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Abstract

Idiopathic pulmonary fibrosisIPF) is a progresive and fatal disease of the lung,
characterised by excessive collagen depositomedian survival time of-3 years

gives IPF a worse prognosis than many cancéhre two currently approved
treatmentsonly slow progression of the diseasehile the best treatmerit a lung
transplanti haslong waiting lists risks associated with organ rejectiand is no a

viable option for all patients.Researchers at GlaxoSmithiké (GSK) have
demonstratedhat inhibition of mMTOR kinase halts the depiosi of collagen.
Research is underway to develop an inhaled small molecule inhibitor of MTOR kinase

for the treatment of IPF.

Chapter | describes thead optimisation o& novelseries of directhtinked sulfone
MTOR kinase inhibitorg¢A, Figure). Compounds were designed and synthesised
explore structure activity relationships (SAR) by modifying the substituents at,the 2
4-, and 6positions(R?, R? and R). The aims ofthis research were taa) identify
optimal cominations of the three substituentd synthesise compounds that met the
target property profilesuitableefficacy, affinity and selectivity with no mutagenic
risks) and c) investigate a range of novel sné moeties While these aims were
achieved,anin vivo study demonstrated that compounds from within this directly
linked sulfone series did not have the requiredivo efficacy.
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A - Directly-linked sulfone series B - Carbon-linked sulfone series

R' = alkyl, X = CH, N, CF
R2 = R3 = (hetero)alkyl, (hetero)aryl

Figure: The two series of mTOR kinase inhibitors discussed in this The$ighd directlylinked
sulfone series and Bthe carborinked sulfone series. Substituents in each of the thretengse

coloured in red, green drblue.

In parallel to the research intbe directlylinked sulfone compound, an alternative
series of carbofinked sulfone mTOR kinase inhibitongasexplored(B, Figure). As

compounds in this series were progrestader quantities were needed, requiring a
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robust synthesisChapter Il descbes the work carried out to overcome theee key

challengs in the synthesis

1) To develop an improved synthesis of the(5ichloro-1H-pyrrolo[3,2
b]pyridin-2-yl)-N-methylmethanamine moiet{( Scheme here referred to as
the azaindolg

2) Toimprove the KAr reaction conditions to install th&)¢3-ethylmorpholine
to give compound (Schems.

3) To identify a suitable crossoupling methodology to couplehe 2-
chloropyridine coré€C) and the azaindoléE) to give final compoundé.

An improved synthesis of thazaindole(E) was designed, employg the Larck
indole synthesiand asolvent and base scregaveimproved conditions for then®r
reactionto give compoune. Originally only feasible using Stille chemistry and toxic
organostannanethe bipyridyl crasscouplingreaction was improvedy employinga

desulfinative crossoupling reactiorfcouplingD andE to giveF, Schemg.
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Scheme Forming the sulfinate and tlseiccessful desulfinative cressuplingreaction Reagentsand
Conditions i) SMOPS(sodium 3methoxy3-oxopropanel-sulfinate, Cu(l)l, DMSO, 110 °C
i) NaOMe (0.5 M in MeOH), THF, 21C. iii) K2COs, Pd(OACc), PCy;, 1,4-dioxane, 150C. iv) HCI
(4 M in 1,4dioxane), 1,4ioxane.

The scope offtis desulfinatie crosscoupling reactiorwas subsequently explored
Chapter Ill,with a particular focus on the synthesis of bipyridyl compouiitiss

demonstrated that a range of bipyridyl compounds could be made by this method.

Finally, a high-throughputscreeningplatform for the desulfinative crossoupling

reactionwas designedral validated giving a rapid method to screen catalysts, bases

and solvents and optimise the reaction. This proved particularly valuable to develop

conditions for some of the more challengcrosscoupling substrates.
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1. Introduction

ThisThesisdescribeshe development @ smallmolecule inhibitoof themechanistic
target ofrapamycin(mTOR) kinasdor the treatment of idiopathic pulmonary fibrosis
(IPF).

1.1 Idiopathic pulmonary fibrosis

IPF is a progressive, fatal lurdjseasé. It is characterised by excessive collagen
deposition in the lungsleadingto the formation of scar tissuend there is no
definitively known causé:3 It is themost common form athe idiopathic interstitial
pneumonia (diseases affecting the lung interstitilinthe space between thiveolar
epithelium and the capillary endothelium, part of the bigad barrief).> A median
survival time from diagnosis of2 years gives IPF a worse mortality ratarthmany
cancers?® IPF is more frequent in smokers, and both genetic and environmental
factors have been implicatéd®*? Typical symptoms include neproductive
coughing and exertional breathlessnesafich can lead to patients becoming
housebound. Clubbing (widening ofthe tips of fingers or toes) is also seen in
approximately 50% of IPF patientsThe deposition of collagen in the lung tissue
causes many changes to the structumeluding the characteristic honeyoab

appearance of the lung tissurégure 1).*

Figure 1: The lung of a patient with advanced IPF showing the honeycomb stréicture.
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1.1.1Diagnosis and disease progression

Previously, in order to diagnose IRRamiguously a lung biopsywas required,
showing the histopatthagic pattern of usual interstitial pneumonia (UIP, usual to
indicate that it is most commonly seen and pneumonia referring to inflammation, not

infectiorf); thisneededo becombined with the following criteriat

1 Exclusion of any other cause of interstitial lung disease éaxgronmentgl
1 Abnormal pulmonary function including evidee of restricted gas exchange

1 Abnormal highresolution omputed tomography (HRCT) scans

More recently, the diagnostic criteria have changed due to the abiHRGT scans
to detect the histoplaalogic pattern of UIPmeaning a surgical biopsy is nanlger
essential to diagnose IPFHRCT uses a normal CT scanner anda¥ images are
taken at frequent intervals to build up a picture of the lung and sineas with
different densities of lung tissue. HRCT scans, more dense areas whte andess
dense areas (such as arg black. HRCT of the lungs of IPF patients show the
characteristic honeycombing as the lung walls thicken (white areas) and¢bé al

enlarge (black areas) allowing their uséhiadiagnosis of IPFRigure 2).°

E‘ NS

Figure 2 A and B: HRCT images of the lungs of patients with IPEemonstratinghe honeycombing

of the lung structuréred). Adapted from a figure biting et al.’

IPF is most common in middigged and older peopleith a median agef 66 years
at diagnosi$. This can make diagnosis difficuffiven that the initial symptom of
breathlessness can be attributed to aging or emphys@&iia.in turn can lead to
delays in diagnosis of-B4 months after the symptoms first app&arAdditionally,

IPF can have several years of asymptomatic progression before patients develop

16
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symptoms’ and, once diagnoseitidividud patients progress at different ratégvith

a stable or slowly progressive courpatients experience gradual decline in lung

function and can survive for months to years from the onset of symptdfite an

accelerated variant, patients experience rapid decline and shortened Sukvouaid

10% of patiers may also experience acute exacerbations, often recognised by

worsening breathlessness, leading to poor outcontbswairtality of over 60% during
admission to hospital and over 90% witBimonths of discharge{gure 3).>1>1¢

Lung microinjuries

Onset

of symptoms Aciite

exacerbations

Survival (%)

IPF and .
emphysema Slow progressive

L\
Rapid A course

progressive \
\

Asymptomatic period course \

T T T ! I !
(months to years) o 1 2 3 4 5

Time (years)

o
~N
oo

Ne]
S

Figure 3: Schematishowing the differenrates of pogression of IPF, from Kingt al.® The disease
can start years before symptoms devegpmssiblyfollowed by slow declinellueline). Some patients
may shav rapid decline (purple ling)eading to shorter survival timeBatients with both emphysema

and IPF may also have reduced survival compared to patients with IPRraidtiae)®

1.1.2 Current treatments for IPF

There are currently two approved treatments for: IRIRtedanib {, Boehringer
Ingelheim) andpirfenidone @, Roche) Figure 4).1%17 Both are ordy administered
compounds and have been shown to slow the progression of the dmeassther

halts or reverses the progression and both have gastrointestinal side’ éfelés.

