130 °C for 2.5 h. After cooling, the reaction
mixture was diluted with CH;Cl; (20 mL) and washed with aqueous sodium
bicarbonate (20 mL). The organic layer was passed through a hydrophobic frit and
concentrated in vacuo to give 8-chloro-2,6-dimethylimidazo[1,2-a]pyrazine (173 mg,
0.96 mmol, 63% yield). *H NMR (400 MHz, DMSO-ds) & = 8.39 (d, J = 1.0 Hz, 1H), 7.93
(d,J=1.0 Hz, 1H), 2.40 (s, 3H), 2.37 (d, J = 1.0 Hz, 3H). ¥*C NMR (101 MHz, DMSO-ds)
6 = 145.6, 139.5, 136.2, 135.8, 117.2, 114.4, 20.3, 14.7. LCMS (HpH) 94% desired
product; tret = 0.63 min, MH* 182.1.

8-Chloro-3-iodo-2,6-dimethylimidazo[1,2-a]pyrazine (1.43)

Cl

N)\fN

PN

|
8-Chloro-2,6-dimethylimidazo[1,2-a]pyrazine (173 mg, 0.95 mmol) was dissolved in
CH,Cl; (10 mL) at 0 °C. N-iodosuccinimide (386 mg, 1.72 mmol) was added and the
reaction was stirred for 4 h. The reaction mixture was diluted with CH,Cl, (20 mL) and
washed with aqueous sodium thiosulfate (30 mL). The organic layer was passed
through a hydrophobic frit and concentrated in vacuo to give 8-chloro-3-iodo-2,6-
dimethylimidazo[1,2-a]pyrazine (230 mg, 0.75 mmol, 79% yield). *H NMR (400 MHz,
DMSO-ds) & = 8.20 (d, J = 1.0 Hz, 1H), 2.46 (d, J = 1.0 Hz, 3H), 2.43 (s, 3H). 3C NMR
(101 MHz, DMSO-ds) 6 = 149.6, 139.5, 138.9, 137.8, 117.3, 71.5, 20.3, 15.2. LCMS

(HpH) 98% desired product; tret = 0.89 min, MH* 308.0.

54



4-(2-(3-lodo-2,6-dimethylimidazo[1,2-a]lpyrazin-8-yl)ethyl)benzamide (1.44)

H,N__O

NH
|
8-Chloro-3-iodo-2,6-dimethylimidazo[1,2-a]pyrazine (474 mg, 1.54 mmol), 4-
(aminomethyl)benzamide (463 mg, 3.08 mmol), triethylamine (0.86 mL, 6.17 mmol)
and 1,4-dioxane (8 mL) were added to a microwave vial (20 mL). The reaction vessel
was sealed and heated at 130 °C for 5 h. After cooling, the reaction mixture was
diluted with EtOAc (30 mL) and washed with aqueous sodium bicarbonate (30 mL).
The organic layer was passed through a hydrophobic frit and concentrated in vacuo.
The crude product was purified by MDAP (high pH method). The appropriate
fractions were combined and concentrated in vacuo to give 4-(2-(3-iodo-2,6-
dimethylimidazo[1,2-a]pyrazin-8-yl)ethyl)benzamide (150 mg, 0.37 mmol, 24%
yield). 'H NMR (400 MHz, DMSO-ds) 6 = 8.03 (t, J = 6.4 Hz, 1H), 7.89 - 7.85 (m, 1H),
7.80 (d,J=8.5Hz, 2H), 7.41 (d, J=8.5 Hz, 2H), 7.31 (d, J = 1.0 Hz, 1H), 7.28 - 7.23 (m,
1H), 4.71 (d, J = 6.3 Hz, 2H), 2.36 (s, 3H), 2.23 (d, J = 1.0 Hz, 3H). 3C NMR (101 MHz,
DMSO-ds) 6 = 147.4, 145.1, 144.0, 137.6, 134.3, 133.1, 127.8, 127.4, 115.0, 107.0,
67.9,43.4,21.4,14.7. LCMS (HpH) 100% desired product; tret = 0.97 min, MH* 422.2.

3-lodo-2,6-dimethyl-N-(pyridin-3-ylmethyl)imidazo[1,2-a]pyrazin-8-amine (1.45)
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8-Chloro-3-iodo-2,6-dimethylimidazo[1,2-a]pyrazine (517 mg, 1.68 mmol) was
dissolved in 1,4-dioxane (8 mL) and transferred to a microwave vial (20 mL).

Triethylamine (0.47 mL, 3.36 mmol) and pyridin-3-ylmethanamine (0.342 mL, 3.36

mmol) were added, the reaction vessel was sealed and heated at 130 °C for 5 h. After

55



cooling, the reaction mixture was diluted with EtOAc (20 mL) and washed with
aqueous sodium bicarbonate (20 mL). The organic layer was passed through a
hydrophobic frit and concentrated in vacuo. The crude product was purified by
column chromatography eluting with EtOAc in cyclohexane (0-100% gradient) and
then flushed with ethanol in EtOAc (1:3) to retrieve the product. The appropriate
fractions were combined and concentrated in vacuo to give 3-iodo-2,6-dimethyl-N-
(pyridin-3-ylmethyl)imidazo[1,2-alpyrazin-8-amine (321 mg, 0.86 mmol, 51% vyield).
'H NMR (400 MHz, DMSO-ds) 6 = 8.61 - 8.57 (m, 1H), 8.44 - 8.40 (m, 1H), 8.11 - 8.07
(m, 1H), 7.79 - 7.73 (m, 1H), 7.34 - 7.28 (m, 2H), 4.65 (d, J = 6.5 Hz, 2H), 2.34 (s, 3H),
2.23(d, J = 1.0 Hz, 3H). 3C NMR (101 MHz, DMSO-d¢) 6 = 149.6, 148.3, 147.2, 145.1,
137.5, 136.0, 135.7, 134.2, 123.8, 107.1, 68.0, 41.4, 21.4, 14.7. LCMS (HpH) 98%
desired product; tret = 1.03 min, MH* 380.15.

3-lodo-2,6-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)imidazo[1,2-a]pyrazin-

8-amine (1.46)
o)

T,
|
8-Chloro-3-iodo-2,6-dimethylimidazo[1,2-a]pyrazine (217 mg, 0.71 mmol),
(tetrahydro-2H-pyran-4-yl)methanamine (0.173 mL, 1.41 mmol), triethylamine (0.4
mL, 2.87 mmol) and 1,4-dioxane (8 mL) were added to a microwave vial (20 mL). The
reaction vessel was sealed and heated at 130 °C for 5 h. After cooling, the reaction
mixture was diluted with EtOAc (20 mL) and washed with aqueous sodium
bicarbonate (20 mL). The organic layer was passed through a hydrophobic frit and
concentrated in vacuo. The crude product was purified by column chromatography
eluting with EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were
combined and concentrated in vacuo to give 3-iodo-2,6-dimethyl-N-((tetrahydro-2H-
pyran-4-yl)methyl)imidazo[1,2-a]pyrazin-8-amine (150 mg, 0.39 mmol, 55% yield).*H
NMR (400 MHz, DMSO-dg) & = 7.41 - 7.35 (m, 1H), 7.27 - 7.24 (m, 1H), 3.87 - 3.80 (m,
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2H), 3.37 - 3.34 (m, 2H), 3.28 - 3.22 (m, 2H), 2.33 (s, 3H), 2.24 (s, 3H), 2.00 - 1.87 (m,
1H), 1.63 - 1.55 (m, 2H), 1.27 - 1.15 (m, 2H). 13C NMR (101 MHz, DMSO-ds) 6 = 147.9,
144.8,137.7, 134.3, 106.4, 67.7, 67.2, 46.0, 34.8, 31.1, 21.5, 14.7. LCMS (HpH) 100%
desired product; tret = 1.11 min, MH* 387.2.

4-(((3-(3,4-Dimethoxyphenyl)-2,6-dimethylimidazo[1,2-a]pyrazin-8-
yl)Jamino)methyl)benzamide (1.47)

HoN (0]
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4-(((3-lodo-2,6-dimethylimidazo[1,2-a]pyrazin-8-yl)Jamino)methyl)benzamide (160
mg, 0.38 mmol), (3,4-dimethoxyphenyl)boronic acid (104 mg, 0.57 mmol), cesium
carbonate (272 mg, 0.84 mmol), PdCl,(dppf)-CH.Cl,adduct (31.0 mg, 0.04 mmol), 1,4-
dioxane (8 mL) and water (2 mL) were added to a microwave vial (20 mL). The
reaction vessel was sealed and heated at 130 °C for 5 h. After cooling, the reaction
mixture was passed through Celite™, diluted with EtOAc (30 mL) and washed with
brine (30 mL). The organic layer was passed through a hydrophobic frit and
concentrated in vacuo. The crude product was purified by MDAP (high pH method).
The solvent was evaporated in vacuo to give 4-(((3-(3,4-dimethoxyphenyl)-2,6-
dimethylimidazo[1,2-a]pyrazin-8-yl)amino)methyl)benzamide (102 mg, 0.24 mmol,
63% yield). tH NMR (400 MHz, DMSO-de) 6 = 7.95 (s, 1H), 7.92 - 7.85 (m, 1H), 7.82 (d,
J=8.5Hz, 2H), 7.43 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 1.0 Hz, 1H), 7.28 - 7.23 (m, 1H), 7.15
(d, J=8.3 Hz, 1H), 7.06 - 7.01 (m, 2H), 4.73 (d, J = 6.3 Hz, 2H), 3.87 - 3.83 (m, 3H), 3.82
(s, 3H), 2.37 (s, 3H), 2.15 (d, J = 1.0 Hz, 3H). 13C NMR (101 MHz, DMSO-ds) & =, 149.6,
149.3, 147.7, 144.3, 138.7, 136.7, 133.1, 130.3, 127.8, 127.4, 123.6, 122.4, 121.4,
113.3, 112.8, 104.6, 56.2, 56.1, 49.1, 43.3, 21.5, 14.1. LCMS (HpH) 100% desired
product; tret = 0.96 min, MH* 432.4. HRMS (C24H25Ns503) [M+H*] requires 432.2036,
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found [M+H*] 432.2035. vmax (neat) / cm13353, 2913, 1652, 1615, 1567, 1533, 1505,
1456, 1414, 1244, 1219, 1174, 1139, 1024, 756, 694. Mp 191-193 °C.

3-(3,4-Dimethoxyphenyl)-2,6-dimethyl-N-(pyridin-3-ylmethyl)imidazo[1,2-
alpyrazin-8-amine (1.48)

)
=
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)\/N %
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A microwave vial (5 mL) was charged with PdCly(dppf)-CH;Cl,adduct (14 mg, 0.02
mmol), (3,4-dimethoxyphenyl)boronic acid (47 mg, 0.26 mmol), cesium carbonate
(580 mg, 1.78 mmol), 3-iodo-2,6-dimethyl-N-(pyridin-3-ylmethyl)imidazo[1,2-
alpyrazin-8-amine (307 mg, 0.81 mmol), 1,4-dioxane (7 mL) and water (1 mL). The
reaction vessel was sealed and heated at 130 °C for 5 h. After cooling, the reaction
mixture was passed through Celite™, diluted with EtOAc (20 mL) and washed with
brine (20 mL). The organic layer was passed through a hydrophobic frit and
concentrated in vacuo. The crude product was purified by column chromatography
eluting with EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were
combined and concentrated in vacuo to give 3-(3,4-dimethoxyphenyl)-2,6-dimethyl-
N-(pyridin-3-ylmethyl)imidazo[1,2-a]pyrazin-8-amine (274 mg, 0.70 mmol, 87%
yield). 'H NMR (400 MHz, DMSO-ds) & = 8.63 - 8.61 (m, 1H), 8.43 (dd, J = 1.8, 4.8 Hz,
1H), 8.05 - 7.98 (m, 1H), 7.82 - 7.77 (m, 1H), 7.35 - 7.31 (m, 2H), 7.16 - 7.13 (m, 1H),
7.06 - 7.00 (m, 2H), 4.69 (d, J = 6.3 Hz, 2H), 3.85 (s, 3H), 3.82 (s, 3H), 2.36 (s, 3H), 2.17
(d,J=1.0Hz, 3H). 3C NMR (101 MHz, DMSO-d¢) & = 149.6, 149.6, 149.3, 148.3, 147.5,
138.7, 136.6, 136.2, 135.7, 130.3, 123.8, 123.6, 122.4, 121.3, 113.3, 112.8, 104.7,
56.2, 56.1, 41.3, 21.5, 14.1. LCMS (HpH) 100% desired product; tret = 1.01 min, MH*
390.3. HRMS (Cz2H23Ns03) [M+H*] requires 390.1930, found [M+H*] 390.1926. Vmax
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(neat) /cm™3251,2917,1537, 1505, 1478, 1463, 1417, 1260, 1247,1219, 1175, 1136,
1023, 812, 763, 712, 696. Mp 128-131 °C.

3-(3,4-Dimethoxyphenyl)-2,6-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)

imidazo[1,2-a]pyrazin-8-amine (1.49)
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3-lodo-2,6-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)imidazo[1,2-a]pyrazin-8-
amine (150 mg, 0.39 mmol), (3,4-dimethoxyphenyl)boronic acid (106 mg, 0.58
mmol), cesium carbonate (278 mg, 0.85 mmol), PdCl,(dppf)-CH.Cl;adduct (31.7 mg,
0.04 mmol), 1,4-dioxane (8 mL) and water (2 mL) were added to a microwave vial (20
mL). The reaction vessel was sealed and heated at 130 °C for 5 h. After cooling, the
reaction mixture was passed through Celite™, diluted with EtOAc (20 mL) and
washed with brine (20 mL). The organic layer was passed through a hydrophobic frit
and purified by MDAP (high pH method). The appropriate fractions were combined
and concentrated in vacuo to give 3-(3,4-dimethoxyphenyl)-2,6-dimethyl-N-
((tetrahydro-2H-pyran-4-yl)methyl)imidazo[1,2-a]pyrazin-8-amine (50 mg, 0.13
mmol, 33% yield). *H NMR (400 MHz, DMSO-dg) & = 7.31 - 7.24 (m, 2H), 7.17 - 7.11
(m, 1H), 7.05 - 6.99 (m, 2H), 3.85 (s, 3H), 3.82 (s, 3H), 3.39 (t, J = 6.5 Hz, 2H), 3.28 (dt,
J=2.0,11.5 Hz, 2H), 2.35 (s, 3H), 2.18 (d, J = 0.8 Hz, 3H), 1.98 (tdd, J = 3.7, 7.4, 14.8
Hz, 1H), 1.62 (br dd, J = 2.0, 12.8 Hz, 2H), 1.31 - 1.18 (m, 2H). 3C NMR (101 MHz,
DMSO-ds) 6 = 149.5, 149.3, 148.2, 138.5, 136.8, 130.3, 123.5, 122.4, 121.4, 113.3,
112.8,104.0, 67.3, 56.2, 56.1, 45.9, 34.9, 31.1, 21.6, 14.0. LCMS (HpH) 97% desired
product; tret = 1.07 min, MH* 397.4. HRMS (C22H28N403) [M+H*] requires 397.2240,
found [M+H*] 397.2239. vmax (neat) / cm™13343, 2918, 1544, 1510, 1466, 1422, 1262,
1249, 1220, 1176, 1146, 1089, 1024, 985, 853, 823, 762. Mp 93-95 °C.
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (1.56)
©\O
fN,N\
\N \
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OMe

An RBF (100 mL) was charged with (3,4-dimethoxyphenyl)boronic acid (287 mg, 1.58
mmol), 3-bromo-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (641 mg, 2.01
mmol), PdCl,(dppf)-CH2Clradduct (136 mg, 0.17 mmol), potassium phosphate, dibasic
(1.371 g, 7.87 mmol), water (5 mL) and 1,4 dioxane (20 mL). The reaction mixture was
heated under nitrogen at 120 °C for 16 h. After cooling, the reaction mixture was
diluted with EtOAc (40 mL) and washed with brine (40 mL). The combined organics
were dried over magnesium sulfate, filtered through Celite™ and concentrated in
vacuo. The crude product was purified by column chromatography eluting with EtOAc
in cyclohexane (gradient 0-40%). The appropriate fractions were concentrated in
vacuo to vyield 3-(3,4-dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-
alpyrimidine (290 mg, 0.77 mmol, 50% yield). *H NMR (400 MHz, DMSO-ds) 6 = 7.62
- 7.56 (m, 2H), 7.47 - 7.41 (m, 3H), 7.39 (d, J = 2.0 Hz, 1H), 7.25 (dd, J = 2.0, 8.1 Hz,
1H), 7.06 (d, J = 8.1 Hz, 1H), 5.94 (s, 1H), 3.82 (s, 3H), 3.81 (s, 3H), 2.57 (s, 3H), 2.41 (s,
3H).13C NMR (101 MHz, DMSO-ds) 6 =179.2, 160.8, 154.2, 152.3, 152.1, 149.0, 147.8,
147.6, 131.2, 127.4, 125.5, 121.3, 113.1, 112.6, 107.5, 90.6, 56.1, 56.0, 25.3, 14.9.
LCMS (HpH) 100% desired product; tret = 1.18 min, MH* 376.1.
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4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
yl)amino)methyl)benzamide (1.57)
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (95 mg,
0.25 mmol), triethylamine (0.141 mL, 1.01 mmol), 4-(aminomethyl)benzamide (111
mg, 0.74 mmol), isopropanol (2 mL) and DMSO (2 mL) were added to a microwave
vial (5 mL). The reaction vessel was sealed and heated at 130 °C for 5 h. After cooling,
the reaction mixture was purified by MDAP (high pH method). The appropriate
fractions were combined and concentrated in vacuo to give 4-(((3-(3,4-
dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
yl)amino)methyl)benzamide (83 mg, 0.19 mmol, 76% yield). 'H NMR (400 MHz,
CDCl3) & = 7.87 - 7.83 (m, 2H), 7.51 - 7.47 (m, 2H), 7.43 - 7.41 (m, 1H), 7.25 (dd, J =
2.0, 8.1 Hz, 1H), 6.99 (d, J = 8.1 Hz, 1H), 6.70 (t, J = 6.0 Hz, 1H), 5.76 (s, 1H), 4.69 (d, J
= 6.0 Hz, 2H), 3.96 (s, 3H), 3.94 (s, 3H), 2.61 (s, 3H), 2.48 (s, 3H). 13C NMR (101 MHz,
CDCl3) 6 = 168.5, 159.5, 151.1, 148.9, 147.4, 146.1, 145.6, 140.8, 133.1, 128.0, 127.2,
125.9,121.0, 119.6, 112.6, 111.6, 85.6, 56.0, 55.9, 45.7, 25.4, 14.4. LCMS (For) 100%
desired product; tret = 0.6 min, MH* 431.2. HRMS (C4H25Ns03) [M+H*] requires
432.2036, found [M+H*] 432.2030. vmax (neat) / cm™ 3474, 3326, 3143, 1667, 1616,
1580, 1563, 1406, 1394, 1357, 1249, 1172, 1146, 1021, 800, 782, 764, 750. Mp 238-
240 °C.
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-
alpyrimidin-7-amine (1.58)
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (95 mg,
0.25 mmol), triethylamine (0.141 mL, 1.01 mmol), isopropanol (2 mL), DMSO (2 mL)
and pyridin-3-ylmethanamine (0.078 mL, 0.83 mmol) were added to a microwave vial
(5 mL). The reaction vessel was sealed and heated at 130 °C for 4 h. After cooling, the
reaction mixture was concentrated in vacuo and purified by MDAP (high pH method).
The appropriate fractions were combined and concentrated in vacuo to give 3-(3,4-
dimethoxyphenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-a]pyrimidin-7-
amine (75 mg, 0.19 mmol, 77% yield). *H NMR (400 MHz, CDCl3) 6 = 8.70 - 8.65 (m,
1H), 8.60 (dd, J = 1.5, 5.0 Hz, 1H), 7.74 (td, J = 1.5, 7.9 Hz, 1H), 7.39 - 7.27 (m, 2H),
7.21(dd, J=2.0, 8.1 Hz, 1H), 6.96 (d, J = 8.6 Hz, 1H), 6.87 (br s, 1H), 5.78 (s, 1H), 4.63
(brs, 2H),3.94 (s, 3H), 3.91 (s, 3H), 2.57 (s, 3H), 2.47 (s, 3H). 3C NMR (101 MHz, CDCls)
6 =163.8,159.6, 151.2, 148.9, 148.2, 147.5, 146.1, 145.5, 135.3, 132.6, 125.7, 124.0,
121.2, 112.7, 111.6, 107.6, 85.7, 56.0, 55.9, 43.5, 25.3, 14.2. LCMS (HpH) 100%
desired product; tret = 0.98 min, MH* 390.3. HRMS (C2:H23Ns02) [M+H*] requires
390.1930, found [M+H*] 390.1926. vmax (neat) / cm™ 2954, 1617, 1590, 1579, 1538,
1514, 1445, 1434, 1410, 1250, 1216, 1152, 1024, 821, 747, 710. Mp 149-151 °C.
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-N-((tetrahydro-2H-pyran-4-

yl)methyl)pyrazolo[1,5-a]pyrimidin-7-amine (1.59)
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (74 mg,
0.20 mmol), triethylamine (0.110 mL, 0.79 mmol), isopropanol (2 mL) and
(tetrahydro-2H-pyran-4-yl)methanamine (0.072 mL, 0.41 mmol) were added to a
microwave vial (5 mL). The reaction vessel was sealed and heated at 130 °C for 5 h.
After cooling, the reaction mixture was diluted with EtOAc (20 mL) and washed with
aqueous ammonium chloride (20 mL). The aqueous was re-extracted twice with
EtOAc (30 mL). The combined organics were washed with aqueous sodium
bicarbonate (20 mL), passed through a hydrophobic frit and concentrated in vacuo.
The crude product was purified by MDAP (high pH method). The appropriate
fractions were combined and evaporated in vacuo to give 3-(3,4-dimethoxyphenyl)-
2,5-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)pyrazolo[1,5-a]pyrimidin-7-

amine (49 mg, 0.20 mmol, 63% vyield). *H NMR (400 MHz, CDCl3) § = 7.44 - 7.41 (m,
1H), 7.24 (dd, J = 2.0, 8.1 Hz, 1H), 6.98 (d, / = 8.1 Hz, 1H), 6.32 - 6.25 (m, 1H), 5.82 (s,
1H), 4.08 - 4.02 (m, 2H), 3.96 (s, 3H), 3.93 (s, 3H), 3.48 - 3.40 (m, 2H), 3.34 - 3.29 (m,
2H), 2.59 (s, 3H), 2.53 (s, 3H), 2.08 - 1.95 (m, 1H), 1.83 - 1.76 (m, 2H), 1.54 - 1.40 (m,
2H). 3C NMR (101 MHz, CDCl3) 6 = 179.2, 159.4, 150.9, 148.9, 147.3, 146.2, 145.8,
126.1, 121.0, 112.6, 111.6, 85.1, 67.5, 56.0, 55.9, 47.9, 35.1, 30.8, 25.5, 14.3. LCMS
(HpH) 99% desired product; tret = 1.08 min, MH* 397.4. HRMS (C22H28N403) [M+H"]
requires 397.2240, found [M+H*] 397.2237. vmax (neat) / cm™ 3385, 2906, 1615, 1583,
1551, 1513, 1459, 1330, 1265, 1242, 1144, 1090,1027, 805, 766, 749. Mp 157-159 °C.
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(E)-N'-(3-Methyl-1H-pyrazol-5-yl)acetimidamide acetate (1.61)
- . N
ACOHiNHb*
1-Ethoxyethan-1-amine (3.63 g, 28.9 mmol) and EtOAc (30 mL) were added to an
aqueous solution of potassium carbonate (6.39 g, 46.2 mmol). The reaction mixture
was stirred for 10 minutes. The organic layer was dried over anhydrous MgSQy,
filtered and transferred to an RBF (150 mL) containing 3-methyl-1H-pyrazol-5-amine
(3.6 g, 37.1 mmol). The reaction was stirred for 1 h at RT followed by the addition of
acetic acid (1.82 mL, 31.8 mmol). The reaction was stirred for a further 30 minutes
and the precipitate was filtered and washed with EtOAc (30 mL) to give (E)-N'-(3-
methyl-1H-pyrazol-5-yl)acetimidamide acetate (4.83 g, 24.4 mmol, 84% vyield). H
NMR (400 MHz, METHANOL-d4) & = 5.92 (s, 1H), 2.40 (s, 3H), 2.33 (s, 3H), 1.92 (s, 3H).
13C NMR (101 MHz, METHANOL-d4) 6 = 178.5, 162.2, 147.7, 140.7, 94.5, 22.6, 17.6,
9.1. Compound does not ionise under LCMS conditions. HRMS Parent ion (CsH10Na)
[M+H*] requires 139.0984, found [M+H*] 139.0984. Characterising data consistent

with the literature.%8

2,7-Dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (1.63)

An RBF (500 mL) under a nitrogen atmosphere was charged with (E)-N'-(3-methyl-1H-
pyrazol-5-yl)acetimidamide acetate (7.05 g, 35.6 mmol) and diethyl carbonate (64.6
ml, 533 mmol). Sodium ethoxide in ethanol (21%, 55.8 mL, 711 mmol) was added to
the reaction and heated at 100 °C for 5 h. After cooling, the reaction mixture was
concentrated in vacuo. Aqueous HCl (50 mL, 2 M) was added and the mixture was
reduced under vacuum. The residue was diluted with chloroform (50 mL) and the
organic layer was passed through a hydrophobic frit and concentrated in vacuo. The
crude product was purified by column chromatography eluting with EtOAc in
cyclohexane (0-100% gradient). The appropriate fractions were combined and

concentrated in vacuo to give 2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one
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(4.23 g, 25.8 mmol, 73% vyield). *H NMR (400 MHz, DMSO-d¢) 6 = 12.38 - 12.18 (m,
1H), 6.19 (s, 1H), 2.30 (s, 3H), 2.30 (s, 3H). 3C NMR (101 MHz, DMSO-dg) & = 155.2,
154.4,149.9, 144.2,98.1, 21.2, 14.7. LCMS (Formic) 92% desired product; tret = 0.41
min, MH* 165.1. HRMS (C7HgN4O) [M+H*] requires 165.080, found [M+H*] 165.078.

8-Bromo-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (1.64)
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2,7-Dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (616 mg, 3.75 mmol) was added
to CH.Cl; (25 mL) at 0 °C. Cold N-bromosuccinimide (801 mg, 4.50 mmol) was added
and the reaction mixture was stirred at 0 °C for 10 minutes. The reaction mixture was
gradually brought to RT and further stirred for 3 h. White solid precipitated out of
solution and the compound was collected via vacuum filtration to give 8-bromo-2,7-
dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (744 mg, 3.1 mmol, 82% yield). H
NMR (400 MHz, DMSO-ds) & = 12.53 (br s, 1H), 2.34 (s, 3H), 2.30 (s, 3H). 13C NMR (101
MHz, DMSO-ds) 6 = 156.2, 153.4, 146.9, 143.8, 85.9, 21.3, 13.3. LCMS (Formic) 93%
desired product; tret = 0.60 min, MH* 243.0.

8-(3,4-Dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one
(1.65)
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8-Bromo-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (1.3 g, 5.35 mmol),
(3,4-dimethoxyphenyl)boronic acid (1.95 g, 10.70 mmol), potassium phosphate,
tribasic (1.73 g, 8.02 mmol), bis(triphenylphosphine)palladium(ll) chloride (56 mg,
0.08 mmol), 1,4-dioxane (10 mL) and water (2 mL) were added to a microwave vial
(20 mL). The reaction vessel was sealed and heated at 120 °C for 3 h. After cooling,

the reaction mixture was passed through Celite™, diluted with EtOAc (30 mL) and
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washed with brine (30 mL). The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (0-70% gradient). The
appropriate fractions were combined and concentrated in vacuo to yield 8-(3,4-
dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (830 mg, 4.3
mmol, 52% yield). 'H NMR (400 MHz, DMSO-ds) & = 7.25 (d, J = 2.0 Hz, 1H), 7.16 - 7.10
(m, 1H), 7.05 - 7.01 (m, 1H), 3.79 (s, 6H), 2.43 (s, 3H), 2.32 (s, 3H). 13C NMR (101 MHz,
DMSO-ds) 6 = 170.8, 149.0, 148.0, 124.7,121.4, 118.5, 113.1, 112.5, 60.2, 56.1, 31.1,
21.8,21.2,14.5,1.6. LCMS (HpH) 100% desired product; tret = 0.57 min, MH* 301.1.

4-Chloro-8-(3,4-dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazine
(1.66)

AN

NTTN

N
)\\N\

OMe

OMe
8-(3,4-Dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4(3H)-one (0.508
g, 1.69 mmol) and POCI3 (11.82 ml, 127 mmol) were stirred in an RBF (100 mL),
followed by the slow addition of N,N-diethylaniline (0.592 ml, 3.72 mmol). The
reaction mixture was heated at 115 °C for 72 h. After cooling, the reaction mixture
was concentrated in vacuo and azeotroped with toluene. The residue was diluted
with CH2Cl, (40 mL) and washed with aqueous brine/ sodium bicarbonate solution
(40 mL). The organic layer was passed through a hydrophobic frit and concentrated
in vacuo. The crude product was purified by column chromatography eluting with
EtOAc in cyclohexane (0-50% gradient). The appropriate fractions were combined
and concentrated in vacuo to give 4-chloro-8-(3,4-dimethoxyphenyl)-2,7-
dimethylpyrazolo[1,5-a][1,3,5]triazine (375 mg, 1.2 mmol, 71% vyield). No

characterising data available due to poor stability.
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4-(((8-(3,4-Dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazin-4-

yl)amino)methyl)benzamide (1.67)

O+_NH,

OMe
OMe

4-Chloro-8-(3,4-dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazine (90
mg, 0.28 mmol) was dissolved in DMSO (3 mL) and transferred to a microwave vial (5
mL). 4-(Aminomethyl)benzamide (63.6 mg, 0.42 mmol) and DIPEA (0.064 mL, 0.37
mmol) were added and the reaction mixture was stirred at RT for 1 h. The reaction
mixture was diluted with EtOAc (20 mL) and washed with brine (20 mL). The organic
layer was passed through a hydrophobic frit and concentrated in vacuo. The crude
product was purified by column chromatography, eluting with EtOAc in cyclohexane
(0-100% gradient). The appropriate fractions were combined and concentrated in
vacuo to give 4-(((8-(3,4-dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-
a][1,3,5]triazin-4-yl)amino)methyl)benzamide (80 mg, 0.19 mmol, 66% yield). H
NMR (400 MHz, DMSO-dg) & = 9.26 - 9.15 (m, 1H), 7.95 - 7.90 (m, 1H), 7.86 - 7.82 (m,
2H), 7.47 - 7.42 (m, 2H), 7.33 - 7.31 (m, 1H), 7.31 - 7.27 (m, 1H), 7.22 - 7.17 (m, 1H),
7.08 -7.01 (m, 1H), 4.82 - 4.69 (m, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 2.54 (s, 3H), 2.38 (s,
3H). 3C NMR (151 MHz, DMSO-dg) 6 = 168.1, 163.2, 152.6, 149.0, 148.6, 147.8, 146.4,
142.4, 133.6, 128.0, 127.5, 125.1, 121.2, 113.1, 112.6, 107.3, 56.1, 55.5, 43.4, 26.3,
14.7. LCMS (Formic) 99% desired product; tree = 0.89 min, MH* 433.3. HRMS
(C23H24N603) [M+H*] requires 433.1988, found [M+H*] 433.1984. Vmax (neat) / cm™
3356, 2930, 1655, 1586, 1310, 1219, 1137, 1025, 760, 623. Mp 167-169 °C.
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8-(3,4-Dimethoxyphenyl)-2,7-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-
a][1,3,5]triazin-4-amine (1.68)

B
=

H
N)\N/N\
)\\ =
N
OMe
OMe

4-Chloro-8-(3,4-dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazine (219
mg, 0.69 mmol) was dissolved in DMSO (2.5 mL) and transferred to a microwave vial
(5 mL). Pyridin-3-yImethanamine (0.091 mL, 0.89 mmol) and DIPEA (0.240 mL, 1.37
mmol) were added and the reaction vessel was sealed and stirred at 60 °C for 1 h.
After cooling, the reaction mixture was diluted with EtOAc (20 mL), washed with brine
(20 mL) and the organic layer was passed through a hydrophobic frit. The crude
product was purified by column chromatography eluting with EtOAc in cyclohexane
(0-100% gradient). The appropriate fractions were combined and concentrated in
vacuo to give 8-(3,4-dimethoxyphenyl)-2,7-dimethyl-N-(pyridin-3-
ylmethyl)pyrazolo[1,5-a][1,3,5]triazin-4-amine (98 mg, 0.25 mmol, 37% vyield). *H
NMR (600 MHz, DMSO-ds) 6 =9.26 - 9.21 (m, 1H), 8.63 (d, J = 1.8 Hz, 1H), 8.48 (dd, J
=1.5,4.8 Hz, 1H), 7.81 (td, J = 1.8, 8.1 Hz, 1H), 7.36 (dd, /= 5.0, 7.5 Hz, 1H), 7.31 (d, J
=2.2 Hz, 1H), 7.18 (dd, J = 1.8, 8.4 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H), 4.73 (d, J = 5.9 Hz,
2H), 3.80 (s, 3H), 3.79 (s, 3H), 2.53 (s, 3H), 2.40 (s, 3H). 13C NMR (151 MHz, DMSO-ds)
6 =163.2,152.6, 149.5, 149.0, 148.8, 148.5, 147.8, 146.4, 135.8, 134.6, 125.1, 124.0,
121.2, 113.1, 112.6, 107.3, 56.1, 56.1, 41.4, 26.3, 14.7. LCMS (Formic) 96% desired
product; tret = 0.66 min, MH* 391.2. HRMS (C21H22N602) [M+H*] requires 391.1882,
found [M+H*] 391.1887. vmax (neat) / cm™ 2936, 1587, 1546, 1426 1309, 1248, 1136,
1021, 710, 624. Mp 149-152 °C.
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8-(3,4-Dimethoxyphenyl)-2,7-dimethyl-N-((tetrahydro-2H-pyran-4-
yl)methyl)pyrazolo[1,5-a][1,3,5]triazin-4-amine (1.69)

(c’ij
NH
N)\N/N\
)\\ =
N
OMe
OMe

4-Chloro-8-(3,4-dimethoxyphenyl)-2,7-dimethylpyrazolo[1,5-a][1,3,5]triazine (219
mg, 0.69 mmol) was dissolved in DMSO (2.5 mL) and transferred to a microwave vial
(5 mL). Tetrahydro-2H-pyran-4-yl)methanamine (0.106 mL, 0.89 mmol) and DIPEA
(0.240 mL, 1.37 mmol) were added. The reaction vessel was sealed and stirred at 60
°C for 1 h. After cooling, the reaction mixture was diluted with EtOAc (20 mL) and
washed with brine (20 mL). The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (0-100% gradient). The
appropriate fractions were combined and concentrated in vacuo to give 8-(3,4-
dimethoxyphenyl)-2,7-dimethyl-N-((tetrahydro-2H-pyran-4-yl)methyl)pyrazolo[1,5-
al[1,3,5]triazin-4-amine (98 mg, 0.25 mmol, 36% yield). *H NMR (600 MHz, DMSO-ds)
6=8.62(t,J=6.1Hz 1H), 7.31 (d, /= 2.2 Hz, 1H), 7.18 (dd, J = 2.0, 8.3 Hz, 1H), 7.03
(d,J=8.4Hz, 1H), 3.85 (brdd, J=2.2,11.4 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 3.42 (t,J
=6.6 Hz, 2H), 3.27 (dt, J= 1.8, 11.4 Hz, 2H), 2.52 (s, 3H), 2.40 (s, 3H), 1.98 (tdd, J = 3.8,
7.6, 14.9 Hz, 1H), 1.59 (br dd, J = 1.7, 13.0 Hz, 2H), 1.28 - 1.20 (m, 2H). *3C NMR (151
MHz, DMSO-d¢) 6 = 163.2, 152.3, 149.0, 148.7, 147.7, 146.3, 125.2, 121.2, 113.1,
112.6, 107.1, 67.1, 56.1, 56.1, 45.8, 34.9, 30.7, 26.4, 14.7. LCMS (Formic) 100%
desired product; tret = 1.00 min, MH* 398.3. HRMS (C21H27Ns03) [M+H*] requires
398.2192, found [M+H*] 398.2196. vmax (neat) / cm™ 3357, 2929, 2837, 1587, 1447,
1220, 1078, 760, 626. Mp 143-145°C.
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2 PART2

2.1 Kinases

Kinases play a key role in cellular activation and signalling processes, and comprise
1.7% of the human genome.”® They are a class of enzyme that catalyse the
phosphorylation of hydroxyl groups using adenosine triphosphate (ATP) (Figure
2.1).”> Kinases catalyse the transfer of a gamma phosphoryl group to a variety of
different substrates including lipids, sugars and amino acids and are classified based
upon the substrate they activate.’® The most common class of kinases are protein

kinases (518), and approximately 20 lipid kinases have been identified.”’

NH, NH,
N BN N XN
</ :\H/j\l Kinase </ l[/j\j ~0
— —
HyO10P3— o NTONT + ~oH ‘4’ ___________ H3O7P,— o NTONT HO\P/\OH
/7
Phosphatase 0
OHOH OHOH

Figure 2.1: Generic phosphorylation reaction catalysed by kinases and reversed by a

phosphatase.

The aim of kinase drug design is to find molecules which interrupt kinase signalling.”®
This has predominantly focused on finding inhibitors of the ATP binding site.”®& The
ATP site is conserved throughout the kinome and is not optimised for ATP binding,
thus allowing small molecules to exploit the unique features of the ATP site to achieve
high potency and selectivity.®! Figure 2.2 shows the binding mode of an ATP molecule
in a generic kinase active site. A key feature of the binding interaction is represented
by the hinge binding region where there are hydrogen bond donor and acceptor
atoms built into the aminopurine structure.®? In kinase drug discovery, the ATP
binding site can be manipulated in a variety of ways to inhibit the phosphorylation. A
common strategy is to develop a small molecule that acts as an ATP mimetic,

therefore out-competing the natural substrate, ATP, for the active site of the
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kinase.®384 This can be achieved through reversible or irreversible binding of the small

molecule kinase inhibitor.8®
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Figure 2.2: Generic ATP binding site.®®

However, the human genome encodes over five hundred different kinases. In
addition, many other ATP binding proteins exist such as ATPases, motor proteins and
ATP-gated ion channels.®” Due to ATP being a widely used cofactor for many human
processes, obtaining selectivity for a single kinase is extremely challenging.88°°
Because of this, chemically diverse kinase inhibitors must be synthesised in order to

achieve high selectivity.**

The strategy for kinase drug design was established during late 1980s where
inhibitors for epidermal growth factor receptor (EGFR) were first reported.®? Since
then, significant efforts have been devoted to the investigation of small molecule
inhibitors for the human protein kinase family (SMKIs). In 2001, Imatinib was the first
protein kinase inhibitor approved by the FDA. It was marketed by Novartis as Gleevec,

for the treatment of chronic myelogenous leukemia.”®3 This scientific breakthrough
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led to a surge in interest in protein kinase drug design and in 2005, it was estimated
that around one in three early drug discovery efforts targeted protein kinases.?*°> A
few years on, it has translated into the regulatory approval of many small-molecule
kinase inhibitor drugs as can been seen in Figure 2.3. Since the field of kinase drug
design was established, 37 kinase inhibitors have received FDA approval for the
treatment of different cancers and it is believed that 150 kinase targeted drugs are in
clinical phase trials.’®°” The development of kinase inhibitors continues to grow,

which has led to exploration of many other therapeutic indications.8%%8

Year

2001 P Tyrosine kinase inhibitor

2002 Serine threonine kinase inhibitor
PN Dual protein kinase inhibitor

2003 Lipid kinase inhibitor

2004 |FEFGHRBITN

2005 | Sorafenib
2006

2008

2009 |[Pazopanibi

2010
2011
2012
2013

2014
2015

Regorafenib Tofacitinib  Cabozantinib  Ponatinib
Idelalisiv  [Nintedanib

Approved SMKI
Figure 2.3: Approved small molecule kinase inhibitors from 2001 to 2015, figure

adapted from reference 95.%°

As a result, kinase inhibitor drug discovery has progressed significantly over the past
20 years and has become an attractive target class for medicinal chemists to exploit.®>
Fragment library screening and crystallography have increased the understanding of
the field and therefore, have been integrated into this work to further advance the

field of kinase drug discovery.%®
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2.2 Lipid kinases: PI4KIIIB

It has been shown that current approaches for treating chronic diseases are not
effacious in treating all patients.®® In regards to this therapeutic area, lipid kinases
have gathered much attention. The lipid kinase sub-family is shown in Figure 2.4,
where each branch represents a distinctive family of enzyme. They have been found
to interact with many diverse receptors that can prevent cell proliferation.® As a
result, lipid kinases have been investigated as they could provide an alternative
approach for treating chronic diseases, for example, Idelalisib has been approved for

treating chronic lymphocytic leukaemia through targeting PI3K§.10%102

Class I, Il &Il
PI3K

kinase )} = TTTommemes

» Type |, Il &I
PIP5K

SPHK & DGK

Figure 2.4: The generalised lipid kinome. The figure is adapted from DiscoverX

(https://www.discoverx.com/tools-resources/document-resource-

library/documents/the-human-kinome) Accessed 25.07.19.

To date, the majority of lipid kinase drug design has been focused on PI3K and its
isoforms a, B, y and 6.193194 This has led to the FDA approval of Idelalisib, a PI3K&
inhibitor for the treatment of some B cell malignancies.'® Achieving isoform
selectivity of PI3K has proven to be challenging, however, it has been established that
targeting multiple isoforms of PI3K could be beneficial due the potential of multiple

combination therapy of different cancer types.196-108

More recently, strong evidence has implicated lipid kinase Pl4K (see Figure 2.5) for

the treatment of viruses such as human rhinovirus (HRV) due to its signalling
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pathway.'?’ The PI4K family of lipid kinases phosphorylate lipids in the cell, both on
the plasma membrane as well as on the membranes of organelles.’'%'1 They are
responsible for catalysing the addition of a phosphoryl group at the D-4 position of
the phosphoinositide (P1) family of lipids.*'2!13 P| can be reversibly phosphorylated at
positions 3, 4 and 5 of the inositol ring to allow for a variety of phosphatidylinositol

phosphates (PIPs) as shown in Figure 2.5.6°

—

— OH ATP OH
S\ HO HO
ﬁy PI4K )
g O - >y _—O Q
> 4 -ADP 2 4 R-OH
%/; HO HO © o
HO

OH

HO
Pl P14P

Figure 2.5: Phosphorylation reactions of the inositol ring of Pl to form PIP. PI4K
catalyses the phosphorylation reaction at the 4-position to form PI4P. Positions 3 &

5 can also be phosphorylated by the appropriate kinase.!3

There are four Pl4K isoforms in mammalian cells which are categorised based on their
size and catalytic properties (Class Il and Class 111).114116 Class Il PI4K kinases are 45-
55 kDa cellular membrane associated proteins and have important roles for cell
maintenance and can be inhibited by adenosine and Ca?*.117.118 Class Il P14K kinases,
which are found on both organelle and cellular membranes, are 100-200 kDa proteins
and are insensitive to adenosine and Ca?*. Class Il and Class lll are subdivided further
(o / B) based on their domain structure, i.e. Class Il PI4Ka and PI4KB. The signalling
pathway and cell role of PI4K Class Il render them an attractive target class. However,
obtaining isoform selectivity of Pl4Kllloo and PI4KIIIB is crucial to the treatment of
inflammatory diseases.’'! Current in vivo studies have shown that inhibition of
Pl4Klllo. was poorly tolerated a mouse toxicity study.’'® As a result, lipid kinase
PI4KIIIB remains an appealing target and unpublished work has determined a long

resynthesis rate of PI4KIIIB in human T-cells. This suggests that small molecule
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inhibitors with long residency time in the active site of PI4KIIIB could be a viable

approach for this therapeutic area.

The product catalysed by PI4KIIIB, PI4P is the most abundant monophosphoinositide
in eukaryotic cells and is crucial for lipid signalling, cell communication and
membrane trafficking.5>11>120 |t is understood that when viral pathogens enter the
cell, they have been shown to take over PI4KIIIB.1?2122 The host membranes are
hijacked and use PI4KIIIB to generate PI4P, which can be used as a replication
platform (Figure 2.6).1%3 Viral replication machinery is assembled on these platforms
as a supramolecular complex which triggers viral RNA synthesis, ultimately leading to
human rhinovirus.!'124 These HRV infections can trigger severe asthma attacks and

chronic obstructive pulmonary disease (COPD) exacerbations.?®

I Virus
l 5
Pl4K PI4P ACBD3

POEOREROCOOPAX X0
s ecc0ccocss00000000)

Golgi membranes

Il Virus

l Pl4P l ACBDSI

seoec0c0000000000600)

o
Il '6‘4‘ Virus RNA

oo ool wd

ce000000000000000600)

Figure 2.6: i) Virus recruits PI4KIIIB through the Golgi protein ACBD3, ii) Virus
concentration increases, influx of PI4P, iii) organelles are organised to help form the

supramolecular complex, viral RNA synthesis takes place.*?*
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The World Health Organization has predicted that COPD will become the third leading
cause of death worldwide by 2030.126 An exacerbation of COPD causes an acute
deterioration of the gas exchange in the lungs, due to airway inflammation and
reduced expiratory air flow.?” The severity of COPD becomes more dangerous as the
exacerbation frequency increases, ultimately decreasing the quality of life for

patients.!?8

The therapeutic concept of PI4KIIIB inhibition is to design a molecule which will inhibit
the function of the protein when it is hijacked by the virus. This would prevent the
formation of PI4P and the formation of the supramolecular complex, thus stopping

viral RNA synthesis and reducing the likelihood of COPD exacerbations.'?°

Inhaled treatment is desirable for this therapeutic area as the small molecule
inhibitor is being delivered directly to the lungs where COPD is manifested. This has
the potential to minimise off-target effects. To support low dose treatment, it is
desirable to design a molecule which has a long residence time in the active site of
PI4KIIB. The combination of low dose and long residence time would help protect
the patient from possible non-desirable systemic effects. Ultimately this could
provide a convenient treatment plan for the patient and therefore increase patient

compliance.

2.3 Covalent inhibition in drug discovery

Covalent inhibition of proteins is not a novel concept and has proved to be very
successful for many years.'2%13% For example, aspirin 2.1 and penicillin 2.2, have both
been used, whereby they covalently inhibit a serine residue in the active site of the
target via different mechanisms.'3! Aspirin selectively acetylates the hydroxyl group
of Ser 530 in cyclooxygenase-2 (COX-2).12° The acetylation leads to irreversible COX-
2 inhibition, as shown in Figure 2.7.13? Penicillin contains a highly strained 4-

membered B-lactam ring which is susceptible to nucleophilic attack by the catalytic
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serine residue of transpeptidases. Both disrupt the active site and prevent the natural
substrate from binding, hence deactivating the protein. Aspirin 2.1 and penicillin 2.2
represent two different modes of covalent modification. Aspirin acetylates the
enzyme through a serine residue, behaving as an irreversible covalent inhibitor.133 On
the other hand, the penicillin ring opened product is susceptible to slow hydrolysis
and after time gives the inactivative form of the compound and the active enzyme.
The hydrolysed B-lactam can be readily metabolised and excreted whilst the free
enzyme regains activity. These two examples demonstrate irreversible covalent
inhibition and reversible covalent inhibition, both of which have been widely used in

drug discovery projects.'3*

A former blockbuster drug, Omeprazole 2.3, is used to reduce acid secretion in the
stomach, but before it can act as a covalent inhibitor, activation is required.!3>13 The
acidity associated with the stomach helps promote the conversion of Omeprazole 2.3
into its activated intermediate which can then interact with a cysteine residue.37:138
Importantly, these first three covalent inhibitors (2.1, 2.2 and 2.3) were not designed
to be covalent inhibitors, their mechanism of action was elucidated years after their

discovery.129:139,140
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Figure 2.7: Timeline of approved covalent drugs.
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Since the early examples of covalent inhibition, as shown in Figure 2.7, there has been
a lack of activity in this field of drug design until more recently.'*! This is
predominantly due to the safety concerns of introducing an electrophilic moiety into

the human body in the presence of multiple nucleophilic residues. >4142-146

There are clear advantages to covalent inhibition:
e Gives increased potency due to irreversible nature of the inhibition;
e Gives prolonged duration of action due to the slow-off rate kinetics;
e Less frequent and smaller doses required due to high biochemical efficiency,
which reduces potential side-effects;144147
However, there are also risks associated with covalent inhibition:
e Possible side-effects due to potential promiscuous reactivity;

e Reactive warheads could lead to other drug-induced toxicity; 42148149

Despite the safety concerns, more recent efforts have been focused on targeting
cysteine residues which have proven to be successful (Figure 2.8).1°°152 |t is believed
that targeting the thiol of cysteine, which is nucleophilic and polarizable, would
permit the use of lower reactivity warheads which should minimise the potential for
off target reactivity.?>>154 Subsequently, this has led to the breakthrough discovery
of Afatinib 2.4 and Ibrutinib 2.5, covalent tyrosine kinase inhibitors operating via a
Michael addition (shown in Figure 2.8).140.155157 Afatinib targets Cys797 in the
epidermal growth factor receptor (EGFR) which has been linked with the prevention
of cancer growth.'>®1>° |brutinib is a Bruton-tyrosine kinase (BTK) inhibitor, a member
of the Tec family of kinases, which is key in the B-cell receptor signal pathway and is

used to treat chronic lymphocytic leukaemia.>¢:160
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2.5
Ibrutinib Cysas1

Figure 2.8: Free cysteine thiol adds across the a,B-unsaturated system to give the

corresponding covalent adduct.

2.4 Mechanism of covalent inhibition

The biochemical mechanism of a target-specific covalent inhibitor is described by a
general two-step mechanism, as shown in Equation 2.1.1%! The first step is the rate-
limiting step (rls) and it involves the non-covalent interactions between the target
receptor and the inhibitor.'** For example, van der Waals, ionic, nt-stacking, lipophilic
and hydrogen bonding interactions which give the inhibitor a chance to orientate
itself in a way such that the electrophilic moiety is in close proximity to the target
nucleophilic site.162163161,164 The second step (fast step) is the conversion of the
bound intermediate to its irreversible covalent adduct and this is governed by both

the electrophilicity of the covalent warhead and the nucleophilicity of the amino

acid.129,165-167
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Equation 2.1: The general mechanism of the covalent modification of a protein.

The kinact is a first-order rate constant describing the maximum potential rate of
covalent bond formation. Whereas, Ki describes the affinity of the inhibitor required
to form the initial protein-inhibitor complex. Put together, the overall rate of covalent

bond formation from free protein to the covalent adduct is defined by the kops.1®®

2.5 Beyond cysteine

Due to the recent successes of cysteine covalent inhibition, there has been a surge of
interest in drug discovery efforts around cysteine targeted covalent inhibitors.'%® The
unique reactivity of cysteine allows weakly electrophilic warheads to be targeted,
reducing the risk of off-target effects and non-specific binding.'%® However, experts
in the field of covalent inhibition have identified limitations associated with cysteine

targeted covalent drug design.170171

Two major limitations identified are:
1. The natural abundance of cysteine is low.

2. Resistance has developed.

Approximately, ~20,000 human proteins have been identified and of these human
proteins, ~260,000 cysteines residues have been estimated.'’%'7? In addition to this,

many of these cysteine residues are engaged in disulfide bonds and are therefore
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non-nucleophilic. In addition, patients who administered drugs which acted via a
covalent mechanism of action were developing resistance, where the nucleophilic
cysteine residues underwent single point mutations to methionine or serine residues,
preventing the formation of the covalent adduct when dosed with the drug. 146158173
In conclusion, cysteine targeted covalent drug design is well established and has
proven successful. However, associated limitations have been identified such that
other potential nucleophilic residues require exploration, along with the

identification of alternative novel covalent warheads.

An attractive nucleophilic site to target is lysine as it is one of the most prevalent

amino acids, with an estimated ~650,000 in the human proteome.>*170.174

However, targeting lysine presents two significant challenges:

1. Highly abundant non-functional lysines.'”>

2. The pKa of the e-amino group of a typical lysine residue on the surface of a
protein is ~10.4, hence 99.9% protonated at physiological pH (7.4) and thus

unreactive towards electrophiles.163176.177

Cheeseman and co-workers have demonstrated the influence of the local protein
environment of lysine residues in Snase 192K mutant protein.'’® As shown in Figure
2.9, Lys134 is solvent exposed and has a measured pKa of 10.4, under physiological
conditions this lysine residue is protonated and therefore unable to act as
nucleophile. Whereas, Lys92 is deeply buried in a protein pocket and has a measured
pKa of 5.3, under physiological conditions this lysine residue is nucleophilic and can

react with electrophilic groups.
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Figure 2.9: Perturbation of internal lysine pKa compared to solvent exposed lysine in

Snase 192K mutant.’® Permission granted by the author.

The 5-orders-of-magnitude decrease in basicity of active free lysine residues can be
viewed as an advantage in lysine-targeted covalent inhibitor drug design. This highly
abundant nucleophile is unable to readily react with electrophilic warheads in a non-
specific manner, as many lysine residues are protonated under physiological
conditions and therefore unreactive. Consequently, to target a lysine residue, their
apparent pKa value must be perturbed rendering it hyper-reactive.’”:18 Pioneering
work of Cravatt and co-workers have identified several hundred lysine residues with
heightened reactivity, rendering them hyper-reactive.'’® These lysine residues could,

in principle, be targeted by electrophilic small molecules.

Despite the increasing interest of targeted covalent kinase inhibitor design, the
protein microenvironment must be first considered.'® Proteins can utilise nearby
amino acids to perturb the pKa of the lysine. The surrounding charged residues/ basic
centres can modulate the pKa of the targeted residue i.e. the catalytic triad for
heightening the reactivity of serine.'8%182 Additionally, proteins are able to exclude
water from certain pockets in the active site, thus, perturbing the pKa of the amino
acid through its solvent microenvironment.'®18> These changes to the

microenvironment can result in large shifts in pKa. For example, the pKa of the lysine
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decreases 5 orders of magnitude (Figure 2.9), thus validating the approach of lysine

targeted drug design.’®

Consequently, computational and docking methods of predicting reactive residues in
kinases are currently being developed.'8%186-188 The computational simulations
consider the protein microenvironment regarding the targeted amino acid, thus
providing a prediction of the pKa which could in turn be correlated with its relative
reactivity. This approach could play a significant role in the development of covalent
drug design. However, currently, this technique is limited as it failed to predict the
nucleophilicity of known lysine targeted covalent inhibition.'® Presently, the
simulations struggle to predict the effect of binding-induced solvent exclusion and as
previously mentioned, exclusion of solvent can significantly impact the reactivity of
the targeted amino acid. As a result, these techniques require further investigation

but could be envisioned to be applicable for future targeted covalent drug design.

2.6 Targeting a lipid kinome conserved lysine

As previously mentioned, lipid kinase PI3K has been probed for its therapeutic
benefits and more recently for the treatment of inflammatory conditions such as
COPD.”%721%0 |n 1957, the natural product, Wortmannin 2.6 was first isolated and was
later shown to irreversibly inhibit the family of PI3K.*°*1% The covalent modification
occurs at the catalytic lysine, which is shown in Figure 2.10. The nucleophilic lysine
can attack into the C-2 position of the furan ring leading to the opening of the furan
and this covalent modification leads to inhibition of all isoforms of PI3K, preventing
ATP from binding in the active site.’®® Due to both its toxicity in biological systems
and its promiscuous covalent nature, Wortmannin was not further developed in
terms of drug discovery but was used as a tool compound to aid the understanding

of inhibitor binding in PI3K.19>197
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Figure 2.10: Covalent Pan-PI3K inhibition with Wortmannin.

More recently, Campos et al have built upon the Wortmannin findings and have
reported selective engagement with Lys779 in PI3K8.'®° They designed their
compound 2.7 based on the potency profile of a clinical candidate using in silico
modelling (Figure 2.11).1%%19 They were able to synthesise a range of phenolic esters,
varying the electronics to demonstrate that the para-fluoro phenolic ester 2.7 was
the most selective from the series and the second most potent behind a para-nitro
phenolic ester.’® It was believed that the local microenvironment around Lys779
may have increased its reactivity, rendering it hyper-reactive. The covalent
modification was detected by time-dependant mass spectrometry which revealed
the formation of the covalent adduct after 5 minutes at 2-fold inhibitor

excess.179'19°'191
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Figure 2.11: Selective covalent inhibition of PI3K®.
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More recently, lipid kinase P14KIIIB has generated much attention for treating COPD,
a disease of high concern 66122127200 Nencka and co-workers from Gilead Sciences
have published a range of PI4KIIIB inhibitors and have performed docking studies.®
Their most potent PI4KIIIB inhibitor 2.8, is over 1000-fold selective over Pl4Kllla and
is shown in Figure 2.12. Their docking study suggested that the sulfonamide moiety
interacted with the kinome conserved lysine through a hydrogen-bonding
interaction. The nitrogen atom configuration of 2.8 is slightly different, despite this,
the hinge binding interaction is identical to the compounds synthesised in Part One

and therefore this type of scaffold is suitable for appending a covalent warhead to

target Lys549.

Figure 2.12: Docking study of literature PI4KIIIB inhibitor showing proposed hydrogen

bonding interaction of the sulfonamide with a lysine residue.

2.7 Sulfur Fluoride Exchange (SuFEx): Emerging technology in drug
discovery

The success of cysteine targeted covalent inhibition has led to a range of Michael
acceptors being explored.®22%1 However, other nucleophilic residues in proteins
remain underexplored and therefore offer an opportunity to discover alternative

electrophiles to target these residues.

Lysine reactive warheads at present are limited but, new approaches are starting to

emerge.’®® The sulfonyl fluoride warhead was first reported to behave as an

89



irreversible inhibitor in 1969 by Baker but this work seemingly went unnoticed.2%?
Due to the recent surge of interest in covalent inhibition, this work has since been
revived.?%® Sulfonyl fluorides can react with a variety of different amino acids e.g.
tyrosine, lysine and serine.222%* However, there are limitations associated with these
types of warheads which will be further discussed in Section 2.11. To overcome the
associated challenges, Sharpless made recent advances in the chemical biology field
using Sulfur Fluoride Exchange reactions (SUFEx, Figure 2.13).20320 |t js believed that
SuFEx can assist with both target identification/validation and with covalent enzyme

modification via a sulfur fluoride exchange reaction.204:206:207
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Figure 2.13: Sulfur(VI) fluoride based covalent warheads (X = OH or NH3).

A recent example of the success of SUFEx chemistry was reported by Taunton and co-
workers.?%® A chemoselective reaction between a sulfonyl fluoride and a lysine
residue in the ATP binding site of kinases within the intracellular kinome was
observed.?®® The probe 2.9 in Figure 2.14 was shown to covalently modify 133
endogenous kinases, efficiently competing with the high intracellular concentrations
of ATP when applied to a single cell line. This work highlights the potential of sulfonyl
fluoride probes in chemoproteomic applications. This type of approach has also been
successful in targeting specific tyrosine residues in the active site of mMRNA-decapping

scavenger enzyme DcpS.2%°
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Figure 2.14: Sulfonyl fluoride probe used for kinase identification.

The current literature has highlighted the reactive and relatively unstable nature of
sulfonyl fluoride warheads.?%4210 There are numerous successful applications of
sulfonyl fluorides as covalent probes.?%??!! Grimster and co-workers decided to
explore the reactivity of arylsulfonyl fluorides with tyrosine through adjusting the
electronic properties around the aromatic ring as shown in Figure 2.15.2'2 It was
demonstrated that as the electronic withdrawing capability was increased through
changing the substituent R in 2.10-2.12, the rate of reaction increased, but
importantly, the rate of hydrolysis also increased significantly. This work highlights
how balancing the reactivity of the sulfonyl fluoride warhead against its inherent
stability is important. It should be noted that the substrate scope was biased in terms
of the substitution pattern around the phenyl ring to the para position 2.10.2'2 This
could be due to the ease of the synthesis or the instability associated with the meta

2.11 and ortho 2.12 isomers.

SO,F SO,F SO,F
R
R
R
2.10 2.11 2.12

Figure 2.15: Varied electronics of phenyl sulfonyl fluoride.

To overcome the potential promiscuous reactivity and instability of sulfonyl fluoride

warheads, Sharpless reinvented fluorosulfates.??> Coffman originally discovered
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arylfluorosulfates in 1961, reacting phenol with sulfur oxytetrafluoride.?’® Perhaps
due to the hazards associated with this synthetic transformation, this work went
unnoticed.?® Sharpless altered the synthesis by treating phenol 2.13 in the presence
of base, with sulfuryl fluoride gas to give the fluorosulfate 2.14 as shown in Figure
2.16. More recently, other synthetic procedures for preparing fluorosulfates have

emerged and will be discussed in Section 2.12.214

Q.0
OH O/S\F
@ SOLF5 (9) @
base
2.13 2.14

Figure 2.16: Conversion of phenol to fluorosulfates.

It has been reported that aryl fluorosulfates are surprisingly stable, across a range of
pH and temperatures in comparison to their deoxy relatives, sulfonyl fluorides.?% The
oxygen linker provides stabilisation at the sulfur centre, increasing its resistance to
hydrolysis but also lowering its intrinsic reactivity.?%> These features make the
fluorosulfate an appealing covalent modifier as this minimises the potential for off-
target reactivity.?!> The covalent modification operates via a two-step mechanism.
This allows the labelling to be driven by the reversible interactions of the inhibitor
and protein, leading to more selective protein labelling.?'6?17 Additionally, the
increased stability is advantageous from a storage perspective and it also allows for
more interesting experiments to be carried out, for example, studies within cells and

cell lysates, 218219

2.8 Fragment library technology

In drug discovery research, finding a suitable starting point is challenging.?%? Ideally,
a small molecule that binds to the target can serve as an appropriate starting point

for chemistry exploration and optimisation.????22 Small molecules (MW <300),
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commonly referred to as fragments, have proven to be an effective approach for
identifying ‘hit’ compounds which has led to a number of clinical candidates.??3 This
has led to the development of companies like Astex who specialise in fragment library
synthesis and collaborate with external partners to aid the fragment screening

process.?%

There are four main considerations when assembling a covalent fragment library:
1. Suitable diversity (MW < 300).
2. Stability of the molecules over a period.
3. Sufficient solubility to allow screening at higher concentrations.
4

No known protein reactive groups other than the warhead electrophile.2%>-2%7

Recently, fragment photoaffinity labelling has been a developing area of research.??®
231 The concept is to add fragments appended with a photoreactive group to interact
with proteins (Figure 2.17). After inducing covalent cross linking of the fragment to
the protein with UV light, new fragment hits can be identified for the protein of
interest. However, there are disadvantages associated with this approach. The
reactive intermediate is a highly reactive species and can lead to unexpected side
products. For example, photo-crosslinking with water molecules. This leads to poorer
crosslinking yields with the protein target.?3? As a result, identifying the covalently

modified amino acid residue can be challenging.

photogroup

o

Protein New covalent bond
Figure 2.17: General concept of photoaffinity labelling (reproduced from reference

259).
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Covalent fragment libraries have also gathered interest, mass spectrometry of the
intact protein can be used to identify protein targets which have been covalently
modified by the fragment. The advantage of this technique is that the fragments can
be screened as mixtures rather than separate entities.?3® Screening fragments as
mixtures increases the throughput capability and reduces the number of false
positives. However, a concern with this approach is the danger of selecting the most
reactive fragment rather than the fragment with the most specific binding affinity to
the protein target.?3* Recently, cysteine reactive covalent fragment libraries have

begun to emerge.?®®

Sharpless has also been involved in developing a protocol of SuFEx click chemistry for
the late stage functionalisation of phenol containing drugs or drug candidates and
converting them into their respective arylfluorosulfate derivatives.?3® The in situ
generated arylfluorosulfates could then be tested for their biological activity. Inspired
by this work, and based on current project results, the validation and optimisation of
the first generation of a fluorosulfate fragment library was carried out and is

discussed in Section 2.22.

2.9 Project aims

The current literature shows the design of some highly selective and potent PI14KIIIp
inhibitors, indicating an interaction between the lysine of the protein and the
inhibitor.®> Recent work from Campos and co-workers has shown that they were able
to covalently modify the lysine of a closely related lipid kinase, PI3K5.%° The rationale
behind this was to directly target the infected area, keeping the drug in the lungs.
This could potentially treat the patient with smaller doses and minimise systemic

circulation.

As a result, the concept of covalently modifying the conserved lysine in PI4KIIIB was

appealing. This approach would both satisfy the approach of long residence time for
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inhaled drugs and validate the current literature of targeting the kinome conserved
lysine as a general approach for lipid kinase drug design. If the covalent modification
proved to be successful, then it could be explored further to covalently modify lysine
in a wider range of proteins. The initial strategy was to synthesise a range of activated

esters (2.15) as shown in Figure 2.18.
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Figure 2.18: Initial design of activated esters.

Fluorosulfates are considered an emerging covalent technology in drug discovery. To
date, the literature is limited in terms of targeting a lysine with a fluorosulfate
covalent warhead, as they generally react with tyrosine residues.?'> Their properties
such as increased hydrolytic stability and reduced reactivity, compared to sulfonyl
fluorides, make them an attractive class of covalent modifiers to explore. We
therefore targeted the preparation of both sulfonyl fluorides 2.17 and fluorosulfates
2.18 as potential warheads to interact with the lysine residue of PI4KIIIB (Figure 2.19).
After the initial in vitro screening in the project assays, the potential covalent
inhibitors would be characterised by mass spectrometry to investigate the potential
covalent interaction with the protein. Compounds of interest would then be
progressed to kinetic studies and submitted for X-ray crystallography to see if this

could provide evidence for a covalent interaction.
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Figure 2.19: Initial series of sulfur fluoride based covalent warheads.

Promising results were gathered through the investigation of covalently modifying
PI4KINIB with fluorosulfate inhibitors. Unique reactivity and stability profiles were
obtained through different substitution patterns of the inhibitors. Subsequently, this
led to the validation of the first fluorosulfate fragment library using PI4KIIIB. The
fluorosulfate warhead was appended to an unsubstituted phenyl ring in the meta and
para positions (Figure 2.20). The rationale and design behind these types of scaffolds

will be discussed further in Section 2.22.

0 O (o)
\// \\S//
O/S\F O" °F

0 RHN (6]
NHR
2.19 2.20

Figure 2.20: The design of a meta and para fluorosulfate fragment library.

This Chapter explores the discovery of the first selective covalent PI4KIIIB inhibitors
targeting the kinome conserved lysine and how it translated into alternative PI4KIII3
covalent inhibitors. Interesting reactivity and stability properties of these sulfur
fluoride-based compounds were investigated. Finally, | will discuss how this work

transitioned into the development of the first fluorosulfate fragment library.
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The aim of the work was to identify whether the conserved lysine in PI4KIIIB could be
covalently modified, thus validating the approach of lysine-targeted covalent lipid
kinase drug design. As demonstrated in the previous Chapter, Core 4, appended with
the meta-pyridyl head group, was the optimal molecule (1.58) in terms of PI4KIIIB
selectivity, activity and physicochemical properties (Figure 2.21). As a result,
compound 1.58 was selected as the initial molecule for covalent drug design. Recent
literature surrounding PI4KIIIB has highlighted an electrostatic interaction between a
sulfonamide moiety in the meta position of the structure and the lysine.®> Therefore,

a hypothesised starting point for this work is shown in Figure 2.22.

)
=
NH
-N
Z\| N\
N —
N
OMe
OMe
1.58

PIAKINIP pICso 7.2
Pl4Ka pICso 5.8
ChromlogD7.4
Kinetic sol. (ug mL?) 107>
FaSSIF (ug mL?) 141
SLF (ug mL?)

Figure 2.21: Optimal scaffold for appending a covalent warhead to target PI4KIIIB.

As previously discussed, Campos and co-workers targeted lipid kinase PI3K& using
activated phenolic esters to covalently modify the lysine,'8° and so this was selected
as the initial electrophile for targeting the lysine in PI4KIIIB. The nucleophilic residue
would attack into the electrophilic centre and release the phenolate leaving group as
the by-product of the covalent modification. The electronics regarding the aromatic
ring and substituents ortho to the warhead position were investigated, and it was
anticipated that increased electrophilicity would correlate with its potential covalent

reactivity.
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Figure 2.22: Initial hypothesis for covalently targeting the conserved lysine (Lys549).

2.10 Synthesis of activated esters

Compound 1.55 was synthesised as previously discussed in Section 1.4. This key
intermediate was taken forward for the subsequent part of this work in the design of

lysine targeted covalent inhibitors.
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PdCl,(dppf)-CH,Cl, (10 mol%)
Cs,C0; (2 eq.)

OPh
OPh B(OH), 1,4-dioxane/H,0 (4:1)
5 h, 120 °C 7NN
= N/N\ + 7 > ~ —~
o = OMe step 1 N
N
Br OMe O (6]
OMe
OMe
1.55 2.21 2.22 (81%)
1.17
NEt; (4 eq.)
SteP 2| Huso
5h, 120 °C
Y
SN SN
@ [
NaOH (1 M)
NH THF NH
NN, - 3 h,55°C NN,
o = step 3 o =
N N
0 0
OH
OMe ome M€
2.24 (88%) 2.23 (64%)

Scheme 2.1: Synthetic route to key intermediate compound 2.24.

3-Bromo-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine 1.55 was subjected to a
Suzuki cross coupling reaction. Boronic acid 2.21 was coupled with the aryl bromide
1.55 under forcing reaction conditions. The product 2.22 was purified by column
chromatography to give the biaryl in high yield (81%). Intermediate 2.22 underwent
an SnAr reaction with primary amine 1.17, in the presence of triethylamine in DMSO
at 120 °C for 5 hours to give 2.23 (64%). Compound 2.24 was prepared through ester
hydrolysis under basic conditions. Purification of compound 2.24 proved to be quite
challenging due its aqueous solubility. Chloroform: IPA (5:1) was required to extract
the product out of the aqueous layer and the organic layer was concentrated in vacuo

to give the desired product 2.24 (88%) without further purification.
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| SN SN
= DMAP (0.4 eq.), EDC (2.4 eq.) %
NH Phenol (2 eq.), CH,Cl, NH

16 h, RT
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N step 4 N\
NS = N =
N N

0 0
OH 0
OMe OMe ©\R
2.24 R = OMe 2.25 (14%)

R = H 2.26 (3%)
R =F2.27 (7%)

Scheme 2.2: Final step of the synthesis for activated phenolic esters

Final compounds 2.25, 2.26 and 2.27 were synthesised through the coupling of
carboxylic acid 2.24 with the appropriate phenol to form the corresponding phenolic
ester. The compounds were purified by MDAP (formic method) to give the final
compounds in low yields (3-14%), potentially due to the poor stability of the phenolic
esters in the aqueous eluent of the MDAP purification process. In addition, the
nucleophilicity associated with the phenol precursors led to poor overall conversion
to the desired product. The expected activated intermediate was identified in all
cases, however, attack of the phenolate proved to be a problematic step in the
reaction. Other reaction conditions such as alternative coupling partner, solvent and

temperature were explored but poor yields were still observed.

The first set of potential covalent inhibitors 2.25-2.27 and appropriate controls were
screened in the PI4KIlIB enzyme assay to determine their plCso values. It was
hypothesised that the activated phenolic esters could undergo nucleophilic addition
with an appropriate nucleophile. By contrast, the carboxylic acid is unable to undergo
such a reaction but can be used to identify potential hydrolysis products associated
with the phenolic ester series. The methyl ester 2.23 was selected as a reversible
control, a nucleophile attacking into the unactivated ester, is unlikely and so it can be
used to establish potency differences between the potential covalent inhibitors. A

description of the enzyme assay design is discussed in Section 2.24. The
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physicochemical properties were also measured, to monitor the effect on the

properties of introducing an additional aromatic ring to the molecule (see Table 2.1).

B
%

NH

-N
ZN-N
N e
N

R
o)
OMe
Kinetic
Entry R nucr:Ser PI:IIEHIB sol. ChromLogD7.4 (:n“:l/:)
50
(ng/ mi)
1 #OH 2.24 5.7 >120 1.2 <3
2 3,0Me 2.23 6.8 >160 4.3 420

‘}{O
3 Q 2.25 5.2 11 5.8 260
OMe

.0
g " @ 226 53 11 5.8 .
‘31;_0
5 T 227 sa 10 5.9 370
F

Table 2.1: Potency and physicochemical data of phenolic esters.

Compound 2.24 highlights the importance of the work carried out in Chapter 1 and
the issues encountered with multiparameter optimisation. The presence of the
carboxylic acid significantly altered the potency of the molecule (plCso = 5.7). As a
result, compound 2.24 had markedly reduced in the enzyme assay, and this was
supported by methyl ester 2.23, where the activity was approaching 100 nM in the

enzyme assay (plCso = 6.8).

The addition of an aromatic ring in the phenolic esters was detrimental to the
physicochemical properties of final compounds 2.25, 2.26 and 2.27 as shown in Table

2.1. In comparison to the methyl ester 2.23, the solubility had dropped significantly
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(211 pg/mL), the ChromLogD (=5.8) increased by one log-unit and the potency for the
final compounds 2.25, 2.26 and 2.27 was poor (plCso< 5.3).

As mentioned in Section 2.4, covalent modification is mechanistically a two-step
process. The inhibitor initially reversibly binds in the active site, placing the ester in
close proximity to the nucleophilic amino acid residue. This is the rate limiting step of
the mechanism, therefore, the formation of the reversible complex between the
inhibitor and protein is a time dependent process. In the enzyme assay, there was
only a 40 min pre-incubation time before running the assay. These experimental
conditions may not be suitable for this investigation due to the time dependent
nature of achieving a covalent modification. An increased incubation time of the
compound in the presence of the protein could be necessary for the inhibitor to

covalently modify the protein.

Compounds shown in Table 2.1 were subjected to a cellular based assay, the
cytopathic effect (CPE) assay. The protocol for this assay is shown in Section 2.24. An
important parameter to highlight is the incubation period. The cells and inhibitors
were incubated for 2 days post infection at 33 °C. This prolonged assay gave the
phenolic esters sufficient time to enter the cells, form the initial reversible complex
and hence covalently modify PI4KIlIB. The measured plCso values for the CPE assay

are shown in Table 2.2.
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OMe
Cpd  PIKIIB  CPE A (CPE-
Entry R number  plCso plCso  PIAKINIB)
1 +,OH 224 57 <5 ]
2  OMe 223 638 6.5 03

(6]
3 % O 2.25 5.2 6.4 1.2
oM

e

0
4 % @ 226 53 7 1.7
(0]
5 % Q 227 51 7 1.9
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Table 2.2: Biochemical assay data of phenolic esters and control compounds.

High levels of intracellular ATP are present in the CPE assay (~ 10 mM). As previously
mentioned (Section 2.1), ATP is the natural substrate for kinases and at high
concentrations, it can outcompete other reversible competitive inhibitors. As a
result, the measured plCso values were likely to drop from the enzyme to CPE assay
for reversible inhibitors of PI4KIlIB. However, for covalent inhibition, it would be
expected that the potency would translate or even increase from the enzyme assay
to the CPE assay. A covalent bond in the active site of PI4KIIIB would stop the inhibitor
from disassociating and, this would prevent ATP from binding and consequently

translate into increased activity.

The carboxylic acid control 2.24, remained inactive in both the enzyme and cellular

assay (Table 2.2), which suggests it was not tolerated in the active site of the protein
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(poor permeability). Encouragingly, phenolic esters 2.25, 2.26 and 2.27 gave rise to a
significant boost in potency, suggesting an alternative mode of action for these
compounds (plCso > 6.4). Unfortunately, due to a combination of high lipophilicity,
low solubility and sub-optimal stability this series was not pursued further, and so

alternative covalent warheads required exploration.

Jamieson and co-workers recently published on the amidation of unactivated ester
derivatives mediated by trifluoroethanol.?3” They were able to use trifluoroethanol
to facilitate the condensation of esters with amines (Figure 2.23). The concept of this
work was attractive, and was therefore investigated to determine if trifluoroethyl

esters could be used to target the lysine residue of PI4KIIIB.

TFE (20 mol%)
K;PO, (1 eq.)
THF (2 M)

(0]
O H 22 h,90°C
oo T oM o

O
Vi O)kOA%

Figure 2.23: Trifluoroethanol mediated catalytic amidation.

Based on this recent publication, trifluoroethyl and hexafluoropropan-2-yl esters
2.28 and 2.29 were synthesised (Scheme 2.3). The additional trifluoroethyl group
would increase the electrophilicity of the carbonyl group of the ester, thus increasing

the likelihood of the attack by the lysine.
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SN
| DMAP (0.2 eq.), EDC (1.2 eq.)
trifluoroethanol (1 eq.) or

NH hexafluoropropan-2-ol (1 eq.)
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NP 3 h,RT \ =~ N I
N > N N

2.24 2.28 (17%) 2.29 (22%)

Scheme 2.3: Synthesis of alternative activated esters.

The coupling reactions of compound 2.24 with trifluoroethanol and
hexafluoropropan-2-ol progressed smoothly to synthesise compounds 2.28 (17%)
and 2.29 (22%). The desired products were purified by MDAP (high pH method).
However, the basic modifier in the eluent on the MDAP column may have potentially
led to the hydrolysis of the activated ester, thus resulting in a poor overall yield. The
final compounds were stored under nitrogen at 10 °C and no hydrolysis was observed

over 12 months.

It was anticipated that the removal of the additional aromatic ring could help improve
the solubility of the compounds. However, as shown in Table 2.3 the physicochemical
properties were not improved. Halogens are lipophilic substituents and the presence
of multiple fluorine atoms was detrimental to the compound’s physicochemical

properties.
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NH NH
X o
R O\/CF3
OMeO OMeo
2.28 & 2.29 2.30
Kinetic
P14KIlI PE AMP
R Cpd B C sol. ChromLogD7.4
number plCso  plCso (ug/ mL) (nm/s)
2,0~ _CFs 2.28 6.0 6.3 21 5.6 180
O_ _CFs
=T 229 55 | 67 19 7.3 -
2.30 7.0 7.2 24 5.6 170

Table 2.3: Enzyme and cellular biochemical data for alternative esters.

In both series, the potency for the trifluoroethyl ester (2.28, 2.30) was quite
comparable for both the enzyme and cellular assay. The para-pyridyl head group gave
a log unit increase in activity, potentially due to the hydrogen bonding interaction
with Tyr385 (Figure 2.24). The warhead may not have been optimal for the lysine to
engage. In contrast, a significant potency increase was observed for the
hexafluoropropan-2-yl ester 2.29 in the cellular assay. Hence, the incubation period
influenced the compound’s ability to interact with PI4KIIIB. The size of the activated
ester was considerably smaller in comparison to the phenolic esters but the strength
of the electron withdrawing group was enhanced with terminal trifluoromethyl
groups. However, due to the poor physicochemical properties associated with
compound 2.29 (poor solubility and high ChromLogD) and the potential instability of

the activated ester, alternative covalent warheads were examined.

Protein crystallography is an integral part of pharmaceutical research. It is used to
obtain three-dimensional information for binary complexes involving crystallizable

proteins and inhibitor molecules. Therefore, it can be used to identify hydrogen
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bonding interactions between the compound and protein, lipophilic pockets and the
binding mode of molecules. It is important to note that the resulting crystal structure
obtained is based on a static conformation of the protein and does not consider the
flexibility of the protein. However, it is an established technique for structure-based
design in drug discovery and was used in this work to aid the design of potential lysine
targeted covalent inhibitors. Compound 2.23 was selected as it possessed desirable
physicochemical properties, which would therefore increase the probability of
obtaining a crystal structure. Pleasingly, a crystal structure for the methyl ester
control compound 2.23 in complex with PI4KIIIB was obtained and is shown below in

Figure 2.24.

Figure 2.24: Crystal structure of compound 2.23 in the active site of PI4KIIIB with

resolution with 1.78A.

Compound 2.23 showed the key acceptor/donor hinge binding interaction with the
valine (Val598) backbone. The molecule rotated around the terminal aromatic ring to
induce a bifurcated hydrogen bond with lysine (Lys549). The carbonyl group in the
meta- position could form a slightly stronger hydrogen bonding interaction with the
lysine residue suggesting that this is the optimal position for a covalent warhead to

be introduced. Additionally, a nearby tyrosine (Tyr385) was identified and this
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presented the opportunity to explore an additional hydrogen bonding interaction
with the phenol group of the tyrosine. As a result, additional phenolic esters were
synthesised, using a para-pyridyl head group. It was hypothesised that the additional

hydrogen bonding interaction would lead to an increase in potency.

The synthetic route to the para-pyridyl series is shown in Scheme 2.4. The synthesis
followed the previous route shown in Scheme 2.4, where the pyridyl head group was
initially installed via an SnAr reaction to give compound 2.32, followed by basic ester
hydrolysis to give the key intermediate 2.33. Step 3 of the synthesis proved
problematic and resulted in poor yields of the final compounds, however sufficient
guantities of the target molecules were isolated in order to obtain biological and

analytical data.
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2.31
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OPh DMSO
Z R 5h,120°C

N
~ A= step 1
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OMe
OMe
2.22
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N | N
= =
NaOH (1 M)
NH THF NH
_ = N’N\ 3h,70°C .~ N’N\
e = step 2 NP
N N
0] 6]
OMe OH
OMe OMe
2.32 (43%) 2.33 (100%)

DMAP (0.4 eq.), EDC (2.4 eq.)
Phenol (2 eq.), CH,Cl,
16 h, RT

R= OMe 2.34 (16%)
R =H 2.35 (5%)
R = F 2.36 (14%)

Scheme 2.4: Synthesis of the 4-pyridyl phenolic ester series.