"
~o0 O N o
\ NH é@
) Q -
/N{N/\:\/N\

0]
Nintedanib, 1 Pirfenidone, 2

Figure 4: The chemical structures of two approved IPF therapietedanib {) andpirfenidone @).
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The exact mechanism of actionmiffenidone is not known but it has been shown to

reduce disease progression gamed to a placebbNintedanib is a multiple tyrosine

kinase inhibitor the exact mechanism of action howewas unclear when it was
approved® Rangarajanet al. have subsequently shown thaihtedanib inhibits
transforming growth factor b (TGFDb) sign
this may lead to its ability to slow the progression of #PFhe best existing treatment

option for IPF p&ents is lung transplantation, but donor lungs are limitedl the

procedure is only possible for a small number of patieAtditionally, even with a

transplanted lung, patients survive only an average of 3 yeargg@asplant.?!
1.1.3Normal wound healing and tre pathway leadingto IPF

While the precise details of the process leading to the development of IPF remains
unknown, the understanding of the mechanism has progressed in the-B&t 20
yearst’?? It is believed that IPRs caused by unencumbered activation of multiple
pathways involved in wound healidggNormal wounds bleed and this enables various

cells (including platelets and proteingsuch as fibrijp to access the site ofjury,
enabling blood clotting® P at el et s contain various fac
initiate the wound healing process by recruiting fibroblasts, endothelial cells and
macrophages to the site of injud/Once at the site of injury, fibroblasts proliferate

and transform into mydbroblasts, the effector celin fibrosis (and wound
healing)?>?* | n response to activati orhesisey TGF
extracellular matrix (ECM) and secrete collagen, one of the main fibrous ECM
proteins?>2>2°0Once the wound is healed, fibroblasts undergo apoptosis and the ECM

is broken downleading to wound contracticid:°

Fibrosis can develop if any stage of theund healing process is dysuégted, or if

the lung continues to be damadgfat example by repeated microinjuries such as those

caused by cigarette smdRg leading to excess ECM deposition (including collagen
secreted by fibroblastsinfiorb | asti ¢ foci ) and?®&Figuer manen

5, from a paper by Wynn, describes the process schemattally.
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Figure 5: Schematic demonstrating disruptiohnormal wound healing and the possible development
of IPF. The 4 main stages of wound healing: 1) clotting, 2) migration of inflammatory cells and
secreion of profibrotic cytokines (ILkL b, TNB, labd TGFb), 3) migration
differentation of fibroblasts into myofibroblasts and formation of ECM (note, fibroblasts and
myofibroblasts may also be derived from epithelial cells undergqithediaFmesenchymal

transition (EMT, when epithelial cells transform into fibroblklet cells)) and 4) tissue remodeliy.

Three mechanisms have been prop@sebeingesponsible for accumulation of ECM

andmyofibroblastsin IPF Figure 6):24

1 Inflammation and immune mechanisms (there is evidence that inflammation
related cytokines are implicated in profibrotic maaisms recently the
inflammatory role in IPF has been disputed due to the lack of success of anti
inflammatory treanents)?*282°

1 Oxidative stress (data suggest that there may be an oxidant/antioxidant
imbalancean the lungs of IPF patients).

1 Coagulation disruption (evidee suggests that there is an imbalance of

procoagulant in the lungs of IPF patients).
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Figure 6: Schematic representing three broad mechanisms proposed to IP&ftased on figure
by Toddet al.?*

It is suspectedhat there is significant interplay of these three factors in patients with
IPF. Despite efforts to develop treatments, tthe approvedherapiedor IPF only
slow disease progressioCombined with theecentsuggestion that the prevalence of
IPF has iereased? this demonstrates a cleaeed for a treatment that will halt the

progression of IPF.
1.2 Comparison ofthe properties of oral and inhaled drugs

In the drug discovery proceseald optimisation involves making incremental changes
to the structure of a lead compound or series to identify a molecule that Baseeds

the taget profile for he drug candidate. To do this, a compound must be designed with
the desired balance afinity, efficacy, selectivity, ADME (absorption, distribution,
metabolism and excretion) and physicochemical propedresmust have the lowest
possble predicted clinical doseThis stage in the drug discovery process aims to
generate ang-candidatecompoundthat, through further workncluding additional
safety studigswill be developed into a clinical candidate that will progress through

clinical trials to become a succesktirug.
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Broad rules or guidelines for drug discovery have been suggestedt famously in

the Lipinski Rul e of Five. Li pinski der
properties optimal for oral absorption based on d¢ated property distributias of
compounds takeinto Phase Il clinical trial¥' Key propertieshighlighted as leading

to poor permeability and absorptiavere lipophilicity (LogP > 5), the number of

hydrogen bond donors (> 5) and acceptors (> 10) and molecular weight 3 500).

The original objectiveof the current studyvas to develop an orally administered
treatmenfor IPF. However, his objective was subsequentihangedand annhaled
treatmentvaspreferred Topical delivery allows the therapeutic agent to be delivered
directly to the site of actionHowever, a large portion of the dose @) is
swallowed after inhalation and,available for systemic absorption, can lead te off
target effects? It is therefore desirable for an inhaled compound to have low oral
bioavailability. If this is the case, thehaled deliverymethodmay avoid systemic
effectsand reduce the problem off-target activity>>> Another proposed advantage

of inhaled delivery is that many of the usual physicochemical restraints on drug
structure dictated by oral absorption (such as those outlined inpimski Rule of
Five) can be avoided, suggesting that the drugodiery process for an inhaled drug
may be faster than for an oral drifgHowever, the drug developmeptocess
including formulation, obtaining a suitable crystalline form and developing a suitable

device can be more challengifug an inhaled compount.

Analysis of the physicochemical properties of marketed inhaled drugs have been
carried out and comparisons drawn to the Lipinski Rufé\a for oral drugs***One

study found that inhaled or intranasal drugs may have higher numbers of hydrogen
bonds/greater polarity and corresponding reduced lipophilmitypared tooral
drugs3* However,manyinhaled drugs do adhere to the Lipinski Rule of Fi/.is

not fully understood if this is due to drugs initially developed as oral compounds being
repurposed for inhaled deéry, or if compounds outside of the Lipinski Rules are not
considered for inhaled drug$3°There is a suggestion that the Lipinski Rules may be
too restrictive for inhaled delivery and intentional violation nodfer a benefit if,

when the inhaled drug is swallowed, the compound is less ovaliible potentially

limiting systemic exposuré:>®
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A common goal in the design of an inhaled compound is adigiewurationof action.
Ideally, duration of action should be due to pharmacodynamic effects (such as
interactions with the receptor leading to slow off rates) but this can be hard to design
into a compound®343¢ Duration d action can also be driven by the compound
physically remaining in the lung for longer, for example by slowing its absorption from
the lung®*3* This can be achieved through modification of the physicochemical
properties of a compound, for example by increasing the molecular weight cingedu
lipophilicity.®43” Retention can also be driven through slow dissolution but this can
increase the risk of adverse effects such as macrophage tékiGtydelines for
inhaled compounds have been developeniirlaboratorieand classes of compounds
identified, based on permeabiliffn the Madin-Darby canine kidney(MDCK)
permeability assaydnd solubility level$3

1. Hi gh s ol ubi | i High petmeabifity(®DCiprmeahity > 100
nm/s).
2. High solubility, moderate permeability (MDCpermeabilityl0-100 nm/s).
3. Moderate solubility (122 50 e€g/ mL), high permeabil it
4. Moderate solubility, moderate permeabilitjolerated but can carry some risk

of macrophage toxicity.