The series of phenolic esters (2.34, 2.35 and 2.36), along with the methyl ester 2.32

and carboxylic acid 2.33 were profiled in the biochemical assays. The physicochemical

properties of the phenolic esters were not the focus and were expected to be similar

to the previous series (compounds 2.25, 2.26 and 2.27), thus are not discussed. These

compounds were designed as matched pairs to the previous series, which could

identify the effects of potentially engaging the nearby tyrosine residue (Tyr385)

shown in Figure 2.24. The enzyme and cellular data are shown in Table 2.4.
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Cpd  PIAKIIB CPE A (CPE-
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4 @ 2.35 63 76 13
‘57:0
5 @ 2.36 61 7.8 1.7
F

Table 2.4: Biochemical data for para-pyridyl series of phenolic esters and reversible

control compounds.

Similar trends were observed as previously shown in Table 2.2, where the activity of
reversible control compounds 2.32 and 2.33 dropped from the enzyme to the cellular
assay, indicative of reversible competitive ATP binding. In contrast, the potential
covalent inhibitors (2.34, 2.35 & 2.36) displayed a consistent increase in activity
translating from the enzyme to the cellular assay suggesting a time dependent
mechanism. Interestingly, all the compounds shown in Table 2.4 show a log unit (or
greater) increase in activity in comparison to the meta-pyridyl series represented in
Table 2.2. The data shown in Table 2.4 strongly indicated that the para-pyridyl head
group could form a favourable hydrogen bonding interaction with Try385 which was
responsible for the boost in activity. Additionally, the electronics of the phenolic ester
were varied which showed that decreasing the electrophilicity of the carbonyl group

had a negative impact on the activity of the compounds. Overall, the data shown in
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Table 2.4 was encouraging. However, the overriding suboptimal physicochemical
properties limits this approach and therefore opens the opportunity to explore other

lysine targeted covalent warheads.

2.11 Synthesis and characterisation of a sulfonyl fluoride inhibitor

Following exploration of the phenol ester derived series, our attention was turned to
sulfonyl fluorides, an electrophile with high interest from multidisciplinary fields. This
work was initiated before obtaining the crystallography data and so was carried out
on the meta-pyridyl series.?3® The warhead is sp3-hybridised at the sulfur atom and
increasing the amount of sp? character of drug molecules has been linked with
improved physicochemical properties.*” As previously discussed in Section 2.7,
sulfonyl fluorides have been investigated for their potential to covalently label
proteins. As a result, a sulfonyl fluoride warhead was appealing to investigate. The

synthesis is shown in Scheme 2.5.
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2.38

~N ~N
1.17 | P PdCl,(dppf)-CH,Cl, (10 mol%) || P
NEt; (2 eq.) Cs,CO; (1.5 eq.)
OPh DMSO NH 1,4-dioxane/H,0 (4:1) NH
NN . .
rN \ 5h,120°C NN, 5h,120°C A NN
N ~ step 1 - /ggf step 2 o =
Br N N
Br
NHBoc
1.55 2.37 (99%) 2.39 (48%)
HCl (4 M) in
step 3 | 1,4-dioxane
2.5h,55°C
PdCl,(AmPhos), (10 mol%) Y
DABSO (1 eq.), NEt; (3 eq.)
~N ~N ~N
| then | BrCCl; (4 eq.), NaNO, (5 eq.) ||
= =
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N IPA CH,Cl,/H,0 (1:1) NH
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N N
5o NH,
2.42 (42%) 2.41 (38%) 2.40 (100%)

Scheme 2.5: Synthesis of sulfonyl fluoride 2.42.

Step 1 of the synthesis shown in Scheme 2.5 involved treating 1.55 with primary
amine 1.17 to install the pyridyl head group of the molecule. The reaction progressed
smoothly and led to the preparation of 2.37 in high yield (99%). Subsequently, a
Suzuki cross coupling reaction was carried out on 2.37 with N-Boc-protected boronic
acid 2.38 to give product 2.39 in moderate yield (48%). Compound 2.39 was
deprotected with concentrated hydrochloric acid in dioxane for 2.5 hours at 55 °C to
give the free aniline 2.40 (100%). Compound 2.40 was subjected to a Sandmeyer type
reaction to install the aryl bromide to give compound 2.41 (38%).23° Excess acetic acid
was used in this transformation which acted as a catalyst by assisting the formation
of the diazonium intermediate. The highly reactive intermediate released nitrogen

resulting in the aryl radical. This radical was then trapped by bromotrichloromethane
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to give the desired brominated compound 2.41. The product was purified by column
chromatography to give the product 2.41 in a moderate yield (38%). Lastly, 3-(2,5-
dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)benzene-1-

sulfonyl fluoride 2.42 was prepared by palladium catalysed sulfonylation of the aryl
bromide 2.41 using DABSO as an SO; source, followed by in situ treatment of the
resultant sulfinate with an electrophilic fluorine source, NFSI.?*° Compound 2.42 was
purified by column chromatography but was susceptible to hydrolysis upon
purification. The hydrolysed sulfonic acid was detected by LCMS and so compound

2.42 was stored under nitrogen at 10 °C.

All analytical data regarding compound 2.42 was obtained and profiled in terms of its
activity towards PI4KIIIB as shown in Table 2.5. The literature suggested that aryl
sulfonyl fluorides are surprisingly stable. However, on the template investigated, the
compound was susceptible to rapid hydrolysis and the sulfonic acid was observed by
LCMS.?%0 Altering the substitution pattern around the aromatic ring was a possibility
but due to the fast hydrolysis, the results obtained from this approach seemed
unconvincing. In conclusion, the data generated for compound 2.42 was not deemed

reliable and this series was put on hold.

Series Cpd P14KIIIB CPE Kinetic sol. ChromLogD AMP
number pICso pICso (ng/ mL) 7.4 (nm/s)
=N
=
NH
rN’N\ Not
S 2.42 5.6 6 Failed Failed
o detected
Lo

Table 2.5: Biochemical and physicochemical data for compound 2.42.
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2.12 Fluorosulfate inhibitor design and characterisation

Fluorosulfates are a class of sulfur fluoride-based warheads which are currently
generating much interest due to their enhanced stability and reduced reactivity in
comparison to sulfonyl fluorides (Figure 2.25).22 The oxygen linker atom is capable
of stabilising the sulfur, reducing its electrophilicity and therefore increasing its
stability (2.44). To date, the reported literature methods for synthesising
fluorosulfates are limited. Two approaches were investigated and are discussed
further in this Section.?41242 |n addition, there is very limiting data on the stability and
reactivity of fluorosulfate containing compounds. This is important information for
the field of covalent inhibition and so detailed stability and reactivity studies have

been carried out.

/7\\

2.43 2.44
benzenesulfonyl fluoride benzenefluorosulfate

Figure 2.25: Aryl sulfonyl fluoride and fluorosulfate.

A series of fluorosulfate compounds were synthesised and the substituent ortho to
the fluorosulfate group was varied in terms of electron donating ability e.g. OMe 2.45
through to electron withdrawing e.g. Cl 2.47 (Figure 2.26). Again, the meta-position
was the selected vector for the covalent warhead to be attached, and this was
designed based on the crystal structure (Figure 2.24) showing a hydrogen bonding

interaction with a nearby lysine (Lys549).
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Figure 2.26: Initial fluorosulfate inhibitor design.

R =0Me 2.45
R=H2.46
R=Cl2.47

The synthesis for compound 2.46 is shown in Scheme 2.6 and alternative

fluorosulfate based inhibitors (2.45 and 2.47) were synthesised in analogous fashion.

PdCl,(dppf)-CH,Cl, (10 mol%)

Cs,CO; (1.5 eq.)

OPh

OPh B(OH), 1,4-dioxane/H,0 (4:1) = N’N\
ZN-N 17 h, 100 °C S
+
\N/‘%ﬁ stepl
L OH
' OH
1.55 2.48 2.49 (95%)
2.31
) NEt; (2.5 eq.)
step DMSO
3h,130°C
\
N N
| X Chamber A SDI (1.5 eq.), KF (4 eq.) | S
= TFA (1 mL) =
Chamber B NEt; (8 eq.), CH,Cl,
NH 3 6h, RT NH
= N/N\ step 3 = N/N\
£
STF
(0] OH

2.46 (17%) 2.50 (25%)

Scheme 2.6: Synthesis of fluorosulfate 2.46.

Compound 2.49 was prepared by a palladium catalysed cross coupling reaction of

1.55 with (3-hydroxyphenyl) boronic acid 2.48 under forcing reaction conditions to
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give the product in high yield (95%). Step 2 of the synthesis involved an SnAr reaction
with 2.31 which was purified by column chromatography (25%). The target molecule
2.46 was synthesised using a two-chamber reactor through the generation of ex situ
sulfuryl fluoride gas (shown in Figure 2.27).2*? The reaction was initiated by
trifluoracetic acid (TFA), which facilitated the generation of sulfuryl fluoride gas from
sulfonyldiimidazole (SDI) which could pass into the adjacent chamber and react with
the phenol group in compound 2.50 to generate the final compound 2.46. It was
important to stir the reaction at 1200 rpm to ensure efficient gas transfer across the

chamber as shown in Figure 2.27.

COware has recently been developed for the in situ generation of low molecular
weight gases such as carbon monoxide and hydrogen.?*? Due to the safety concerns
associated with these gases, the use of COware is appropriate. Sulfuryl fluoride gas is
used to generate the final fluorosulfate compound, which is toxic and corrosive.
Therefore, a sealed pressure system such as the COware reactor was a suitable piece

of apparatus for synthesising compounds with the fluorosulfate warhead.

TEA Chamber A
| ! SDI activated by TFA
0o E KF used to form SO,F, (g)
A B \\S// '
oS E Chamber B

SO,F, (s)—l —— Fluorosulfate ! SO,F, (g) dissolves into solution
i Phenol (under basic conditions) :

™ i displaces S-F to form desired

KF @ fluorosulfate

SDI DIPEA [
Chamber A:

o 0 OO0
§ TFA s KF Q0
NN @ S yAD -
N //N N\\ N HN//\N N/\\NH F/\\S//\F (8)

Figure 2.27: Use of a COware reactor to generate fluorosulfate compounds.

The method described using the COware apparatus shown in Figure 2.27 worked

efficiently for the synthesis of fluorosulfate containing compounds and was used

116



throughout this work. Chamber A contained the reagents used to generate SO;F; (g)
and Chamber B contained the phenol precursor stirred in MeCN/CHCl; in presence
of excess DIPEA. The reaction was initiated by TFA to generate SO;F; (g). The number
of moles of gas could be calculated, and the maximum pressure was determined in
the sealed pressure system to ensure safe and efficient gas transfer. The reagents for
SO,F; (g) generation and the desired reaction were segregated in their separate
chambers and this led to a simple purification procedure. The synthesis of compound

2.47 was performed in a similar fashion and is shown below in Scheme 2.7.

PdCl,(dppf)-CH,Cl, (10 mol%)

Cs,CO, (1.5 eq. BBr, in CH,Cl, (8 eq.
OPh gon), 2Osbseal o 31 CHyCl (8 ea) oPh
N 1,4-dioxane/H,0 (4:1) N CH,Cl,
/ - - /N
NTX . 4h,130°C =/€\N N 16h,RT /ﬁ\N \
S OMe step 1 SN step 2 SN
Br Cl
OMe OH
(¢]] (¢]]
1.55 2.51 2.52 (96%) 2.53 (45%)
2.31
3 NEt; (2.5 eq.)
step DMSO
4h,120°C
Y
N N
| |
= Chamber A SDI (1.5 eq.), KF (4 eq.) Kg
NH TFA (1 mL) \H
Chamber B DIPEA (8 eq.), MeCN
/ﬁ\N’N\ 5h, RT /ﬁ\N’N\
NS D step 4 NS
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Scheme 2.7: Synthetic route to final compound 2.47.

Biaryl 2.52 was assembled in 96% yield through a Suzuki cross-coupling reaction

between compound 1.44 and boronic acid 2.51. Treatment of product 2.52 with
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tribromoborane solution gave the corresponding phenol product 2.53 in moderate
yield (45%). The phenoxy group of compound 2.53 was displaced with pyridin-4-
ylmethanamine 2.31 via an SyAr reaction to give product 2.54 (36%). Intermediate
2.54 was subjected to the SO,F; (g) conditions previously described to give the final
compound 2.47 in high yield (71%).

Finally, the methoxy derivative 2.45 was prepared by two different synthetic routes.
Key intermediate 2.55 was synthesised by an SyAr reaction to install the pyridyl head
group and the terminal aromatic ring was coupled onto the molecule through a

palladium catalysed cross-coupling reaction in 44% yield for the two steps.

o)
N )LNH N N
| | |
= Z Chamber A SDI (1.5 eq.), KF (4 eq.) >
TFA (1 mL)
NH \ NH Chamber B DIPEA (8 eq.), MecN M
/KKN,N\  FO,8” "SO.F /ﬁ\NzN\ 18h,RT /ﬁ\N’N\
NS DBU (2.2 eq.) NS Method B NS
o.Q THF o.Q
o°F  10mins, RT oH o F
Method A
OMe OMe OMe
2.45 (73%) 2.55 2.45 (quant.)

Scheme 2.8: Final compound 2.45, synthesised via two different routes.

Fluorosulfate 2.45 was synthesised by Method A and Method B (Scheme 2.8).2%! [4-
(Acetylamino)phenyl]imidodisulfuryldifluoride (AISF) the sulfonylating agent used in
Method A is a bench stable commercially available solid. The reaction with AISF in the
presence of DBU was complete within 10 minutes and no toxic gases were generated
during the reaction. However, the aniline by-product of this reaction is genotoxic and
was difficult to remove by column chromatography. Therefore, Method B was
preferred and used to access 2.45 throughout the rest of this work. There are toxicity

concerns with the generation of SO;F, (g) however, the COware reactor was suitable
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for this type of reaction as the gas was generated in a controlled fashion and

contained in a sealed pressure vessel.

The reaction for synthesising the fluorosulfates from SOF, (g) using a phenol
precursor was robust. Potentially, a bis-phenol precursor could be used to displace
both fluoride groups to generate a cyclic sulfate group. Cyclic covalent warheads are
of interest because the nucleophilic residue could add into the molecule in a traceless
manner. This strategy has proven to be very successful, for example, the use of B-
lactams in antibiotics.?** At this point, it was still uncertain whether the meta or para
position of the aromatic ring was the optimal vector for appending a covalent
warhead and so a cyclic warhead would cover both positions to increase the
likelihood of engaging the lysine residue. The synthesis of cyclic sulfate 2.60 is shown

in Scheme 2.9.
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Scheme 2.9: Synthetic route to cyclic sulfate 2.60.

The first step of the synthesis involved treating 1.55 with (3,4-dimethoxyphenyl)
boronic acid 2.56 under palladium catalysed conditions to give the desired product
2.57 in high yield (85%). Compound 2.57 underwent an SnAr reaction with amine 2.31
to give the desired product 2.58 (50%). Following this, compound 2.58 was stirred in
a solution of tribromoborane under anhydrous conditions at room temperature for
16 hours to give the bis-phenol 2.59 (quant). The target cyclic sulfate 2.60 was
prepared in a similar fashion to that shown in Scheme 2.7, but additional equivalents
of DIPEA, KF and SDI were used. In the reaction, the bis-phenol displaces both fluoride
atoms of the sulfuryl fluoride gas, giving the dioxathiole product 2.60. However, there

was an inherent instability associated with the final compound 2.60 and upon
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purification the cyclic sulfate group hydrolysed and so compound 2.60 was obtained

in only 12% overall yield and was stored under nitrogen at 10 °C.

The set of fluorosulfates (2.45, 2.46, 2.47 and 2.60) were screened in the biochemical

and physicochemical assays to evaluate their potential as covalent modifiers.

Compounds 2.45, 2.46 and 2.47 were surprisingly stable and could be stored under

ambient conditions. The biological data obtained is shown in Table 2.6.

Kinetic
PI4KIII PE A (CPE- AMP
Entry nucr:;:er pIC ° pcIC PI4(I§III|3) sol. ChromLogDy.4 (nm/s)
50 50
(ng / mL)
N
_
NH
fN,N\ 2.46 6.5 7.3 0.8 15 6.3 290
S
S~F
(¢]
®
NH Not
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O,
S~F
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N\
‘ =
NH
foN\ 2.45 7.2 8.2 1.0 15 6.2 220
N 0,9
S~F
o
OMe
N\
‘ =
NH
f ) 2.60 7.3 6.2 1.1 87 1.7 520
N

O
/
[Sivie]
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Table 2.6: Enzymatic and cellular data for compounds 2.45, 2.46, 2.47 and 2.60.
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Compounds 2.45, 2.46 and 2.47 followed similar trends as identified for the phenolic
ester series, where the activity increased from the enzyme assay to the cellular assay
as evidenced bt the A values, supporting the hypothesis that there could be a time
dependency with the activities of these compounds. Although the physicochemical
properties were not improved as anticipated, the boost in activity was encouraging
and the compounds were surprisingly stable. Compound 2.45 was below 10
nanomolar activity in the CPE assay and became the lead compound for
characterising the potential covalent adduct. Interestingly, the electrophilic centre of
the fluorosulfate compounds was positioned one linker further out in comparison to
the other activated phenolic esters. As shown in Figure 2.24, the lysine was
approximately ~3-4 A away from the electrophilic centre, therefore, the fluorosulfate
warhead could be better positioned to engage with Lys549 explaining the

improvement in the activity observed.

Cyclic sulfate 2.60 presented some interesting features, however, 2.60 was
susceptible to rapid hydrolysis and formed the phenol by-product, where signs of
hydrolysis were observed upon product isolation, reflected in the sub-optimal cellular
potency. This was supported by the enhanced solubility and reduced ChromLogD
(1.7). The stability of compound 2.60 in DMSO at 10 °C was investigated and 74%
hydrolysis was observed after 2 weeks, therefore, no further investigation of this

warhead was carried out.

Compound 2.45 was selected to be further profiled due to its promising initial results.
In addition, necessary control compounds were synthesised in an analogous fashion
to previous compounds and profiled as shown in Table 2.7. Compound 2.55, the
phenol control was more potent than compound 2.45 in the enzyme assay and a log
unit less potent in the CPE assay. Both compounds 2.55 and 2.45 were permeable
which eliminates the possibility of 2.55 not being able to enter the cell. This suggested

that the increase in activity for compound 2.45 was not driven by hydrolysis of the
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fluorosulfate group to the phenol within the cell, but indicated an alternative mode

of action.
Entr Cpd PI4KIIB CPE A (CPE- AMP
y number pICso pICso P14KIlIB) (nm/s)
$
fN;N\ 2.45 7.2 8.2 1.0 215
N o9
O,S~F
®
):f 15 2.61 6.5 6.3 0.2 740

f@; 2.55 7.9 7.0 0.9 510
N

OH
Jos 2.62 8.1 7.6 -0.5 360
N (o)

/‘g\ofé\Me

Table 2.7: Biochemical data for lead compound 2.45 and necessary control

compounds 2.61, 2.55 and 2.62.

As shown in Table 2.7, compound 2.45, was the only compound that showed an
increase in activity from the enzyme to cellular assay. This strongly suggests an
alternative mode of action to the other compounds examined. Compound 2.61
indicated that the meta-position was the appropriate vector for the warhead because
the potency slightly dropped in the cellular assay, indicative of competitive reversible

inhibition. Interestingly, compound 2.62 displayed the greatest activity in the enzyme
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assay. The only difference between compound 2.45 and 2.62 was the presence of a
methyl group instead of a fluorine atom. Fluorine is an electron withdrawing group
and may have decreased the inhibitor’s interactions with PI4KIIIB, most likely due to
reduced hydrogen bonding interactions between the oxygen atoms of the sulfate and
the hydrogen atoms of the lysine. As a result, compound 2.62 displayed greater
activity in the enzyme assay and a drop-in activity was observed from the enzyme to

the cellular assay, supportive of the non-covalent interaction with the protein.

2.13 Lipid kinase selectivity of lead compound 2.45

Compound 2.45 was further profiled in terms of its selectivity over other lipid kinases
through a commercial lipid kinase screen (see Appendix 3.2 for full data set). The
data is shown in Figure 2.28, where over 100-fold selectivity against other lipid
kinases was achieved. The most significant off-target activity measured, was towards

PI3Ky where the plCso was 5.5, all other lipid kinases were less than this (plCse<5).

PI4KIIIB
Dag kinasel BR PI3Ky
6
Di
|acylglycerol y. > PI3KS
kinasey 4
< X
2
Choline kinasea x 0 9% PI3KB
x X
SPHK2 PI3Ka
X X
X X
CHKB SPHK1
PIP4K2A DAG

Figure 2.28: Lipid kinase plCso data for 2.45.
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2.14 Stability screen of fluorosulfates

As previously mentioned, no detailed data of the stability and reactivity of
fluorosulfate compounds has been reported. The compounds synthesised were
surprisingly stable in comparison to the analogous sulfonyl fluoride compounds,
where rapid hydrolysis to the sulfonic acid was observed after 24 h. To reduce the
rate of hydrolysis for the sulfonyl fluoride (2.42), the compound was stored under
nitrogen at 0 °C. The enhanced stability of the fluorosulfate group is probably due to
the stabilisation effect of the oxygen linker of the fluorosulfate. As the electronics
were varied around the phenyl ring for compounds 2.45, 2.46 and 2.47 (shown in
Figure 2.29), these features were investigated in terms of their stability. See general

methods Section 2.24 for further details of the experimental setup.

N N N
| | |
4 4 4
NH NH NH
N N N
ZZ\| N ~ "N N ~ "N N
NS S NS =~ NS =~
N N N
0.9 o.P o.P
S~F S~F S~F
o) o o)
OMe Cl
2.45 2.46 2.47

Figure 2.29: Compounds 2.45, 2.46 and 2.47 profiled under the stability screen.

The compounds 2.45, 2.46 and 2.47 were incubated in buffered solutions at different
pHs in both the presence and absence of 20 mol% H,0.. An additional glutathione
(GSH) reactivity experiment was conducted under neutral conditions. These studies

were carried out at 40 °C and the data for compound 2.45 is shown in Figure 2.30.
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Figure 2.30: Stability plot of compound 2.45 under different conditions.

Compound 2.45 was stable to neutral and acidic conditions under these experimental
conditions. Compound 2.45 did undergo a transformation under basic conditions at
40 °C with an approximate half-life of 7 hours. The adduct was not characterised but
the formation of hydrolysed product was likely under the basic aqueous conditions.
Interestingly, no reaction was observed with GSH under neutral conditions, which
suggests the fluorosulfate group in compound 2.45 could be stable to nucleophilic
cysteine residues. The fluorosulfate warhead could potentially act as a non-cysteine

covalent modifier.

Subsequently, compound 2.47 was profiled under the same conditions (Figure 2.31).
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Figure 2.31: Stability plot of compound 2.47 under different conditions.

Compound 2.47, containing an ortho chloro group exhibited an alternative profile
under these experimental conditions when compared to compound 2.45. The
fluorosulfate warhead underwent a rapid transformation under basic conditions at
40 °C, showing an instability under basic conditions with an approximate half life of 2
h. 2.47 was stable to neutral and acidic conditions but was more susceptible to the
oxidative conditions of the hydrogen peroxide in comparison to 2.45. Compound 2.47
also appeared more reactive towards GSH under these experimental conditions. The
adduct was not characterised and so the product of this transformation remains
uncertain. The literature of aryl sulfonyl fluorides, suggests the formation of a
thiosulfonate (not experimentally observed) which then undergoes rapid cleavage
with cysteine to give the corresponding sulfinic acid (Figure 2.32).22 It could be
possible for 2.47 to react with cysteine via a similar reaction mechanism, where a
sulfurthioate intermediate could in principle be formed and then rapid cleavage to

give the corresponding phenol by-product (as shown in Figure 2.32).
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Potential reactivity of aryl fluorosulfate with cysteine.
Figure 2.32: Reactivity aryl sulfonyl fluoride with N-acetyl-cysteine and potential

reactivity of aryl fluorosulfate

Finally, compound 2.46, an unsubstituted analogue, was profiled under the same

stability conditions.

o GSH

:E % pH10 OX
g pH10
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Figure 2.33: Stability plot of compound 2.46 under different conditions.

Compound 2.46 was stable to neutral and acidic conditions under these experimental
conditions and underwent a rapid transformation under basic conditions (Figure

2.33). This data suggests an ortho substituent with electron donating capabilities was
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necessary to increase the stability of the fluorosulfate group under basic conditions.
This could potentially be due to the reduced electrophilicity of the sulfur atom. No
adduct was observed with GSH under neutral conditions strengthening the case of
the reduced reactivity of the fluorosulfate. As there was no substituent ortho to the
fluorosulfate warhead this eliminates the possibility of steric hindrance influencing
the reactivity of the fluorosulfate group with free thiol (this was later supported by

reactivity studies with cysteine, see Section 2.15).

2.15 Amino acid screen

After the stability of the compounds 2.45, 2.46 and 2.47 was established, the next
step of this work involved understanding the reactivity of the fluorosulfate group with
different amino acids. An amino acid screen was carried out on the lead compound
2.45 under basic and neutral conditions. The reactions were carried out under pseudo
first order reaction conditions at RT and were monitored up to 48 h by LCMS (see
Section 2.24 for full experimental details). In the case of N-acetylcysteine, DTT was
used to reduce any disulfide bonds formed, to ensure the free thiol was available to

react. The results of the reactivity experiment are shown in Figure 2.34.

o

o o o
HS/\é)J\OH HZN\/\/\é)J\OH HO/\E)J\OH OH
HN HN HN HO HN\H/O\{/
14 r T :

Cysteine Lysine Serine Tyrosine
pH7.4 X X X X
pH10.1 x v x v

Figure 2.34: Amino acid screen of compound 2.45 under neutral and basic conditions.

Pleasingly, compound 2.45 was unreactive towards all the amino acids under neutral
conditions. A concern with covalent drug design is the potential of the electrophilic

warhead reacting with multiple residues. As no covalent adduct was identified under
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physiological conditions, this minimises the risk of this being the case with this
compound. Under basic conditions, compound 2.45 was reactive towards both lysine
and tyrosine. The pH of the buffer was approximately equivalent to the pKa of the
amino acids, suggesting if a lysine residue buried deeply in a hydrophobic pocket,
where its pKa could be perturbed, a reaction with the fluorosulfate group could take
place. The reactivity of the fluorosulfate group could therefore be dependent on the
local protein microenvironment which would minimise its potential for promiscuous

reactivity greatly enhancing its potential as a drug molecule.

2.16 HPLC reactivity assay

To understand the reactivity of compounds 2.45, 2.46 and 2.47 against lysine, a more
in-depth reactivity experiment was required. Pfizer have published work profiling a
range of electrophilic moieties against N-a-acetyl-lysine to guide covalent drug
design.'*? These experimental conditions were replicated, carried out in duplicate
alongside a control reaction where the compound was stirred in the buffered solution
without any added lysine. The pH of the sodium borate buffered solution was
measured at 10.18. After the addition of lysine (50 eq.), the pH was measured again
at 10.2. Therefore, the pH of the buffer was approximately equivalent to the pKa of
the lysine (~10.1) and so the lysine could act as a nucleophile. The reaction scheme

and plot is shown below in Figure 2.35.

N N
‘ b ‘ = N\
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NH N-Acetyl-lysine (55.5 mM) NH NH
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D 1,1-biphenyl (2 mM, 25 uL), 40 °C NTX ZNN oS _(Lys)
~ =~ > ~ — HO N
N N == H
N o N
Ny Oun
S~F Sso-(Lys)
© o H OH
OMe OMe OMe
2.45 2.63 2.55 2.64
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Figure 2.35: Compound 2.45 reactivity with N-acetyl-lysine, monitored by HPLC.

In an aqueous chemical environment at 40 °C, the reaction of compound 2.45 with
lysine at pH10.2 occurred slowly. Approximately 50% conversion to the lysine adduct
(2.63) was achieved after 24 h. If these results translated into the protein
environment of PI4KIIIB, it would suggest that the activity in the enzyme assay (with
a 40-minute incubation period) was due to reversible interactions between
compound 2.45 and PI4KIIIB as the incubation period was not long enough to enable
the covalent modification. Whereas, the activity from the CPE assay (48 h incubation
period) could potentially come from the covalent modification itself. Interestingly,
under these experimental conditions, compound 2.45 showed no signs of
degradation in the absence of N-acetyl-lysine in the control experiment (see
Appendix 3.3). This suggested that the hydrolysis (red line) must come from the
lysine adduct itself and as shown, the hydrolysis of the product was relatively slow as
approximately 25% hydrolysis was observed after 40 h (2.64). The desired sulfamate
and hydrolysed phenol product of this reaction were characterised by LCMS and

HRMS.

The observed hydrolysis of the sulfamate was consistent with the reported literature,

where a collaboration at the Scripps Research Institute explored fluorosulfate probes
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targeting a lysine residue in transthyretin (TTR).2%> LC-ESI-MS was used to monitor
the formation of the covalent modification with lysine after a 24 h incubation at 37
°C using 7.2 uM probe (2.65) against TTR. The desired conjugate adduct with TTR 2.66
was identified and then over time, the sulfamate adduct hydrolysed to give the
sulfamic acid 2.67 and the corresponding phenol hydrolysis product as depicted in
Figure 2.36. The authors concluded that the observed hydrolysis was an artefact of

the protein and was catalysed by TTR itself.29°

Covalent i . O\\S,/O N "~ . ¥
T!;R “" \/\NHz modification _ {1~ % Ii /\H/ o’ _ Hydrolysis £, Ii /\H/ “OH
\ \ \
Lf«};x \i}b T +H0 kf‘k'\
F~ - ArOH
2.65 2.66 2.67

Figure 2.36: Covalent modification and hydrolysis of TTR with a fluorosulfate

electrophile.

The result shown in Figure 2.35 was promising as compound 2.45 showed potential
for reacting with lysine residues. It also highlighted the question as to whether the
hydrolytic transformation could take place in the active site of PI14KIIIB. Subsequently,
compound 2.46 was also profiled under the same experimental reaction conditions

(Figure 2.37).
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Figure 2.37: Compound 2.46 reactivity with N-acetyl-lysine, monitored by HPLC.

Compound 2.46, without an ortho methoxy substituent showed an enhanced
reactivity with lysine leading to approximately 50% conversion to the sulfamate
adduct 2.68 after 4.5 hours. This suggested that the presence of an electron donating
ortho substituent slowed down the rate of the reaction with lysine under these
experimental conditions. In addition, approximately 20% hydrolysis was observed in
the reaction (2.69). A control experiment was undertaken (without lysine) and
approximately 20% hydrolysis was observed (see Appendix 3.3). This suggested that
hydrolysis was associated with the starting material 2.46 rather than the lysine
adduct, over this reduced time frame (sulfamate hydrolysis was identified over an
extended time frame). Previous stability studies also highlighted the instability of
compound 2.46 under basic aqueous conditions (see Figure 2.31). In addition, the
expected phenol hydrolysis product was not observed, and it was in fact the sulfonic
acid 2.69, which was characterised by LCMS and HRMS. Therefore, compound 2.46
showed an enhancement in reactivity against lysine when compared to compound
2.45 but also a decreased stability under these experimental conditions, consistent

with previous data.
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Finally, compound 2.47 was profiled under the same reaction conditions, the results

of which are shown in Figure 2.38.
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Figure 2.38: Compound 2.47 reactivity with N-acetyl-lysine, monitored by HPLC.

Compound 2.47 displayed a different reaction profile compared to 2.45 and 2.46. The
control reaction (see Appendix 3.3) displayed slow hydrolysis, where approximately
50% hydrolysis was observed after 900 minutes, in comparison to the profile for 2.47
where 50% hydrolysis was observed at approximately 400 minutes (2.71). Therefore,
an enhancement in hydrolysis was observed in the presence of lysine. Additionally,
the expected phenol hydrolysis product 2.71 was observed, consistent with
sulfamate product hydrolysis 2.70. The data suggested that the reaction of

compound 2.47 with lysine under these experimental conditions was relatively rapid
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which could be due to the increased electrophilicity of the sulfur atom. In addition,
the data suggested that the sulfamate 2.70 had decreased stability in the presence
of the ortho-chlorine substituent in comparison to the ortho-methoxy substituted

analogue 2.45.

A more detailed study into the stability of sulfamate esters under different conditions
has been reported. Spillane and McCaw investigated kinetic and mechanistic aspects
of sulfamate esters and their hydrolysis pathways.?*® It was determined that
sulfamate esters bearing a hydrogen on the nitrogen atom had pKa values of
approximately 8 in water-organic media. Their work concluded that the hydrolysis
pathway of sulfamate esters under aqueous basic conditions followed an E1cB type
reaction. A proposed mechanism for the observed hydrolysis of compounds 2.45 and

2.47 is shown in Figure 2.39.
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Figure 2.39: Proposed mechanism of hydrolysis under basic conditions.

The rate at which the sulfamate formed was dependent on whether R was OMe 2.63
or Cl 2.70. Despite the reaction difference in forming the sulfamate, no significant
variability in the pKa of the sulfamate was expected which could be correlated with
the approximate value of 8 as previously determined by Spillane. The equilibrium for
ki/k-1 can be assumed to be in the same position for both 2.63 and 2.70. Therefore,
k2 was key to the stability of the desired adduct formed with lysine. If R =Cl, the E1cB
reaction (equilibrium shifted towards kz) was more favourable because of the
relatively good leaving group ability of the chloro substituted phenol (2.54). The
chloro substituent inductively withdraws electron density increasing its leaving group

ability. This can be correlated with a large ka value which was consistent with the data
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represented in Figure 2.39 and the opposing argument can be made if R = OMe (small

k2, decreased formation of 2.55).

Overall, interesting features of a potential covalent modification with lysine were
identified with compounds 2.45, 2.46 and 2.47. However, it is important to note that
the reactivity of the fluorosulfate compounds can change significantly in a biological
environment and so no absolute conclusions could be drawn at this stage. As shown
in Equation 2.1, covalent inhibition is a two-step process consisting of reversible
binding to the protein of interest and then covalent attachment. The reversible
interactions could play a major role in the covalent capability of the compounds and
the biochemical data previously presented is not sufficient evidence for covalent

binding, but more of an indicator for a potential alternative mechanism.

2.17 Mass spectrometry characterisation of lysine targeted inhibition

Based on all of the above, it was evident that compounds 2.45, 2.46 and 2.47 showed
promising features for covalent modification of a lysine residue. For the past 20 years,
mass spectrometry has been used to analyse covalent interactions between ligands
and proteins.?*® To characterise the potential covalent interaction, intact protein
mass spectrometry was carried out. This would determine if a covalent bond was
formed between the inhibitor and PI4KIIIB protein. Concentration and time
dependant mass spectrometry experiments can be very useful tools for determining
the selectivity of the covalent modification and also for providing an indication of the
kinetics of covalent modification. If multiple covalent adducts with the protein were
observed, this would be indicative of nonspecific binding and potential promiscuous
covalent reactivity which represents a major challenge of non-reversible inhibition in
drug discovery. The time taken to identify the labelling of proteins provides an insight
on the mechanism of the covalent modification, i.e. fast onset vs slow onset of
inhibition. A time course mass spectrometry experiment was carried out for

compound 2.45 (5 uM) with PI4KIIIB (1 uM) and is shown in Figure 2.40. See
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experimental Section 2.24 for the experimental procedure. Note, two peaks were
observed in the mass spectrometry spectrum for recombinant PI4KIIIB protein. Upon
purification/expression of the protein a phosphate group (78 Da) is added to a surface

residue of PI4KIIIB.
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Figure 2.40: Time course of compound 2.45 reacting with recombinant PI4KIIIB at 10

°C.

Pleasingly, as shown in Figure 2.40, compound 2.45 covalently modified recombinant
PI4KIIB protein. The covalent modification took around 2 h to react 50% conversion
with 5 eq. of the reactant 2.45 under neutral conditions at 10 °C. The mass shift was
consistent with the addition of compound 2.45 minus the fluoride ion (90,688 Da),
correlating with the attack of a nucleophilic residue onto the electrophilic sulfur
atom, expelling the fluoride leaving group. In relation to the reactivity experiment
previously carried out with an isolated N-acetyl-lysine (Section 2.16), a significant
enhancement in the rate of reactivity of compound 2.45 was observed with
recombinant PI4KIIIB protein. This could be due to the local protein
microenvironment, where the pKa of a deeply buried lysine may have been perturbed
significantly, rendering it hyperreactive upon binding of compound 2.45 with the

nucleophilic residue in close proximity of the electrophilic centre.
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There are a total of 39 lysine residues in recombinant PI4KIIIB protein which could
lead to non-specific labelling of the protein with multiple warheads reacting.?*’ In
order to investigate this, a large excess of compound 2.45 was used to incubate with
enzyme to determine if the target engagement was selective. Only one covalent
modification was observed indicative of a selective covalent attachment.
Wortmannin, a known pan covalent PI3K inhibitor and other covalent warheads such
as a vinyl sulfone showed multiple adduct formation as the concentration of the
inhibitor and or time period of incubation was increased. Under the same mass
spectrometry conditions, commercially available Wortmannin (5 uM) was profiled
against PI4KIIB (1 uM) and the mass spectrum obtained is shown in Figure 2.41,
showing multiple covalent adducts, highlighting the promiscuous covalent nature of
Wortmannin in comparison with compound 2.45 where only one adduct was

identified.
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Figure 2.41: Mass spectrometry time course experiment with Wortmannin 2.72 with

recombinant PI4KIIIB at 10 °C.

Furthermore, protein mass spectrometry was used to assess the stability of the

covalent adduct. Previous mass spectrometry conditions were replicated with
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compound 2.45 (5 uM) and the adduct was identified by mass spectrometry. After
the covalent modification was identified, the protein sample was saturated with high
concentrations of competitive inhibitor ATP (10 mM) and the adduct was followed by
mass spectrometry. Due to the high concentration of ATP used, if the covalent adduct
was unstable, then ATP would compete in the active site of PI4KIIIB reducing the
covalent modification. The data shown in Figure 2.42 suggests that the covalent

adduct formed in PI4KIIIB was stable and not susceptible to competitive inhibition.
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Figure 2.42: Covalent adduct between 2.45 and PI4KIIIB stability experiment in the

presence of ATP.

Compound 2.46 was subjected to the same time dependent mass spectrometry
conditions described above. Pleasingly, it showed covalent modification of
recombinant PI4KIIIB protein (Figure 2.43). After 6 h, approximately 50% conversion
was achieved, which was slower by 3-fold than that observed with 2.45. In addition,
the covalent adduct was stable after 48 h and there were no signs of hydrolysis or

additional covalent adducts within the mass spectrum obtained.
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Figure 2.43: Time course of reaction of compound 2.46 with recombinant PI4KIIIB at

10 °C.

Finally, compound 2.47 was profiled by mass spectrometry as shown in Figure 2.44.
Interestingly, compound 2.47 displayed a significantly slower rate of covalent
modification which took up to 24 h to reach 50% conversion. This suggests that the
presence of the ortho chloro substituent hindered its ability to covalently link with
PI4KIIB. Electronically, the presence of the chloro substituent would increase the
electrophilicity of the sulfur atom and so it would be expected that the nucleophilic
lysine would react more readily. Therefore, the reduced rate of covalent modification
was possibly due to an alternative conformational arrangement of 2.47 disfavouring
nucleophilic attack at the sulfur atom which can be supported by its decreased
potency. This result shows the importance of the initial reversible interactions
between an inhibitor and an enzyme and the implications it can have on covalent

interaction.
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Figure 2.44: Time course of reaction of 2.47 with recombinant PI4KIIIB at 10 °C.

The data shown in Figure 2.40 disagrees with the previous reactivity experiments and
the electronics of the molecule. The increased electron donating capability of the
methoxy group would decrease the electrophilicity of the fluorosulfate, weakening
the nucleophile interaction decreasing the overall rate of the covalent modification.
However, inside the active site of PI4KIIIpB, the presence of the methoxy group of 2.45
increased the rate of covalent modification. In Figure 2.24, the distance of the
methoxy group from Lys549 was 3.63 A, therefore, the methoxy group could play a
role in perturbing the pKa of the lysine residue through hydrogen bonding (Figure
2.45). This may have increased the nucleophilicity of the lysine and as a result,

increased the rate of covalent modification.
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Figure 2.45: The ortho-methoxy group may have helped the increased rate of

covalent modification.

In summary, the fluorosulfate containing inhibitors 2.45, 2.46 and 2.47 demonstrated
a selective covalent modification of PI4KIIIB. The rate of covalent modification was
surprisingly slow, and this phenomenon is supported by the recent literature around
aryl fluorosulfate compounds targeting lysine residues.?*® Pellecchia et al also
observed the slow onset of aryl fluorosulfate containing inhibitors.?*® Their reaction
conditions were slightly different as they used a 1:10 protein-inhibitor ratio and
incubated the mixture at 25 °C. After 6 h, full conversion to the covalent adduct was
observed. Both findings are consistent with a reduced reactivity of the fluorosulfate
containing inhibitor, highlighting the reversible interactions between the enzyme and
inhibitor. Interesting, Pellecchia also disclosed the sulfonyl fluoride containing
compounds used were reactive, but unstable in both aqueous buffer and in plasma.
These results show a reduced reactivity of the fluorosulfate moiety to nucleophiles
and their increased stability profile in comparison to sulfonyl fluorides. These
attractive features of the fluorosulfate group render it an interesting area of research

in covalent drug design.
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2.18 PI4KIIIB kinetic binding assay and characterisation of lysine
inhibition

Once a selective covalent adduct for PI4KIIIB had been obtained, it was important to
understand the different binding parameters that contributed to the potency of the

covalent inhibition. As shown in Figure 2.46, covalent inhibition is a two-step

process,129:16
¥ k
. L Inact
Protein + Inhibitor ‘—L¥ Protein----- Inhibitor——————— = Protein Inhibitor
koff
kot Kinact [inhibitor]
K; = Reversible component, k... = Irreversible component, Kope= —m8 ————
Kon K; + [inhibitor]

Figure 2.46: Two-step mechanism described by K;, Kinact and kops.

To determine these parameters for PI4KIIIB, a commercially available ADP-glo kit
from Promega was used. In this experiment, compounds were profiled against a fixed
concentration of recombinant PI4KIIIB protein in a dose-dependent manner, and the
effects of inhibition were measured by a discontinuous luminescent readout, in a
time dependent manner (see Section 2.24 for experimental details). There were two
controls used in this experiment; A high control, which contained no-inhibitor. It was
important that over the duration of the assay, the high control always remained
linear, which ensured that the decrease in the fluorescent signal was due to the
inhibition of the protein and was not from protein degradation; A low control, where
the protein was fully inhibited over the duration of the assay with a known PI4KIIIB
inhibitor. The aim of the experiment was to measure the onset of inhibition which
can be correlated with the luminescent readout. The raw data was fitted to the global
progress curve analysis described in Section 2.24 to derive an observed rate constant
(kobs). In addition, using the Cheng-Prusoff equation the kinac and Ki were

determined.?*?
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Achieving linearity of the high control was difficult due to the prolonged onset of
inhibition of compounds 2.46 and 2.47, therefore, linearity over the duration of the
assay was not possible. The measured onset of inhibition was only reliably measured

for compound 2.45 and the data obtained is shown in Figure 2.47.
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Figure 2.47: Measured onset of inhibition of compound 2.45. See Section 2.24 for

equations used to generate rate and equilibrium constants.

The time course of the assay was significantly extended in comparison to previous
literature methods.'®° The K;value was determined using the Cheng-Prusoff equation
and is a measure of the favourable reversible interactions. The smaller the K; value,
the equilibrium is driven more towards forming the initial protein inhibitor complex.
The values of kon and kot are not explicitly determined and so the definition of K; is
the concentration of inhibitor required to achieve half-maximal rate of covalent
inactivation under these conditions. The measured K;was 15.5 nM which means the
reversible interactions were favourable and a low concentration of 2.45 was required
to achieve 50% inhibition. Despite this, the irreversible step, forming a covalent bond
(described by kinact), Was measured to be 6.5x10 s, which is orders of magnitude
slower than literature precedent for a lipid kinase, thus, the rate of covalent bond

formation was deemed to be slow.*®° This could be due to the nucleophilicity of the
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lysine residue (potentially pKa related) and/ or the electrophilicity of the
fluorosulfate. The previous reactivity experiments had shown that the fluorosulfate
group was less reactive in comparison to analogous sulfonyl fluoride compounds.!4?
As a result, the overall observed rate described by kobs was slow. Therefore,
compound 2.45 is suitable for a slow-onset of inhibition with a prolonged duration of

action.

A selective, stable and relatively slow covalent modification of compound 2.45 was
observed. From the tool crystal structure shown in Figure 2.24, it was likely that
compound 2.45 covalently modified Lys549. To have absolute certainty that Lys549
was covalently modified, either a trypsin digestion experiment or protein
crystallography would be required. Additionally, to assess the nature of an
irreversible compound, a jump dilution assay can be carried out. 2°%2>1 Whereby, the
covalent adduct is forced to occur as the initial concentration of the inhibitor is
equivalent to the plCqo such that the fluorescent readout signal is weak. A series of
dilution experiments is carried out to its plCio and for a reversible compound, the
fluorescent readout regains signal as the dilution increases (Figure 2.48). Whereas,
for an irreversible compound, the fluorescent signal should remain low. This
experiment was carried out under a variety different experimental conditions.
However, due to the slow onset of the compounds the assay was unsuccessful, as
only the reversible interactions were captured before observing protein degradation

under these experimental conditions.

A

Reversible inhibitor

Activity regained in fluorescent
readout

RFU

Covalent inhibitor

Time (seconds)

Figure 2.48: Schematic diagram of a jump dilution assay.
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Protein crystallography was used in an attempt to identify the residue participating
in the covalent modification. Co-crystallisation of compound 2.45 with PI4KIIIB was

required (crystallographer: Don O Somers).

\

Figure 2.49: Crystal structure of compound 2.45 covalently modified Lys549 in

PI4KIIIB with resolution of 1.60A.

Pleasingly, electron density consistent with compound 2.45 forming a covalent bond
with Lys549 to form a sulfamate was observed (Figure 2.49). The oxygen linker
directed the warhead to interact with Lys549; potentially the rotation about the
fluorosulfate warhead was restricted due to the steric clash with the ortho methoxy
substituent. Compound 2.45 bound similarly to compound 2.23 (Figure 2.24) through
a hinge binding interaction between the valine backbone and the nitrogen
donor/acceptor atoms of the heterocyclic core. In addition to this, the para pyridyl
head group formed a favourable hydrogen bonding interaction with Tyr385. This gave
rise to a log unit increase in potency as identified for the phenolic ester series (Table

2.4).
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2.19 Targeting tyrosine

As previously discussed in Section 2.15, an amino acid screen was carried out where
both lysine and tyrosine residues were shown to react with the fluorosulfate group
under basic conditions. To date, there are two examples of a fluorosulfate containing
compound reacting with lysine residue. The majority of the literature has shown
fluorosulfate containing compounds to react with tyrosine residues.?1>216:248 Ag
shown in Figure 2.49, the para-pyridyl head group of compound 2.45 formed a
favourable hydrogen bonding interaction with a nearby tyrosine residue (Tyr385).
Based on the reported reactivity of fluorosulfate warheads targeting tyrosine and the
crystal structure displaying a hydrogen bonding interaction with the phenol group of
the tyrosine, it was hypothesised that Tyr385 could be covalently modified with our
PI14KIIIB scaffold. As a result, the next step was to synthesise an alternative inhibitor
2.76 to investigate its potential to covalently modify Tyr385. The synthesis of

compound 2.76 is shown in Scheme 2.10.

\\S//
OH O °F
2.74
Chamber A SDI (1.5 eq.), KF (4 eq.)
NEt; (2 eq.) TFA (1 mL)
OPh DMSO NH Chamber B DIPEA (12 eq.), MeCN NH
N 5h,120°C N 18h,RT _
N7\ > 7 NN > Z "N N\
o = step 1 o e step 2 o e
N N N
OMe OMe OMe
OMe OMe OMe
2.57 2.75 (67%) 2.76 (60%)

Scheme 2.10: Synthesis of compound 2.43.

Compound 2.76 and the appropriate control compounds 2.75 and 2.77 were
screened in the standard project biochemical assays. The data is shown below in

Table 2.8.
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Cpd PIAKIIB  CPE A (CPE-

Entry number  pICso  piCso  PI4KIIB)
0SO,F
NH
r 2.76 6.3 7.3 1.0
OMe
r 2.77 6.5 6.7 0.2
OMe
r 2.75 7.4 7.4 0

OMe

Table 2.8: Biochemical data for alternative covalent compound 2.76 and control

compounds 2.77 and 2.75.

As shown in Table 2.8, compound 2.76 followed the same trend in activity as
observed for previous inhibitors, where a significant increase in potency was
identified in progressing from the enzyme to the CPE assay. Control compounds 2.75
and 2.77 retained their activity in the CPE assay rather than increasing suggesting
they are not covalent modifiers of the protein. It is important to note that potency in
the CPE assay for compound 2.75 is similar to the potency of compound 2.76 in the
CPE assay. This may suggest that once compound 2.76 entered the cell it underwent
hydrolysis to give a phenol which could be responsible for the potency increase. The
data represented in Table 2.8 was encouraging, as the trends were consistent with
previous data. The next step was to further profile compound 2.76 in terms of the

potential covalent modification of Tyr385.
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Before further biochemical evaluation, the stability and reactivity of compound 2.76
was determined. The substitution pattern about the fluorosulfate warhead is
different to the previous inhibitors, and accordingly compound 2.76 could have a
different stability. Compound 2.76 was profiled under the same stability conditions
as previously used (see Section 2.14), where the pH and oxidative potential were

varied (Figure 2.50).
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Figure 2.50: Stability plot of compound 2.76 under different conditions at 40 °C.

Compound 2.76 was stable under both neutral and acidic conditions. However, under
basic conditions (pH 10), approximately 50% of the compound hydrolysed after 3 h
and the rate of hydrolysis was enhanced in the presence of 20 mol% H,0;. The data
shown in Figure 2.50 is consistent with the stability data shown in Section 2.14,
where the compounds were stable under neutral and acidic conditions but were
susceptible to hydrolysis under basic conditions. The data suggested that 2.76 was

stable under physiological conditions.

The reactivity of compound 2.76 was investigated using the same conditions
previously used to profile compounds 2.45, 2.46 and 2.47. The substitution pattern
for compound 2.76 was different to previous compounds. Encouraged by this, its

reactivity was investigated. Initially we investigated lysine as a nucleophile to enable
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comparison with previous compounds examined. The reactivity of 2.76 in the
presence of lysine was determined as shown in Figure 2.51 providing an approximate
half-life of 60 minutes. The data for these reactivity experiments are shown in Figure

2.51 and Figure 2.52.
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Figure 2.51: The reactivity results of compound 2.76 with N-acetyl lysine, monitored

by HPLC.

Interestingly, the reactivity of compound 2.76 with protected lysine was enhanced
(50% conversion was achieved after 60 minutes) in comparison to compound 2.46
(50% conversion was achieved after 270 minutes). Also, there was no evidence of

hydrolysis of the fluorosulfate group, suggesting a para-methylphenyl substitution
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pattern increased both the hydrolytic stability and reactivity with lysine under these

experimental conditions.

Tyrosine was the target amino acid and so compound 2.76 was profiled against
tyrosine as shown in Figure 2.52. The pH of the sodium borate buffered solution was
measured at pH10.18. After the addition of tyrosine (50 eq.), the pH was reduced to
pH9.9. Therefore, the pH of the buffer was approximately equivalent to the pKa to

the phenol group of tyrosine (~10).
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Figure 2.52: The reactivity of compound 2.76 with N-Boc-tyrosine monitored by
HPLC.
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A 5-fold decrease in the reactivity for compound 2.76 was observed for the reaction
with tyrosine (50% conversion was achieved after 300 minutes) in comparison to the
reaction with lysine (50% conversion was achieved after 60 minutes). This could be
due to the different nucleophilicity of the phenol group at tyrosine and the free amine
of lysine. No signs of hydrolysis was observed for compound 2.76 over the extended
reaction time course, supporting the stability associated with a para-methylphenyl
substituted fluorosulfate compound. These results indicate that compound 2.76 may
require a longer incubation time to covalently link with Tyr385. However, as
previously shown, the reaction profile can significantly differ from an aqueous

buffered environment to a local protein microenvironment.

Compound 2.76 showed an increased stability profile in the reactivity experiments in
comparison to the previous series of fluorosulfate covalent inhibitors (2.45, 2.46 and
2.47). In light of this, a sulfonyl fluoride based inhibitor, compound 2.80 (shown in
Table 2.9) was synthesised in high yield using our strategy. Compound 2.80 was
moisture stable. Despite the increased stability associated with compound 2.80, the
physicochemical properties and biochemical data of the compound was poor,

therefore, no further work was carried out on compound 2.80.

0
O:\\S’F
NH
\N =
OMe
OMe
Cpd plakp  cpe  anetic AMP
number pIC pIC sol. ChromLogD7.4 (nm/s)
50 50
(ng/ mL)
2.80 <5 <5 - - -

Table 2.9: Biochemical and physicochemical data for compound 2.80.
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2.20 Characterisation of tyrosine targeted covalent inhibition

Mass spectrometry was again used to characterise the potential covalent interaction
of compound 2.76 with Tyr385. The experimental conditions were the same as
previously adopted (see experimental Section 2.24 for the experimental procedure)
and in Figure 2.53 represents a mass spectrometry time course experiment for

compound 2.76 with PI4KIIIB protein.
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Figure 2.53: Time course of reaction of 2.76 with recombinant PI4KIIIB at 10 °C.

Pleasingly, a covalent modification was detected with compound 2.76 and PI4KIIIB
with no signs of additional covalent adducts. It took approximately 22 h to achieve ~
90% conversion and so a longer incubation time was required to engage with Tyr385.
This could have been due to the reduced nucleophilicity of the tyrosine residue which
is consistent with the reactivity experiment shown in Figure 2.52. Compound 2.76
was less potent in the biological assays in comparison with previous fluorosulfate
inhibitors 2.45, 2.46 and 2.47. This suggests that the reversible interactions of 2.76
with PI4KIlIB were less favourable which influenced the rate of the covalent

modification of tyrosine.
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After a covalent adduct was established using protein intact mass spectrometry, the
next step involved understanding the rate of the covalent modification. As previously
mentioned, the rate of covalent modification was considerably slower. To
understand this phenomenon further, the kinetics of the reversible and irreversible

steps were determined for compound 2.76 as shown in Figure 2.54.
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Figure 2.54: Measured onset of inhibition of compound 2.76.

Compound 2.76 was significantly slower in forming the covalent adduct with the
protein in comparison to compound 2.45 as shown by protein mass spectrometry.
The reversible step Ki for 2.76 was approximately ~1.4 uM and the irreversible step
kinact Was £1.6x107°° s'1. This correlates to a much higher concentration of compound
required to form the reversible complex in comparison to compound 2.45 (Figure
2.47), showing the reversible interactions to be less favourable. In addition, the
inactivation step was an order of magnitude slower for compound 2.76 in comparison
with 2.45. This suggested that the formation of the covalent bond was significantly
slower. Consistent with the previous reactivity and mass spectrometry experiments

this is possibly due to the reduced nucleophilicity of the phenol group of tyrosine. As
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a result, the overall observed rate described by kobs for 2.76 was extremely slow

(1.2).

To determine the site of covalent modification, X-ray crystallography was carried out
on a cocrystal of PI4KIIIB in complex with with compound 2.76. As shown in Figure
2.55, Tyr385 was covalently modified by compound 2.76 through displacement of the
sulfur fluoride bond as anticipated. The hinge binding interaction with the valine
backbone was as expected and also, Lys549 formed a bifurcated hydrogen bonding
interaction with the dimethoxy substituents. This result highlights the versatility of
the fluorosulfate group, where two different amino acids were selectively covalently

modified using the fluorosulfate group as a covalent warhead.

Figure 2.55: Crystal structure of compound 2.76 covalently modified Tyr385 in
PI4KIIIB with resolution of 1.77A.
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2.21 Dual covalent inhibitor

The next part of the work involved building upon the current knowledge of
fluorosulfate containing compounds and PI4KIIIB. So far, compound 2.45 covalently
modified Lys549 and compound 2.76 covalently modified Tyr385. We were intrigued
to discover if a compound containing two fluorosulfate warheads could target both
Lys549 and Tyr385 at the same time, acting as a dual covalent PI4KIIIB inhibitor 2.83.
The synthesis of this inhibitor follows a similar route as previously outlined (Scheme
2.11), additional equivalents of reagents were used to ensure sufficient amounts of

SO,F; (g) was generated in order to react with the bis-phenol 2.82.

\\S//
OH O °F
2.74 Chamber A SDI (3 eq.), KF (8 eq.)
DIPEA (2 eq.) TFA (2 mL)
OPh DMSO NH Chamber B DIPEA (24 eq.), MeCN NH
-N 5h, 130 °C _ 18 h, RT _
Z NN » “ N N\ - Z "N N\
o M= step 1 o e step 2 o e
N N N
O\\/I
i ol
OH OH (6]
OMe OMe OMe
2.81 2.82 (82%) 2.83 (26%)

Scheme 2.11: Synthesis of dual covalent inhibitor 2.83.

Sufficient quantities of 2.83 was obtained using the COware reactor and the
compounds to test this hypothesis were profiled in the biochemical assays (Table

2.10), including the bis-phenol control 2.82.
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Cpd PI4KIIB CPE A (CPE-

Entry number  piCso  pICso  PI4KINIB)

OSO,F

NH

oy 2.83 <5 6 >1.0
0SO,F

Lon 2.82 6.6 6.4 0.2

N\
N

OH

OMe

Table 2.10: Biochemical data for potential dual covalent inhibition.

Compound 2.83 followed the same trend as observed for previous covalent
inhibitors, except compound 2.83 appeared inactive in the enzyme assay, but
potency was observed in the CPE assay, indicative of time dependent inhibition. The
reversible control compound 2.82 had similar potencies in both the enzyme and CPE
assay. Also, compound 2.82 displayed greater activity in both assays suggesting the
bis-fluorosulfate 2.83 may not be accommodated in the ATP binding pocket as

effectively as the bis-phenol 2.82.

To assess the ability of compound 2.83 acting as a dual covalent inhibitor, intact
protein mass spectrometry was carried out. Time dependent mass spectrometry was
carried out for compound 2.83, with the expected covalent adduct molecularion. The

data for this experiment is shown in Figure 2.56.
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Figure 2.56: Time course of compound 2.83 with recombinant PI14KIIIf at 10 °C.

Pleasingly, compound 2.83 covalently modified PI14KIIIB, fully labelling the protein
after 24 h. The slow rate of covalent modification was expected due to the weaker
binding affinity of the compound, suggesting a higher concentration of inhibitor
would be necessary to achieve the initial reversible complex. Two covalent
modifications are expected to take place and based on the previous mass
spectrometry evidence, it was anticipated that Lys549 would covalently modify 2.83
first, followed by the reaction of Tyr385. It is important to note that the loss of two
fluorine atoms was expected, however, due to the high molecular weight of PI4KIIIB
(~ 90 kDa) and poor resolution of the mass spectrometry instrument, the mass shift
of the loss of two fluorine atoms was not clear. To help investigate the possibility of
a dual interaction in the protein, X-ray crystallography was again used as a technique

to help characterise the adduct of 2.83 and PI4KIIIp.
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Figure 2.57: Crystal structure of dual covalent compound 2.83 engaged with Lys549

and Tyr385 in PI4KIIIB with resolution with 2.09A.

As shown in Figure 2.57, compound 2.83 adopted the expected binding mode
covalently labelling both Lys549 & Tyr385. Overall, the research carried out highlights
the potential of the fluorosulfate group as a covalent modifier targeting non-cysteine
residues in proteins, an emerging area of research in drug discovery.?>? Recently, Lei
wang and co-workers have reported the first unnatural amino acid containing a
fluorosulfate warhead that undergoes sulfur fluoride exchange on proteins in vivo.?*®
After a 48 hincubation at 37 °C, the fluorosulfate group was found to selectively react
with proximal lysine, histidine and tyrosine residues, generating a covalent intra-
protein bridge and inter-protein crosslink of interacting proteins directly in living cells
as shown in Figure 2.58. They believe the genetically encoded amino acids containing
fluorosulfate groups is the next generation of click chemistry, which can be further
expanded in chemical biology and drug discovery. No cytotoxic effects were observed
through incorporation fluorosulfate group up to high concentrations of the modified

amino acid (1 mM). Therefore, it could be envisioned that dual containing
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fluorosulfate molecules can be of interest through in vivo screening, in an attempt to

engage with non-cysteine residues in single or multiple protein targets.
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Figure 2.58: Genetically modified tyrosine containing a fluorosulfate warhead to

crosslink with proteins.

The aim of this project was to develop a selective irreversible covalent inhibitor of
PI4KIIIB which targeted the conserved lysine in the ATP binding site. Outlined in
previous sections of Part Two of this thesis, a selective covalent inhibitor targeting
the lysine residue in PI4KIIIB was achieved. Upon discovery of the fluorosulfate
warhead, inhibitors (2.45, 2.46 and 2.47) displayed a slow onset of inhibition, placing
more emphasis on initial reversible interactions of the covalent modification where
an inherent selectivity for the protein could be achieved. After identifying potential
nucleophilic amino acids which the fluorosulfate warhead could react with, and the
use of X-ray crystallography, an alternative inhibitor (2.76) was synthesised. Selective
covalent modification of a tyrosine residue was observed, where the reactivity of the
fluorosulfate warhead was lower for tyrosine in comparison to lysine. This data
suggests that the reversible interactions of the fluorosulfate group are crucial for
covalent attachment with the protein. Building upon this exciting finding, the
inhibitors were merged to form the first dual covalent inhibitor (2.83) targeting both
lysine and tyrosine. Where X-ray crystallography was used to support the proposed
interaction, this exciting discovery broadens the scope of the potential of

fluorosulfate based inhibitors in drug discovery.
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2.22 Fragment library design

For the past 20 years, fragment based drug discovery has been implemented into the
drug discovery process.?>® The fragment-based approach consists of finding new
potent small molecule ligands which bind to the protein target; usually through
hydrophobic, Van der Waals and hydrogen bonding interactions.?? When a ‘hit’
compound has been identified, it can usually serve as a starting point for optimising
inhibitor protein interactions in the early stages of the drug development process.
The use of fragments in drug discovery has translated into numerous compounds
entering the clinic and so there is a demand to develop diverse fragment libraries.>>*
As shown in Figure 2.59, the small molecule ligands (shown in red) were initially
identified for interacting with the protein target.?®®> X-ray crystallography and
biochemical data typically assist the design of small molecules (shown in blue) where

additional interactions can be explored. This has proven to be a successful approach

for discovering potent small molecule candidates (2.84 and 2.85).2°3
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Figure 2.59: Examples of fragment based drug discovery derived drugs that have

entered the clinic.
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Generally, when synthesising a fragment library, the following criteria are

considered:?>>

e Soluble at high concentrations (~ 500 uM).
e MW ~200-300 Da.

e Stable over time.

e Small differences in chemical structure

e Simple to synthesise

° C|OgP <3

Once a fragment library has been synthesised, the fragments are then screened
against protein targets. A variety of detection methods can be used to measure the
protein fragment interactions: mass spectrometry (if covalent fragments are used),
surface plasmon resonance (SPR), Thermal shift assay, X-ray crystallography and NMR
(WaterLOGSY). After a fragment has been identified, then subsequent SAR can be

carried out to establish potent inhibitors for the protein of interest.

Recently, there has been increasing recent literature around covalent fragment
libraries, particularly for targeting cysteine residues using a,B-unsaturated esters.?%!
The high throughput nature of screening covalent fragments against protein targets
is attractive, as the process is more time effective and mass spectrometry can be used
to detect for covalent labelling. The next step of my project involved optimising a first
generation fluorosulfate fragment library for screening against protein targets.?®®
PI4KIIIB was selected as a model protein of interest for validating the concept of a
covalent fluorosulfate fragment library due to our experience to date (Section 2.21).
It was anticipated that molecules containing a fluorosulfate group of a cut-down

PI14KIIIB template could covalently modify the protein, thus validating the concept of

the fragment library.
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Fragment 2.90 was synthesised as shown in Scheme 2.12. This scaffold was selected
in developing our covalent probes as it contained the equivalent pyrazolopyrimidine
core (Core 4) used for previous PI4KIIIB covalent inhibitors. It was anticipated that

this template could still obtain similar recognition in the ATP binding site of PI4KIIIp.

NBS, CH,Cl,
~N ° .
0O O HN™ 16 h, 145 °C NN 5 mins, RT fLN’N
+ » N » A\
M HzNM step 1 m step 2 \N)\gi

Br

2.86 1.51 2.87 (96%) 2.88 (98%)
2.48
PdCl,(dppf)CH,CI, (10 mol%)
step 3 Cs,CO; (2 eq.)
1,4-dioxane/H,0 (4:1)
Chamber A SDI (1.5 eq.), KF (4 eq.) 5h, 120 °C
TFA (1 mL) ‘
Chamber B DIPEA (12 eq.), MeCN
NN, < 15hRT NN
o J=o step 4 o J=o
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o
S~F
(0] OH
2.90 (86%) 2.89 (69%)

Scheme 2.12: Synthesis of PI4KIIIB fragment 2.90.

A supplementary fragment 2.95, was prepared as shown in Scheme 2.13. The
expected potencies for these fragment PI4KIIIB covalent probes (2.90 and 2.95) was
expected to drop significantly, due to the fact that the complexity of the molecule
was reduced and so the protein inhibitor interactions would be weaker. 2.95 was
synthesised to ensure that the covalent fragment was soluble at a high enough
concentration to detect a covalent modification of PI4KIIIB. As outlined in Section
One of this thesis, Core 1 (1.25-1.27) offered improved solubility over the other
templates investigated and due to the expected decreased binding affinity, a high

concentration of these fragments could be required.
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Scheme 2.13: Synthesis of PI4KIIIB fragment 2.95.

Fragments 2.90 and 2.95 were profiled in the PI4KIIIB enzyme and cell assays, along

with the physicochemical assays. The data is presented in Table 2.11.

Kinetic
Cpd PI4KIIB  CPE AMP
number pICso pICso sol. ChromLogD7.4

(ug/ml) (nm/s)

NN
ﬁké\ . 290 <5 5.4 6 7.2 820

W

”é oo 2.95 <5 <5 65 5.9 485
S~F
(¢}

Table 2.11: The biochemical and physicochemical data for fragments 2.90 and 2.95.

Compound 2.90, with an additional methyl group, displayed less favourable
physicochemical properties with a higher ChromLogDy7 4 (increased lipophilicity) and

low kinetic agueous solubility (6 pg mL?). Whereas, fragment 2.95 displayed more
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desirable properties with a smaller ChromLogD7.4 (5.9) and higher kinetic agueous
solubility (65 pg mL?). As anticipated, fragments 2.90 and 2.95 were inactive in the
enzyme assay up to the concentration tested (10 uM final assay concentration, see
Section 2.24 for details) which could be due to the loss of the bidentate hinge binding
interaction. Fragment molecules frequently need to be investigated at high
concentrations in order to detect their binding. It was possible that the compound
concentration used in this experiment may not have been high enough to detect
binding. In both of the biological assays, ATP is present (kinase competitive inhibitor)
at high concentrations (100 mM), which could potentially prevent fragments 2.90 and

2.95 from binding to the active site of PI4KIIIp.

To account for the potential of weak binding, a serial dilution for fragments 2.90 and
2.95 was investigated against PI4KIIIB using protein intact mass spectrometry as the
detection method. The fragments were incubated with recombinant PI4KIIIf protein
at 10 °C for 24 h and were analysed by mass spectrometry (Figure 2.60). Compound
2.98 (Scheme 2.14) the control fragment in the mass spectrometry experiment
showed no signs of covalently modifying P14KIIIB (see Appendix 3.5). This suggests
that fragments 2.90 and 2.95 were bound to the active site of PI4KIIIB and that the
reversible interactions with the protein were important to enable covalent

modification.
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Figure 2.60: Mass spectrometry of fragment 2.90 and 2.95 after 24 h incubation with
recombinant PI4KIIIB at 10 °C.

Pleasingly, both fragments 2.90 and 2.95 covalently modified PI4KIIIB only once after
a 24-hour incubation (Figure 2.60). Interestingly, fragment 2.90 showed
approximately 50% labelling of the protein at 100 uM, whereas, for fragment 2.95,
the more soluble scaffold, approximately 50% labelling of the protein was observed
at 3.1 uM. 2.95 took up to 24 h to achieve 100% labelling of the protein at 100 uM
without additional covalent adduct formation at these high concentrations.
Therefore, fragments 2.90 and 2.95 were significantly slower in covalently modifying
PI4KIIIB under these experimental conditions when compared to 2.45 (Section 2.17)

which was most likely due to the weaker binding affinity.

It is proposed that the hydrophobic methyl group in 2.90 is not accommodated in the
active site as well as the NH moiety, potentially due to a clash with Val598. A

maximum of only 50% covalently modified PI4KIIIB was achieved after 24 h. A longer
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incubation time would be necessary to achieve full conversion with Lys549. For the
larger molecules such as 2.46, the NH donor group could form a favourable hydrogen
bonding interaction with the carbonyl oxygen atom of Val598, increasing the binding
affinity of the compound and as a result increasing the rate of covalent modification

(shown in Figure 2.61).

i )N;)\VaISQS NH Val598
Sterlc hlndrance \ ,;8
/ N N / N~ N
\\/I \\
/ F
' 2.90 2.46
Monodentate hinge binding interaction Bidentate hinge binding interaction

Figure 2.61: Different hinge binding interactions, potentially influencing the rate of

covalent modification.

In an attempt to understand the binding modes of fragments 2.90 and 2.95, they
were soaked at high concentration into PI4KIIIB crystals. Suitable electron density
was obtained, and the fragments were overlaid to compare their modes of binding
(Figure 2.62). Both fragments formed a monodentate hinge binding interaction with
the amino group of Val598 through the nitrogen lone pair of the five membered ring.
Compound 2.90, which contained a methyl group, adopted a different binding mode
to reduce the steric interaction with the oxygen of Val598, which was believed to be
responsible for the slower rate of covalent modification observed. To validate this
hypothesis, the methyl group in 2.90 could be replaced with a bulkier hydrophobic
substituents e.g. an iso-propyl or tert-butyl group. It could be envisioned that the rate
of the covalent modification could be reduced by changing the steric requirements

at this position.
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Both fragments 2.90 and 2.95 positioned the fluorosulfate group on the opposite face
in comparison with compound 2.45 (see Figure 2.49 and Figure 2.62). The presence
of the ortho-methoxy group in 2.45 may have restricted the rotation about the
oxygen sulfur bond, increasing the rate of the covalent modification. Whereas, in the
case of 2.90 and 2.95, the combination of lower binding affinity and unrestricted
rotation about the oxygen sulfur bond contributed to the slower rate of covalent
binding. The rate of the covalent modification could potentially be tuned by altering
the substitution pattern on the ortho-methoxy substituent (2.45) e.g. an iso-propyl
group. This change could help anchor the fluorosulfate warhead in a conformation to

promote covalent modification with Lys549. This would be the type of change carried

out during the optimisation of a fragment approach.

\

Y N N 7
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N

Figure 2.62: Crystal structure of fragments 2.90 and 2.95 engaged with Lys549 in
PI4KIIIB with resolution of 1.67A.

In conclusion, this work demonstrated that low molecular weight fluorosulfate
fragment molecules could label a lysine residue in a protein such as PI4KIIIB. The weak
covalent fragments could selectively bind to the lysine in PI4KIIIB without labelling

other residues. The reversible interaction between the protein and fragment
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molecule enabled the selective covalent modification to occur at a single lysine within

the protein.

To capitalise on this successful finding, we designed fragment molecules containing
a fluorosulfate as part of a non-cysteine covalent fragment library. As previously
shown, the effect of varying the ortho substituent can influence the reactivity of the
fluorosulfate group significantly. This presents the risk of identifying the most
reactive fragment i.e. most promiscuous covalent fragment, instead of the most
compatible fragment (based on the reversible interactions) to the protein target of
interest. Therefore, an unsubstituted phenyl ring was selected as the minimum
pharmacophore necessary within the library. The next decision involved choosing the
correct vector to attach the fluorosulfate warhead i.e. ortho, meta or para to the
connective group. The ortho position was disregarded due to potential steric factors
as outlined above. The para-and meta-positions cover different 3-dimensional
spaces, therefore, both positions were selected for modification as shown below in

Figure 2.62.

~

Figure 2.62: Initial design of a meta-and para-fluorosulfate fragment library.

Subsequently, the next point to address was how to connect the phenyl fluorosulfate
groups to the fragment part of the molecule. In medicinal chemistry, it has been well
established that the amide bond is one of the most useful bonds to introduce
diversity.*® The amide bond is strong, stable and there are multiple ways of
constructing it in high yield.?®” Another important consideration was the synthetic
sequence and to avoid potential hydrolysis of the fluorosulfate group. To date, the
chemistry associated with the preparation of the fluorosulfate group is limited and

requires a late stage functionalisation of a phenol. After searching through the
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catalogues of Sigma-Aldrich, there was an interesting commercially available
compound 2.96 and so this was used to investigate the potential of synthesising a

fluorosulfate fragment library (Scheme 2.14).

2. (COCl), (2.2 eq.),DMF (0.2 eq.)
3. PMB-NH, (1.1 eq.) frmemm e ;

I F
o i i Triethylamine (1.2eq) £ L 0=k
55 v N , 2
o 9Q HCl (1 M) g o CH,Cl, 3o L g o
16h,100°C 15 h, RT -
step 1 steps 2 & 3
O™ OEt 07 “OH 0°>NH ¢ 07 e
ol
2.96 MeO
Commercially 2.97 (91%) 2.98 (7%)
available

Scheme 2.14: Reaction scheme for the preparation of a fluorosulfate fragment

library.

Commercially available ethyl 4-((fluorosulfonyl)oxy)benzoate 2.96 was treated with
HCI (1 M) at 100 °C to give the corresponding carboxylic acid 2.97 without showing
any signs of hydrolysis of the fluorosulfate group. Compound 2.97 was converted to
the acid chloride which was reacted in-situ with para-methoxybenzylamine (PMB-
NH;) to give the corresponding amide 2.98. Steps 2 and 3 of the synthesis gave a low
overall yield, and so an alternative route to prepare the amide linker bond would be
required for a library synthesis. Another important consideration was the rigidity of
the fragment molecules; the flexibility of compound 2.98 is restricted. The carbonyl
group of the amide bond is directly connected to the para-fluorosulfate aromatic ring
and so planarity is embedded into compound 2.98. The concept of the covalent
fluorosulfate fragment library is for the fluorosulfate group to covalently modify
nucleophilic residues in many potential protein targets of interest, therefore, a level
of molecular flexibility would be important to allow the molecule to fit into a variety
of pockets. As a result, it was decided that a phenylacetic acid would be used in the

fragment library.
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An alternative synthesis for the novel meta-and para-fluorosulfate fragment library
was devised (Scheme 2.15 and Scheme 2.16). The first step involved synthesising a
tert-butyl ester 2.102, which would be easier to hydrolyse under acidic conditions
than the ethyl ester in the previous synthesis (Scheme 2.14). After examining
alternative reaction conditions for preparing a tert-butyl ester, it was established that
di-tert-butoxy-N,N-dimethylmethanamine 2.101 was the optimal reagent for this
transformation. To add significant value to the fluorosulfate fragment library
approach, we wanted to avoid carrying out a late stage functionalisation of phenols
to construct the fluorosulfate warhead. A one pot strategy for synthesising key

intermediates 2.104 and 2.108 was developed.

Chamber A SDI (1.5 eq.), KF (4 eq.)

OH %
OH t t Toluene Chamber B DIPEA (12 eq.), CH,Cl, O/S\F
BuO O'Bu 16 h, 80 °C _ 0 15 h, RT o
u
OH - O'Bu
2.100 2.101 2.102 (85%) 2.103 (61%)
HCI (1 M)
step 3
P2 l6h, 90°c
Y
O 0

2.104 (99%)

Scheme 2.15: Synthesis of 2-(3-((fluorosulfonyl)oxy)phenyl)acetic acid 2.104.

172
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Scheme 2.16: Synthesis of 2-(4-((fluorosulfonyl)oxy)phenyl)acetic acid 2.108.

This route was appealing from a safety perspective as there would only be one
reaction using sulfuryl fluoride gas as the fluorosulfate group was incorporated
before the diversification step (step 2). In addition, the route could be rendered high
throughput for preparing the amide bond in the final step. The tert-butyl ester of
compounds 2.103 and 2.107 was hydrolysed under acidic conditions to give the

corresponding carboxylic acids (2.104 and 2.108) in high yield (step 3).

The final step of the fragment library preparation involved synthesis of the amide
bond. As shown in Scheme 2.14, the original route proceeded via an acid chloride
intermediate which did not prove optimal. Therefore, alternative amide coupling
reagents such as HATU and T3P were investigated and HATU was identified as the
preferred amide coupling reagent. As shown in Scheme 2.17, the amide bond

formation proceeded in reasonable yields to give 2.109 (60%) and 2.110 (46%).
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Scheme 2.17: Scoping the synthesis of meta-and para-fluorosulfate fragment

molecules.

A robust synthetic procedure had been developed to prepare a meta- and para-
fluorosulfate fragment library. The subsequent steps involved deciding which protein
targets and amine monomers would be suitable to investigate the potential of the
fluorosulfate fragment library. Our attention was focused on in house photoaffinity
fragments where known small molecule binders had been validated for specific

protein targets.

Recently, in house photoaffinity fragment libraries have been used to identify new
small molecules which display activity towards proteins of interest.?>® As shown in
Figure 2.63, different small molecule amines can be appended with a photoreactive
group. The small molecule (2.111) binds to the protein target. The protein inhibitor
mixture is subjected to UV-irradiation, typically 365 nm (dependent on photoreactive
group). A highly reactive intermediate is formed and, dependent on the surrounding
protein microenvironment, a covalent link with the protein target can be made,
commonly known as photo-crosslinking. The covalent adduct can be profiled using
mass spectrometry. This approach can be used as a high throughput platform to

elucidate new small molecule ligands of protein targets.
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Figure 2.63: The workflow of a photoaffinity fragment screening library.>>® Adapted

from reference 258.

The BET protein BRD4 was identified as a potential target. In-house photoaffinity
fragment libraries have identified groups which covalently modify BRD4. Protein X-
ray crystallography was used to characterise the BRD4-fragment (2.111) interactions
where an intermolecular hydrogen bond between the diazirine (photoactivatable

group) and Lys141 (Figure 2.64) was observed.
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Figure 2.64: Crystal structure of 2.111 in the binding pocket of BRD4 highlighting a
key hydrogen bonding interaction with Lys141 (PDB: 2N3K).

Fragment 2.111 used in the photoaffinity fragment library was selected as a group of

interest as this bound to BRD4, close to a lysine residue (Lys141). The small molecule
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amine monomer was appended with a fluorosulfate warhead to give fragment 2.121
(shown in Figure 2.65) in an attempt to engage with Lys141 in BRD4. Fragment 2.121,
and additional potent BRD4 fragments were explored to determine the potential of

covalently modifying BRDA4.

Photoaffinity labelling Fluorosulfate labelling
""" 11 11
: N
Amme monomer | )\
l U
"""""""""" 2,111 2.121-Meta 2.121-Para

Figure 2.65: Photoaffinity fragment 2.111 and fluorosulfate fragment 2.121.

A second protein target selected was KRAS, the most frequently mutated oncogene
in cancer, appearing in 90% of pancreatic, 35% of lung and 45% of colon cancers.?*°
Therefore, the KRAS protein is deemed an important target in oncology. Early efforts
in discovering small molecule inhibitors for targeting KRAS failed, which was due to
the lack of well-defined hydrophobic pockets on the surface of the protein.?>® The
tractability of targeting this protein with small molecule inhibitors remains uncertain
and alternative approaches for inhibiting KRAS require investigation. More recently,
new strategies have been reported to develop KRAS-targeted therapies.260-262
Compound 2.112 containing an acrylamide (Figure 2.66) was shown to covalently

bind to Cys12 in the active site of KRAS®12¢-GDP.263
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2.112

Figure 2.66: Compound 2.112, a recent example of a KRAS covalent inhibitor

targeting a cysteine residue.

KRAS is believed to be a difficult protein to target.?>® However, due to its potential
for various cancer treatments and the recently reported KRAS covalent inhibitors,
KRAS represented an interesting target to explore. We decided to select amine
monomers with KRAS pharmacophore elements in the fluorosulfate fragment library
set. The amine monomers were chosen based on in-house knowledge of
photoaffinity fragments. The protein crystal structure of KRAS is shown in Figure 2.67,
where exposed nucleophilic residues have been highlighted (Lys104, Tyr71 and
Tyrl37). These residues represent potential nucleophilic sites which could be

covalently modified by a fluorosulfate warhead.
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Figure 2.67: Crystal structure of KRAS highlighting potential nucleophilic residues
Lys104, Tyr71 and Tyr137.

We now had a set of fragment warheads in which to introduce our fluorosulfate
group. As shown in General Procedure A (see Section 2.25), the final amide bond
formation was rendered high throughput. A focused set of 9 amine monomers which
contained BRD4 and KRAS pharmacophoric elements were coupled onto the meta
and para phenyl acetic fluorosulfate warheads 2.104 and 2.108, giving a total of 18
final fragment molecules (Figure 2.68, 2.113-2.121).
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Figure 2.68: Fluorosulfate fragment library (2.113-2.121).