This canalso be represented as a plot of solubility against permeability, leading to a

9-box model Figure 7):3

1 Green boxessompounds are in class 1 above; these compounds are least likely
to exhibit macrophage toxicityf a compound has high solubiljtg range of
permeabilities are tolerated.

1 Yellow boxes: compounds are in classe$ \Rith combinations of moderate
solubility and moderate or high permeability to ensure the compound can leave
the cell, mitigating the risk of macrophage toxicity.

1 Red box: poorly soluble and poorly permeable compounds, known to lead to

macrophage toxicity.
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Figure 7: The 9box model developed iour laboratorieso demonstratéhedesired property space

(green)for inhaled drugs?

Inhalation of solid particles leads to a normal, reversible macrophage respotise but

point at whichthe physidogical response becomes an irreversible problem is not
clearly defined® Macrophages are known to play a key role in removal of particulates

from the lungs andcan therefore be activated in response to the inhalation of
medicines®® Responsesnclude increased numbers abde c omi ng i thd o a my o
macrophage is enlarged and has a granulated appearance when viewed under a light
microscope€® Foamy macrophages, combined with additional effects such as
inflammation, suggest theompound may exhibit macrophage toxicityOne way to

mitigate the risk of macrophage toxicity is by avoiding solid compound remaining
undissolved in the lung, therefore low solubility and logrmeability compounds

would not be developable.

In this researchto achieve acandidateguality inhaled compand, a wide range of
solubilities and permeabilities were targeted in ordgaia an uderstanding of what
properties wee required to drive g retention. The only area of theb®x plot that
was not considered was the low solubility, low permeability sgeed) to avoid

macrophage toxicity.

lon class haalsobeen shown to ififience lung retentioandzwitterionic, neutral and
acidic compouds haveshorter haHives than mono or dibasic compourid8ases
have higher affinity for tissuesd this leads to higher lung concentrations relative to
plasma® This has beenotedfor several basic compoundsiggesting that increasing
basicity may be a strategy for increasing lung retention and duration of ¥ction.

Additionally, dibasic compounds have been shown to édniiproved lung retentign
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but the precise pkrequirements of each of the basic centres has not been d&fffied.
Lysosomal trapping has been proposed as an explanation for the increasiéel dfalf
basic compounds, occurring as a result of the pH difference between lysosomes (pH
5) and cytosol (pH 7.2 One study reported that dibasic compounds demonstrated
6sur pri si nliyds$ Thisavasghgpothesised to be due to trapping of the
dication in lunglysosomes while the monocation svaembrane permeable. The rate
of the monocation leaving the lysosona@d subsequently the hdifie, is therefore
related to the pKof the second basic centre and to the lipophilicity of the comp8und.
The more lipophilic the compound, the higher the membrane permeathiétgbre

the longest lung retéion is seen for polar dibasic compourfdddowever, driving

lung retentio through basicity and lysosomal trapping is only attractive if the
compound is still availablat sufficient concentrations in the lung to be efficacius.
Additiondly, highly basic compounds can lead to phospholipidosis rsksn this

projecta range of moderdtebasiccompounds were considergd.
1.3 mTOR kinase (FRAP) and IPF

MTOR, the medinistic target of rapamycin, is so named because it was first found to

be inhibited by rapamycin, aofyketide natural product (macrolide) produced by
bacteria*> mTOR belongs to a group of serine/threonine protein kin#se€lass IV
phosphoinositide -Binases (PI3K) of the PI3K familyalso known as the
phosphoinositide kinase related kinases (PIK¥£}**The PI3Ks are a faily of 15

lipid kinases, enzymes that catalyse the phosgation of phosphatidylinositol, as

well as other processes, with varied roles in cell survival, proliferation and
metabolisnf+*” There are four Class | isoforms of PIBR1 3 KU, Pl 3Kb, Pl 3
Pl 3,Kachofwhi ch i s a heterodi mer made up of
and pl110U0) and %The GlagsuV isoformgngludisgunil ORaret .
lipid-like kinases related to the PI3Ks (lipid kinases) but their role isdsghorylate

protein substrate®:*® Other ClasslV PI3Ks include ATM (ataxia telangiectasia
mutated) ATR (ATM and RAD3related) and DNA-PK (DNA protein kinase

requied for repairing DNA damage such as strarehks)**4°

Kinases catalyse the transfer of a phosphate group frdmté@ variety of substrates.

Thereforeall kinases have an ATBinding sitemTOR is an atypical serine/threonine
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protein kinase and interactith several proteins to form two distinct complexes
mTOR complex 1 (MTORC1) and mTOR complex 2 (mMTOREBoth mTORC1
andmTORC?2 are large complexes made up of six and seven known protein subunits
respectivelyfour of which are the same, including scaffold proteins and the catalytic
mTOR subunif? The catalytic subunit of the mTORnlase domain is known as
FKBP-12-rapamycin associated protein (FRAP), also called mTOR kinase and is
conserved in both mTORC1 and mTOREZ Each of the two mTOR complexe
occupy different places in the cell signalling pathway and have differenang
downstream effectsF{gure 8).*> mTORCL1 responds to a remarkable number of
stimuli, including stress, oxygen and growth factors and is sensitive to rapa(ayci
allosteric inhibitor) whereas mTORC2 is only known to be responsive to growth
factors?’*?mTORC1 has been shown to regulate a remarkable number of downstream
functions including both protein production and synthesis of lipids required for cell
membranes, thus regulating grovithAdditionally mTORC1 regulates autophagy, a
process required for recycling cell componemgportant in adaptation to reduced
nutrient levels? Less is known about mTORC2 which is generally thought to be
rapamycin insensitive, although recent evidence suggests thahgedldreatment

with rapamycin may reduce mRZ?2 signalling in some cell typés>->>mTORC2
activates At (another serine/threonine protein kinase, also known as protein kinase B
(PKB))* through phosphorylation (to forphosphoAkt pAkt)) and Akt regulates
several cellular processes such as growth, proliferation and apdpfSJike role of
mTORC?2 in prolieration and survivakontinues to be researchiddAn ATP-
competitive active site in mTOR has been reported AnB-competitive mTOR
kinase inhibitors that block both mTORC1 and mTORC?2 are krféwn.
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Figure 8: Demonstratinghe different roles of the two mTOR complexes, how they interact and what

stimuli they respond t¢?