The fluorosulfate fragment library set (shown in Figure 2.68) at high concentrations
(20 mM) were incubated for 24 h at 10 °C with recombinant BRD4 and KRAS proteins
(1 uM protein). Subsequently, mass spectrometry was used as the detection method
to determine any covalent modifications. Unfortunately, no covalent adducts were
observed in PBS buffer with high concentrations of fragments (20 mM, shown in
Figure 2.69). An alternative buffered solution, HEPES was used as the media to
incubate the fragments and proteins, and no sign of a covalent modification was
identified by mass spectrometry. As previously mentioned in Section 2.5, the pKa of
a lysine is approximately 10, therefore, to help increase the nucleophilicity of lysine,
TRIS base pH 8.6 was used to help enhance the nucleophilicity of the amino acid
residues. However, no covalent mass adducts were identified for either BRD4 or

KRAS.
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Figure 2.69: Fluorosulfate fragments incubated with BRD4 and KRAS proteins.
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As shown in Figure 2.64, Lys141 in BRD4 is not deeply buried in the protein pocket
and is solvent exposed.'’® It has been established that deeply buried lysine residues
can have their pKa lowered by up to 5 units and so the reactivity of the lysine is largely
dependent on its protein microenvironment. After carrying out this study, it was
concluded that Lys141 was not situated in a suitable protein microenvironment and
was therefore not sufficiently nucleophilic. Based on this, it was concluded that BRD4
was not a suitable protein target for exploring the potential of a fluorosulfate

fragment library targeting non-cysteine residues.

KRAS is well known for its poor druggability, it wasn’t the simplest of protein targets
for examining the potential of a covalent fluorosulfate library.?®* The reduced
reactivity of the fluorosulfate warhead in comparison to sulfonyl fluorides may have
hindered its ability in covalently modifying potential tyrosine residues. The lack of
hydrophobic pockets in KRAS may disfavour the covalent interaction with the
fluorosulfate warhead as the potential nucleophilicity associated with lysine/tyrosine

could be limited.

As PI4KIIIB had a suitable lysine to target, it was decided to screen fluorosulfate
fragment library (Figure 2.68) with PI4KIIIB protein under the same experimental
conditions as outlined above. No covalent labelling of the protein was identified. This
highlighted the specificity of the covalent modification with the PI4KIIIB targeted
compounds and fragments. This provides strong evidence that the fluorosulfate

warhead required a certain conformation to engage with the nucleophilic lysine
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residue. If the molecule cannot adopt this conformation in the protein then it won’t
bind and so there will be no chance to covalently modify the protein. The reduced
reactivity of the fluorosulfate warhead minimises the potential for promiscuous
reactivity and places more emphasis on the reversible interactions with the target
protein. Therefore, as a fragment library, the number of ‘hit’ fragments against
protein targets would be envisioned to be lower in comparison to photoaffinity
fragment libraries. However, due to the reduced reactivity of the fluorosulfate
warhead, the ‘hit’ fragment would be expected to be a valid fragment molecule for

commencing a drug discovery project.

In conclusion, fragment compounds 2.90 and 2.95 covalently modified Lys549 in
PI4KIIB at high concentrations. This acted as a proof of concept that a low molecular
weight fluorosulfate fragment could actually label residues in proteins, with this very
encouraging result, it gave an excellent rationale to design a potential covalent
fluorosulfate fragment library. The synthesis of a meta and para phenylacetic derived
fluorosulfate fragment library was robust and synthetically tractable. However, no
absolute conclusions can be drawn on the application of the meta and para
fluorosulfate fragment library derived from building blocks 2.104 and 2.108. The
focused fragment library was based on in-house knowledge and the library set was
limited in terms of the number of fragments. Ideally, a larger fluorosulfate fragment
library should be synthesised (hundreds of fragments) with a greater diversity of
binding elements to determine its potential as a non-cysteine fragment covalent
library. Further research into the covalent fluorosulfate warhead may be required
(2.222-2.224). In this study, an unsubstituted phenyl ring was selected, however,
alternative groups should be investigated, with perhaps additional functionality
(Figure 2.69). For example, this could include HBA groups to make additional
interactions with the protein target; striking a balance between physicochemical

properties, reactivity and stability.
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Figure 2.69: Alternative fluorosulfate covalent warhead groups to investigate.

2.23 Conclusions

In summary, a range of PI4KIIIB covalent inhibitors were synthesised to initially target
Lys549 in the ATP binding site of the protein. A range of electrophilic warheads were
explored, and it was identified that the physicochemical properties of these activated
phenolic esters were suboptimal and that other electrophiles required investigation.
Sulfonyl fluorides were initially pursued as alternative covalent warhead, but
hydrolysis to the sulfonic acid was observed. As a result of the poor stability of this
compound class, they were deemed unsuitable. This led to an investigation into
fluorosulfate containing molecules where novel fluorosulfate inhibitors such as 2.45,
2.46 and 2.47 were synthesised using ex-situ generation of SO2F, (g) in COware to

target Lys549.
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Figure 2.70: Lysine targeted fluorosulfate covalent inhibitors of P14KIIIB.

A robust synthetic procedure for the preparation of fluorosulfate compounds was

established. The stability of compounds 2.45, 2.46 and 2.47 to aqueous buffer were
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investigated. No signs of hydrolysis were observed under neutral and acidic
conditions. This was supported by an acidic ester hydrolysis transformation of
compounds containing a fluorosulfate (Scheme 2.14) where no hydrolysis of the
fluorosulfate group was observed. Under basic conditions, the fluorosulfate group
was susceptible to slow hydrolysis. The rate of base hydrolysis could be slowed down
further in the presence of an ortho methoxy substituent e.g. 2.45. The increased
steric contribution and reduced electrophilicity of the fluorosulfate group is believed

to enhance the warhead stability.

Compounds 2.45, 2.46 and 2.47 were profiled in terms of their reactivity. Excess
lysine (50 eq.) under basic and neutral conditions (pH 10) was used to examine the
compound’s reactivity, where the fluorosulfate warhead was unreactive under
neutral conditions. Under basic conditions, the fluorosulfate group could react with
lysine and tyrosine. It was established that the reactivity of the fluorosulfate warhead
with lysine was slow (even slower against tyrosine). After the stability and reactivity
of the fluorosulfate warhead was measured, our attention turned to biochemical

testing of the compounds with PI4KIIIB.

Compounds (2.45, 2.46 and 2.47) were screened through two key assays: enzyme
and cell. In-house PI4KIIIB biochemical assays alluded to an alternative mechanism of
action as an increase in potency from the enzyme to cellular assay (which had a 48 h
incubation period, compared to a 40 min incubation in the enzyme assay) was
observed compared to control compounds. To investigate whether this increase in
activity in the prolonged incubation in the assay was related to the fluorosulfate,
characterisation of the covalent adduct with PI4KIIIB was carried out using mass
spectrometry. Pleasingly, protein labelled with the reacted warhead was observed
which had only labelled PI4KIIIB once. Lead compound 2.45 was further profiled in a
lipid kinase panel screen where over 100-fold selectivity against other lipid kinases

was achieved (Section 2.13).
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Previous work carried out in Part One showed that the pyrazolopyrimidine template
(Core 4) used was selective towards PI4KIIIB. Therefore a covalent warhead was
appended, and the conserved lysine was covalently modified. This revealed, a general
approach to covalent kinase drug design, where the selectivity can be obtained
through the core of the compound. A kinase with a potential nucleophilic residue
could be selectively modified using a selective reversible template, appended with a
fluorosulfate warhead targeting a non-cysteine residue, thus achieving selective

covalent inhibition.

Biochemical mechanistic experiments were then carried out to determine the rates
of the reversible and irreversible interactions for compounds 2.45 and 2.76. The
results gathered from the characterisation techniques were consistent, where the
covalent bond forming step was slow (extremely slow for targeting tyrosine).
Therefore, the inhibitors were suitable for a slow onset of inhibition with a prolonged
duration of action. This could be due to poor nucleophilicity of the lysine/tyrosine
and/or the reduced reactivity of the fluorosulfate warhead. The targeted covalent
modification was guided by the reversible interactions between the inhibitor and
protein (Figure 2.71). The fluorosulfate warhead required a specific conformation
before the nucleophilic residue could engage which helped with the specificity of the

covalent modification.
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Figure 2.71: A generalised representation of a fluorosulfate warhead covalently

modifying a protein target.

Protein crystallography enabled the design of alternative covalent fluorosulfate

inhibitors targeting a tyrosine residue (Figure 2.72). A crucial hydrogen bonding
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interaction between the para pyridyl head group and Tyr385 was identified (Figure
2.24). This led to the development of compound 2.76. It was hypothesised that a dual
covalent inhibitor molecule could potentially target both residues simultaneously
(Lys549 and Tyr385). Compound 2.83 was synthesised, and pleasingly the covalent
modification was detected by mass spectrometry and a crystal structure was
obtained. This could have potential applications in chemical biology where a dual
covalent compound could covalently link multiple residues in proteins to form a

bivalent complex.
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Figure 2.72: Design of alternative fluorosulfate inhibitors targeting Lys549 and
Tyr385.

The final part of the research involved determining whether a covalent fluorosulfate
fragment library technology could be a viable approach for identifying fragment ‘hits’
against proteins. PI4KIIIB was used to validate the concept, where fragment like
compounds based on Core One and Core Four were used to selectively covalently
modify Lys549. After validating the concept of a fluorosulfate fragment library, a
robust synthetic procedure was devised to prepare a covalent fluorosulfate fragment
library. The use of in-house photoaffinity fragment libraries were used to identify

fragment molecules which could be used to potentially modify a protein target of
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interest.?>® The potential of a fluorosulfate fragment library remains at an early stage
as the focused fragment library set used in Section 2.22 was limited. Ongoing
research within our laboratories is investigating fluorosulfate containing molecules

as tools within drug discovery research.

The work carried out has demonstrated the potential of introducing a fluorosulfate
covalent warhead within a fragment library technology. In principle, P14KIlIf could
have been targeted using a fragment fluorosulfate molecule 2.90 and then x-ray
crystallography could have been used to design and explore further SAR. This could
have established a more potent PI4KIIIB covalent inhibitor 2.45 as shown in Figure

2.73.
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Figure 2.73: Fluorosulfate covalent PI4KIIIB inhibitors 2.90 and 2.45.

As result, this approach could be applied to other protein targets. Screening a set of
fluorosulfate fragment molecules could identify a novel compound series for a
particular target. Further SAR could induce a more potent inhibitor (reversible or
irreversible) with a desirable profile which could lead to the development of novel

drug molecules.
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EXPERIMENTAL

2.24 General methods and assays

Enzymatic assay (PI4KIIIB plCso) — Compound plates stamped with 60 nL stamp from
11-point titration (10 uM final assay concentration), 60 nL of DMSO in control
columns 6 and 18. Dispense 3 pL of 2x substrate solution into all columns and add 3
ulL of assay buffer (25 mM HEPES pH7.5 (NaOH), 10 mM MgCl, 0.5 mM EGTA, 0.1%
Triton X-100, 2 mM TCEP, 0.1 mg/mL BSA, 100 mM ATP (fresh)) to column 18 (no
enzyme low control). Add 3 pL of 2x enzyme solution to columns 1-17 and 19-24 and
centrifuge plates at 1000 rpm for 1 min, apply plate seal to each plate and incubate
for 180 min at room temperature. Centrifuge plates at 1000 rpm for 1 min prior to
removal of plate seal and add 6 pL of ADP-Glo 1 reagent +0.1% CHAPS to all wells.
Centrifuge plates at 1000 rpm for 1 min and incubate for 60 min at room
temperature. Add 12 uL of ADP-Glo 2 reagent +0.1% CHAPS to all wells, centrifuge
plates at 1000 rpm for 1 min and incubate for 40 min at room temperature. Read
plates on Viewlux or PHERAstar (signal stable for 30-90 min following Glo 2
incubation). In the enzymatic assay, the ADP product is detected through a 2-step
coupled detection with a luminescent read-out. In the first step the kinase reaction
is quenched, and unused ATP substrate is converted to AMP, removing it from the
detection system. In the second step, the ADP produced by the kinase reaction is
converted back to ATP, and this is then detected via a luciferin/ luciferase reaction,
as shown in Figure 2.74. The luminescent signal produced is proportional to the

guantity of ADP produced, therefore correlating with PI4KIIIB activity.
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Figure 2.74: PI4KIIIB enzyme assay.

Cellular based assay (CPE plICso) — 0.5 uL of a 10 mM compound stock solution is
stamped into compound plates. 3 mM top conc, 1:3 dilutions, 10 points with 0.5 plL
of 100% DMSO in columns 11 and 12. Remove the compound plates from the freezer,
if necessary, and equilibrate to room temperature. Centrifuge briefly (bring up to
1000 rpm and then turn off the centrifuge). Remove the foil seals and pre-warm assay
medium to 37 °C in sterile water bath. Wash confluent monolayer of Hela cells with
10 mL of PBS and add 3 mL TryplE to cover cells. Incubate 5 min at 37 °C and gently
agitate flask to detach cells, then remove cells to 50 mL Falcon tube. Centrifuge 300
g for 5 min and re-suspend pellet in approx. 50 mL of media, then count the cells
using Vicell. Adjust concentration to 6.6x10% cells/mL, for the 96-well assay, cells and
virus are pre-mixed prior to dispensing into the compound plates. Add virus to moi 1
and HRV type A strain 16 stock, or a pre-diluted stock, is added to the 6.6x10* cells/mL
suspension at the appropriate pre-determined dilution for the current virus stock to
achieve an MOI of 1, or a suitable MOI for the current virus stock. Add 150 uL of
cell/virus suspension per well using a Multidrop to columns 1 to 11 and add 150 pL
of cell suspension per well using a multichannel pipette to columns 12. Incubate the
plates at 33 °C, 5% CO», for 2 days post infection. Prepare fresh, or thaw frozen,
CellTiter-Glo reagent. Avoid repeated freeze thaw cycles. Remove the 96-well plates
from the 33 °C, 5% CO: incubator and equilibrate to room temperature. Dispense 60
pL CellTiter-Glo reagent into all columns of the 96-well plates using a Multidrop. Cell
Titer Glo reagent can be stored at RT or 4 °C for 8 hours. Once reconstituted can be

stored at -20 °C for 21 weeks with ~3% loss of activity. Stable up to 10 freeze thaw
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cycles with <10% loss of activity. After approximately 20 minutes of room
temperature incubation, read the 96-well plates on the Envision using the Cell Titre

Glo for CPE protocol to measure luminescence.?%>

Intact protein mass spectrometry — Intact protein masses were recorded by liquid
chromatography-mass spectrometry (LC-MS) using a 6224 TOF (Agilent) Accurate
Mass Series mass spectrometer, interfaced with an Agilent 1200 liquid
chromatography and sample handling system. The protein sample was injected using
an Agilent 1200 series AutoSampler (Model No. G1367B) with a 10 pL injection
volume and maintained at a temperature of 10 °C. Chromatography was carried out
on an Agilent Bio-HPLC PLRP-S (10004, 5 um x 50 mm x 1.0 mm, PL1312-1502)
reverse phase HPLC column at 70 °C. Using an Agilent 1200 series binary pump system
(Model No. G1312B) the sample was eluted at 0.5 mL/min using a gradient system
from Solvent A (water, 0.2 % (v/v) formic acid) to Solvent B (MeCN, 0.2 % (v/v) formic

acid) according to the following conditions:

FLOW

TIME (MIN)  %B (ML/MIN) PRESSURE

0 20 0.5 350
0.5 20 0.5 350
0.51 40 0.5 350
2.5 80 0.5 350
2.51 100 0.5 350

4 100 0.5 350
4.01 20 0.5 350
45 20 0.5 350

Table 2.12: Elution gradient (%B) used for intact protein LC-MS

The eluent was injected directly into an Agilent TOF mass spectrometer (Model No.
G6224A) using a dual ESI source and scanning between 600-3200 Da with a scan rate
of 1.03 s in positive mode. The following MS parameters were used: Capillary voltage
limit — 4200; Desolvation temperature — 340 °C; Drying gas flow — 8.0 |/min. Data
acquisition was carried out in 2GHz Extended Dynamic range mode. Spectra were

processed using Mass Hunter Qualitative Analysis™ B06.00 (Agilent) software with
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the Maximum Entropy method employed. The total ion chromatograms (TIC) were
extracted (region containing protein) and the summed scans were deconvoluted over

a m/z range with an expected mass range dependent on the protein (see below).
Table 2.13: Deconvolution conditions for PI4KIIIB, BRD4 and KRAS®2P,

EXPECTED MASS

PROTEIN M/Z RANGE RANGE
P14KIIIB 850-2200 89000-93000
BRD4 850-2200 14000-17000
KRASG12D ‘ 850-2000 18000-21000

The csv. files of deconvoluted spectra results were analysed using R Studio software
to generate TIFF files of the spectra. Data Processing was carried out with assistance

from Emma Grant.

X-ray crystallography — All crystal structures were determined by Don. O. Somers
who is part of the structural and biophysical sciences, GlaxoSmithKline medicines

research centre, Stevenage, UK. Email: don.o.somers@GSK.com for further

information. The PDB files were analysed by MOE 2016.0802 to generate .Jpg files for

images.

Kinetic binding assay — This assay and data processing was carried out with assistance
from Dr John P Evans (GSK). Human PI4KIIIf (13-828, D316-330): GRITS48706 Stored
at -80 °C. No known stability issues but should avoid repeated freeze/thaw cycles
(>3). Molecular Weight: approx. 90,292 Da, BioCat ID 122258. The total protein
concentration is approx. 1 mg/mL (Bradford; equivalent to 11.1 uM). TCEP: Stored at
-20 °C in reasonably sized aliquots. Bovine Serum Albumin (BSA) (Molecular Weight
approx. 66,000 Da). Prepare 10 mg/mL in MilliQ water; stored at -20 °C in reasonably
sized aliquots. Phosphatidylinositol (diC8), Pl (Molecular Weight 608.6 Da). Dilute to
5 mM in MilliQ water and store at -80 °C in reasonably sized aliquots. ATP (10 mM).
ADP-Glo kit, 0.1% CHAPS added to Glo1 and Glo2 reagents, stored at -20 °C. Buffered
solution (contains 25 mM HEPES pH 7.5 (NaOH), 0.5 mM EGTA, 10 mM MgCl, 0.1 %
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(v/v) Triton X-100). Add 2 mM TCEP and 0.1 mg/mL BSA on day of use. Compound
stock solutions (10 mM) were dispensed using the HP digital dispenser using diluted
stocks. The total final volume of DMSO added to each well was normalized across the
plate to 60.8 nL (1%) in a total volume of 6 uL. White Greiner 384 well low volume
plates were used. The onset of inhibition at saturating ATP (1 mM to exacerbate slow
association) using the ADP-Glo format. The substrate, enzyme, and quench additions
were performed by the DragonFly liquid handling robot. Global progress curve fitting
was used to determine the rate of onset of inhibition at increasing concentrations of
inhibitor. The raw fluorescence data was fitted by the local progress curves analysis
assuming a slow binding, irreversible inhibition. The notation for use of this equation
in Graphpad Prism 5 is given below. Where kinact denotes the rate constant for
inactivation of the kinase in units of s1, and K; is the concentration at which the half
maximal rate of inactivation is achieved, in molar units to derive the kinact. Ki values
are an expression of an ICsp value as described by the Cheng-Prusoff relationship
therefore kon/kotf describes the change in Ki. [s] is the concentration of substrate used.
Km is the Michaelis Menton constant, substrate concentration at which 50% of the
maximal enzyme turnover rate is achieved. Therefore, for assays carried out at
Km(ATP), the K; is approximately 2-fold more potent than the measured value, which

corresponds to roughly 0.3 log unit increase in plCso.

IC50

Cheng Prusoff equation: K; = —————
1 (1)
Km
GraphPad notation:
vf=0
vi=v0 /(1 + (Compound*1e-9)/ K;)
Kobs = ((Kinact * (Compound*1e-9))/(Ki + (Compound*1e-9)))

Y=If(X<X0, YO, YO+ vf*(X-X0) + ((vi-vf)/kobs)* (1-exp(-kobs* (X-X0))))
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HPLC reactivity assay — Assay protocol: 25 uL of a 20 mM stock of inhibitor in DMSO
was added to a stirred solution of internal standard (biphenyl, 25 uL of 2 mM stock
in DMSO) (note: time added was recorded), 450 uL of 55.5 mM acetyl-lysine stock
solution in 100 mM borate buffer at pH10.2 (pseudo first order reaction conditions).
The reaction was stirred at 37 °C and analysed immediately by HPLC. The reactions
were monitored frequently by HPLC and each reaction was carried out in at least
duplicate. After reaction completion, the resulting reaction mixture was monitored
by LCMS on a formic modifier and analysed by HRMS. The control reaction was ran

under the same experimental conditions without added lysine.

HPLC Method: The liquid chromatography (LC) analysis was conducted on an
Phenomenex Kinetex® XB-C18 column (50 mm x 3.0 mm internal diameter, 2.6 um
packing diameter) at 37 °C using a 0.5 uL injection volume. The solvents employed
were A =0.05% v/v solution of trifluoroacetic acid in water, and B =0.05% v/v solution
of trifluoroacetic acid in MeCN.

The gradient employed was:

FLOW RATE

TIME (MIN) (ML/MIN) %A%B
Initial 1.0 973
1.5 1.0 100
1.9 1.0 100
2.0 1.0 973
2.3 1.0 973

The UV detection wavelength was at 260 nm.

Stability assay — Compound stock solutions (10 mM) were added to buffered solution
at 40 °C to measure the stability under different degradation conditions. Buffers used,
GSH: Phosphate buffer pH7.4 with 5 mM GSH. pH10 OX: Britton Robinson pH10
buffer with 20 molar% hydrogen peroxide. pH10: Britton Robinson pH10 buffer. pH6
OX: Britton Robinson pH6 buffer with 20 molar% hydrogen peroxide. pH6: Britton
Robinson pH6 buffer. pH4 OX: Britton Robinson pH4 buffer with 20 molar% hydrogen
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peroxide. pH4 OX: Britton Robinson pH4 buffer. The auto sampler was kept at 40 °C
during the analysis time to speed up the kinetics of degradation. 10 mM solutions of
compound in DMSO were diluted to 0.5 mM in MeCN. 440 pL of buffer were mixed
in chromatography vials with 110 pL of 0.5 mM compound in MeCN. The contents
were mixed using a Vortex. 550 uL was enough to inject the vial 10 times with an
injection volume of 5 uL (full loop load ahead method), covering the length of the
stability assay. The solutions were monitored by LCMS: Mobile Phase: A: 100% Water
with 0.1% Formic Acid. B: 100% MeCN with 0.1% Formic Acid.

Time / min Flow Rate / % A % B
mL-min-1
0.00 1 100 0
8.00 1 5 95
8.01 1 100 0
10.00 1 100 0

Amino acid screen — All reactions were carried out in a low volume capped LCMS vial
which contained 10 pL of stock compound (10 mM), 50 equivalents of the
appropriate amino acid (acetyl-Cysteine, acetyl-Lysine, ((benzyloxy)carbonyl)-Serine
or (N-Boc)-Tyrosine), 10 uL MeCN and 50 pL buffered solution (Total volume 70 pL).
All reactions were carried out at RT and were monitored by LCMS (see liquid
chromatography mass spectrometry for details) under a formic modifier after 3 h, 7
h, 20 h and 30 h. 2-(4-(2-Hydroxyethyl)piperazin-1-yl)ethanesulfonic acid referred to
as HEPES (50 mM) was the buffered solution at pH7.4. Sodium tetraborate buffer

solution known as borax (25 mM) was the buffered solution at pH10.1.
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2.25 Synthesis

Methyl 5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxybenzoate (2.22)
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A  microwave vial (20 mL) was charged with 3-bromo-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (1.52 g, 4.78 mmol), methyl 2-methoxy-5-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (3.07 g, 10.51 mmol),
PdCly(dppf)-CH,Cladduct (0.35 g, 0.43 mmol), cesium carbonate (3.42 g, 10.51
mmol), 1,4-dioxane (10 mL) and water (2.5 mL). The reaction vessel was sealed and
heated in the microwave at 120 °C for 5 h. After cooling, the reaction mixture was
passed through Celite™, diluted with EtOAc (20 mL) and washed with brine (20 mL).
The organic layer was passed through a hydrophobic frit and concentrated in vacuo.
The crude product was purified by column chromatography and eluted with EtOAc in
cyclohexane (0-100% gradient). The appropriate fractions were combined and
concentrated in vacuo to give methyl 5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.07 g, 3.87 mmol, 81% vyield). *H NMR (400
MHz, DMSO-de) 6 = 8.02 (d, J = 2.3 Hz, 1H), 7.93 - 7.89 (m, 1H), 7.60 (m, 2H), 7.49 -
7.43 (m, 3H), 7.31 - 7.26 (m, 1H), 5.97 (s, 1H), 3.89 (s, 3H), 3.84 (s, 3H), 2.56 (s, 3H),
2.42 (s, 3H). 13C NMR (101 MHz, DMSO-d¢) 6 = 166.8, 161.2, 156.8, 154.2, 152.3,
152.1,147.7,133.8,131.2,130.8, 127.4,124.9,121.3, 120.7, 113.3, 106.3, 90.8, 56.5,
52.4,25.2,14.7. LCMS (HpH) 100% desired product; tret = 1.16 min, MH* 404.3.
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Methyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)-2-methoxybenzoate (2.23)

OMe
OMe

A microwave vial (20 mL) was charged with methyl 5-(2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoate (2.07 g, 5.14 mmol),
pyridin-3-ylmethanamine (1.15 mL, 11.30 mmol), triethylamine (3.58 mL, 25.70
mmol) and DMSO (7 mL). The reaction vessel was sealed and heated in a microwave
at 120 °C for 5 h. After cooling, the reaction mixture was diluted with EtOAc (20 mL)
and washed with saturated aqueous sodium bicarbonate solution (20 mL). The
organic layer was passed through a hydrophobic frit and concentrated in vacuo to
give an oil. The crude product was purified by column chromatography and eluted
with EtOAc in cyclohexane (0-100% gradient) and flushed with ethanol (1:3) EtOAc.
The appropriate fractions were combined and concentrated in vacuo to give methyl
5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxybenzoate (1.36 g, 1.33 mmol, 64% yield). 'TH NMR (400 MHz, DMSO-dg) & =
8.71-8.66 (m, 1H), 8.52 - 8.46 (m, 2H), 8.04 - 7.99 (m, 1H), 7.93 - 7.87 (m, 1H), 7.87 -
7.80 (m, 1H), 7.42-7.33 (m, 1H), 7.25 - 7.20 (m, 1H), 6.10 (s, 1H), 4.68 - 4.63 (m, 2H),
3.87 (s, 3H), 3.83 (s, 3H), 2.54 (s, 3H), 2.36 (s, 3H).13C NMR (101 MHz, DMSO-ds) 6 =
167.0, 159.4, 156.4, 150.4, 149.2, 148.9, 146.5, 135.4, 134.4, 133.5, 130.6, 125.8,
124.0, 120.5, 113.2, 104.8, 86.0, 56.4, 55.3, 52.4, 42.7, 25.3, 14.7. LCMS (HpH) 98%
desired product; tret = 0.98 min, MH* 418.4.
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5-(2,5-Dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-

methoxybenzoic acid (2.24)
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Methyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-
2-methoxybenzoate (1.24g, 2.96 mmol) in THF (8 mL) and aqueous sodium hydroxide
(60 mL, 1 M) were heated at 55 °C for 3 h. After cooling, the solvent was concentrated
in vacuo and the residue was re-dissolved in water (25 mL, pH = 14). The pH was
lowered with acetic acid (pH = 4). The product was extracted out of the aqueous with
EtOAc (2 x 30 mL) and the organic layer was concentrated in vacuo. The combined
organics were concentrated in vacuo to give 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid as an off-
white solid (1.06 g, 2.60 mmol, 88% yield). *H NMR (400 MHz, DMSO-dg) 6 = 8.70 -
8.66 (m, 1H), 8.51 - 8.43 (m, 2H), 7.86 - 7.81 (m, 1H), 7.81 - 7.78 (m, 1H), 7.74 - 7.66
(m, 1H), 7.41 - 7.34 (m, 1H), 7.13 - 7.09 (m, 1H), 6.08 (s, 1H), 4.68 - 4.62 (m, 2H), 3.82
(s,3H),2.35(s, 3H), 1.90 (s, 3H). 3C NMR (101 MHz, DMSO-ds) 6 = 172.7, 169.4, 159.2,
155.5, 150.4, 149.2, 148.9, 146.4, 146.1, 135.4, 134.4, 131.0, 129.9, 125.4, 124.0,
112.7, 85.9, 56.2, 42.5, 25.2, 22.0, 14.6. LCMS (HpH) 98% desired product; tret = 0.61
min, MH* 404.3.
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4-Methoxyphenyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.25)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)-2-methoxybenzoic acid (136 mg, 0.34
mmol), 4-methoxyphenol (41.8 mg, 0.34 mmol), DMAP (8.24 mg, 0.07 mmol), EDC
(77 mg, 0.37 mmol) and CHxCl; (3 mL). The reaction was stirred at RT for 3 h,
additional 4-methoxyphenol (41.8 mg, 0.34 mmol) was added and the reaction was
stirred for a further 2 h. The crude product was purified by MDAP (formic method).
The appropriate fractions were combined and concentrated in vacuo to give 4-
methoxyphenyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate as a white solid (23 mg, 0.05 mmol, 14% yield).
14 NMR (400 MHz, DMSO-ds) 6 = 8.69 - 8.64 (m, 1H), 8.55 - 8.45 (m, 2H), 8.27 - 8.25
(m, 1H), 8.03 - 7.94 (m, 1H), 7.88 - 7.79 (m, 1H), 7.41 - 7.34 (m, 1H), 7.33 - 7.28 (m,
1H), 7.18 (d, /= 9.3 Hz, 2H), 7.01 (d, J = 9.3 Hz, 2H), 6.13 - 6.10 (m, 1H), 4.68 - 4.62 (m,
2H), 3.94 - 3.89 (m, 3H), 3.79 (s, 3H), 2.57 (s, 3H), 2.35 (s, 3H).13C NMR (101 MHz,
DMSO-de) 6 = 165.0, 159.5, 157.4, 157.1, 150.4, 149.2, 148.9, 146.5, 146.2, 144.6,
135.5,134.3,134.2,131.1,125.9, 124.0,123.2,119.4, 114.9, 113.4, 104.6, 86.2, 56.6,
55.9, 55.4, 25.3, 14.8. LCMS (HpH) 96% desired product; tret = 1.19 min, MH* 510.4
HRMS (Ca9H27N504) [M+H]* requires 510.2141, found [M+H]* found 510.2150 vmax
(neat) /cm™13380, 1738, 1588, 1186, 1046, 1022, 992, 823, 764, 521. Mp 132-135 °C.
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Phenyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)-2-methoxybenzoate (2.26)

~N
=

NH

-N
NS =
N
O\©
(e}
OMe

A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid (208 mg, 0.52
mmol), phenol (58.2 mg, 0.62 mmol), DMAP (12.60 mg, 0.10 mmol), EDC (128 mg,
0.62 mmol) in DMSO (3 mL). The reaction mixture was stirred at RT for 17 h and
additional phenol (116.4 mg, 1.24 mmol) and DMAP (12.60 mg, 0.10 mmol) were
added. The reaction was stirred for a further 24 h and purified by MDAP (formic
method). The appropriate fractions were combined and evaporated in vacuo to
afford phenyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
a)pyrimidin-3-yl)-2-methoxybenzoate as a yellow oil (6 mg, 0.02 mmol, 3% yield). *H
NMR (400 MHz, DMSO-de) 6 = 8.68 (d, J = 1.5 Hz, 1H), 8.50 (br d, J = 1.5 Hz, 2H), 8.29
(d, J = 2.3 Hz, 1H), 8.01 (dd, J = 2.4, 8.7 Hz, 1H), 7.86 - 7.80 (m, 1H), 7.53 - 7.45 (m,
2H), 7.38 (ddd, J = 0.8, 4.8, 7.8 Hz, 1H), 7.35 - 7.24 (m, 4H), 6.13 (s, 1H), 4.69 - 4.63
(m, 2H), 3.96 - 3.90 (m, 3H), 2.58 (s, 3H), 2.36 (s, 3H). 13C NMR (151 MHz, DMSO-ds)
6 =164.6,159.5, 157.1, 151.1, 150.5, 149.2, 148.9, 146.6, 146.2, 135.4, 134.4, 134.3,
131.1, 130.0, 126.4, 125.8, 124.0, 122.4, 119.2, 113.5, 104.5, 86.2, 56.6, 42.5, 25.2,
14.7. LCMS (HpH) 96% desired product; tret = 1.21 min, MH* 480.4 HRMS (C2sH25N503)
requires [M+H] * 480.2036, found [M+H]* 480.2039 vmax (neat) / cm™ 2967, 1738,
1618, 1585, 1260, 1191, 1033.
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4-Fluorophenyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.27)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid (190 mg, 0.47
mmol), 4-fluorophenol (63.4 mg, 0.57 mmol), DMAP (11.51 mg, 0.09 mmol), EDC (117
mg, 0.57 mmol) and DMSO (3 mL). The reaction was stirred at RT for 17 h. Additional
4-fluorophenol (63.4 mg, 0.57 mmol) was added and the reaction stirred for a further
2 h. The reaction mixture was purified by MDAP (formic method). The solvent was
evaporated in vacuo to give 4-fluorophenyl 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoate as a colourless
oil (16 mg, 0.03 mmol, 7% vyield). *H NMR (600 MHz, DMSO-ds) & = 8.70 - 8.64 (m,
1H), 8.51 (s, 1H), 8.49 - 8.47 (m, 1H), 8.30 - 8.26 (m, 1H), 8.04 - 7.98 (m, 1H), 7.87 -
7.78 (m, 1H), 7.41 - 7.25 (m, 6H), 6.15 - 6.08 (m, 1H), 4.71 - 4.60 (m, 2H), 3.94 - 3.90
(m, 3H), 2.57 (s, 3H), 2.35 (s, 3H). 3C NMR (151 MHz, DMSO-ds) 6 = 164.7, 160.8,
159.5, 159.3, 157.2, 150.5, 149.2, 148.9, 147.2, 146.5, 146.2, 135.4, 134.5, 134.3,
131.2, 126.0, 118.9, 116.7, 116.5, 113.5, 104.6, 86.2, 56.6, 42.5, 25.3, 14.8. LCMS
(HpH) 100% desired product; tret = 1.22 min, MH* 498.4 HRMS (Czs8H24FNsO3) [M+H]*
requires 498.1941, found [M+H]* found 498.1941 vmax (neat) / cm™12989, 1743, 1618,
1584, 1503, 1261, 1181, 1033, 520.
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2,2,2-Trifluoroethyl 5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.28)
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A microwave vial (20 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid (206 mg, 0.51
mmol), EDC (108 mg, 0.56 mmol), DMAP (12.48 mg, 0.10 mmol), 2,2,2-trifluoroethan-
1-ol (0.037 mL, 0.51 mmol) and CH,Cl, (3 mL). The reaction was stirred at RT for 2.5
h, diluted with CH,Cl; (15 mL) and washed with brine (15 mL). The organic layer was
concentrated in vacuo and purified by MDAP (high pH method). The appropriate
fractions were combined and evaporated in vacuo to afford 2,2,2-trifluoroethyl 5-
(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxybenzoate as a colourless oil (42 mg, 0.09 mmol, 17% yield). *H NMR (400
MHz, DMSO-ds) 6 = 8.70 - 8.65 (m, 1H), 8.55 - 8.43 (m, 2H), 8.24 (d, J = 2.4 Hz, 1H),
8.03 - 7.94 (m, 1H), 7.86 - 7.78 (m, 1H), 7.40 - 7.33 (m, 1H), 7.32 - 7.25 (m, 1H), 6.12
(s, 1H), 4.95 (q, J = 9.3 Hz, 2H), 4.65 (d, J = 6.8 Hz, 2H), 3.89 (s, 3H), 2.56 (s, 3H), 2.35
(s, 3H). 13C NMR (101 MHz, DMSO-ds) 6 = 164.2, 159.5, 157.1, 150.3, 149.2, 148.9,
146.4, 146.2, 135.4, 134.3, 134.2, 131.4-121.2, 126.0, 124.1, 118.1, 113.5, 104.3,
86.3, 60.7, 60.3, 56.5, 42.5, 25.2, 14.9. F NMR (376 MHz, DMSO-dg) 6 = -72.34 (s,
1F). LCMS (HpH) 99% desired product; tree = 1.17 min, MH* 486.4 HRMS
(C24H22F3Ns03) requires [M+H] * 486.1753, found [M+H]* 486.1753. vmax (neat) / cm™
2966, 1738, 1617, 1575, 1504, 1416, 1280, 1164, 1025, 969, 821, 625.
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1,1,1,3,3,3-Hexafluoropropan-2-yl 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoate (2.29)
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A microwave vial (20 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid (190 mg, 0.47
mmol), EDC (99 mg, 0.52 mmol), DMAP (11.51 mg, 0.09 mmol) and 1,1,1,3,3,3-
hexafluoropropan-2-ol (0.050 mL, 0.47 mmol) in CH;Cl, (3 mL). The reaction was
stirred at RT for 3 h, diluted with CH,Cl, (15 mL) and washed with brine (15 mL). The
organic layer was concentrated in vacuo and purified by MDAP (formic method). The
appropriate fractions were combined and evaporated in vacuo to afford 1,1,1,3,3,3-
hexafluoropropan-2-yl  5-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate as a white solid (57 mg, 0.10 mmol, 22% yield).
H NMR (400 MHz, DMSO-de) & = 8.67 (d, J = 1.5 Hz, 1H), 8.56 - 8.51 (m, 1H), 8.50 -
8.46 (m, 1H), 8.42 (d, J = 2.4 Hz, 1H), 8.10 - 8.03 (m, 1H), 7.86 - 7.79 (m, 1H), 7.40 -
7.36 (m, 1H), 7.35 (s, 1H), 6.97 (spt, J = 6.4 Hz, 1H), 6.13 (s, 1H), 4.65 (d, / = 6.8 Hz,
2H), 3.92 (s, 3H), 2.57 (s, 3H), 2.34 (s, 3H). 3C NMR (151 MHz, DMSO-d¢) & = 161.8,
159.6, 157.8, 150.3, 149.2, 148.9, 146.5, 146.3, 135.4, 135.1, 134.3, 131.1, 126.3,
124.1, 115.8, 113.8, 103.8, 86.4, 67.1, 56.7, 42.5, 25.1, 14.9. 1%F NMR (376 MHz,
DMSO-de) 6 =-72.37 (d, /= 6.1 Hz, 1F). LCMS (Formic) 50% desired product; tret = 0.89
min, MH* 554.3 HRMS (CisH21FsNsOs3) [M+H]* requires 554.1627, found [M+H]*
554.1633. vmax (neat) / cm™ 2964, 1757, 1618, 1584, 1416, 1285, 1225, 1188, 1107,
1024, 821, 689. Mp 58-60 °C.
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2,2,2-Trifluoroethyl 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.30)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid (300 mg, 0.74
mmol), 2,2,2-trifluoroethan-1-ol (0.06 mL, 0.82 mmol), DMAP (18.2 mg, 0.15 mmol),
EDC (157 mg, 0.82 mmol) and CH,Cl, (3 mL). The reaction mixture was stirred for 24
h at RT and was directly purified by MDAP (formic method). The appropriate fractions
were combined and evaporated in vacuo to give 2,2,2-trifluoroethyl 5-(2,5-dimethyl-
7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoate as
a colourless oil (20 mg, 0.05 mmol, 6% yield.*H NMR (400 MHz, DMSO-d¢) 6 = 8.56 -
8.50 (m, 3H), 8.26 - 8.22 (m, 1H), 7.99 (dd, J = 2.4, 8.7 Hz, 1H), 7.41 - 7.35 (m, 2H),
7.32-7.27 (m, 1H), 6.00 - 5.98 (m, 1H), 4.95 (g, J = 9.0 Hz, 2H), 4.66 (d, J = 6.5 Hz, 2H),
3.89 (s, 3H), 2.57 (s, 3H), 2.32 (s, 3H). 13C NMR (101 MHz, DMSO-ds) & = 164.2, 159.5,
157.1, 150.4, 150.2, 147.8, 146.4, 146.4, 134.1, 130.8, 126.0, 122.4, 118.2, 113.5,
104.3, 86.3,60.7, 60.3, 56.6, 43.9, 25.2, 14.9. °F NMR (376 MHz, DMSO-d¢) 6 =-72.34
(s, 1F). LCMS (Formic) 95% desired product; tret = 0.64 min, MH* 486.4. HRMS
(C24H22F3Ns03) [M+H]* requires 486.1753, found [M+H]* 486.1752 vmax (neat) / cm™
3251, 1739, 1583, 1263, 1148, 996, 829, 660, 493.
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Methyl 5-(2,5-dimethyl-7-(2-(pyridin-4-yl)ethyl)pyrazolo[1,5-a]pyrimidin-3-yl)-2-

methoxybenzoate (2.32)
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A microwave vial (20 mL) was charged with methyl 5-(2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoate (2.9 g, 7.19 mmol),
pyridin-4-ylmethanamine (0.803 mL, 7.91 mmol), triethylamine (2.204 mL, 15.81
mmol) and DMSO (7 mL). The reaction vessel was sealed and heated in a microwave
at 120 °C for 5 h. After cooling, the reaction mixture was diluted with EtOAc (20 mL)
and washed with saturated aqueous sodium bicarbonate solution (20 mL). The
organic layer was concentrated in vacuo, re-dissolved in a minimum amount of
MeCN, followed by the addition of water which led to product precipitation to give
methyl 5-(2,5-dimethyl-7-(2-(pyridin-4-yl)ethyl)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxybenzoate as a white solid (1.28 g, 3.09 mmol, 43% yield). *H NMR (400 MHz,
DMSO-ds) 6 = 8.54 - 8.48 (m, 3H), 8.02 - 7.98 (m, 1H), 7.93 - 7.87 (m, 1H), 7.40 - 7.35
(m, 2H), 7.26 - 7.21 (m, 1H), 5.98 (s, 1H), 4.71 - 4.59 (m, 2H), 3.86 (s, 3H), 3.82 (s, 3H),
2.54 (s, 3H), 2.32 (s, 3H). 3C NMR (101 MHz, DMSO-ds) 6 = 166.9, 159.5, 156.5, 150.5,
150.1, 147.8, 146.4, 146.4, 133.5, 130.5, 125.7, 122.4, 120.5, 113.2, 104.8, 86.2, 56.4,
52.4,44.0, 25.2, 14.7. LCMS (HpH) 100% desired product; tret = 0.98 min, MH* 418.4
HRMS (C23H23N503) [M+H]* requires 418.1879 found [M+H]* 418.1874.
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5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-

methoxybenzoic acid (2.33)
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An RBF (100 mL) was charged with methyl 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoate (1.20 g, 2.86
mmol), THF (10 mL) and sodium hydroxide (60 mL, 2.86 mmol). The reaction was
heated at 70 °C for 3 h and the reaction mixture was concentrated in vacuo. The
residue was re-dissolved in water (pH = 14), the pH was lowered with acetic acid (pH
= 4) and the desired product was extracted out of the aqueous layer with 5:1
chloroform: IPA (50:10 mL). The organic layer was passed through a hydrophobic frit
and  concentrated in vacuo to give  5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)-2-methoxybenzoic acid in
quantitative yield (2.6 g, 6.41 mmol). *H NMR (400 MHz, DMSO-d¢) 6 = 8.54 - 8.46 (m,
3H), 7.92 (d, J = 2.4 Hz, 1H), 7.81 (dd, J = 2.4, 8.8 Hz, 1H), 7.37 (d, J = 6.4 Hz, 2H), 7.17
(d, J = 8.8 Hz, 1H), 5.96 (s, 1H), 4.67 - 4.62 (m, 2H), 3.84 (s, 3H), 2.53 (s, 3H), 2.31 (s,
3H). 3C NMR (101 MHz, DMSO-dg) 6 = 168.3, 159.3, 156.2, 150.4, 150.2, 147.8, 146.4,
146.3, 132.5, 130.4, 125.6, 123.0, 122.4, 113.0, 105.2, 86.1, 56.3, 43.9, 25.3, 14.7.
LCMS (HpH) 86% desired product; tret = 0.6 min, MH* 404.2.
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4-Methoxyphenyl 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.34)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)-2-methoxybenzoic acid (200 mg, 0.50
mmol), 4-methoxyphenol (61.5 mg, 0.50 mmol), DMAP (12.1 mg, 0.09 mmol), EDC
(105 mg, 0.55 mmol) and CHCl; (3 mL). The reaction was stirred for 12 h at RT.
Additional 4-methoxyphenol (61.5 mg, 0.50 mmol), DMAP (12.1 mg, 0.10 mmol) and
EDC (105 mg, 0.55 mmol) were added and the reaction was stirred for a further 12 h.
The reaction mixture was diluted with CH,Cl; (15 mL) and washed with saturated
aqueous sodium bicarbonate solution (10 mL) (pH = 9). The organic layer was passed
through a concentrated in vacuo and purified by MDAP (formic method). The
appropriate fractions were combined and concentrated in vacuo to give 4-
methoxyphenyl 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
a]pyrimidin-3-yl)-2-methoxybenzoate as a yellow/brown oil (40 mg, 0.08 mmol, 16%
yield). *H NMR (600 MHz, DMSO-d¢) 6 = 8.77 (d, J = 6.6 Hz, 2H), 8.13 - 8.09 (m, 1H),
7.90 - 7.85 (m, 1H), 7.80 (d, J = 5.9 Hz, 2H), 7.36 (d, J = 8.8 Hz, 1H), 7.18 (d, J = 9.2 Hz,
2H), 7.01 (d, J = 8.8 Hz, 2H), 6.32 (s, 1H), 4.94 (d, J = 6.2 Hz, 2H), 3.94 (s, 3H), 3.79 (s,
3H), 2.53 (s, 3H), 2.41 (s, 3H) (*NH proton not observed). 13C NMR (151 MHz, DMSO-
ds) 6 = 164.8, 159.0, 158.8, 158.6, 158.3, 158.0, 157.4, 145.5, 144.5, 135.1, 132.1,
124.3, 123.1, 119.6, 117.2, 115.4, 115.0, 113.7, 104.7, 87.0, 56.7, 55.9, 55.4, 44.6,
14.1. LCMS (Formic) 99% desired product; trt = 0.69 min, MH* 510.4 HRMS
(C29H27NsO4) [M+H]* requires 510.2141, found [M+H]* 510.2139 vmax (neat) / cm™
3006, 1609, 1505, 1261, 1180, 1133, 1024, 825, 799, 720.
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Phenyl 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)-2-methoxybenzoate (2.35)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxybenzoic acid (200 mg, 0.50
mmol), phenol (46.7 mg, 0.50 mmol), DMAP (12.1 mg, 0.10 mmol), EDC (105 mg, 0.55
mmol) and CHxCl; (3 mL). The reaction was stirred for 12 h at RT. Additional phenol
(46.7 mg, 0.50 mmol), DMAP (12.1 mg, 0.10 mmol) and EDC (105 mg, 0.55 mmol)
were added and the reaction was stirred for a further 12 h. The reaction mixture was
diluted with CH,Cl; (15 mL) and washed with saturated aqueous sodium bicarbonate
solution (10 mL) (pH = 9). The organic layer was concentrated in vacuo and purified
by MDAP (formic method). The appropriate fractions were combined and evaporated
in vacuo to afford phenyl 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
a]pyrimidin-3-yl)-2-methoxybenzoate as a colourless oil (10 mg, 0.02 mmol, 5%
yield). 1H NMR (400 MHz, DMSO-de) 6 = 8.56 - 8.49 (m, 3H), 8.32 - 8.27 (m, 1H), 8.04
-7.98 (m, 1H), 7.51 - 7.45 (m, 2H), 7.37 (d, J = 6.4 Hz, 2H), 7.34 - 7.25 (m, 4H), 5.99 (s,
1H), 4.71 - 4.61 (m, 2H), 3.92 (s, 3H), 2.58 (s, 3H), 2.33 (s, 3H). 3C NMR (101 MHz,
DMSO-de) 6 = 164.7, 159.5, 157.2, 151.2, 150.2, 147.8, 146.5, 146.4, 134.4, 131.2,
130.0, 126.3, 126.0, 122.4, 122.4, 119.2, 113.5, 104.6, 86.2, 56.6, 55.4, 43.9, 25.3,
14.8. LCMS (Formic) 92% desired product; treet = 0.67 min, MH* 480.4 HRMS
(C2gH25Ns03) [M+H]* requires 480.2036, found [M+H]* 480.2032. vmax (neat) / cm™
3006, 1609, 1505, 1261, 1133, 1180, 1049, 824, 719, 539.
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4-Fluorophenyl 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxybenzoate (2.36)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)-2-methoxybenzoic acid (215 mg, 0.53
mmol), 4-fluorophenol (59.7 mg, 0.53 mmol), DMAP (13 mg, 0.11 mmol), EDC (112
mg, 0.59 mmol) and CHCl; (3 mL). The reaction was stirred for 12 h at RT. Additional
EDC (112 mg, 0.59 mmol), DMAP (13 mg, 0.11 mmol) and 4-fluorophenol (59.7 mg,
0.53 mmol) were added and the reaction was stirred for a further 12 h. The reaction
mixture was directly purified by MDAP (formic method). The appropriate fractions
were combined and evaporated in vacuo to give 4-fluorophenyl 5-(2,5-dimethyl-7-
((pyridin-4-ylmethyl)amino)pyrazolo[1,5-alpyrimidin-3-yl)-2-methoxybenzoate  as
white solid (37 mg, 0.07 mmol, 14% yield). *H NMR (400 MHz, DMSO-d¢) 6 = 8.56 -
8.50 (m, 3H), 8.29 (d, J = 2.5 Hz, 1H), 8.02 (dd, J = 2.5, 8.8 Hz, 1H), 7.38 (d, J = 6.0 Hz,
2H), 7.35 - 7.28 (m, 5H), 5.99 (s, 1H), 4.76 - 4.60 (m, 2H), 3.92 (s, 3H), 2.58 (s, 3H),
2.33 (s, 3H). 13C NMR (101 MHz, DMSO-d¢) 6 = 164.6, 163.5, 159.5, 157.3, 150.5,
150.2, 147.8, 146.4, 134.5, 131.2, 126.0, 124.2, 124.1, 122.4, 118.9, 116.7, 116.5,
113.5, 104.5, 86.2, 56.6, 44.0, 25.3, 14.8. 1%F NMR (376 MHz, DMSO-ds) 6 = -117.25
(s, 1F). LCMS (Formic) 98% desired product; tret = 0.71 min, MH* 498.4 HRMS
(C2gH24FNsOs) [M+H]* requires 498.1941, found [M+H]* 498.1941 ymax (neat) / cm™.
3377, 1741, 1618, 1580, 1500, 1258, 1178, 1023, 820, 623, 482. Mp 96-98 °C.
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3-Bromo-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine
(2.37)
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A microwave vial (20 mL) was charged with 3-bromo-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (1.54 g, 4.83 mmol), pyridin-3-ylmethanamine
(0.54 mL, 5.32 mmol), triethylamine (1.48 mL, 10.63 mmol) and dimethyl sulfoxide (7
mL). The reaction vessel was sealed and heated in a microwave at 120 °C for 5 h. After
cooling, the reaction mixture was diluted with EtOAc (25 mL) and washed with
saturated aqueous sodium bicarbonate solution (25 mL). The organic layer was
passed through a hydrophobic frit and concentrated in vacuo. The residue was
dissolved in @ minimum amount of MeCN and upon addition of water, precipitation
occurred, and the product was collected by vacuum filtration (1.6 g, 4.80 mmol, 99%
yield). 'H NMR (400 MHz, CHLOROFORM-d) 6 = 8.61 (d, J = 1.5 Hz, 1H), 8.55 (dd, J =
1.7,4.7 Hz, 1H), 7.67 - 7.62 (m, 1H), 7.30 - 7.25 (m, 1H), 6.77 (br t, J = 5.9 Hz, 1H), 5.75
(s, 1H), 4.57 (d, J = 6.4 Hz, 2H), 2.46 (s, 3H), 2.39 (s, 3H). 13C NMR (101 MHz,
CHLOROFORM-d) 6 = 160.6, 152.0, 149.5, 148.7, 145.8, 145.7, 134.9, 132.0, 123.8,
86.0, 82.2, 43.7, 25.2, 13.2. LCMS (HpH) 100% desired product; tret = 0.86 min, MH*
333.1.

Tert-butyl (3-(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-
a]pyrimidin-3-yl)phenyl)carbamate (2.39)
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A microwave vial (5 mL) was charged with 3-bromo-2,5-dimethyl-N-(pyridin-3-
ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine (188 mg, 0.57 mmol), (3-((tert-
butoxycarbonyl)amino)phenyl)boronic acid (201 mg, 0.85 mmol), PdCly(dppf)-
CHCl,adduct (46.2 mg, 0.06 mmol), cesium carbonate (277 mg, 0.85 mmol), 1,4-
dioxane (2 mL) and water (0.5 mL). The reaction vessel was sealed and heated in a
microwave at 120 °C for 5 h. After cooling, the reaction mixture was passed through
Celite™, diluted with EtOAc (20 mL) and washed with brine (20 mL). The organic layer
was concentrated in vacuo and the crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (0-100% gradient). The
appropriate fractions were combined and concentrated in vacuo to give tert-butyl (3-
(2,5-dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-
yl)phenyl)carbamate as an oil (119 mg, 0.27 mmol, 48% yield). *H NMR (400 MHz,
DMSO-ds) & = 9.30 (s, 1H), 8.71 - 8.66 (m, 1H), 8.52 - 8.43 (m, 2H), 7.85 - 7.79 (m, 1H),
7.72-7.69 (m, 1H), 7.42 - 7.34 (m, 3H), 7.31 - 7.25 (m, 1H), 6.10 - 6.08 (m, 1H), 4.67 -
4.62 (m, 2H), 2.53 (s, 3H), 2.35 (s, 3H), 1.49 (s, 9H). 3C NMR (101 MHz, DMSO-d¢) & =
159.4, 153.3, 150.6, 149.2, 148.9, 146.6, 146.1, 139.8, 135.4, 134.4, 133.9, 128.7,
124.0,122.9,118.7, 115.8, 106.1, 86.1, 79.3, 42.5, 28.7, 25.2, 14.9. LCMS (HpH) 97%
desired product; tret = 1.18 min, MH* 445 .4,

3-(3-Aminophenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-a]pyrimidin-
7-amine (2.40)
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A microwave vial (20 mL) was charged with tert-butyl (3-(2,5-dimethyl-7-((pyridin-3-

NH,

ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)phenyl)carbamate (110 mg, 0.25
mmol) and 1,4-dioxane (4 mL). To this, HCI (2 mL, 4 M) in 1,4-dioxane (4 mL) was

added and the reaction was heated at 55 °C for 2.5 h. After cooling, the reaction
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mixture was diluted with EtOAc (3 x 20 mL) and washed with saturated aqueous
sodium bicarbonate solution (20 mL). The combined organics was concentrated in
vacuo to give 3-(3-aminophenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-
alpyrimidin-7-amine in quantitative yield (90 mg, 0.25 mmol). *H NMR (400 MHz,
DMSO-ds) & = 8.70 - 8.65 (m, 1H), 8.51 - 8.46 (m, 1H), 8.44 - 8.38 (m, 1H), 7.85 - 7.79
(m, 1H), 7.39 - 7.33 (m, 1H), 7.09 - 7.02 (m, 1H), 6.93 - 6.89 (m, 1H), 6.87 - 6.81 (m,
1H), 6.50 - 6.43 (m, 1H), 6.06 (s, 1H), 5.00 - 4.95 (m, 2H), 4.68 - 4.60 (m, 2H), 3.57 (s,
3H), 2.34 (s, 3H). 13C NMR (101 MHz, DMSO-ds) & = 158.9, 150.6, 149.2, 148.9, 148.8,
146.4, 146.1, 135.4, 134.4, 134.0, 128.9, 124.1,117.2, 114.8, 107.0, 85.7, 66.8, 42.6,
25.3, 14.8. LCMS (HpH) 94% desired product; tret = 0.85 min, MH* 345.3.

3-(3-Bromophenyl)-2,5-dimethyl-N-(pyridin-3-ylmethyl)pyrazolo[1,5-a]pyrimidin-
7-amine (2.41)
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An RBF (50 mL) was charged with 3-(3-aminophenyl)-2,5-dimethyl-N-(pyridin-3-

Br

ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine (706 mg, 2.05 mmol) and CHCl; (5 mL).
To this, water (5 mL) was added, followed by bromotrichloromethane (0.808 mL, 8.20
mmol) and sodium nitrite (707 mg, 10.25 mmol). The reaction mixture was stirred for
5 mins and then acetic acid (2.347 mL, 41.0 mmol) was added dropwise. The reaction
mixture was stirred vigorously at RT for 1 h. The reaction mixture was diluted with
CH,Cl; (3 x 15 mL) and washed with brine (15 mL). The organic layer was concentrated
in vacuo and the crude product was purified by column chromatography eluting with
EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were combined
and concentrated in vacuo to give 3-(3-bromophenyl)-2,5-dimethyl-N-(pyridin-3-
ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine (316 mg, 0.78 mmol, 38% yield). *H NMR
(600 MHz, DMSO-ds) & = 8.69 - 8.65 (m, 1H), 8.58 - 8.53 (m, 1H), 8.51 - 8.46 (m, 1H),
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8.04 - 8.00 (m, 1H), 7.85 - 7.80 (m, 1H), 7.76 - 7.73 (m, 1H), 7.43 - 7.35 (m, 3H), 6.15
(s, 1H), 4.70 - 4.61 (m, 2H), 2.57 (s, 3H), 2.37 (s, 3H). 13C NMR (151 MHz, DMSO-ds) &
= 160.0, 150.8, 149.2, 148.9, 146.7, 146.2, 136.3, 135.4, 134.3, 130.8, 130.6, 128.3,
127.1, 124.1, 122.1, 104.3, 86.5, 42.4, 25.3, 14.9. LCMS (HpH) 96% desired product;
tret = 1.24 min, MH* 408.0 HRMS (CxoH18BrNs) [M+H]* requires 408.0824 found
[M+H]* 408.0821.

3-(2,5-Dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)benzene-1-sulfonyl fluoride (2.42)
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A microwave vial (5 mL) was charged with 3-(3-bromophenyl)-2,5-dimethyl-N-
(pyridin-3-ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine (106 mg, 0.26 mmol), bis(di-
tert-butyl(4-dimethylaminophenylphosphine)-dichloropalladium(ll) (16.54 mg, 0.02
mmol), 1,4-diazabicyclo[2.2.2]octane bis(sulfur dioxide)-adduct (62.4 mg, 0.26
mmol), N,N-dicyclohexylmethylamine (0.167 mL, 0.78 mmol) and isopropanol (2 mL).
The reaction was heated in a microwave at 110 °C for 1.5 h. After cooling, N-
fluorobenzenesulfonamide (246 mg, 0.78 mmol) was added and the reaction was
stirred at RT for 13 h. The reaction mixture was diluted with EtOAc (20 mL) and passed
through a Celite™ and the organic layer was washed with brine (20 mL) and
concentrated in vacuo. The crude product was purified by column chromatography
eluting with EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were
combined and concentrated in vacuo to afford 3-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)benzene-1-sulfonyl fluoride as a
colourless oil (44 mg, 0.11 mmol, 42% vyield). *H NMR (600 MHz, DMSO-d¢) & = 8.69 -
8.64 (m, 3H), 8.50 - 8.46 (m, 1H), 8.35 - 8.31 (m, 1H), 7.95 - 7.91 (m, 1H), 7.87 - 7.80
(m, 2H), 7.40 - 7.35 (m, 1H), 6.23 (s, 1H), 4.70 - 4.63 (m, 2H), 2.64 (s, 3H), 2.39 (s, 3H).
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13C NMR (151 MHz, DMSO-ds) 6 = 160.6, 151.1, 149.2, 149.0, 147.0, 146.4, 136.2,
135.4, 135.0, 134.2, 132.3, 130.8, 126.7, 124.6, 123.9, 102.9, 87.1, 42.4, 25.3, 15.2.
LCMS (Formic) 98% desired product; tret = 0.78 min, MH* 412.3 HRMS (C20H18FNs0S)
[M+H]* requires 412.1243 found [M+H]*412.1241 ymax (neat) /cm™ 3391, 1617, 1583,
1393, 1203, 1026, 998, 792, 734, 588, 488.

3-(2,5-Dimethyl-7-((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)phenyl sulfofluoridate (2.18)

Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (0.263
g, 1.33 mmol) and potassium fluoride (0.205 g, 3.53 mmol). Chamber B of the COware
flask reactor was charged with 3-(2,5-dimethyl-7-((pyridin-3-
ylmethyl)amino)pyrazolo[1,5-alpyrimidin-3-yl)phenol (0.305 g, 0.88 mmol),
triethylamine (0.246 mL, 1.77 mmol) and CHxCl; (4 mL). Trifluoroacetic acid (1 mL)
was added to chamber A viag syringe injection. The reaction was stirred vigorously at
RT for 18 h. The reaction was brought to a stop and the pressure was released.
Chamber B was decanted into an RBF (50 mL) and chamber A was quenched with
concentrated aqueous NaOH. The reaction mixture was concentrated in vacuo,
diluted with CHCl; (15 mL) and washed with brine (15 mL). The organic layer was
concentrated in vacuo and purified by MDAP (formic method). The appropriate
fractions were combined and concentrated in vacuo to give 3-(2,5-dimethyl-7-
((pyridin-3-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)phenyl sulfofluoridate
(179 mg, 0.42 mmol, 48% vyield). *H NMR (400 MHz, DMSO-d¢) & = 8.67 (d, J = 1.0 Hz,
1H), 8.59 (brt, J = 6.7 Hz, 1H), 8.48 (br d, J = 3.5 Hz, 1H), 8.05 (s, 1H), 7.93 (td, J = 1.1,
8.1 Hz, 1H), 7.82 (br d, J=8.0 Hz, 1H), 7.62 (t, /= 8.2 Hz, 1H), 7.42 - 7.34 (m, 2H), 6.18
(s, 1H), 4.65 (d, J = 6.5 Hz, 2H), 2.60 (s, 3H), 2.37 (s, 3H). 3C NMR (151 MHz, DMSO-
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ds) 6 = 160.3, 151.0, 150.4, 149.2, 149.0, 146.9, 146.3, 136.8, 135.4, 134.2, 130.9,
128.2, 124.0, 119.7, 117.4, 103.7, 86.8, 42.5, 25.3, 15.1. *%F NMR (376 MHz, DMSO-
de) 6 =38.52 (s, 1F). LCMS (Formic) 98% desired product; tret = 0.83 min, MH* 428.3.
HRMS (C20H18FN503S) [M+H]* requires 428.1193 found [M+H]* 428.1193 vmax (neat) /
cm™ 3183, 1614, 1545, 1418, 1228, 1039, 926, 682, 572.

3-(2,5-Dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol (2.49)
e
\N =

An RBF (50 mL) was charged with 3-bromo-2,5-dimethyl-7-phenoxypyrazolo[1,5-

OH

alpyrimidine (1 g, 3.14 mmol), (3-hydroxyphenyl)boronic acid (0.650 g, 4.71 mmol),
PdCly(dppf)-CH2Clzadduct (0.180 g, 0.22 mmol), cesium carbonate (1.536 g, 4.71
mmol), 1,4-dioxane (16 mL) and water (4 mL). The reaction was heated at 100 °C for
17 h. After cooling, the reaction mixture was passed through Celite™, diluted with
EtOAc (30 mL) and washed with brine (25 mL). The organic layer was concentrated in
vacuo and purified by column chromatography eluting with EtOAc in cyclohexane (0-
100% gradient). The appropriate fractions were combined and concentrated in vacuo
to give 3-(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol (987 mg,
2.98 mmol, 95% yield). *H NMR (400 MHz, DMSO-ds) & = 9.39 (s, 1H), 7.58 (br d, J =
7.8 Hz, 2H), 7.47 - 7.42 (m, 3H), 7.25 (s, 1H), 7.20 (s, 2H), 6.74 - 6.67 (m, 1H), 5.97 -
5.91 (m, 1H), 2.55 (s, 3H), 2.42 (s, 3H). 13C NMR (101 MHz, DMSO-ds) 6 = 161.0, 157.7,
154.1, 152.3, 152.2, 147.8, 134.0, 131.2, 129.5, 127.5, 121.3, 119.5, 115.9, 113.5,
107.6,90.7, 25.2, 14.9. LCMS (HpH) 82% desired product; tret = 1.08 min, MH* 332.23.
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3-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)phenol (2.50)
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A microwave vial (5 mL) was charged with 3-(2,5-dimethyl-7-phenoxypyrazolo[1,5-

OH

a]pyrimidin-3-yl)phenol (309 mg, 0.93 mmol), pyridin-4-ylmethanamine (0.142 mL,
1.40 mmol), DIPEA (0.326 mL, 1.87 mmol) and DMSO (3 mL). The reaction vessel was
sealed and heated in a microwave at 130 °C for 5 h. After cooling, the reaction was
diluted with EtOAc (25 mL) and washed with saturated aqueous sodium bicarbonate
solution (25 mL). The organic layer was concentrated in vacuo and the crude product
was purified by column chromatography eluting with EtOAc in cyclohexane (0-100%
gradient). The appropriate fractions were combined and concentrated in vacuo to
give 3-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)phenol (80 mg, 0.23 mmol, 25% yield). *H NMR (400 MHz, DMSO-ds) 6 =9.33-9.26
(m, 1H), 8.67 (d, J = 2.0 Hz, 1H), 8.49 - 8.43 (m, 2H), 7.82 (td, /= 1.8, 8.2 Hz, 1H), 7.41
-7.34 (m, 1H), 7.23 - 7.17 (m, 2H), 7.16 - 7.12 (m, 1H), 6.66 - 6.62 (m, 1H), 6.09 (s,
1H), 4.64 (br d, J = 5.4 Hz, 2H), 2.53 (s, 3H), 2.36 (s, 3H). *3C NMR (101 MHz, DMSO-
ds) 6 = 159.3, 157.6, 150.6, 149.2, 148.9, 146.5, 135.4, 134.4, 129.4, 124.1, 119.6,
115.7, 112.9, 106.2, 86.1, 42.5, 25.3, 14.9. LCMS (HpH) 99% desired product; tret =
0.87 min, MH* 346.1 HRMS (Cx0H19Ns0) [M+H]* requires 346.1668 found [M+H]*
346.1665 vmax (neat) / cm™ 3371, 2664, 1605, 1576, 1414, 1326, 781, 463.
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3-(4-Chloro-3-methoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine
(2.52)
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A  microwave vial (20 mL) was charged with 3-bromo-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine  (0.92 g, 2.89 mmol), (4-chloro-3-
methoxyphenyl)boronic acid (0.808 g, 4.34 mmol), PdClx(dppf)-CH,Cl,adduct (0.189
g, 0.23 mmol), cesium carbonate (1.413 g, 4.34 mmol), 1,4-dioxane (10 mL) and water
(2.5 mL). The reaction vessel was sealed and heated in a microwave at 130 °C for 4 h.
After cooling, the reaction mixture was passed through Celite™, diluted with EtOAc
(25 mL) and washed with brine (25 mL). The organic layer was passed through a
hydrophobic frit and concentrated in vacuo to give 3-(4-chloro-3-methoxyphenyl)-
2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (1.05 g, 2.77 mmol, 96% yield). *H
NMR (400 MHz, DMSO-d¢) 6 = 7.63 - 7.56 (m, 3H), 7.52 - 7.47 (m, 1H), 7.46 - 7.41 (m,
3H), 7.39 - 7.34 (m, 1H), 6.00 (s, 1H), 3.93 (s, 3H), 2.61 (s, 3H), 2.44 (s, 3H). 13C NMR
(101 MHz, DMSO-d¢) 6 =161.6, 154.8,154.2,152.4,152.2, 147.9, 133.2,131.2,130.1,
127.4, 121.5, 121.3, 118.9, 113.0, 106.4, 91.1, 56.4, 25.3, 15.1. LCMS (HpH) 95%
desired product; tret = 1.41 min, MH* 380.1. HRMS (C21H1sCIN30O;) [M+H]* requires
380.1166, found [M+H]* 380.1162.

2-Chloro-5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol (2.53)
e
Jou
\N =

Cl

OH
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An RBF (50 mL) was charged with 3-(4-chloro-3-methoxyphenyl)-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (100 mg, 0.26 mmol) and anhydrous CHxCl, (6
mL). The solution was stirred in an acetone-dry ice bath for 5 minutes, before removal
of the ice-bath, tribromoborane solution in CH,Cl; (0.360 mL, 2.11 mmol) was added
and the reaction was left to stir at RT for 16 h. The reaction mixture was diluted with
CHCl; (15 mL) and washed with saturated agueous sodium bicarbonate solution (15
mL). The organic layer was concentrated in vacuo and purified by MDAP (formic
method). The appropriate fractions were combined and evaporated in vacuo to give
2-chloro-5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol (43 mg,
0.12 mmol, 45% vield). 'H NMR (400 MHz, DMSO-ds) & = 7.58 (d, J = 7.8 Hz, 2H), 7.47
- 7.42 (m, 4H), 7.39 (d, J = 8.3 Hz, 1H), 7.23 - 7.18 (m, 1H), 5.97 (s, 1H), 2.55 (s, 3H),
2.43 (s, 3H) (OH signal not observed). 33C NMR (101 MHz, DMSO-ds) = 161.3, 154.2,
153.6, 152.3, 152.2, 147.8, 132.7, 131.2, 130.0, 127.4, 121.4, 120.3, 117.8, 117.0,
106.6, 90.9, 25.2, 15.0. LCMS (HpH) 100% desired product; tret = 1.20 min, MH* 366.1.
HRMS (C20H16CIN302) [M+H]* requires 366.1009 found [M+H]* 366.1004.

2-Chloro-5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-
3-yl)phenol (2.54)
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A microwave vial (5 mL) was charged with 2-chloro-5-(2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidin-3-yl)phenol (43 mg, 0.12 mmol), pyridin-4-
ylmethanamine (0.013 mL, 0.13 mmol), triethylamine (0.025 mL, 0.18 mmol) and
DMSO (3 mL). The reaction vessel was sealed and heated in a microwave at 120 °C
for 4 h. After cooling, the reaction mixture was diluted with EtOAc (10 mL) and

washed with saturated aqueous sodium bicarbonate solution (10 mL). The organic

216



layer was concentrated in vacuo and purified by MDAP (formic method). The
appropriate fractions were combined and concentrated in vacuo to give 2-chloro-5-
(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)phenol
(16 mg, 0.04 mmol, 36% yield). *H NMR (400 MHz, DMSO-d¢) 6 = 8.55 - 8.47 (m, 3H),
7.44 (d, J = 2.0 Hz, 1H), 7.40 - 7.36 (m, 2H), 7.34 (d, J = 8.3 Hz, 1H), 7.21 (dd, J = 2.0,
8.3 Hz, 1H), 5.99 (s, 1H), 4.65 (d, J = 6.5 Hz, 2H), 2.55 (s, 3H), 2.34 (s, 3H) (OH signal
not observed). 13C NMR (101 MHz, DMSO-ds) 6 = 159.5, 153.3, 150.6, 150.2, 147.8,
146.5, 146.3, 133.6, 129.8, 122.4, 120.3, 117.1, 116.7, 105.1, 86.3, 43.9, 25.3, 15.1.
LCMS (Formic) 97% desired product; tret = 0.52 min, MH* 380.4. HRMS (C20H1sCINsO)
[M+H]* requires 380.1278 found [M+H]* 380.1282.

5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-

methoxyphenol (2.55)
N
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R%
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A microwave vial (20 mL) was charged with 5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxyphenol (1.04 g, 2.88 mmol), pyridin-4-ylmethanamine
(0.321 mL, 3.17 mmol), triethylamine (0.88 mL, 6.33 mmol) and DMSO (10 mL). The
reaction vessel was sealed and heated in a microwave at 120 °C for 4 h. After cooling,
the reaction mixture was diluted with EtOAc (20 mL) and washed with saturated
aqueous sodium bicarbonate solution (20 mL). The organic layer was concentrated in
vacuo and purified by column chromatography eluting with EtOAc in cyclohexane (0-
100% gradient). The appropriate fractions were combined and concentrated in vacuo
to give 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-
2-methoxyphenol (865 mg, 2.31 mmol, 80% yield) as a colourless oil. *H NMR (400
MHz, DMSO-ds) 6 = 8.55-8.50 (m, 2H), 8.45-8.42 (m, 1H), 7.37 (d, J = 5.9 Hz, 2H), 7.20
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(d, J=2.4 Hz, 1H), 7.12 - 7.05 (m, 1H), 6.97 (d, J = 8.3 Hz, 1H), 5.93 (s, 1H), 4.64 (d, J =
6.4 Hz, 2H), 3.80 (s, 3H), 2.52 (s, 3H), 2.31 (s, 3H) (OH signal not observed). 3C NMR
(DMSO-de, 101 MHz) 6 =160.6, 154.1, 152.1, 150.2, 147.6, 146.8, 146.7,131.1, 127.4,
125.6, 121.3, 116.6, 112.9, 94.9, 90.5, 89.9, 56.2, 25.2, 14.8. LCMS (Formic) 97%
desired product; tret = 0.87 min, MH* 376.3 HRMS (C21H21Ns02) [M+H]* requires
376.1773 found [M+H]* 376.1769 vmax (neat) / cm™ 3402, 2921, 1617, 1582, 1410,
1326, 1250, 1010, 796, 558, 473.

5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenyl sulfofluoridate (2.45)
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Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (118
mg, 0.56 mmol) and potassium fluoride (92 mg, 1.59 mmol). Chamber B of the
COware flask reactor was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (149 mg, 0.40
mmol), DIPEA (0.83 mL, 4.76 mmol) and MeCN (3 mL). Trifluoroacetic acid (1 mL) was
added to chamber A via syringe injection. The reaction was stirred vigorously at RT
for 18 h. Chamber B was decanted into an RBF (50 mL) and chamber A was quenched
with concentrated aqueous NaOH. The reaction mixture was concentrated in vacuo
and purified by MDAP (formic method). The appropriate fractions were combined
and  concentrated in vacuo to give  5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenyl sulfofluoridate in
quantitative yield (260 mg, 0.57 mmol). *H NMR (400 MHz, DMSO-d¢) 6 = 8.75 (br s,
1H), 8.63 - 8.58 (m, 2H), 7.97 (d, J = 1.5 Hz, 1H), 7.82 (dd, J = 2.2, 8.6 Hz, 1H), 7.52 (d,
J=5.9 Hz, 2H), 7.43 (d, J = 8.8 Hz, 1H), 6.08 (s, 1H), 4.74 (d, J = 6.8 Hz, 2H), 3.95 (s,
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3H), 2.58 (s, 3H), 2.35 (s, 3H). 13C NMR (151 MHz, DMSO-d¢) 6 = 160.1, 151.0, 150.6,
150.2, 147.7, 146.8, 146.5, 136.1, 136.1, 122.5, 122.4, 120.6, 113.7, 104.4, 86.7, 56.8,
43.9, 25.3, 15.2.3%F NMR (376 MHz, DMSO-d¢) 6 = 40.36 (s, 1F). LCMS (Formic) 100%
desired product; tret = 0.74 min, MH* 458.3 HRMS (C21H20FNs504S) [M+H]* requires
458.1298 found [M+H]* 458.1293 ymax (neat) / cm™ 3286, 1616, 1585, 1543, 1452,
1227,1104, 1014, 923, 835, 802, 763, 543. Mp 109-111 °C.

5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenyl sulfofluoridate (2.45)

OMe
A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (203 mg, 0.54
mmol) and THF (3 mL). To this, (4-acetamidophenyl)(fluorosulfonyl)sulfamoyl
fluoride (204 mg, 0.65 mmol) was added, followed by the addition of (2)-
3,4,5,6,8,9,10,11-octahydro-2H-pyrido[1,2-a][1,3]diazocine (0.2 mL, 1.19 mmol). The
reaction was stirred for 10 minutes at RT. The reaction mixture was concentrated in
vacuo and the residue was dissolved in CH,Cl, (20 mL) and washed with brine (10 mL).
The organic layer was concentrated in vacuo and the crude product was purified by
MDAP (formic method). The appropriate fractions were combined and concentrated
in vacuo to give 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)-2-methoxyphenyl sulfofluoridate (179 mg, 0.40 mmol, 73% yield).
1H NMR (400 MHz, DMSO-ds) & = 8.74 (br s, 1H), 8.64 - 8.57 (m, 2H), 7.96 (d, J = 1.8
Hz, 1H), 7.82 (dd, J = 2.1, 8.7 Hz, 1H), 7.51 (d, J = 6.3 Hz, 2H), 7.42 (d, J = 8.8 Hz, 1H),
6.07 (s, 1H), 4.73 (d, J = 6.5 Hz, 2H), 3.98 - 3.91 (m, 3H), 2.57 (s, 3H), 2.34 (s, 3H). 13C
NMR (151 MHz, DMSO-ds) 6 = 160.1, 151.0, 150.6, 150.2, 147.7, 146.8, 146.5, 136.1,
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136.1, 122.5, 122.4, 120.6, 113.7, 104.4, 86.7, 56.8, 43.9, 25.3, 15.2. *F NMR (376
MHz, DMSO-ds) 6 = 40.35 (s, 1F). LCMS (Formic) 100% desired product; tret = 0.74
min, MH* 458.1. HRMS (C21H20FN504S) [M+H]* requires 458.1298 found [M+H]*
458.1296. vmax (neat) / cm™ 3286, 1616, 1585, 1543, 1452, 1227, 1104, 1014, 923,
835, 802, 763, 543. Mp 109-111 °C.

3-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-4-
yl)phenyl sulfofluoridate (2.46)
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Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (112

0 o

\\ /)

05
mg, 0.57 mmol) and potassium fluoride (87 mg, 1.51 mmol). Chamber B of the
COware flask reactor was charged with 3-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-alpyrimidin-3-yl)phenol (130 mg, 0.38 mmol),
triethylamine (0.31 mL, 3.01 mmol) and CHxCl; (4 mL). Trifluoroacetic acid (1 mL) was
added to chamber A via syringe injection. The reaction mixture was stirred vigorously
at RT for 6 h. The reaction was brought to a stop and the pressure was released.
Chamber B was decanted into an RBF (50 mL) and chamber A was quenched with
concentrated aqueous NaOH. The reaction mixture was concentrated in vacuo,
diluted with CH2Cl; (15 mL) and washed with brine (15 mL). The organic layer was
concentrated in vacuo and purified by MDAP (formic method). The appropriate
fractions were combined and concentrated in vacuo to give 3-(2,5-dimethyl-7-
((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)phenyl sulfofluoridate (26
mg, 0.06 mmol, 17% yield). *H NMR (400 MHz, DMSO-ds) & = 8.75 - 8.67 (m, 1H), 8.59
(brd,J=5.4Hz, 2H), 8.05 (s, 1H), 7.97 - 7.91 (m, 1H), 7.65 (t, J = 8.1 Hz, 1H), 7.50 (d,
J=6.4Hz, 2H), 7.44 (br d, J = 2.4 Hz, 1H), 6.10 (s, 1H), 4.73 (d, J = 6.8 Hz, 2H), 2.62 (s,
3H), 2.36 (s, 3H).13C NMR (101 MHz, DMSO-ds) 6 = 160.1, 151.2, 150.4, 149.7, 148.8,
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146.6,136.6, 131.0, 128.4, 122.9, 119.9, 117.6, 103.8, 86.9, 55.4, 44.0, 25.1, 15.1. °F
NMR (376 MHz, DMSO-ds) 6 = 38.52 (s, 1F). LCMS (Formic) 96% desired product; tret
=0.78 min, MH* 428.4 HRMS (C20H18FNs03S) [M+H]* requires 428.1193 found [M+H]*
428.1187 vmax (neat) / cm™ 3455, 1674, 1451, 1198, 1173, 1126, 1027, 931, 828, 799,
719, 518. Mp 110-112 °C.

2-Chloro-5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-
3-yl)phenyl sulfofluoridate (2.47)

Cl

Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (258
mg, 1.30 mmol) and potassium fluoride (202 mg, 3.48 mmol). Chamber B of the
COware flask reactor was charged with 2-chloro-5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)phenol (330 mg, 0.87 mmol), DIPEA
(1.21 mL, 6.95 mmol) and MeCN (4 mL). Trifluoroacetic acid (1 mL) was added to
chamber A via syringe injection. The reaction mixture was stirred vigorously for 5 h
at RT, chamber B was decanted into an RBF (50 mL) and chamber A was quenched
with concentrated aqueous NaOH. The reaction mixture was concentrated in vacuo
and purified by MDAP (formic method). The appropriate fractions were combined
and concentrated in vacuo to afford 2-chloro-5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)phenyl sulfofluoridate as a colourless
oil (282 mg, 0.62 mmol, 71% yield). *H NMR (400 MHz, DMSO-de) & = 9.05 - 8.97 (m,
1H), 8.80 (d, J = 6.5 Hz, 2H), 8.29 - 8.26 (m, 1H), 7.97 - 7.82 (m, 4H), 6.22 (s, 1H), 4.93
(d, J = 6.5 Hz, 2H), 2.63 (s, 3H), 2.38 (s, 3H). 3C NMR (DMSO-ds, 151 MHz) & = 160.0,
151.7, 146.8, 145.5, 144.3, 134.9, 131.7, 129.7, 124.6, 121.9, 117.2, 115.3, 102.9,
87.4,44.4, 24.6, 15.0 (one carbon signal not observed). °F NMR (376 MHz, DMSO-
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de) 6 =41.57 (s, 1F). LCMS (Formic) 100% desired product; tret = 0.92 min, MH* 462.3
HRMS (C0H17CIFN503S) [M+H]* requires 462.0803 found [M+H]* 462.0803 vmax (neat)
/cm™2989, 1610, 1452, 1261, 1178, 1139, 932, 719, 583.