Figure 9 (below) shows tle signalling pathway of the CladsPI3K isoforms,
MTORC1, mTORC2 and many other proteins thatrdmute to downstream functions

including cell growth, proliferation and survival.
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Figure 9: The interaction of seval proteins including mTOR and the PI3Ks lead to a variety of

downstream eéfcts®®

Due to the varied roles of bathe Class | PI3Ks and mTOR, the PI3BK/mTOR pathway
is believed to be dysregulated in several diseases including cancer, type 2 diabetes,
and |PP28:38444553phnormal activation of the PISBK/mTOR signalling patiwis

involved in the formation of human tumours and is one of the most frequently activated
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pathways in cancéf.®>’ Recently, parallels between IPF and cancer including
similarities in genetic changes, activatioh certain cellsignalling pathways and
delayed apoptosis have been recognié&ts in oncology patientdPF patients have
been reported to have increased uptake of glucose in their lungs (she/h studie

using*®F-fluorodeoxyglucose)®-*°

The antifibrotic effect of a pan PI3KITOR inhibitor, originally developed for
oncology, has been demonstrated, prompting the suggestidncomapounds
developed for cancer diications could be repositioned as IPF treatmetftindeed,
nintedanib {, Figure 4) was originally developed as an anticancer treatfh&nt.
Activation of the Class IP3 Ks has been s hnwedproliferatioe ad t o
and differentiation of fitmblasts$? Additionally, there is evidence to suggest that the
Class | PI3K isoforms, partitssutt®budly PI 3
Pl 3K/ mTOR inhibition has been -#biuoedn t o
collagen prodction in IPF fibroblast&® There is also limited evidence to suggbst

selective mTOR inhibitors exhibit antifibrotic effeés.However, a selective
mTORC1 inhibitor (a derivative of rapamycin) failed in an IPF clinical fdal,
suggesting that inhibition of mTORCih isolation is not sufficient?” Selective
inhibition of MTORCL is proposed to activate mMTORC2 and thus acthkat® This

has led to the suggestion that mMTORC?2 has a critical role in figfdsinas been
proposedthat dual mMTORC1 and mTORC2 inhibitors may be appropriate as
treatments for IPlas mTOR is believed to be involved in many stages of the disease
progressiort’>* Several ATPcompetitve mTOR kinase inhibitors have been
demonstrated in the literature, often as anticancer treatn@6igigure 10).2’ Due

to the importance of mMTOR kinase (FRAP) as a target for anticancer treatments, much
research has been carried ouestablshstructure activity relationshifs@AR) profiles
asATP-competitive mTOR kinase inhibitors share many common feasuictsashe

core, hingegroup back pockegroupand ribosebinding region group (Figure 10,

box).55"2 The core is often a substituted monocyclic or bicyclic heteroaromatic ring.
One ring is often a pyrimidine, with either ad& 6 membered ring adjacent. The

main role of the core i® control both the vectors of the substituents and the overall

electronics of the compound.
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Figure 10: Demonstrating the common cdidack), hingegroup(red), back pockegroup(blue)and
ribosebindingregion(green)of severapublished mTOR inhibitors. AZD805%3),%667 VB-5584
(SB23434),556°AZD3147 6)° and GDG0349 6).”*

Kinases predominantly use ATP as the phosphoryl group donor and thératere
structurally similar active site’é.Figure 11 exemplifies some ahe key interactions

of ATP in the PI3K active site> The hingeregion is a key recognition motif, forming

a hydrogen bond between the adenine pyrimidinevaadl i ne 8 8%°Then P11 3 K
polar phosphateesidues interact with water moides in a hydrophilic region not

often eploited by ATRcompetitive PI3K inhibitoré> Opposite the ribosbinding

region, there is a hydrophobic region (near the adenine binding area) and many ATP

competitive PI3K inhibitors extend further into this regtban ATP itself 7>
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Figure 11: ATP in the active site oPI3Ko , adapted from crystal stru
workers (PDB code 1E8XY.

The size of the mTOR complex (approximately 280 kDa) has hindered structural
analysisbut a truncated version of the comples baencrystallisedin the presence

of ATP inhbitors.”® This low-resolution (3.2 A) truncated crystal structemnsisted

of two of the mTOR complex subunit;mTOR kinase andnammalian lethal with
SEC13 protein 8 (mLSTS8P Additionally, binding models of small molecule ATP
competitive inhibitors in the mTOR kinase active site have been proposed
(Figure 12).”” Two key regions havieeen identifieda hinge region, so called because

it typically sits between two protein domains andwlidhem to move relative to each
other and a hydropbbic pocket (or back pocRetso called becausgpically the
binding site is viewed from the solveaxposed regin and the hydrophobic pocket is

at the backDocking studies suggest that small molecules (such as compdnds
Figure 10) form key hydroga bonding interactions with the hinge region of the
protein (and therefore the area in the compound formingrttesaiction is referred to

as the hinggroup, while forming additional hydrogen bonds with acid moieties in
the back pocket region (formedttvia lipophilic part of the molecule, here referred to
as the back pockgroup. The back pocket group is frequigra hydrophobic aromatic

(or heteroaromatic) group, often elongated into a urea. Both the hinge and back pocket
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groups are essential to aeve affinity and selectivity for mTOR over other related
kinases**"" The ribosebinding pocket so called becausedatcommodatethe ribose

of the ratural substrate (ATRnd solvenexposedarea in the activeite are reported

to be occupied by 6 terdreferredomas thesribassding he mo
region group)’ This suggests that the exact requirements obthustituentre not

known, perhaps providing rationale for the variety in this region seen in the structures

of known mTOR kinase inhibitors'his regon may provide adequate space for a

variety of groups that could be used to control physicochemical properties of

compounds as well as add additional selectivityaffidity.’’

Hydrophobic pocket:
Affectsselectivity and
affinity

Hinge region: Affects
affinity, along with
selectivity.
| and

Provide a large space for improvi
selectivity and physiochemical propertig

Figure 12: Hypothetical model of the mTOKRnaseactive site demonstrating the key regionsThg
hinge region2) back pockehydrophobt region 3) ribosebinding region 4-6) regions occupied by

solvent”’

GSK hasdemonstrated that GSK2126458 Figure 13), a pnPI3K/mTOR kinase
inhibitor, attenuatedl’ G Fibduced collagen production in IPF fibroblagtsPan
PISBK/mTOR kinase inhibitors are known to have nstbmbased offtarget
toxicities, particularly in inducing apoptosfs’® In this study, GSK2126458 was
shown to decrease the cell count, although not until the concentwa®higher than

that required to seantifibrotic effects Figure 13).58
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Figure 13: Demonstrating the dostependent antifibrotic effect of GSK2126458, (coloured by
hingegroup(red), ribosebinding regiongroup(green) and back pockegtoup(blue).>®

PanPI3K-mTOR inhibitors such as GSK21264%8 inhibit the four class | PI3K
isoforms as well as mMTORC1 and mTORC2. It was proposedathaire selective
inhibitor mightimprove the therapeutic index (TIthe ratio of the concentration of
drug required to give a therapeutic effect to the concentratiohieh\adverse effects
are seenj Thereforework was carried out as part of an unpublished study to identify
which asga of the pharmacology of this compound led to the antifibrotic

effect?7®
The key outcomes of this study were as follows

1 Selective PI3K inhibitors (for each of tHeur different Class | PI3K isofons:

U, b, 2 and Q) wer e f agemdepodition thsa v e
suggestedhat they are not of use as treatments for IPF.

1 A panPI3K inhibitor without mTOR activity was found to have limited or no
effect on collagen depositipsuggesting thtacombined inhibition of all the
Class | PI3K isoformwas unlikely tointerfere with the production of collagen.

1 A selective mTORkinaseinhibitor was shown to exhibit antifibrotic effect,
without causing apoptosi$ the cell count remaed the same at Bl

concentrations of the inhibitor.

2lnhaled FRAP1 (mTOR Kinase) Programme Executive Summary, S. Peace, 2015.

b Investigationsarried ouin our laboratoriedy several scientists in the Fibrosis and Lung Injury (FLI)
DPU and Computational Chemistry including; N. AndersonBfavi, H. Hobbs, G Inglis, P. Lukey,

C. Luscombe,C. NanthakumarS. Pal, S Peace, JRedmond,J. SimpsonS. Swanson The work
referred to here was carried out by FLI DPU chemists inclu@ingnglis, S. PeacandJ. Simpson,
2012.
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The selective mTORinaseinhibitor used 8, Figure 14) was originally developeds
an anticancer treatmeby Cellzome(a company acquired by G$R"2 This work
provided evideoe to suggest that a selective mTOR kinase inhibitor may be able to
halt the progression (deposition of collagen) of IPF, without causing cell death.
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CZ415/GSK3080501A, 8

Figure 14: A selectivemTOR kinase inhibitor CZ415/GSK30805018) coloured by hinge
group (red), riboséinding regiongroup(green) and back pocket group (blue)

With this knowledge in hand, chemistry wagiated in our laboratoriet® develop a

novel, potent and selecégmall moleculenhibitor of mTOR kinase.

1.4 Biological and physicochemicalssaydo determine affinity, efficacy,

selectivity and physicochemical properties of mMTOR kinase inhibitors

This Section outlines then vitro biological and physicochemical assays used to assess
compounds made in this projeend enableeompound progressiomn each of the
biological assays, the pi€i the log of the concentration at which half maximal
inhibition is achieved is reported.The assays were performed elsewhere in our

laboratories.
1.4.1 Assays to measure thaffinity and efficacy of mTOR kinase inhibitors

The primary assay used in this project was the mkibBbead(KB) assay Thiswas

a diseaseelevantbiochemical affinityassg, used to assess the mTOR affinity of a
compound.This chemoproteomic assaysal full-length native mTOR proteito
provideamorephysiologically relevanassessment of compound binding than assays
using recombinant proteif8 The mTOR KB assawas a competition binding asga
usingendogenous mTOR fromhwle cell lysate (Hud78 cells)thatwascompeted for

by immobilised kinase capturing beadkinobead) and thetest compound!®

¢Inhaled FRAP1 (mTOKinase) Programmexecutive Summary, S. Peace, 20C5 Nanthakumar,
internal presentatiqr?014; both unpublished GSK research.
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Kinobeads are polymer beadke surface of which contain breagectrum kinase

inhibitors® The cell lysatavasincubated in the presence kihobead and the test

compound. After 2 hours the lysat@asremovedand the plate washed to remove any

enzyme not bound to lkinobead Any bound enzymevasthen separated from the

kinobeadand transferred to a nitrocelide membrane. After incubation with a

primary anttmTOR kinaseantibody, a secondary atibbit antibodycoupled to an

infra-reddyewas added and the membrane scanned to quantify the amount of enzyme

present A potent mTORKinaseinhibitor would compete with th&inobeadfor the

targetenzymen the cell lysatendlittle enzymewould remain bound to thkinobead

after the initial incubation, leading to a reduced sighgjure 15 shows his process

schematically!

Cell lysate containing

Test compound and cell
lysate added to 384 well

HUT-78 cells lysed > mTOR protein > plate containing 10%
kinobead slurry
\
Bound enzyme separate
e emovesanapatgs | £ 0
Incubated for 2 hours |——> ——>| transferred to 384 well

buffer (to remove
unbound enzyme)

plate with nitrocellulose

L

membrane

|

v

Incubated overnight with
primary animTOR
antibody

Membrane washed and

incubated with secondary S

antirabbit I-Dye 800
antibody

Quantify signal intensity;
a potent mTOR kinase
inhibitor will give less

bound enzyme and signa

reduction

Figure 15: The mTOR KB assay protoc®.

ThephosphoAkt (pAktassay, @ellular efficacy assayyas also used.he pAktassay

was not disease relevant as Akt inhibitors do not inhibit collagen deposition. However

this assayprovided information on the ab#itof a compound to cross the cellular

phospholipid bilayer and faractwith an intracellular targeAdditionally, this asay

was relevant to the signalling pathw&jgure 9 showed the PI3BK/mTOR/Akt cellular
pathway inhibition of mMTORC2 (by the dual mTRC1/mTORC2 kinase inhibitors
investigated hereyvill prevent phosphorylation of Aktln this assay,he extent of
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phosphoryation was measured, ancethssay was used as a surrogate cellular assay
for mTOR kinase inhibitionHHuman lung fibroblasts were usas these cells were the
intended site of action of the test compounds. The wgdte dispensed onto a 384
well plate, teated with the test compound and incubated for 1 hour. Cell signalling
lysis bufferwas then added, to prevent any further phosghtion of Akt. The cell
lysatewastransferredo a new plate for detection of both total Akt and phosphorylated
Akt using antibodies. These antibodwsre attached to electchemiluminescent
labels (SULFQTAG) that emit light when an electric curreatapplied,and this light
emissionwas used toquantify the amount of phosphorylated Akt. A potent mTOR
kinaseinhibitor should prevenphosphorylatiorof Akt leading to reduced amount of

pAkt and a weaker light emissiofigure 16 shows the process scheinatly.8384

Suspension of human lung Cells stimulated by
fibroblasts transferred to > Test compound added and > addition of PDGFBB,
384 well plate and incubated for 1 hour plate incubated for 10

incubated overnight minutes
v/
C(esltl Osi%naril(i)r;g %Sr'sl abt?gfrf;r Lysatetransferred to a Mouse total Akt detection
addeg agd Igtes{;haken W new 384 plate and shaken—>| antibody added, plates
P in cold room overnight shaken 1 hour

ensure full lysis

|

Anti-mouse MSD Current applied to cells

detection antibody added——> Read buffer added |——> and the signal quantified

level of light emission
and plates shaken 1 hou correlates to pAkt levels

v

Figure 16: ThepAkt assay protocc®

The third targetelated assayas a cellular, diseaseelevantefficacy assay with a
fibrotic end point the scarin a jar (SIAJ)assay. IPF is characterised by excessive
collagen deposition and associated lossung function®-8 The phenotypicSIAJ
assay asseasthe ability of a compound to reduce collagen productidre assay
measurd collagen deposits produced by cells in a macromolecular environment
FiColl (a hydrophilic polysacchade) was added to mimic molecular crowding and
accelerate deposition of mature collagarimicking the clinical diseas€f® T GF b
was used tostimulate the production of collagen aalturedfibroblasts(healthy or

diseased) causing the fibroblasts to lay down mature collagefihe amouat of
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collagenl producedvas detected bymmunocytochemistrgndquantifiedwith image
algaithms using an INCell 200%. The effect on collagen deposition upon dosing the
lung cells wth compoundstadifferent cancentrationsvasmeasuredThis assay was
not routinely in use throughout this project, so dateremot always generated.

Figure 17 shows the process schematic&fty.

Human lung fibroblasts Test compound and FiCol

S transferred to a 384 well | added to the cells (incubate
plate and incubated for 72 1-3 hours), TGFb added

hours and incubated for 72 hour

Cells cultured from tissue
samples from healthy
donor or IPF patient

*4

|

\/

Collagen | visualised and
Primary collagen type 1 guantified using INCell
antibody added and plate Secondary Alexa 488 L 2000 analyser: a potent
stored for 24 hours in the antibody added MTOR kinase inhibitor will
fridge give less collagen and a
reduced signal

Figure 17: The SIAJ assay protoc#l.