3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidine (2.57)
SO
\N —

OMe

OMe

A microwave vial (20 mL) was charged with 3-bromo-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (1.5 g, 4.71 mmol), (3,4-dimethoxyphenyl)boronic
acid (1.29 g, 7.07 mmol), PdCly(dppf)-CH2Cl,adduct (0.308 g, 0.38 mmol), cesium
carbonate (2.30 g, 7.07 mmol), 1,4-dioxane (10 mL) and water (2.5 mL). The reaction
vessel was sealed and heated in a microwave at 130 °C for 4 h. After cooling, the
reaction mixture was passed through Celite™, diluted with EtOAc (30 mL) and
washed with brine (30 mL). The organic layer was passed through a hydrophobic frit
and concentrated in vacuo to give 3-(3,4-dimethoxyphenyl)-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (1.51 g, 4.0 mmol, 85% yield). *H NMR (400 MHz,
DMSO-ds) 6 = 7.63 - 7.54 (m, 2H), 7.47 - 7.36 (m, 4H), 7.27 - 7.20 (m, 1H), 7.10 - 7.00
(m, 1H), 5.94 (s, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 2.57 (s, 3H), 2.41 (s, 3H). 13C NMR (101
MHz, DMSO-d¢) 6 = 160.8, 154.1, 152.3, 152.1, 149.1, 147.8, 147.6, 131.1, 127.4,
125.5,121.3,113.2, 112.6, 107.5, 90.6, 56.1, 56.1, 55.4, 25.2, 14.8. LCMS (HpH) 93%
desired product; tret = 1.12 min, MH* 376.4.
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3-(3,4-Dimethoxyphenyl)-2,5-dimethyl-N-(pyridin-4-ylmethyl)pyrazolo[1,5-
alpyrimidin-7-amine (2.58)

N
| N
¥
NH
-N
fN /
NS =
N
OMe
OMe

The microwave vial (20 mL) was charged with 3-(3,4-dimethoxyphenyl)-2,5-dimethyl-
7-phenoxypyrazolo[1,5-a]pyrimidine (2 g, 5.33 mmol), pyridin-4-ylmethanamine
(0.60 mL, 5.86 mmol), triethylamine (1.63 mL, 11.72 mmol) and DMSO (10 mL). The
reaction vessel was sealed and heated in a microwave at 120 °C for 4 h. After cooling,
the reaction was diluted with EtOAc (20 mL) and washed with saturated aqueous
sodium bicarbonate solution (20 mL). The organic layer was concentrated in vacuo
and the crude product was purified by column chromatography eluting with EtOAc in
cyclohexane (0-100% gradient). The column was flushed with EtOAc/ethanol (3:1) to
elute the product off the column. The appropriate fractions were combined and
concentrated in vacuo to give 3-(3,4-dimethoxyphenyl)-2,5-dimethyl-N-(pyridin-4-
ylmethyl)pyrazolo[1,5-a]pyrimidin-7-amine (1.02 g, 2.67 mmol, 50% yield). *H NMR
(400 MHz, DMSO-de¢) 6 = 8.55 - 8.50 (m, 2H), 8.49 - 8.43 (m, 1H), 7.45 - 7.40 (m, 1H),
7.39 - 7.33 (m, 2H), 7.25 - 7.19 (m, 1H), 7.05 - 7.00 (m, 1H), 5.95 (s, 1H), 4.65 (d, J =
6.5 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 2.56 (s, 3H), 2.32 (s, 3H). 13C NMR (101 MHz,
DMSO-ds) 6 = 159.1, 150.4, 150.2, 149.0, 147.9, 147.3, 146.3, 126.4, 122.4, 121.0,
113.1, 112.5, 106.0, 85.9, 56.1, 56.0, 55.4, 43.8, 25.3, 14.9. LCMS (Formic) 96%
desired product; tret = 0.44 min, MH* 390.4.
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4-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-
yl)benzene-1,2-diol (2.59)
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An RBF (50 mL) was charged with 4-(2,5-dimethyl-7-phenoxypyrazolo[1,5-
alpyrimidin-3-yl)benzene-1,2-diol (240 mg, 0.69 mmol), pyridin-4-ylmethanamine
(0.077 mL, 0.76 mmol), triethylamine (0.144 mL, 1.04 mmol) and DMSO (3 mL). The
reaction vessel was sealed and heated in a microwave at 120 °C for 5 h. After cooling,
the reaction mixture was diluted with EtOAc (15 mL) and washed with saturated
aqueous sodium bicarbonate solution (15 mL). The organic layer was concentrated in
vacuo to quantitatively give 4-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)benzene-1,2-diol as a yellow oil. H
NMR (400 MHz, DMSO-de) & = 8.81 (s, 1H), 8.74 (s, 1H), 8.53 - 8.51 (m, 2H), 8.43 (s,
1H), 7.38 (d, J = 5.8 Hz, 2H), 7.14 (d, J = 2.3 Hz, 1H), 6.93 (dd, J = 2.1, 8.2 Hz, 1H), 6.79
(d, J = 8.0 Hz, 1H), 5.92 (s, 1H), 4.64 (d, J = 6.5 Hz, 2H), 2.31 (s, 3H) (one CHs signal
under DMSO solvent residue signal, not reported). 3C NMR (101 MHz, DMSO-ds) 6 =
178.9, 163.4, 158.8, 150.1, 147.9, 146.3, 145.3, 143.8, 122.4, 120.2, 116.7, 115.9,
106.7, 85.7, 55.4, 43.9, 25.2, 14.8. LCMS (Formic) 100% desired product; tret = 0.33
min, MH* 362.3. HRMS (Cx0H19Ns0;) [M+H]* requires 362.1617 found [M+H]*
362.1617.
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5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-
yl)benzo[d][1,3,2]dioxathiole 2,2-dioxide (2.60)
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Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (240
mg, 1.21 mmol) and potassium fluoride (188 mg, 3.23 mmol). Chamber B of the
COware flask reactor was charged with 4-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)benzene-1,2-diol (292 mg, 0.81
mmol), DIPEA (1.69 mL, 9.70 mmol) and MeCN (3 mL). Trifluoroacetic acid (1 mL) was
added to chamber A via syringe injection. The reaction mixture was stirred vigorously
at RT for 2 h, chamber B was decanted into an RBF (50 mL) and chamber A was
guenched with concentrated aqueous NaOH. The reaction mixture was concentrated
in vacuo and purified by MDAP (formic method). The solvent was concentrated in
vacuo to afford 5-(2,5-dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-
alpyrimidin-3-yl)benzo[d][1,3,2]dioxathiole 2,2-dioxide as a colourless oil (39 mg, 0.1
mmol, 12% yield). *H NMR (400 MHz, DMSO-d¢) 6§ =9.17 - 9.08 (m, 1H), 8.78 (br d, J
= 5.9 Hz, 2H), 7.96 (s, 1H), 7.83 (d, J = 6.4 Hz, 2H), 7.71 - 7.68 (m, 2H), 6.23 (s, 1H),
4.91 (d, J = 6.4 Hz, 2H), 2.59 (s, 3H), 2.39 (s, 3H). 13C NMR (101 MHz, DMSO-ds) & =
158.6, 155.1, 151.8, 147.0, 145.0, 142.5, 140.3, 131.3, 126.2, 124.4, 112.9, 112.3,
104.1,87.2,44.4,40.9, 24.0, 14.6. LCMS (Formic) 98% desired product; tret = 0.69 min,
MH* 424.3 HRMS (C20H17N504S) [M+H]* requires 424.1079 found [M+H]* 424.1073.
vmax (neat) / cm™3096, 1609, 1298, 1134, 1044, 824, 763, 582.
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4-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenyl sulfofluoridate (2.61)
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Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (95 mg,
0.48 mmol) and potassium fluoride (74.3 mg, 1.28 mmol). Chamber B of the COware
flask reactor was charged with 4-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)-2-methoxyphenol (60 mg, 0.16
mmol), DIPEA (0.34 mL, 1.92 mmol) and MeCN (3 mL). Trifluoroacetic acid (1 mL) was
added to chamber A via syringe injection. The reaction was stirred vigorously at RT
for 16 h. Chamber B was decanted into an RBF (50 mL) and chamber A was quenched
with concentrated aqueous NaOH. The reaction mixture was concentrated in vacuo
and purified by MDAP (formic method). The appropriate fractions were combined
and concentrated in  vacuo to afford 4-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]lpyrimidin-3-yl)-2-methoxyphenyl sulfofluoridate as a
colourless oil (6 mg, 0.01 mmol, 9% yield). *H NMR (600 MHz, DMSO-d¢) & = 8.61 (t, J
= 6.6 Hz, 1H), 8.53 (d, J = 4.8 Hz, 2H), 7.80 (d, J = 1.8 Hz, 1H), 7.59 (d, J = 8.8 Hz, 1H),
7.48 (dd, J = 2.0, 8.6 Hz, 1H), 7.38 (d, J/ = 5.9 Hz, 2H), 6.05 (s, 1H), 4.67 (d, / = 6.6 Hz,
2H), 3.96 (s, 3H), 2.64 (s, 3H), 2.36 (s, 3H). 13C NMR (151 MHz, DMSO-d¢) 6 = 160.1,
151.0, 150.6, 150.2, 147.7, 146.8, 146.5, 136.2, 136.1, 122.5, 122.4, 120.6, 113.7,
104.4, 86.7, 56.8, 43.9, 25.3, 15.2. 1%F NMR (376 MHz, DMSO-ds) 6 = 40.01 (s, 1F).
LCMS (Formic) 100% desired product; tret = 0.77 min, MH* 458.3 HRMS
(C21H20FNsO4S) [M+H]* requires 458.1298 found [M+H]* 458.1295. ymax (neat) / cm™
3285, 1616, 1585, 1543, 1452, 1227, 1104, 1014, 903, 835, 802, 763, 627, 474.
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5-(2,5-Dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-

methoxyphenyl methanesulfonate (2.62)
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A microwave vial (5 mL) was charged with 5-(2,5-dimethyl-7-((pyridin-4-
ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (50 mg, 0.13
mmol), methanesulfonyl chloride (0.012 mL, 0.16 mmol), DIPEA (0.047 mL, 0.27
mmol) and CH;Cl; (2 mL). The reaction was stirred at RT for 16 h, diluted with CH2Cl,
(10 mL) and washed with brine (10 mL). The organic layer was concentrated in vacuo
and purified by column chromatography eluting with EtOAc/ethanol (3:1). The
appropriate fractions were combined and concentrated in vacuo to give 5-(2,5-
dimethyl-7-((pyridin-4-ylmethyl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenyl methanesulfonate (13 mg, 0.03 mmol, 22% yield). *H NMR (400 MHz,
DMSO-ds) 6 = 8.56 - 8.51 (m, 3H), 7.72 - 7.67 (m, 2H), 7.39 - 7.35 (m, 2H), 7.31 - 7.27
(m, 1H), 5.99 (s, 1H), 4.66 (d, J = 6.9 Hz, 2H), 3.89 (s, 3H), 3.39 (s, 3H), 2.57 (s, 3H),
2.33 (s, 3H). 13C NMR (101 MHz, DMSO-de) & = 159.5, 150.0, 149.6, 148.0, 146.4,
138.2,128.1, 123.6, 122.5, 114.1, 110.0, 104.5, 86.3, 56.5, 43.9, 38.7, 25.2, 14.8
LCMS (Formic) 85% desired product; tret = 0.52 min, MH* 454.4, HRMS (C22H23N5s04S)
[M+H]* requires 454.1549 found [M+H]* 454.1551.
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4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
yl)amino)methyl)phenol (2.75)
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A microwave vial was charged with 3-(3,4-dimethoxyphenyl)-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (500 mg, 1.33 mmol), 4-(aminomethyl)phenol
(246 mg, 2.0 mmol) and DIPEA (0.465 mL, 2.66 mmol). The reaction vessel was sealed
and heated in a microwave at 120 °C for 5 h. After cooling, the reaction mixture was
diluted with EtOAc (20 mL) and washed with brine (20 mL). The organic layer was
concentrated in vacuo and purified by column chromatography eluting with EtOAc
gradient (0-50%) cyclohexane. The appropriate fractions were combined and
concentrated in vacuo to give the give 4-(((3-(3,4-dimethoxyphenyl)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenol (361 mg, 0.89 mmol,
67% yield). 1H NMR (400 MHz, DMSO-ds) & = 9.31 (s, 1H), 8.22 (s, 1H), 7.42 (d, J = 2.0
Hz, 1H), 7.27 - 7.19 (m, 3H), 7.01 (d, J = 8.4 Hz, 1H), 6.75 - 6.71 (m, 2H), 5.99 (s, 1H),
4.47 (d, J = 6.4 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 2.54 (s, 3H), 2.34 (s, 3H). 13C NMR
(101 MHz, DMSO-ds) 6 =158.9, 157.0, 150.2, 149.0, 147.3, 146.3, 146.3,128.9, 126.5,
120.9, 115.7, 113.1, 112.6, 105.9, 86.0, 56.1, 56.0, 44.5, 25.4, 14.9 (1 carbon signal
not observed). LCMS (Formic) 98% desired product; tret = 1.08 min, MH* 405.3. HRMS
(C23H24N403) [M+H]* requires 405.1927 found [M+H]* 405.1928 vmax (neat) / cm™
3391, 2932, 1610, 1583, 1365, 1227, 1025, 791, 626, 494.
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4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
yl)amino)methyl)phenyl sulfofluoridate (2.76)

NH
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/N\
NS =
N

OMe
OMe

Chamber A of the COware flask reactor was charged with Sulfonyldiimidazole (110
mg, 0.55 mmol) and potassium fluoride (86 mg, 1.47 mmol). Chamber B of the
COware flask reactor was charged with 4-(((3-(3,4-dimethoxyphenyl)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenol (149 mg, 0.37 mmol),
DIPEA (0.77 mL, 4.42 mmol) and MeCN (3 mL). Trifluoroacetic acid (1 mL) was added
to chamber A via syringe injection and the reaction was stirred at RT for 18 h. After
pressure release, chamber B was decanted into an RBF (50 mL) and chamber A was
guenched with agueous concentrated NaOH. The reaction mixture was concentrated
in vacuo, diluted with CHCl; (10 mL) and washed with brine (10 mL). The organic
layer was concentrated in vacuo and purified by MDAP (formic method). The
appropriate vials were combined and concentrated in vacuo to afford 4-(((3-(3,4-
dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenyl

sulfofluoridate (107 mg, 0.22 mmol, 60% yield). *H NMR (600 MHz, DMSO-ds) 6 =
8.55-8.43 (m, 1H), 7.63 - 7.55 (m, 4H), 7.40 (d, /= 1.8 Hz, 1H), 7.22 (dd, /= 1.8, 8.4
Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.04 (s, 1H), 4.68 (d, / = 6.6 Hz, 2H), 3.80 (s, 3H), 3.79
(s,3H), 2.55 (s, 3H), 2.34 (s, 3H). 3C NMR (151 MHz, DMSO-de) & = 163.4, 159.1, 150.4,
149.1, 149.0, 147.3, 146.3, 140.3, 129.8, 126.4, 121.6, 121.0, 113.1, 112.6, 106.0,
85.9,56.1,56.0,44.0,31.2,14.9. F NMR (376 MHz, DMSO-d¢) & = 38.46 (s, 1F). LCMS
(Formic) 100% desired product; tret = 0.94 min, MH* 487.1. HRMS (C23H23FN4OsS)
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[M+H]* requires 487.1451 found [M+H]* 487.1454 ymax (neat) / cm™* 3370, 2933, 1617,
1582, 1504, 1446, 1329, 1251, 1233, 1141, 1027, 915, 771.

4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-

yl)Jamino)methyl)phenyl methanesulfonate (2.77)
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A microwave vial (5 mL) was charged with 4-(((3-(3,4-dimethoxyphenyl)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenol (71 mg, 0.18 mmol),
methanesulfonyl chloride (0.02 mL, 0.21 mmol), DIPEA (0.06 mL, 0.35 mmol) and
CHCl3 (2 mL). The reaction was stirred at RT for 16 h, diluted with CH>Cl, (10 mL) and
washed with brine (10 mL). The organic layer was concentrated in vacuo and purified
by column chromatography eluting with EtOAc in cyclohexane (0-100% gradient). The
appropriate fractions were combined and concentrated in vacuo to give 4-(((3-(3,4-
dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenyl
methanesulfonate (82 mg, 0.17 mmol, 97% yield). *H NMR (400 MHz, DMSO-d¢) & =
8.43 (s, 1H), 7.56 - 7.48 (m, 2H), 7.41 (d, J = 2.5 Hz, 1H), 7.37 - 7.29 (m, 2H), 7.22 (dd,
J=2.0, 8.4 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.04 (s, 1H), 4.68 - 4.59 (m, 2H), 3.80 (s,
3H), 3.79 (s, 3H), 3.36 (s, 3H), 2.55 (s, 3H), 2.34 (s, 3H). 13C NMR (151 MHz, DMSO-ds)
6=159.1, 150.4, 148.9, 148.6, 147.3, 146.3, 138.2, 129.1, 126.5, 122.8,121.0, 113.1,
112.6,105.8, 85.9, 56.1, 56.0, 44.2, 37.9, 31.1, 25.3, 14.8. LCMS (Formic) 99% desired
product; tret = 0.73 min, MH* 483.3. HRMS (C24H26N40sS) [M+H]* requires 483.1702
found [M+H]* 483.1693.
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N-(4-Bromobenazyl)-3-(3,4-dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-
alpyrimidin-7-amine (2.79)

Br
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A microwave vial (5 mL) was charged with 3-(3,4-dimethoxyphenyl)-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (409 mg, 1.09 mmol), (4-
bromophenyl)methanamine (0.206 mL, 1.63 mmol), DIPEA (0.38 mL, 2.18 mmol) and
DMSO (3 mL). The reaction vessel was sealed and heated in a microwave at 130 °C
for 5 h. After cooling, the reaction mixture was diluted with EtOAc (15 mL) and
washed with brine (15 mL), the organic layer was concentrated in vacuo and purified
by column chromatography eluting with EtOAc in cyclohexane (0-100% gradient). The
appropriate fractions were combined and concentrated in vacuo to give N-(4-
bromobenzyl)-3-(3,4-dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
amine (465 mg, 1.0 mmol, 91% vyield). *H NMR (400 MHz, DMSO-ds) & = 8.47 - 8.38
(m, 1H), 7.57 - 7.51 (m, 2H), 7.41 (d, J = 2.0 Hz, 1H), 7.39 - 7.34 (m, 2H), 7.25 - 7.19
(m, 1H), 7.05 - 6.99 (m, 1H), 5.99 - 5.95 (m, 1H), 4.60 - 4.55 (m, 2H), 3.80 (s, 3H), 3.79
(s, 3H), 2.55 (s, 3H), 2.36 - 2.30 (s, 3H). 13C NMR (101 MHz, DMSO-ds) 6 = 159.0, 150.4,
149.0, 147.3, 146.3, 146.2, 138.3, 131.8, 129.7, 126.5, 121.0, 120.6, 113.1, 112.6,
106.0, 86.0, 56.1, 56.0, 44.1, 25.3, 14.8. LCMS (Formic) 100% desired product; tret =
0.90 min, MH* 469.2. HRMS (C23H23BrN4O3) [M+H]* requires 467.1083 found [M+H]*
467.1081 vmax (neat) / cm™1 3400, 2995, 1578, 623.
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4-(((3-(3,4-Dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
yl)amino)methyl)benzene-1-sulfonyl fluoride (2.80)
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A microwave vial (5 mL) was charged with N-(4-bromobenzyl)-3-(3,4-
dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-amine (73 mg, 0.16
mmol), DABSO (38 mg, 0.16 mmol) and bis(di-tert-butyl(4-
dimethylaminophenylphosphine)dichloropalladium(ll) (11 mg, 0.02 mmol).
Triethylamine (0.22 mL, 1.6 mmol) and isopropanol (3 mL) were added and nitrogen
was bubbled through the solution for a couple of minutes. The reaction vessel was
sealed and heated in a microwave at 120 °C for 4 h. After cooling, N-
fluorobenzenesulfonimide (148 mg, 0.47 mmol) was added and the reaction was
stirred at RT for 2.5 h. The reaction mixture was passed through Celite™, diluted with
EtOAc (15 mL) and washed with water (15 mL). The organic layer was concentrated
in vacuo and purified by column chromatography eluting with EtOAc in cyclohexane
(0-100% gradient). The appropriate fractions were combined and concentrated in
vacuo to give 4-(((3-(3,4-dimethoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-7-
yl)amino)methyl)benzene-1-sulfonyl fluoride (48 mg, 0.10 mmol, 66% yield). 'H NMR
(400 MHz, DMSO-de) & = 8.61 - 8.54 (m, 1H), 8.16 - 8.11 (m, 2H), 7.81 - 7.76 (m, 2H),
7.42 - 7.39 (m, 1H), 7.26 - 7.20 (m, 1H), 7.06 - 7.00 (m, 1H), 6.00 (s, 1H), 4.83 - 4.77
(m, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 2.57 (s, 3H), 2.33 (s, 3H). 13C NMR (176 MHz, DMSO-
de) 6 = 158.7, 150.0, 148.4, 148.1, 146.8, 145.8, 145.7, 128.5, 125.9, 120.5, 112.6,
112.1, 105.6, 85.40, 55.6, 55.5, 43.9, 30.6, 24.8, 22.0, 14.4. *>F NMR (376 MHz, DMSO-
de) 6 = 66.54 (s, 1F). LCMS (Formic) 94% desired product; tret = 0.87 min, MH* 471.3.
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HRMS (C23H23FN404S) [M+H]* requires 471.1502 found [M+H]* 471.1502 vmax (neat) /
cm™3405, 3002, 1710, 1619, 1585, 1411, 1362, 1214, 1028, 770.

5-(2,5-Dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (2.81)
NS
Jos
\N =

OMe

OH

The microwave vial (20 mL) was charged with 3-bromo-2,5-dimethyl-7-
phenoxypyrazolo[1,5-a]pyrimidine (260 mg, 0.82 mmol), 2-methoxy-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (225 mg, 0.90 mmol), PdCly(dppf)-
CHCl,adduct (53.4 mg, 0.07 mmol), cesium carbonate (399 mg, 1.23 mmol) in 1,4-
dioxane (8 mL) and water (2 mL). The reaction vessel was sealed and heated in a
microwave at 130 °C for 5 h. After cooling, the reaction mixture was passed through
Celite™ and concentrated in vacuo. The crude product was purified by column
chromatography eluting with EtOAc in cyclohexane (0-60% gradient). The
appropriate fractions were combined and concentrated in vacuo to give 5-(2,5-
dimethyl-7-phenoxypyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (290 mg, 0.80
mmol, 98% yield). 'H NMR (400 MHz, DMSO-de) 6 = 8.98 (br s, 1H), 7.58 (t, J = 7.1 Hz,
2H), 7.46 - 7.40 (m, 3H), 7.24 - 7.22 (m, 1H), 7.13 - 7.08 (m, 1H), 7.03 - 6.99 (m, 1H),
5.91 (s, 1H), 3.82 (s, 3H), 2.54 (s, 3H), 2.41 (s, 3H). 13C NMR (DMSO-ds, 101 MHz) § =
160.6, 154.1, 152.3, 152.1, 147.6, 146.8, 146.6, 131.1, 129.8, 127.3, 125.6, 121.3,
120.0, 116.7, 115.7, 112.9, 90.5, 56.2, 55.3, 25.2, 14.8. LCMS (Formic) 90% desired
product; tret = 1.05 min, MH* 362.3. HRMS (C21H19N303) [M+H]* requires 362.1505
found [M+H]* 362.1497.
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5-(7-((4-Hydroxybenzyl)amino)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)-2-
methoxyphenol (2.82)
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A microwave vial (20 mL) was charged with 5-(2,5-dimethyl-7-phenoxypyrazolo[1,5-
a]pyrimidin-3-yl)-2-methoxyphenol (520 mg, 1.44 mmol), 4-(aminomethyl)phenol
(266 mg, 2.16 mmol), DIPEA (0.503 mL, 2.88 mmol) and DMSO (11 mL). The reaction
vessel was sealed and heated in a microwave at 130 °C for 5 h. After cooling, the
reaction mixture was diluted with EtOAc (15 mL) and washed with brine (15 mL). The
organic layer was concentrated in vacuo and purified by column chromatography
eluting with EtOAc in cyclohexane (0-100% gradient). The appropriate fractions were
combined and concentrated in vacuo to 5-(7-((4-hydroxybenzyl)amino)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol (459 mg, 1.18 mmol, 82%
yield). *H NMR (400 MHz, DMSO-ds) 6 = 9.35 (s, 1H), 8.91 (s, 1H), 7.23 (d, J = 8.9 Hz,
2H), 7.16 (d, J = 2.0 Hz, 1H), 7.04 (d, J = 2.0 Hz, 1H), 6.99 - 6.95 (m, 1H), 6.73 (d, J = 8.4
Hz, 2H), 6.02 (s, 1H), 4.48 (d, J = 6.4 Hz, 2H), 3.79 (s, 3H), 2.48 (s, 3H), 2.34 (s, 3H). 13C
NMR (101 MHz, DMSO-ds) 6 = 163.4, 157.1, 146.8, 129.0, 128.4, 120.1, 119.7, 116.6,
115.7, 113.0, 106.0, 86.3, 84.2, 71.6, 56.3, 44.6, 31.1, 21.2, 14.5 (one carbon signal
not observed). LCMS (Formic) 99% desired product; tret = 0.6 min, MH* 391.3. HRMS
(C22H22N403) [M+H]* requires 391.1770 found [M+H]* 391.1767.
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4-(((3-(3-Sulfofluoridate-4-methoxyphenyl)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-

7-yl)Jamino)methyl)phenyl sulfofluoridate (2.83)
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Chamber A was charged with Sulfonyldiimidazole (104 mg, 0.52 mmol) and potassium
fluoride (81 mg, 1.39 mmol). Chamber B was charged with 5-(7-((4-
hydroxybenzyl)amino)-2,5-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)-2-methoxyphenol
(68 mg, 0.17 mmol), MeCN (3 mL) and DIPEA (0.73 mL, 4.18 mmol). Trifluoroacetic
acid (2 mL) was added to chamber A via syringe injection and the reaction was stirred
at RT for 16 h. Chamber B was concentrated in vacuo, diluted with CH,Cl; (15 mL) and
washed with brine (15 mL). The organic layer was concentrated in vacuo and purified
by MDAP (formic method). The appropriate fractions were combined and
concentrated in vacuo to afford 4-(((3-(3-sulfofluoridate-4-methoxyphenyl)-2,5-
dimethylpyrazolo[1,5-a]pyrimidin-7-yl)amino)methyl)phenyl sulfofluoridate (25 mg,
0.05 mmol, 26% yield). *H NMR (700 MHz, DMSO-ds) 6 = 8.57 (t, J = 6.7 Hz, 1H), 7.98
(d, 4 =2.1 Hz, 1H), 7.83 (dd, J = 2.1, 8.7 Hz, 1H), 7.62 - 7.59 (m, 2H), 7.59 - 7.54 (m,
2H), 7.41 (d, J = 8.9 Hz, 1H), 6.10 (s, 1H), 4.67 (d, J = 6.6 Hz, 2H), 3.94 (s, 3H), 2.57 (s,
3H), 2.34 (s, 3H). 13C NMR (176 MHz, DMSO-d) & = 159.3, 150.0, 148.6, 147.9, 146.0,
145.8, 139.7, 138.0, 129.3, 129.1, 126.7, 121.1, 121.0, 114.3, 103.2, 85.9, 56.4, 43.5,
24.8,14.3. 9F NMR (500 MHz, DMSO-dg) 6 =40.31 (s, 1F), 38.43 (s, 1F). LCMS (Formic)
99% desired product; tret = 1.22 min, MH* 555.3. HRMS (Cz2H20F2N407S;) [M+H]*
requires 555.0820 found [M+H]* 555.0818 vmax (neat) / cm™12928, 1711, 1618, 1580,
1442,1290, 1228, 1140, 1018, 930, 840, 800.
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2,5,7-Trimethylpyrazolo[1,5-a]pyrimidine (2.87)
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The RBF (100 mL) was charged with 3-methyl-1H-pyrazol-5-amine (1.5 g, 15.44 mmol)
and pentane-2,4-dione (1.745 ml, 16.99 mmol). The reaction was heated at 145 °C
for 16 h. After cooling, the reaction mixture was concentrated in vacuo to give 2,5,7-
trimethylpyrazolo[1,5-a]pyrimidine (2.4 g, 14.91 mmol, 96% vyield). 'H NMR (400
MHz, CDCl3) & = 6.49 (s, 1H), 6.37 (s, 1H), 2.72 (s, 3H), 2.55 (s, 3H), 2.54 (s, 3H). 13C
NMR (101 MHz, CDCl3) 6 = 158.0, 154.5, 149.4, 144.7, 107.5, 95.1, 24.5,17.1, 14.7.

3-Bromo-2,5,7-trimethylpyrazolo[1,5-a]pyrimidine (2.88)

o

The RBF (150 mL) was charged with 2,5,7-trimethylpyrazolo[1,5-a]pyrimidine (2.3 g,
14.27 mmol), N-bromosuccinimide (3.05 g, 17.12 mmol) and CHCl, (50 mL). The
reaction was stirred at RT for 5mins. The reaction mixture was washed with aqueous
sodium thiosulfate solution and the organic layer was concentrated in vacuo to give
3-bromo-2,5,7-trimethylpyrazolo[1,5-a]pyrimidine (3.36 g, 14.06 mmol, 98% yield).
'H NMR (400 MHz, CDCl3) & = 6.56 (s, 1H), 2.72 (s, 3H), 2.62 (s, 3H), 2.52 (s, 3H).13C
NMR (101 MHz, CDCl3) & = 159.5, 152.8, 145.7, 145.2, 108.6, 83.5, 24.7, 16.5, 13.3.
LCMS (Formic) 100% desired product; tret = 0.86 min, MH* 242.0.

3-(2,5,7-Trimethylpyrazolo[1,5-a]pyrimidin-3-yl)phenol (2.89)

-N
/N\
N

N

A microwave vial (5 mL) was charged with 3-bromo-2,5,7-trimethylpyrazolo([1,5-

OH

a]pyrimidine (432 mg, 1.80 mmol), (3-hydroxyphenyl)boronic acid (248 mg, 1.80
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mmol), PdCly(dppf)-CH,Cl,adduct (147 mg, 0.18 mmol), cesium carbonate (1.17 g,
3.60 mmol), 1,4-dioxane (4 mL) and water (1 mL). The reaction vessel was sealed and
heated in a microwave at 120 °C for 5 h. After cooling, the reaction mixture was
passed through Celite™, diluted with EtOAc (15 mL) and washed with brine (15 mL).
The organic layer was concentrated in vacuo and purified by column chromatography
eluting with EtOAc (0-50% gradient) cyclohexane. The appropriate fractions were
combined and concentrated in vacuo to give 3-(2,5,7-trimethylpyrazolo[1,5-
alpyrimidin-3-yl)phenol (313 mg, 1.24 mmol, 69% yield). *H NMR (400 MHz, CDCl3) §
=7.25(d, J= 7.9 Hz, 1H), 7.23 - 7.19 (m, 1H), 7.15 - 7.11 (m, 1H), 6.72 - 6.67 (m, 1H),
6.53 (s, 1H), 2.76 (s, 3H), 2.61 (s, 3H), 2.55 (s, 3H) (OH signal not observed). 33C NMR
(101 MHz, CDCls) & = 158.7, 156.3, 152.2, 145.8, 145.0, 133.6, 129.5, 121.0, 116.3,
113.7,108.6, 108.2, 24.3,17.1, 14.1. LCMS (Formic) 100% desired product; tret = 0.88
min, MH* 254.1.

3-(2,5,7-Trimethylpyrazolo[1,5-a]pyrimidin-3-yl)phenyl sulfofluoridate (2.90)
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Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (154
mg, 0.78 mmol) and potassium fluoride (120 mg, 2.07 mmol). Chamber B of the
COware flask reactor was charged with 3-(2,5,7-trimethylpyrazolo[1,5-a]pyrimidin-3-
yl)phenol (131 mg, 0.52 mmol), DIPEA (0.72 mL, 4.14 mmol) and MeCN (4 mL).
Trifluoroacetic acid (1 mL) was added to chamber A via syringe injection and the
reaction was stirred at RT for 15 h. After pressure release, chamber B was decanted
into an RBF (50 mL) and the reaction mixture was concentrated in vacuo. The crude
product was purified by column chromatography eluting with EtOAc (0-30% gradient)
cyclohexane. The appropriate fractions were combined and concentrated in vacuo to
give 3-(2,5,7-trimethylpyrazolo[1,5-a]pyrimidin-3-yl)phenyl sulfofluoridate as a white
solid (150 mg, 0.39 mmol, 86% yield). H NMR (400 MHz, DMSO-ds) 6 = 8.04 - 8.00
(m, 1H), 7.97 -7.91 (m, 1H), 7.68 (t, J = 7.9 Hz, 1H), 7.52 - 7.45 (m, 1H), 6.97 - 6.92 (m,
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1H), 2.71 (s, 3H), 2.62 (s, 3H), 2.54 (s, 3H).}3C NMR (101 MHz, DMSO-ds) & = 159.9,
151.6,150.3, 146.0, 145.7, 136.1, 131.2,128.7,120.2, 118.2, 109.4, 105.1, 24.9, 16.9,
15.0. °F NMR (376 MHz, DMSO-de) & = 38.57 (s, 1F). LCMS (Formic) 100% desired
product; tret = 1.31 min, MH* 336.1. HRMS (C15sH14N3O3FS) [M+H]* requires 336.0818
found [M+H]* 336.0831 vmax (neat) / cm™ 3065, 1617, 1561, 1438, 1230, 1137, 922,
838, 791, 681, 573.

2,6-Dimethylimidazo[1,2-a]pyridine (2.92)
Qs
5-Methylpyridin-2-amine (990 mg, 9.15 mmol) was added to the RBF (100 mL), the
RBF was degassed and under atmosphere of nitrogen. Anhydrous ethanol (8 mL) and
1-chloropropan-2-one (1.46 mL, 18.31 mmol) were added and the reaction was
heated at 95 °C for 23 h. After cooling, the reaction mixture was concentrated, diluted
with CHCl; (20 mL) and washed with saturated aqueous sodium bicarbonate solution
(20 mL). The organic layer was concentrated in vacuo and purified by column
chromatography eluting with EtOAc in cyclohexane (0-100% gradient). The
appropriate fractions were combined and concentrated in vacuo to give 2,6-
dimethylimidazo[1,2-a]pyridine (570 mg, 3.90 mmol, 43% yield). *H NMR (400 MHz,
CDCl3) 6 =7.82 (s, 1H), 7.41 (d, J = 9.4 Hz, 1H), 7.25 (s, 1H), 6.96 (dd, J = 1.7, 9.4 Hz,
1H), 2.45 (s, 3H), 2.30 (s, 3H). 3C NMR (101 MHz, CDCl3) 6 = 144.2, 143.1, 126.9,
122.9, 121.2, 116.1, 109.1, 18.0, 14.3. LCMS (HpH) 89% desired product; tre: = 0.74
min, MH* 147.1. HRMS (CoH10N2) [M+H]* requires 146.0922 found [M+H]* 147.0925.

3-lodo-2,6-dimethylimidazo[1,2-a]pyridine (2.93)
N
x N\/gi
|
The RBF (100 mL) was charged with 2,6-dimethylimidazo[1,2-a]pyridine (556 mg,
3.80 mmol) and CHCl; (20 mL). Cold N-iodosuccinimide (856 mg, 3.80 mmol) was

added and the reaction was stirred for 1 h at RT. The reaction mixture was

238



concentrated, diluted with CH,Cl; (10 mL) and washed with water (20 mL). The
organic layer was concentrated in vacuo to give 3-lodo-2,6-dimethylimidazo[1,2-
alpyridine (1.0 g, 3.68 mmol, 97% yield). *H NMR (400 MHz, CDCl3) § =7.83 (d,J=1.0
Hz, 1H), 7.44 (d, J = 8.9 Hz, 1H), 7.06 (dd, J = 1.5, 8.9 Hz, 1H), 2.49 (s, 3H), 2.39 (d, J =
1.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) & = 128.0, 123.8, 122.4, 116.2, 108.7, 60.8,
29.6, 18.2, 14.8. LCMS (HpH) 100% desired product; tret = 1.01 min, MH* 273.0. HRMS
(CoHgN2l) [M+H]* requires 272.9889 found [M+H]* 272.9897.

3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)phenol (2.94)

OH

A microwave vial (20 mL) was charged with 3-iodo-2,6-dimethylimidazo[1,2-
alpyridine (325 mg, 1.19 mmol), (3-hydroxyphenyl)boronic acid (165 mg, 1.19 mmol),
PdCly(dppf)-CH,Cloadduct (98 mg, 0.12 mmol), cesium carbonate (778 mg, 2.39
mmol), 1,4-dioxane (4 mL) and water (1 mL). The reaction vessel was sealed and
heated in a microwave at 120 °C for 5 h. After cooling, the reaction mixture was
passed through Celite™, diluted with EtOAc (15 mL) and washed with aqueous
sodium thiosulfate solution (15 mL). The organic layer was concentrated in vacuo and
purified by column chromatography eluting with EtOAc in cyclohexane (0-100%
gradient). The appropriate fractions were combined and concentrated in vacuo to
give 3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)phenol (267 mg, 1.12 mmol, 94%
yield). *H NMR (400 MHz, CDCls) & = 7.93 (s, 1H), 7.45 (d, J = 9.4 Hz, 1H), 7.38 (t, J =
7.9 Hz, 1H), 7.08 - 7.02 (m, 2H), 6.99 (dd, J = 1.5, 9.4 Hz, 1H), 6.92 (d, J = 7.9 Hz, 1H),
2.41 (s, 3H), 2.23 (s, 3H) (OH signal not observed). 3C NMR (101 MHz, CDCl3) & =
158.8, 143.0, 139.5, 130.3, 130.1, 127.7, 121.7, 121.3, 120.1, 116.7, 116.1, 115.5,
30.9, 18.2, 13.4. LCMS (HpH) 85% desired product; tret = 0.9 min, MH* 239.1.
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3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)phenyl sulfofluoridate (2.95)

Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (231
mg, 1.17 mmol) and potassium fluoride (180 mg, 3.11 mmol). Chamber B of the
COware flask reactor was charged with 3-(2,6-dimethylimidazo[1,2-a]pyridin-3-
yl)phenol (185 mg, 0.78 mmol), DIPEA (1.09 mL, 6.21 mmol) and MeCN (4 mL).
Trifluoroacetic acid (1 mL) was added to chamber A via syringe injection. The reaction
was stirred at RT for 15 h. After pressure release, chamber B was decanted into an
RBF (50 mL) and concentrated in vacuo. The crude product was purified by column
chromatography eluting with EtOAc (0-80% gradient) cyclohexane. The appropriate
fractions were combined and concentrated in vacuo to give 3-(2,6-
dimethylimidazo[1,2-a]pyridin-3-yl)phenyl sulfofluoridate as a colourless oil (140 mg,
0.44 mmol, 57% yield). *H NMR (400 MHz, DMSO-ds) & = 8.13 (d, J = 1.5 Hz, 1H), 7.83
(s, 1H), 7.81 - 7.74 (m, 1H), 7.75 - 7.71 (m, 1H), 7.70 - 7.65 (m, 1H), 7.48 (d, J = 8.9 Hz,
1H), 7.16 (dd, J = 1.5, 9.4 Hz, 1H), 2.38 (s, 3H), 2.28 (d, J = 1.0 Hz, 3H). 13C NMR (101
MHz, DMSO-ds) & = 150.5, 143.6, 141.7, 132.3, 132.1, 130.0, 128.3, 122.2, 122.1,
121.5,120.6,119.1, 116.3, 18.1, 14.4. *°F NMR (376 MHz, DMSO-d¢) & = 38.79 (s, 1F).
LCMS (Formic) 100% desired product; tret = 0.64 min, MH* 321.1. HRMS
(C15H13N203FS) [M+H]* requires 321.0709 found [M+H]* 321.0714 vmax (neat) / cm™
3022, 2923, 1560, 1441,1425, 1229, 1128, 923, 832, 791, 697, 545.