1.4.2 Assays to monitorthe off-target effectsof mTOR kinase inhibitors

It wasadvantageoufor compounds to be highly specific for mT@kRaseinhibition
sinceoff-target activitycouldlead to undesirablside effects. Thereforé¢he affinity
of compounds fosomeclosely related kinases waalso routinely measured to give

selectivity data

To assess selectivity over the Class | PI3Kk, ( b, )pa timeresolved
fluorescencaesonanceenergy transfer (TR-FRET) assay was usedlass | PI3K
enzymes use phosphatidylinositol 4 isphosphate (PHP to generate
phosphatidylinositol 3,4;:%isphosphate (PHp in the presence of ATEFigure 9).
PIP; binds to the PHpleckstrin homology)Jomain of GPRLE In this assay, the
amount of PIR producedwas detected bdisplacement of a biotinylate@lP; ligand
from an energy transfer complex consisting dEwopium (Eu}labelledanttGST
monoclonal antibody, a GStagged PH domaiand StreptavidirAllophycocyanin
(APC, a fluorescent protejnin theabsencef inhibitor, the PIR formed by the action
of the PI3Kenzyme displacd the biotinPIPs from the complex by binding to the Eu
labelled PH domain of GPR, and excitation of Eu with light of 330 nm led to
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emission at 620 nm. If an inhibitaras present, thEuwlabelledanttGST monoclonal
antibodyGST-tagged PH domaitreptavidinrAPC complexwas intact and Eu
excitation at 330 nm causean energy transfer to AR which emited light at
665 nm®’ The assayvas run with each of the PI3K,  dndi ermymesFigure 18

shows he process schematicafi{®®

Stop/detect solution
Test compound added tg Substrate solution containing GRFL PH
384 well plate followed by S containing ATP, PIR S domain, Streptavidin
enzyme solution and biotin-PIP; added and APC, EuantirGST added
incubated for 15 minutes incubate for 1 hour and incubated for 1 hou
prior to detection

Complex formed

Excitation
at 330 nm
Emission SA . Eu
at 665 nm / \ Emission

i at 620 nm
Streptavidin-APC 1 .
(excited state) [ e 1 Eu-labelled anti-GST

Complex disrupted
GST-tagged PH domain

Excitation

PI3K
% \ . at 330 nm
PIP, PIP, Eu
Emission

at 620 nm
issi SA
1\1062?1%10“ / \ Non-biotin-PIP; competes
a nm

with biotin-PIP; and breaks
Streptavidin-APC

A complex. No TR-FRET.
(resting state) Biotin-PIP3

Figure 18 The PI3K assay protocol andhematic demonstrating the complex formed ingresence
of a PI3K inhibitor(without PI3K activity).If no inhibitor is preent, the naturally formed P{mvill
compete with the biotiPIPs for the PH binding site angive a reduction in signaf’ 88

Selectivity was also routinely assessed agd@A-dependanproteinkinase(DNA -
PK, aClass IV PI3K) whiclshares close homology with mTQdhase again using a
TR-FRET assayDNA-PK phosphorylates p53eptide®® In the assaynithe presence
of double stranded DNA, a synthetic fluoreseeamjugated p5peptide was
phosphorylated on serifib (to give phosphorylateab3-peptide) whiclwas detected
by a terbium (Tb)abelled antip53peptide. Binding of fluoresceiconjugated
phosphorylated p5Ppeptide to the Tantibody causg an energy transfer from
terbiumto fluorescein upon excitationith light at 337 nm. The ratio of fluorescein

emission (530 nm) teerbiumemission (492 nmyvas proportional to the amount of
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phosphorylated p5Beptide. Inhibition of DNAPK enzyme activity by a test
compounded toa reduction in the amount of phospHatgdp53-peptide leading to
a reduction in the signal from the asdéigure 19 shows the process schematic&fly.

Stop/detect solution

Test compound added td
384 well plate followed by
enzyme solution and
incubated for 30 minutes

Substrate mix containing
fluorescein p53 peptide
and ATP added and
incubated for 1 hour

containing Thantip53
antibody added and
incubated for 1 hour prio
to detection

Figure 19: The DNA-PK assayprotocol®®

1.4.3 Physicochemical assays determine the physicochemical properties of
MTOR kinase inhibitors

In addition to achieving highffinity and efficacyand goodselectvity, compounds
must have the correct balance of physicochemical propéstiexssure they reach the
desiredsite of actionTo assess these properties, compounds were evaluated in various

physicochemicahssays.

Solubility was evaluated in two asgsmeasuring kinetic or thermodynamic solubility
Kinetic solubility was measuredsing eitherchemtluminescent nitrogen detection
(CLND) or charged aerosol dattion (CAD) in high-throughputsolubility assay$°
The kinetic agueousolubility of a compound from a DMSO solutiortdaran aqueous
buffer at pH 7.4vas determined by meadumg the concentration of solute in solution
after precipitation from a DMSO stock soluti®¥nThis high-throughputmeasure of
solubility was routinely measum for all compoundsSimulated lung fluid (SLF)
solubility was measured ira lower throughpubut more realistic assag determine
dissolution from a solidideally crystalling sampleinto SLF, a buffer with an mic
composition similar to human lung flu¥d®3SLF solubility values vary depending on
the form of the compound. For example, if a compowad not crystalline, itvas
likely that a crystalline form of the compound would have lower SLF solubility.

Additionally, different cystalline forms mayave hadlifferent solubilities.

PermeabilityT a measure of the ability of a compound to cross the cellular
phospholipid bilayeri was measured in two ways. Bgh-throughputartificial

membrane permeability (AMRssayusedhigh performance liquid chromatography
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(HPLC) to monitor the concentration of compoundeither side of a membraradter
three hours of incubatiott A lower-throughput but more realistic permeability assay,
the Madin-Darby canine kidey assayMDCK, a cell line derived fsm dog kidneyps
was also usetp

Lipophilicity affects a number gbhyscochemical properties including solubility and
permeability. Furthermorean increase in lipophilicity can favour the binding of drug
compounds to an active sit€This leads to an increaseaiffinity andcan lead t@n
increase in the promiscuity of compounds as their binding afffartall proteins is
increased.There are tw measures ofipophilicity. LogP, reflects the molecular
desolvation occurring when a compound transfers from aqueous solution to a cell
membrane or a protein binding site, both of which are largely hydropfobic.
Specifically, P is the partition coefficient of the compound betweentdnol and
water and clogP is an silico prediction of lipophilicity Equation 1). If a compound
can be ionised, logP will be reducdéading to increased sdiility and decreased
permeability. Another measure of lipophilicity, logD, takes this ionisation into
account. LogD is the ratio of the distribution of a solute betwesstdnol and a buffer
solution of known pH, with D being theartition coefficient beteen toctanol and
buffer Equation 2).%8 In our laboratories, a chromatographic method (HPW&ES
used to obtain measures of lipophilcit ChromLogD

, 6%8 E QQNHEDD 4 PR OO OE £ &

Dé“QG"-‘)E“’r,‘-.“”“n....v.‘.‘
WEE WQE O8O NOH Do Qi

5 & Q0D & (:}‘8 £ WQE 08D '('QGQ@E(I)O WE € Q
U E E R T e Y
W € MQE 0TS NOBATWN |

Equations 1 and 2: Different ways to quantify the lipophilicity of a compound.

1.5 Previous research from our laboratories todevelop mTORKkinaseinhibitor s

Morpholinerings havebeen reported to be a hinge binder inhbBt3K and mTOR
inhibitors#>:9%1%An oxygen lone pair forms a key hydrogen bond to a Val2240 residue
in the active site and removal of this oxygen by replacing morpholine with piperidine
results in a reductiomiaffinity.®®1°*1%3 Note, amino acid residues are numbered

according to their positions in mn3Ko, V
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addition to the requirement for a hydrogen b@uteptorin the hinge region, the
orientationof the lone pair is important, requiring the correct conformation of the hinge

groupin orde to achievehe desired interaction.

Modifications to the hinggrouphave been shown in the literattffand interndi/*%*

to give increasd affinity and selectivity for mTOR kinas@ver the Class | PI3K
isoforms (Table 1). Exchangingthe parent morpholine9) for both of the 3-
methylmorpholine (8, 10) and either of the bridged morpholined1( 12), gave
compoundsof increased affinitfmTOR KB assay pl€ value) These morpholine
modifications also gave more lipophilic compounds therefgoephilic ligand
efficiency (LLE, affinity corrected for lipophilicity (ChromLogD)) was used to enable
comparisont®LLE is anestimateof how sgcifically a compound binds to the desired
target relative to partitioning into-dctand (nTOR KB plGso i ChromLogD)!0°
Compounds3 and12 demonstraté the best balance of affinity and lipophilicity with
improved LLE values compared to compould Conversely, compound3
demonstrated no improvement in affinity and a higher lipophilicity (compared to
compound), resulting in a low LLE valueCompounds$ and9 demonstrated similar
PI3K affinities. However, the increased affinity for mTOR kinase of comp8ieals

to the improved selectivity of this compound. The reduced PI3K affinities of
compounds12 and 13 suggested that the larger bridgedbrpholine o (9-3-

ethylmorpholine groups were not tolerated.
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R
S =N
s T
N o
NN
N

Compound mTOR KB PI3K pIC so Selectivity  Chrom

Number R pICso (n)? (U, b, o overPI3Ks LogDP LLE
(o)
9 () 712) 52475245 >80 So R
(0]
10 L 7.4(2) : - -
(o)
8 P 80(21)  5.3<485150  >500 43 N
(o]
11 » 7.4 2) i 4.4 .
o]
12 6 8.0 (2) 464545 2500 41 39
N <4.5
W
(o]
13 L 7.2 2) 4'5’<<‘25g<4'5' >500 4.6

Table 1: Demonstrating the effect @&ffinity, selectivity lipophilicity and LLEof changing the hinge
groupfrom morpholine to a substituted morpholiti¢3pICsorecorded as the mean of the data

obtained on each of a number of test occasiondGhyomlLogD afpH7.4.< Affinity recorded wa at

the lower asay limit. - Data notgeneratedAffinity (INTOR KB plGg: < 7.0 = red; O 7.0
7.5 = green. Selectivitlyi:popHiOlOi i toyr:an® e4 =0 olr0adn
LLE: O 3.0==orremge;< &.%.5 = green.

It was proposed thathie increased selectivity over the Class | PI3K isofo on
modifying the hinge groupvasdue to a difference of one amino acid between the
mTORkinaseand PI3K active site¥? This amino acid difference (phenylalanine in
the Class | PI3K isoforms, compared to lecinmTOR kinas§ makes the mTOR
kinaseactive site slightly larger and able to accommodate €ft8)] methyl(8, 10)

and bridged morpholine hinggoups(12, 13).103106Additionally, the mTORkinase
active sitas suggested to have a small hydrophobic pocket in the hinge region, formed
by atryptophan residue that is rigidly held in place (compared to a less rigidly held
| euci ne r e s%Tdislipoplilio poElet iSpoposed to be one of the reasons
for the high affinity and selectivity seenof many 3methylmorpholine hinge

binderst®’
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Due to the prevalence of morpholinentaining compounds in the mTOR kinase
inhibitor literature!® investigatims have been carried out to identify morpholine
bioisosteres. Bioisosteres need todi#e to make the same favourable hydrogen
bonding interaction as morpholine and therefore require a hydrogen bond acceptor in
the correct orientation. 3Bihydro-2H-pyran (DHP) is a known morpholine
bioisosterd® and gives compounds of similaffinity and selectivity (against the
PI13Ks) to morpholine analogué¥:'®However, reduction of the DHP double bond
to give the tetrahydropyran (THP) leads to a reductionafimity at mTOR
kinase'®1%These findings were verified mur laboratoriesdemonstrated in simple
monocyclic pyrimidines Table 2). Exchangingmorpholine {4) for DHP (15) was
tolerated but THP1) gave reduag affinity. Furtherresearchn our laboratoriesed

to thediscovery of a novel morpholine bioisostemeyclopropylpyran (CPP) rindL.{)

that can act as a hinge bind&f'1°

(0] (0] (0] o
) )
Structure wa N N )
N/J\ : OH N//L : OH N/J\ : OH N/J\ : OH

Compound 14 15 16 17
Number
mTOR KB

DIC 0 (n)? 5.9 (7) 5.7 (4) 4.5 (3) 4.8 (4)

Table 2: Comparison oéffinities(MTOR KB plGyg) in themTORKB assayfor morpholine, DHP,
THP and CPRracemic)compounds®2plCsorecorded as the mean of the data obtained on eaxch of

number of tesbccasions (n)

Both monocyclic (pyrimidine and triazine cores) and bicyiitOR kinase inhibitors

are exemplified in the literature and have been develapbduse® %111 n our
laboratories mTOR kinase inhibitors withicyclic, pyrimidine, pyridine and
substituted pyridinecores were comparedTable 3).}'2 Monocyclic pyrimidine
compoundsi8) were shown to have reducaffinity compared to bicyclic compounds

(8) and thiswas proposed to be, at least in part, due to the decrease in size and
lipophilicity. The reduction inaffinity of pyridine compounds1@) compared to
pyrimidines (@8) was prposed to be due to the electronics of the core, and a
subsequent investigation revealed that addition of either a diedtgd sulfone 21)

or an amid€22) moietyto the pyridine mgrestored thaffinity.
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Table 3: Comparing thaffinities (IMTOR KB plGo) of bicyclic, pyrimidine and substituted pyridine

20 21

<5.0(2) 7.2 (4) 7.6 (2)

coresAlCsorecorded as the mean of the data obtained on each of a number of test occasions (n).

Affinity recordedwas at the lower assay limit.

The directlylinked sulfone and amide substituents hawfferent electronics,
suggesting that the increaseifinity may be due to an increed molar volumer 3D
character in theibosebinding region This finding initiatedfurther work in each of
these series. Only the nowdiftectly-linked sulfone series of mMTOR kinase inhibitors

(exemplified by compoung@l) will be discussed here.

Little was known about the SAR the directly-linked pyridine sulfoneseries of
compounds. Thereforep texplore the SR andachieve compounds witimcreasd
affinity for mTOR kinasean array of differergulfonyl pyridinesvas proposedihere

are different ways to explore SAR

1 A standard array in whicll possible combinations of compounds are made
ensuing all chemical space is exploreHowever, in an array exploring
different vectors this requiressggnificantsynthetic chemistry &rt.

1 A linear array in which one vector is explored at a time. For example,
compounds are synthesised to explore region A, while the groups at positions
B and C are fixed, followed by fixing positions A and C to explore position B,

before exploring posiin C with the most active groups positionsA and B.
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This approach may take longer to complete as datatbabe generated on
each set before the next set can be madditianally, not all of thechemical
space will beexplored and information may Ineissed.

1 A sparse arrayan innovativeapproach to g¥ore chemical space, based on a

similar concept tdesign of Experimest(DoE) 113

Here, a sparse array was considered to be an efficient way to explore thef &R
ribosebinding regiongroupand the different hinge and back pocgstups, without
synthesising all possible combinations of compourdsE approacks arean

established method of optimising multifactor reactions by exploring different
combinationsf variables often used in development chemistry and manufactditig

For example, if a reaction yield could vary with temperature, number of equivalents of

a reagent and concentration, a DoE approach could beausiedittaneously optimise

for all of these factorslhere are fewer examples of taking the same approach in lead
optimisation in medicinal chemistiyusingDoE-t y pe approaches to (
categorical (norcontinuous) variables such as different sitosnts on a rindg® The

term O&ésparse arr ayo ourdaborattriestomthisatgpe pft e d  wi
experimental desigrkigure 20 provides a pictorial explanation of the three different

approaches.