4-((4-Methoxybenzyl)carbamoyl)phenyl sulfofluoridate (2.98)

oL
S.
o> F
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A microwave vial (5 mL) was charged with ((fluorosulfonyl)oxy)benzoic acid (100 mg,
0.45 mmol) in CH2Clz (4 mL) and oxalyl chloride (0.087 mL, 0.10 mmol). DMF (7.03 ul,
0.09 mmol) was slowly added and the reaction was stirred for 16 h at RT. (4-
Methoxyphenyl)methanamine (0.059 mL, 0.45 mmol) and triethylamine (0.076 mL,
0.55 mmol) were added and the reaction was stirred for a further 50 mins at RT. The
reaction mixture was diluted with CH,Cl; (15 mL) and washed with brine (15 mL). The
organic layer was concentrated in vacuo and purified by MDAP (formic method). The
appropriate fractions were combined and concentrated in vacuo to give 4-((4-
methoxybenzyl)carbamoyl)phenyl sulfofluoridate as a white solid (10 mg, 0.03 mmol,
7% yield). 'H NMR (600 MHz, CDCl3) & = 7.95 - 7.90 (m, 2H), 7.43 (d, J = 8.4 Hz, 2H),
7.30(d, J = 8.4 Hz, 2H), 6.95 - 6.89 (m, 2H), 6.31 (brs, 1H), 4.61 (d, J = 5.5 Hz, 2H), 3.84
(s, 3H). 3C NMR (151 MHz, CDCl3) 6 = 165.4, 159.3, 151.8, 135.0, 129.4, 129.3, 121.2,
114.3, 65.1, 53.4, 43.9. 1F NMR (376 MHz, CDCl3) & = 38.48 (s, 1F). LCMS (Formic)
95% desired product; tret = 1.07 min, MH*340.1. HRMS (C15H14NOsFS) [M+H]* requires
340.0655 found [M+H]* 340.0652.

4-(Methylcarbamoyl)phenyl sulfofluoridate (2.99)

A microwave vial (5 mL) was charged with 4-((fluorosulfonyl)oxy)benzoic acid (20 mg,
0.09 mmol) in CH2Clz (1 mL) and oxalyl chloride (0.017 mL, 0.20 mmol). DMF (1.41 pl,
0.02 mmol) was slowly added and the reaction was stirred for 1 h at RT. Methanamine
in MeOH (0.045 mL, 0.09 mmol) was added and the reaction was stirred for a further
1.5 h at RT. The reaction mixture was directly purified by MDAP (formic method). The
appropriate fractions were combined and concentrated in vacuo to give 4-
(methylcarbamoyl)phenyl sulfofluoridate (6 mg, 0.03 mmol, 29% yield). *H NMR (400
MHz, CDCl3) & = 7.92 - 7.89 (m, 2H), 7.46 - 7.42 (m, 2H), 3.06 (d, J = 4.9 Hz, 3H). 13C
NMR (151 MHz, CDCl3) § = 166.3, 151.7, 134.8,129.2, 121.2, 27.0. °F NMR (376 MHz,
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CDCl3) 6 = 38.47 (s, 1F). LCMS (Formic) 93% desired product; tret = 0.78 min, MH*
234.1. HRMS (CsHsNO4FS) [M+H]* requires 234.0236 found [M+H]* 234.0242 vmax
(neat) / cm™3323, 1643, 1555, 1436, 1230, 1140, 917, 856, 810, 655, 578.

tert-Butyl 2-(3-hydroxyphenyl)acetate (2.102)

OH

o)
\i/o

An RBF (50 mL) was charged with 2-(3-hydroxyphenyl)acetic acid (5 g, 32.9 mmol),
1,1-di-tert-butoxy-N,N-dimethylmethanamine (17.33 mL, 72.3 mmol) and toluene
(80 mL). The reaction was heated at 80 °C for 16 h. The reaction mixture was
concentrated, and the crude product was purified by column chromatography eluting
with EtOAc (0-30% gradient) cyclohexane. The appropriate fractions were combined
and concentrated in vacuo to give tert-butyl 2-(3-hydroxyphenyl)acetate (5.82 g, 28.0
mmol, 85% yield). *H NMR (400 MHz, CDClz) 6 = 7.17 (t, J = 7.6 Hz, 1H), 6.83 (d, J =
6.9 Hz, 1H), 6.79 - 6.70 (m, 2H), 3.50 (s, 2H), 1.47 (s, 9H). 3C NMR (101 MHz, CDCls)

6=171.6,156.0,136.0,129.6,121.3,116.3,114.1,81.3,42.6, 28.0. LCMS (HpH) 100%
desired product; tret = 1.00 min, MH" 207.1.

tert-Butyl 2-(3-((fluorosulfonyl)oxy)phenyl)acetate (2.103)

0
Fdo
|

)

o
\~/0
Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (1.26 g,
6.36 mmol) and potassium fluoride (985 mg, 16.96 mmol). Chamber B of the COware

flask reactor was charged with tert-butyl 2-(3-hydroxyphenyl)acetate (883 mg, 4.24
mmol), DIPEA (4.44 mL, 25.40 mmol) and CH2Cl; (12 mL). Trifluoroacetic acid (4 mL)
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was injected into chamber A and the reaction was stirred for 1 h at RT. After pressure
release, chamber B was diluted with CH2Cl; (20 mL) and washed with brine (20 mL).
The organic layer was concentrated in vacuo and purified by column chromatography
eluting with EtOAc (0-50% gradient) cyclohexane. The appropriate fractions were
combined and concentrated Jin vacuo to give tert-butyl 2-(3-
((fluorosulfonyl)oxy)phenyl)acetate (740 mg, 2.55 mmol, 61% yield). *H NMR (400
MHz, CDCl3) & = 7.48 - 7.42 (m, 1H), 7.37 - 7.31 (m, 2H), 7.28 - 7.25 (m, 1H), 3.60 (s,
2H), 1.47 (s, 9H). 13C NMR (101 MHz, CDCls) & = 169.6, 150.0, 137.7, 130.2, 129.6,
121.7, 119.3, 81.6, 42.2, 28.0. *°F NMR (376 MHz, CDCl3) 6 = 37.65 (s, 1F). LCMS
(Formic) 100% desired product; tret = 1.31 min, MH* 308.2.

2-(3-((Fluorosulfonyl)oxy)phenyl)acetic acid (2.104)

F\SIEO
|

(0]

o
OH

An RBF (25 mL) was charged with tert-butyl 2-(3-((fluorosulfonyl)oxy)phenyl)acetate
(177 mg, 0.61 mmol) and HCI (5.3 ml, 5.31 mmol). The reaction was heated at 80 °C
for 6 h. The reaction mixture was diluted with 3:1 chloroform:IPA (20 mL), washed
with brine (20 mL) and the pH adjusted to pH4. The organic layer was concentrated
in vacuo to give 2-(3-((fluorosulfonyl)oxy)phenyl)acetic acid (142 mg, 0.61 mmol, 99%
yield) as a white solid. *H NMR (400 MHz, DMSO-d¢) 6 = 7.58 - 7.52 (m, 1H), 7.52 -
7.46 (m, 2H), 7.45 - 7.40 (m, 1H), 3.70 (s, 2H) (COOH signal not observed). 3C NMR
(101 MHz, DMSO-d¢) 6 = 172.4, 150.0, 139.2, 130.9, 122.3, 119.5, 28.1 (one carbon
signal under solvent residue peak). °F NMR (376 MHz, DMSO-dg) 6 = 38.59 (s, 1F).
LCMS (Formic) unambigous peak shape; tret = 0.90 min, MH" 233.0. ymax (neat) / cm™
2919, 2671, 1706, 1443, 1205, 1117, 906, 883, 792, 751, 626, 534.
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tert-Butyl 2-(4-hydroxyphenyl)acetate (2.106)

OOJ<

OH

The RBF (50 mL) was charged with 2-(4-hydroxyphenyl)acetic acid (5 g, 32.9 mmol),
1,1-di-tert-butoxy-N,N-dimethylmethanamine (17.33 mL, 72.3 mmol) and toluene
(80 mL). The reaction was heated at 100 °C for 48 h. After cooling, the reaction
mixture was concentrated, diluted with CH,Cl, (30 mL) and precipitation occurred.
The solid was isolated from the filtrate and the filtrate was concentrated in vacuo.
The concentrated filtrate was purified by column chromatography eluting with EtOAc
(0-30%) in cyclohexane. The appropriate fractions were combined and concentrated
in vacuo to give tert-butyl 2-(4-hydroxyphenyl)acetate as an oil (3.8 g, 18.17 mmol,
56% yield). *H NMR (400 MHz, DMSO-dg) 6 = 9.26 (br s, 1H), 7.03 (d, J = 8.4 Hz, 2H),
6.70 (d, J = 8.4 Hz, 2H), 3.40 (s, 2H), 1.39 (s, 9H). 3C NMR (101 MHz, DMSO-dg) & =
171.3, 156.5, 130.5, 125.3, 115.6, 80.3, 41.3, 28.2. LCMS (HpH) 87% desired product;
tret = 1.01 min, MH" 207.2. HRMS (C12H1603) [M+H]* requires 209.1178 found [M+H]*
209.1178 vmax (neat) / cm™ 3252, 2982, 2706, 1702, 1612, 1524, 1404, 1234, 1210,
858, 822, 788, 653, 513.

tert-Butyl 2-(4-((fluorosulfonyl)oxy)phenyl)acetate (2.107)

Chamber A of the COware flask reactor was charged with sulfonyldiimidazole (1.2 g,
6.22 mmol) and potassium fluoride (964 mg, 16.59 mmol). Chamber B of the COware
flask reactor was charged with tert-butyl 2-(4-hydroxyphenyl)acetate (864 mg, 4.15
mmol), DIPEA (4.35 mL, 24.89 mmol) and CH2Cl; (12 mL). Trifluoroacetic acid (4 mL)
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was injected into chamber A and the reaction was stirred for 1 h at RT. After pressure
release, chamber B was diluted with CH,Cl; (20 mL) and washed with brine (20 mL).
The organic layer was concentrated in vacuo and purified by column chromatography
eluting with EtOAc (0-50% gradient) cyclohexane. The appropriate fractions were
combined and concentrated in vacuo to give tert-butyl 2-(4-
((fluorosulfonyl)oxy)phenyl)acetate (879 mg, 3.03 mmol, 73% yield). *H NMR (400
MHz, CDCls) 6 = 7.44 - 7.36 (m, 2H), 7.35 - 7.29 (m, 2H), 3.59 (s, 2H), 1.47 (s, 9H). 13C
NMR (101 MHz, CDCl3) 6 =170.0, 149.0, 135.6,131.2, 120.8, 81.4,41.8, 28.0. 1°F NMR
(376 MHz, CDCl3) & = 37.44 (s, 1F). LCMS (Formic) 96% desired product; tret = 1.31
min, MH* 308.2.

2-(4-((Fluorosulfonyl)oxy)phenyl)acetic acid (2.108)

OH

An RBF (25 mL) was charged with tert-butyl 2-(4-((fluorosulfonyl)oxy)phenyl)acetate
(165 mg, 0.57 mmol) and HCI (5.3 ml, 5.31 mmol). The reaction mixture was heated
at 80 °C for 16 h. After cooling, the reaction mixture was diluted with 3:1
chloroform:IPA (20 mL) , washed with brine (20 mL) and the pH was adjusted to pH
4. The organic layer was concentrated in vacuo to give 2-(4-
((Fluorosulfonyl)oxy)phenyl)acetic acid as a white solid (127 mg, 0.52 mmol, 95%
yield). H NMR (400 MHz, DMSO-ds) & = 12.46 (br s, 1H), 7.56 - 7.51 (m, 2H), 7.51 -
7.46 (m, 2H), 3.69 (s, 2H). 3C NMR (101 MHz, DMSO-ds) & = 172.6, 148.8, 137.0,
132.3, 121.2, 31.1. 19F NMR (376 MHz, DMSO-de) 6 = 38.34 (s, 1F). LCMS (Formic)
100% desired product; tret = 0.90 min, MH™ 233.0. HRMS (CgH7OsFS) [M-H] requires
232.9925 found [M-H]" 232.9924 vmax (neat) / cm™ 2917, 2849, 1694, 1503, 1443,
1231, 1136, 900, 811, 615, 571, 510.
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4-(2-((4-Methoxybenzyl)amino)-2-oxoethyl)phenyl sulfofluoridate (2.109)

HN

OMe

A microwave vial (5 mL) was charged with DMF (1 mL), HATU (60.9 mg, 0.16 mmol),
2-(4-((fluorosulfonyl)oxy)phenyl)acetic acid (30 mg, 0.13 mmol) and DIPEA (44.7 ul,
0.26 mmol). The reaction was stirred for 5 min before the addition of (4-
methoxyphenyl)methanamine (16.74 pl, 0.13 mmol). The reaction was stirred for 16
h at RT. The reaction mixture was directly purified by MDAP (formic method). The
appropriate vials were combined and concentrated in vacuo to give 4-(2-((4-
methoxybenzyl)amino)-2-oxoethyl)phenyl sulfofluoridate (27 mg, 0.08 mmol, 60%
yield). 'H NMR (600 MHz, CDCls) & = 7.42 (d, J = 8.4 Hz, 2H), 7.34 (br d, J = 8.4 Hz, 2H),
7.17 (d, J = 8.4 Hz, 2H), 6.90 - 6.85 (m, 2H), 5.71 - 5.59 (m, 1H), 4.39 (d, J = 5.9 Hz, 2H),
3.82 (s, 3H), 3.62 (s, 2H). 3C NMR (151 MHz, CDCls) & = 169.4, 159.2, 149.2, 135.8,
131.3, 129.9, 129.1, 121.3, 114.2, 55.3, 43.4, 42.9. °F NMR (376 MHz, CDCl3) 6§ =
37.95 (s, 1F). LCMS (Formic) 100% desired product; tret = 1.07 min, MH* 354.1. HRMS
(C16H16NOsFS) [M+H]* requires 354.0811 found [M+H]* 354.0811.

3-(2-((4-Methoxybenzyl)amino)-2-oxoethyl)phenyl sulfofluoridate (2.110)

HN

OMe
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A microwave vial (5 mL) was charged DMF (1 mL), HATU (64.9 mg, 0.17 mmol), 2-(3-
((fluorosulfonyl)oxy)phenyl)acetic acid (32 mg, 0.14 mmol) and DIPEA (0.048 mL, 0.27
mmol). The reaction was stirred for 5 min before the addition of (4-
methoxyphenyl)methanamine (0.018 mL, 0.14 mmol). The reaction was left to stir for
1 h at RT. The reaction mixture was directly purified by MDAP (formic method). The
appropriate vials were combined and concentrated in vacuo to give 3-(2-((4-
methoxybenzyl)amino)-2-oxoethyl)phenyl sulfofluoridate (22 mg, 0.06 mmol, 46%
yield). TH NMR (400 MHz, CDCls) & = 7.50 - 7.45 (m, 1H), 7.37 (d, J = 7.9 Hz, 1H), 7.32
-7.29 (m, 2H), 7.17 (d, J = 8.9 Hz, 2H), 6.90 - 6.84 (m, 2H), 5.71 (br s, 1H), 4.39 (d, J =
5.9 Hz, 2H), 3.82 (s, 3H), 3.64 (s, 2H). *3C NMR (176 MHz, CDCl3) & = 169.16, 159.20,
150.22,137.88,130.72,129.79, 129.63, 129.11, 121.72, 119.67, 114.19, 55.30, 43.43,
43.08. 19F NMR (376 MHz, CDCl3) & = 37.95 (s, 1F). vmax (neat) / cm'13287, 2925, 1638.
1513, 1438, 1230, 1117, 958, 895. 557. LCMS (Formic) 100% desired product; tret =
1.04 min, MH* 354.3. HRMS (Ci6H16NOsFS) [M+H]* requires 354.0811 found [M+H]*
354.0813 vmax (neat) / cm™ 3287, 2924, 1638, 1438, 1230, 1210, 958, 806, 768, 557.

General procedure A: Stock solution of 2-(4-((fluorosulfonyl)oxy)phenyl)acetic acid
(0.028 g, 0.12 mmol)/2-(3-((fluorosulfonyl)oxy)phenyl)acetic acid (0.028 g, 0.12
mmol) in DMF (3.3 mL) were prepared. Stock solution of HATU (0.057 g, 0.15 mmol)
in DMF (3.3 mL) was prepared. 2-(4-((Fluorosulfonyl)oxy)phenyl)acetic acid or 2-(3-
((fluorosulfonyl)oxy)phenyl)acetic acid (300 pL) was transferred into 11 reaction vials,
followed by DIPEA (0.042 mL, 0.24 mmol). HATU (300 uL) was added to each of the
reaction vials followed by the addition of the appropriate amine (200 pL, 0.144
mmol). Note, additional DIPEA (0.042 mL, 0.24 mmol) was added to reactions
containing amines stored as HCl salts. The reaction vials were sealed and stirred at
RT for 4 h. The reaction mixture was directly purified by MDAP (formic method). The
appropriate vials were combined and concentrated in vacuo to give the following

products.
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4-(2-(4-(1H-Indol-3-yl)piperidin-1-yl)-2-oxoethyl)phenyl sulfofluoridate (2.113-

Para)

(ONSO)
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Prepared by General Procedure A. 4-(2-(4-(1H-indol-3-yl)piperidin-1-yl)-2-
oxoethyl)phenyl sulfofluoridate (3.8 mg, 9.12 umol, 8% vyield). *H NMR (600 MHz,
DMSO1p7mm) & = 10.78 (br's, 1H), 7.56 - 7.52 (m, 3H), 7.47 (d, J = 8.4 Hz, 2H), 7.33 (d,
J=8.1Hz, 1H), 7.08 - 7.04 (m, 2H), 6.99 - 6.94 (m, 1H), 4.52 (br d, J = 12.5 Hz, 1H),
4.08 (brd,J=13.6 Hz, 1H), 3.85 (s, 2H), 3.21 (br t, J=11.9 Hz, 1H), 3.07 - 3.00 (m, 1H),
2.78-2.71(m, 1H), 1.99 - 1.91 (m, 2H), 1.53 - 1.42 (m, 2H). 3C NMR (176 MHz, DMSO-
de) 6 = 168.0, 148.2, 137.7, 136.3, 131.5, 126.1, 120.8, 120.6, 120.6, 118.9, 118.5,
118.0, 111.4, 46.0, 42.0, 38.6, 33.1, 33.0, 32.3. LCMS (Formic) 100% desired product;
tret = 1.21 min, MH* 417.2.

4-(2-((6-(4-Methylpiperazin-1-yl)pyridin-3-yl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.114-Para)

\ 7/

BN
F~ 0

Prepared by General procedure A. 4-(2-((6-(4-Methylpiperazin-1-yl)pyridin-3-
yl)amino)-2-oxoethyl)phenyl sulfofluoridate (10.1 mg, 0.03 mmol, 21% vyield). H
NMR (600 MHz, DMSO1psmm) & = 10.10 (s, 1H), 8.29 (d, J = 2.6 Hz, 1H), 7.77 (dd, J =
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2.6, 9.2 Hz, 1H), 7.58 - 7.50 (m, 4H), 6.83 (d, J = 9.2 Hz, 1H), 3.71 (s, 2H), 2.62 - 2.54
(m, 4H), 2.40 - 2.29 (m, 4H) (CHs signal under DMSO residue peak). 3C NMR (101
MHz, DMSO-ds) 6 = 168.7, 163.5, 155.6, 148.9, 139.5, 137.8, 132.0, 130.5, 129.8,
127.6,121.3,120.9, 107.7,53.7, 44.3, 42.4. LCMS (Formic) 100% desired product; tret
=0.57 min, MH* 409.2.

4-(2-((2-Hydroxyethyl)(1-methyl-1H-benzo[d]imidazol-2-yl)amino)-2-
oxoethyl)phenyl sulfofluoridate (2.115-Para)

0.0
F/S\O

Prepared by General Procedure A. 4-(2-((2-Hydroxyethyl)(1-methyl-1H-
benzo[d]imidazol-2-yl)Jamino)-2-oxoethyl)phenyl sulfofluoridate (12.9 mg, 0.03
mmol, 27% yield). *H NMR (600 MHz, DMSO1p7smm) 6 = 8.84 - 8.54 (m, 1H), 7.52 -
7.39 (m, 6H), 7.32 - 7.23 (m, 2H), 4.32 (t, J = 5.3 Hz, 2H), 3.78 (s, 2H), 3.71 (g, J = 5.1
Hz, 2H), 3.58 (s, 3H). 13C NMR (176 MHz, DMSO-ds) & = 170.7, 150.5, 148.5, 135.4,
131.7, 131.7, 123.1, 122.7, 120.7, 120.5, 111.8, 109.7, 62.3, 41.8, 40.4, 29.0. LCMS
(Formic) 100% desired product; tret = 0.7 min, MH* 408.1.

4-(2-(((1R,4R)-2-Acetyl-4-methyl-1,2,3,4-tetrahydroisoquinolin-1-yl)amino)-2-
oxoethyl)phenyl sulfofluoridate (2.116-Para)

o O
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—
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Prepared by General procedure A. 4-(2-(((1R,4R)-2-Acetyl-4-methyl-1,2,3,4-
tetrahydroisoquinolin-1-yl)Jamino)-2-oxoethyl)phenyl sulfofluoridate (12.1 mg, 0.03
mmol, 24% yield). *H NMR (600 MHz, DMSO1p;mm) & = 8.57 (br d, J = 8.4 Hz, 1H),
7.56 (d, J = 3.3 Hz, 4H), 7.34 - 7.25 (m, 2H), 7.22 - 7.16 (m, 1H), 7.10 - 7.04 (m, 1H),
4.70 - 4.55 (m, 2H), 3.69 (d, J = 16.9 Hz, 2H), 2.48 - 2.41 (m, 1H), 2.03 (s, 3H), 1.27 -
1.17 (m, 1H), 1.04 (d, J = 6.2 Hz, 3H). 3C NMR (176 MHz, DMSO-d) 6 = 169.5, 168.4,
148.4, 137.7, 136.1, 131.3, 126.9, 126.0, 125.2, 122.7, 120.8, 54.8, 46.5, 44.7, 41.4,
22.5,21.1 (1 carbon signal not observed). LCMS (Formic) 100% desired product; tret =
1.02 min, MH* 421.2.

4-(2-((4-Acetamidophenyl)amino)-2-oxoethyl)phenyl sulfofluoridate (2.117-Para)

Prepared by following General procedure A. 4-(2-((4-Acetamidophenyl)amino)-2-
oxoethyl)phenyl sulfofluoridate (23.5 mg, 0.06 mmol, 53% yield). *H NMR (600 MHz,
DMSO1pymm) 6 =10.15 (s, 1H), 9.86 (s, 1H), 7.54 (br d, J = 5.9 Hz, 4H), 7.50 - 7.48 (m,
4H), 3.71 (s, 2H), 2.01 (s, 3H). 3C NMR (101 MHz, DMSO-de) 6 = 172.6, 168.5, 148.9,
137.9,136.9,135.4,134.7,132.3,132.0,121.3,120.0, 42.7, 24.3. LCMS (Formic) 100%
desired product; tret = 0.92 min, MH* 367.1.
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4-(2-((3-(3,5-Dimethylisoxazol-4-yl)phenyl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.118-Para)

Prepared by General Procedure A. 4-(2-((3-(3,5-dimethylisoxazol-4-
yl)phenyl)amino)-2-oxoethyl)phenyl sulfofluoridate (10.4 mg, 0.03 mmol, 21% vyield).
14 NMR (600 MHz, DMSO1p7mm) & = 8.68 (br t, J = 5.9 Hz, 1H), 7.55 - 7.46 (m, 4H),
7.41 (t,J = 7.7 Hz, 1H), 7.27 - 7.22 (m, 2H), 7.20 (s, 1H), 4.33 (d, J = 5.9 Hz, 2H), 3.58
(s, 2H), 2.35 (s, 3H), 2.18 (s, 3H). 3C NMR (176 MHz, DMSO-ds) 6 = 169.5, 165.0, 157.9,
148.3,140.0,137.7,131.3,129.8,128.8,127.5,127.2,126.2,120.7, 115.7,42.1, 41.3,
11.2, 10.4. LCMS (Formic) 100% desired product; tret = 1.12 min, MH* 419.2.

4-(2-((4-Acetamidophenethyl)amino)-2-oxoethyl)phenyl sulfofluoridate (2.119-

Para)

\//

PN
(O

H
N

LT

N
Prepared by General Procedure A. 4-(2-((4-Acetamidophenethyl)amino)-2-
oxoethyl)phenyl sulfofluoridate (9.7 mg, 0.03 mmol, 21% yield). *H NMR (600 MHz,
DMSO1p7mm) & = 9.89 - 9.82 (m, 1H), 8.16 (br t, J = 5.5 Hz, 1H), 7.47 (dd, J = 8.6, 15.6
Hz, 4H), 7.38 (d, J = 8.8 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 3.45 (s, 2H), 3.26 (g, J = 6.7 Hz,
2H), 2.65 (t, J = 7.2 Hz, 2H), 2.02 (s, 3H). 3C NMR (176 MHz, DMSO-dg) & = 169.2,
168.0, 148.2, 137.8, 137.4, 133.8, 131.2, 128.7, 120.6, 119.0, 41.4, 40.2, 34.4, 23.8.
LCMS (Formic) 100% desired product; tret = 0.89 min, MH* 395.1.
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4-(2-((4-(3,5-Dimethylisoxazol-4-yl)phenyl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.120-Para)

N7/

BN
(O 2

NH

q A
N-O

Prepared by General procedure A. 4-(2-((4-(3,5-Dimethylisoxazol-4-
yl)phenyl)amino)-2-oxoethyl)phenyl sulfofluoridate (9.4 mg, 0.02 mmol, 19% yield).
14 NMR (600 MHz, DMSO1psmm) 6 = 8.70 - 8.64 (m, 1H), 7.57 - 7.47 (m, 4H), 7.33 (s,
4H), 4.32 (d, J = 5.9 Hz, 2H), 3.59 (s, 2H), 2.38 (s, 3H), 2.21 (s, 3H). 3C NMR (176 MHz,
DMSO-de) 6 = 169.5, 164.9, 158.0, 148.3, 138.5, 137.7, 131.3, 128.8, 128.3, 127.7,
120.7, 115.6, 42.0, 41.3, 11.2, 10.4. LCMS (Formic) 100% desired product; tret = 1.12
min, MH* 419.2.

4-(2-((3-Methyl-[1,2,4]triazolo[4,3-a]pyridin-8-yl)Jamino)-2-oxoethyl)phenyl
sulfofluoridate (2.121-Para)

\ 7/

0" °F

(0] N—N

N AL D—
N
=

Prepared by General procedure A. 4-(2-((3-Methyl-[1,2,4]triazolo[4,3-a]pyridin-8-
yl)amino)-2-oxoethyl)phenyl sulfofluoridate (10 mg, 0.03 mmol, 23% yield). *H NMR
(600 MHz, DMSO1p7mm) & = 10.70 - 10.66 (m, 1H), 8.08 (d, J = 7.0 Hz, 1H), 7.99 (d, J
= 7.3 Hz, 1H), 7.61 - 7.53 (m, 4H), 6.93 (t, J = 7.0 Hz, 1H), 4.00 (s, 2H), 2.70 (s, 3H). 13C
NMR (101 MHz, DMSO-ds) 6 = 170.7, 149.0, 145.1, 144.5, 137.6, 132.1, 126.2, 121.3,
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119.0, 114.2, 113.2, 42.3, 10.3. LCMS (Formic) 100% desired product; tret = 0.9 min,
MH* 365.1.

3-(2-(4-(1H-indol-3-yl)piperidin-1-yl)-2-oxoethyl)phenyl sulfofluoridate (2.113-
Meta)

Prepared by General procedure A. 3-(2-(4-(1H-indol-3-yl)piperidin-1-yl)-2-
oxoethyl)phenyl sulfofluoridate (24.7 mg, 0.06 mmol, 50% vyield).*H NMR (600 MHz,
DMSO1p7mm) & = 10.78 (br s, 1H), 7.57 - 7.52 (m, 2H), 7.50 - 7.45 (m, 2H), 7.43 (d, J =
7.7 Hz, 1H), 7.33 (d, /= 8.1 Hz, 1H), 7.08 - 7.03 (m, 2H), 6.99 - 6.93 (m, 1H), 4.52 (br d,
J=12.5Hz, 1H), 4.08 (br d, J = 13.6 Hz, 1H), 3.93 - 3.84 (m, 2H), 3.25 - 3.18 (m, 1H),
3.04 (brs, 1H), 2.75 (brs, 1H), 1.98 - 1.91 (m, 2H), 1.54 - 1.40 (m, 2H). 3C NMR (176
MHz, DMSO-ds) 6 = 167.7, 149.5, 139.7, 136.3, 130.4, 130.1, 126.1, 121.5, 120.8,
120.5, 118.9, 118.8, 118.5, 118.0, 111.4, 45.9, 42.0, 38.9, 33.1, 33.0, 32.3. LCMS
(Formic) 100% desired product; tret = 1.20 min, MH* 417.2.

3-(2-((6-(4-Methylpiperazin-1-yl)pyridin-3-yl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.114-Meta)

N&
()
N
|
Prepared by General Procedure A. 3-(2-((6-(4-Methylpiperazin-1-yl)pyridin-3-
yl)amino)-2-oxoethyl)phenyl sulfofluoridate (8.9 mg, 0.02 mmol, 19% yield). *H NMR

(600 MHz, DMSO1p7mm) & = 10.13 (s, 1H), 8.32 (d, J = 2.6 Hz, 1H), 7.80 (dd, J = 2.6,
9.2 Hz, 1H), 7.59 - 7.53 (m, 2H), 7.51 - 7.46 (m, 2H), 6.89 (d, J = 9.2 Hz, 1H), 3.75 (s,
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2H), 2.94 - 2.87 (m, 2H), 2.61 - 2.55 (m, 2H). 13C NMR (176 MHz, DMSO-ds) 6 = 168.0,
162.9, 154.7, 149.5, 139.1, 139.0, 130.5, 130.1, 130.1, 127.4, 121.5, 119.1, 107.5,
52.5,43.0,42.0. LCMS (Formic) 100% desired product; tret = 0.57 min, MH* 409.2.

3-(2-((2-Hydroxyethyl)(1-methyl-1H-benzo[d]imidazol-2-yl)amino)-2-
oxoethyl)phenyl sulfofluoridate (2.115-Meta)

DU
o N/\/OH

|
0= g ~NTSN
o

&

Prepared by General Procedure A. 3-(2-((2-Hydroxyethyl)(1-methyl-1H-
benzo[d]imidazol-2-yl)Jamino)-2-oxoethyl)phenyl sulfofluoridate (17.5 mg, 0.04
mmol, 36% yield). *H NMR (600 MHz, DMSO1p7smm) 6 = 8.78 - 8.64 (m, 1H), 7.52 -
7.49 (m, 1H), 7.48 - 7.44 (m, 2H), 7.44 - 7.40 (m, 2H), 7.40 - 7.36 (m, 1H), 7.32 - 7.25
(m, 2H), 4.33 (t, J = 5.1 Hz, 2H), 3.83 (s, 2H), 3.71 (br d, J = 5.5 Hz, 2H), 3.59 (s, 3H). 13C
NMR (176 MHz, DMSO-ds) 6 = 170.5, 150.4, 149.4, 137.4, 131.6, 130.5, 130.3, 123.2,
122.7, 121.8, 119.3, 111.7, 109.7, 62.4, 41.9, 29.0. LCMS (Formic) 100% desired
product; tret = 0.70 min, MH* 408.1.

3-(2-(((2S,4R)-1-Acetyl-2-methyl-1,2,3,4-tetrahydroquinolin-4-yl)amino)-2-
oxoethyl)phenyl sulfofluoridate (2.116-Meta)

Prepared by General Procedure A. 3-(2-(((25,4R)-1-Acetyl-2-methyl-1,2,3,4-
tetrahydroquinolin-4-yl)amino)-2-oxoethyl)phenyl sulfofluoridate (13.2 mg, 0.03
mmol, 27% yield). *H NMR (600 MHz, DMSO1p7smm) 6 = 8.61 - 8.55 (m, 1H), 7.61 -
7.55 (m, 2H), 7.53 - 7.48 (m, 2H), 7.33 - 7.26 (m, 2H), 7.22 - 7.15 (m, 1H), 7.13 - 7.06
(m, 1H), 4.71 - 4.58 (m, 2H), 3.77 - 3.67 (m, 2H), 2.48 - 2.42 (m, 1H), 2.03 (s, 3H), 1.27
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-1.19 (m, 1H), 1.04 (d, J = 6.6 Hz, 3H). 13C NMR (176 MHz, DMSO-ds) & = 169.2, 168.4,
149.6, 139.6, 136.1, 130.6, 130.0, 126.9, 126.0, 125.2,122.7, 121.2, 119.0, 46.5, 44.8,
41.6, 22.5, 21.2. LCMS (Formic) 100% desired product; tret = 1.02 min, MH* 421.2.

3-(2-((4-Acetamidophenyl)amino)-2-oxoethyl)phenyl sulfofluoridate (2.117-Meta)

/@\)Oj\
(Ij NH
sl
\n/NH

O

Prepared by General Procedure A. 3-(2-((4-Acetamidophenyl)amino)-2-
oxoethyl)phenyl sulfofluoridate (13.9 mg, 0.04 mmol, 32% yield). *H NMR (600 MHz,
DMSO1pymm) & = 10.17 (s, 1H), 9.87 (s, 1H), 7.58 - 7.53 (m, 2H), 7.49 (s, 6H), 3.75 (s,
2H), 2.01 (s, 3H). 3C NMR (176 MHz, DMSO-ds) 6 = 167.9, 167.8, 149.5, 139.3, 134.9,
134.2, 130.5, 130.0, 121.5, 119.5, 119.3, 119.0, 42.3, 23.8. LCMS (Formic) 100%
desired product; tret = 0.92 min, MH* 367.1.

3-(2-((3-(3,5-Dimethylisoxazol-4-yl)benzyl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.118-Meta)

{ N
N-O

Prepared by General Procedure A. 3-(2-((3-(3,5-Dimethylisoxazol-4-
yl)benzyl)amino)-2-oxoethyl)phenyl sulfofluoridate (9.7 mg, 0.02 mmol, 20% yield).
1H NMR (600 MHz, DMSO1psmm) & = 8.68 (br s, 1H), 7.54 - 7.39 (m, 5H), 7.27 - 7.23
(m, 2H), 7.21 - 7.18 (m, 1H), 4.34 (d, J = 5.5 Hz, 2H), 3.62 (s, 2H), 2.35 (s, 3H), 2.18 (s,
3H). 3C NMR (176 MHz, DMSO-dg) 6 = 169.3, 164.9, 157.9, 149.5, 139.9, 139.6, 130.5,
129.9, 129.8, 128.8, 127.5, 127.2, 126.3, 121.2, 118.9, 115.7, 42.1, 41.5, 11.2, 10.3.
LCMS (Formic) 100% desired product; tret = 1.12 min, MH* 419.2.
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3-(2-((4-Acetamidophenethyl)amino)-2-oxoethyl)phenyl sulfofluoridate (2.119-
Meta)

0]

Prepared by General Procedure A. 3-(2-((4-Acetamidophenethyl)amino)-2-
oxoethyl)phenyl sulfofluoridate (20.6 mg, 0.05 mmol, 44% yield). *H NMR (600 MHz,
DMSO1pymm) & = 9.88 - 9.81 (m, 1H), 8.21 - 8.14 (m, 1H), 7.53 - 7.49 (m, 1H), 7.48 -
7.41 (m, 4H), 7.36 - 7.32 (m, 1H), 7.10 - 7.06 (m, 2H), 3.50 (s, 2H), 3.26 (br d, J = 6.6
Hz, 2H), 2.65 (t, J = 7.3 Hz, 2H), 2.02 (s, 3H). 13C NMR (176 MHz, DMSO-ds) & = 169.0,
168.0,149.5,139.8, 137.4,133.8,130.4,129.8, 128.7, 121.2,119.0, 118.8, 41.6, 40.3,
34.4, 23.9. LCMS (Formic) 100% desired product; tret = 0.89 min, MH* 395.1.

3-(2-((4-(3,5-Dimethylisoxazol-4-yl)benzyl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.120-Meta)

Prepared by General Procedure A. 3-(2-((4-(3,5-Dimethylisoxazol-4-
yl)benzyl)amino)-2-oxoethyl)phenyl sulfofluoridate (9.3 mg, 0.02 mmol, 19% yield).
14 NMR (600 MHz, DMSO1p7mm) & = 8.72 - 8.65 (m, 1H), 7.54 (d, J = 7.7 Hz, 1H), 7.49
(brd, J = 10.3 Hz, 2H), 7.45 (d, J = 7.3 Hz, 1H), 7.37 - 7.27 (m, 4H), 4.33 (d, J = 5.9 Hz,
2H), 3.62 (s, 2H), 2.38 (s, 3H), 2.21 (s, 3H). 3C NMR (176 MHz, DMSO-ds) & = 169.2,
164.9, 158.0, 149.5, 139.6, 138.5, 130.5, 129.9, 128.8, 128.3, 127.7, 121.2, 119.0,
115.6, 42.0, 41.5, 11.2, 10.4. LCMS (Formic) 100% desired product; tret = 1.12 min,
MH* 419.2.
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3-(2-((3-Methyl-[1,2,4]triazolo[4,3-a]pyridin-8-yl)amino)-2-oxoethyl)phenyl
sulfofluoridate (2.121-Meta)

q N{N

Prepared by General Procedure A. 3-(2-((3-Methyl-[1,2,4]triazolo[4,3-a]pyridin-8-
yl)amino)-2-oxoethyl)phenyl sulfofluoridate (10.2 mg, 0.03 mmol, 24% vyield). *H
NMR (600 MHz, DMSO1p7mm) 6 = 10.74 (s, 1H), 8.25 - 8.20 (m, 1H), 8.04 - 7.98 (m,
1H), 7.62 - 7.49 (m, 4H), 7.10 - 7.05 (m, 1H), 4.02 (s, 2H), 2.74 (s, 3H). 13C NMR (176
MHz, DMSO-ds) 6 = 169.8, 149.5, 145.0, 143.1, 138.8, 130.6, 130.3, 125.1, 121.7,
119.4, 119.2, 115.9, 114.6, 41.8, 9.8. LCMS (Formic) 100% desired product; tret = 0.9
min, MH* 365.1
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3.2 Lipid kinase screen of 2.45
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3.3 HPLC reference control plots
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HPLC Area %
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3.4 Crystallography data

All crystallographic data was obtained by Don O Somers who resides in the Structural

and Biophysical Sciences at GSK (Stevenage).

Compound 2.23
1.78A Human P14KIIIB (291-801 Isoform 2 (del 416-503) R409Q, R412Q) in complex.

Beamline Diamond Detector Pilatus-6M Date 2017-10-20
Light Source Collected
ID30A-1
Resolution 1.780A Space Group P212121 Record Date 2017-12-15
R 0.2208700 R-free 0.2639200 Structure A
Quality
A 54.482A B 67.754A C 106.740A
Alpha 90.00° Beta 90.00° Gamma 90.00°

Compound 2.45

1.60A human P14KIIIB (291-801 isoform 2 (del416-503) R409Q, R412Q) in complex

covalently bound.
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90.00°

1.77A human PI4KIIIB (291-801 isoform 2 (del416-503) R409Q, R412Q) in complex

covalently bound.

Beamline

Resolution

R

A
Alpha

Diamond
Light Source
ID30A-1

1.770 A

0.2119300

58.216A
90.00°

Detector

Space Group

R-free

B
Beta

Pilatus-6M

P212121

0.2497200

67.950 A
90.00°

Date
Collected

Record Date

Structure
Quality
C

Gamma

2018-08-29

2018-09-08

A

107.166 A
90.00°
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Compound 2.83

2.09A human PI4KIIIB (291-801 isoform 2 (del416-503) R409Q, R412Q) in complex
covalently bound.

) Diamond . Date
Beamline nghtlggurce Detector Pilatus-6M Collected 2018-10-11
Resolution 2.090A Space Group P212121 Record Date 2018-10-22
Structure
R 0.2119890 R-free 0.2658490 Quality A v
A 58.862A B 67.857A C 107.070A
Alpha 90.00° Beta 90.00° Gamma 90.00°
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Compound 2.90
1.67A human PI4KIIIB (291-801 isoform 2 (del416-503) R409Q, R412Q) in complex

covalently bound.

) Diamond _ Date
Beamline nghtlgzurce Detector Eiger 16M Collected 2019-05-20
Resolution 1.670A Space Group P212121 Record Date 2019-06-11
Structure
R 0.18846(?0 R-free 0.21611(?0 Quality A '
A 58.040A B 68.090A C 107.290A
Alpha 90.00° Beta 90.00° Gamma 90.00°
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Compound 2.95

1.67A human PI4KIIIB (291-801 isoform 2 (del416-503) R409Q, R412Q) in complex

covalently bound.

) Diamond _ Date
Beamline nghtlggurce Detector Eiger 16M Collected 2019-05-20
Resolution 1.670A Space Group P212121 Record Date 2019-06-11
Structure
R 0.18846(?0 R-free 0.21611(?0 Quality B '
A 58.040A B 68.090A C 107.290A
Alpha 90.00° Beta 90.00° Gamma 90.00°
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X-ray overlay of covalent inhibitors 2.45, 2.90 & 2.95 bound to Lys549.
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3.5 Fragment mass spectrometry control compound 2.98
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2.98
Covalent labelling of PI4KIIIB detected with fragments 2.90 and 2.95. No covalent
modification observed for 2.98.
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