A B C

Back Pocket Back Pocket Back Pocket

IRibose / Ribose B T s Ribose

Hinge Hinge Hinge

Figure 20: Pictorial representations of three approaches to exploring 3AdRdB are more
traditional approaches in whi@hl possible combinations of compounds are made by first ifdent
or just one vector is explored at a tirfi%). A sparse arraycancoveraflo t he 6écompound sp

without the need to synthesise every possible combination of comp@inds

This is a nortraditional approach to medicinal chemistry, designed to make the
process of drug discovery more efficidnt minimising the numbeof compourmls

made and tested by better use of computer resources. In a sparse array, each possible
substituent or monomer usadthe array is trated as a categorical variabté From

the set of possible combinations, a bal@nfractional array design is generatéd!.

43



CONFIDENTIALT DO NOT COPY

Once the compounds have been made and testedffihi¢y valuesare analysed
statistcally to assess the additivity of the SAR, determine if the alstadditive and
the cortribution each monomer has to the overaffinity or physicochemical
properties (or other factor of interest) can be ascertafiesdditivity in the data
means that there is no interaction between the differentitsdrgs and that all

contribute independently to the overailfinity of the compound.

The balanced fractional array design selected for use here considered makiag onl
quarter of all possible compountié.In this compound set, theveerefour examples

of each sulfonesubstituentand no matched paiféwvo compounds differing ionly

one substituent)This ledto sets of compounds thative oOr el at ed 6, not
pairs (,baitblasng&dqusi nso. Setting out t o
compounds meant that if some compounds could not be made, there would still be
enaigh information gained from the array to develop SAR.

To developa SAR profile for the sulfonyl pyridine ses of mTOR kinase inhibitors,

final compounds with a spread of affinities (not all clustered at high or low values)
were required. This was conlliexd by the selection of both hinges and back pockets;
of the four groups selected for each vector, threeewkaown to give high affinity
compounds and one was known to give compounds of lower affinity. Selection of the
sulfone monomers was more involvdde proposed synthetic route used a sulfinic
acid and 316 sulfinic acids or sulfinate salts were found tmbenercially available.
Thesesulfone monomers were enumerated with each of the four hinges and back
pockets giving 820 compounds in total. THelly enumerated compounds were then
analysed based on their predicted physicochemical properties. In jaasteclead
likeness multiparameter optimisation (MPO) profile was used to score the
compounds. The ledikeness MPGscorewas developed specifily for this project

to provide a summary of the quality of the compound with respect toethered
propeties® This was achieved by combining the key properties of interest and
assigning the compounds a number between 0 and 1 based on the individual

contributions. Properties considered incldaeolecular weight, lipophilicity, number

4 Leadlikeness MPO developed by S. Swanson, 2015.
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of hydrogen bond donors and acceptors, polar surface area, the number of rotatable
bonds, hERG and PEIA good propertyspace for these compounds was defined as a
leadlikeness score of over 0.Structurally simi&r compounds may have a similar
leadlikeness scordn order to target a wide range of sulfones, each sulfone monomer
with a score of greater than GMas considered by a team of medicinal chenst®

voted todetermine which monomer should be includaftile not necessarily the most
scientific approach, it enabled the inclusion of a range of monomers and using a team
of chemistsavoidedpersonal bias. This gave a set of 16 sulfgmoeips (Figure 21).

Enumerate: Leadlikeness MPO scorg

> 4 x hinge groups and "
4 x back pocket groups 1 > 0-51a6”d tltfaam an«?}'ytSk
6320 compounds gave 16 sulfone moietie$

316 sulfinic
acids/sulfinate salts

%Me %_/ %—< %—<] %_/Oi %fNHz %_/—C}V;H Hinge
o [

\ =
%1@ %‘CO %—CNH %—O<F R/\S\\ Back pocket
F o
=1+ =) O wO)<
N N \N—7 \_/ oH

Figure 21: Theselection process ardd sulfone groupselectedo be installed at the-gosition of the

pyridine *Racemic compounds.

Once thesulfone monomers had beselecteda quarter of the total5B compounds
weresynthesised, the data generated arféreeWilson analysi§ a mathematical way

of describing SAR was carried out’® A FreeWilson analysigjivesa formula where

y is the overalbffinity, A is the averagaffinity and the coefficients;, & and a are

the contribution that monomerg,xx2 or xs, makes to the overaliffinity of the
compoundEquation 3).1*°For example, whenpis a methyl group, the coefficient a

will be defined as whatever increase or deseeim affinity this substituent causes.
Therefore, anathematical relationship between the identity of a monomer at a specific
position onthe core aml theaffinity of thecompound was developét This analysis

is bagd on the assumption that the individual contributions to the oedfialty made

¢ Off target activity can lead to blocking the human Ether @@drelatedGene (hERG) chanhe
causing cardiac problens® a hERG liability can make a compound unprogressable. Property forecast
index (PFI = Chromlogky7.4+ number of aromatic rings) is related to solubility and permegbilit
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by substituents at different positions on a core are addiftUethis project, a préwus

analysishad shown data generated in ttirectly-linked sulfone series to be additive.
®w 0 v o o

Equation 3: Formula of the type generated in the R¥#&lson analysis
A FreeWilson analysis can be used in a predictive sense. Only a quarter of the total
possible number of compounds wesathesiseds f@rt of the sparse arragnd the
FreeWilson analysis was used to determine what contribuah enonomer (hinge,
back pocket or sulfone R groupjadeto theaffinity (the mTOR KB plCsg) of the
compound. Thiswas thenused to predicgffinities of compounls that were not
preparedFor example, if hinge A vgapredicted (on average) to add 0.5 ob@ uinit
of affinity more than hinge Band if a compound that originally had hinge B had a
affinity plCso of 7, then swapping to hinge A would, theoreticallivega compound
with an affinity plCso of 7.5.

A graphical visualisation of the output of the FMdson analysis shows the average
contribution to theaffinity made by each of the hinge, back pocket and sulfone R
groups, relative to the meaffinity value (Figure 22). Monomers can either have a
negdive or positive contribution taffinity, shown by their position above or below
zero on the y axis. For examplef, the back pockegroups the glycinamide and
methylurea were both shown to have a positetrebution toaffinity (relative to the
averagg and the indole back pocket had a negative contribution.

fIn reality,severacompounds wermade not just the sparse sétbutonly the sparse set of compounds
was considered in tHereeWilson analysis.
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Figure 2: Graphical representation of the sulfone sparse arrayWiksen analysisshowing the
average ontribution of the back pocket and the hirggeups taaffinity. The size of the spandicates

how many compounds contaidithat group the larger the s, the more compounds it represents.
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Figure 22 continued: Graphical representation of the sulfone sparse arrayWilsen analysis
showing the average contribution of each of the sulfone monomeffinity. The size of the spot
indicates how many compounds contdithat group the larger the spot, the more compounds it

representst Synthesised as a racemic mixture at this stergoee

The FreeWilson analysis suggesd that two of the hingegroups hal a positive
contribution toaffinity (distal bridged morpholine an&)¢3-methylmorpholine), the
CPP(all compounds with thisubstituentvere racemic or diastereomenuxture9
had a neutral effect and the branchmdrpholinehad a deleterious effect, relative to
average. Several solie moieties, including isopropyl, cyclopropyl, aminoethyl,
ethyl, methyl, tetrahydrofyt (THF) and tetrahydropyryl (THP), gave increased
affinity. In general, aromatic sulfonaoietieswere found to give reduceaffinity

compared to the average.

In addiiontos ynt hesi si ng t hempbengsavers reade cengbining
different sulfone moietiewith each hinge and back poclgbup(key compounds in
Table 4).111 Only two of these compounds were in the origidad p asetL2ahd
24). However,many of these compoundggere predicted to have high affinity by the
FreeWilson analysis. For example, compou®8l gave one of the highest affinity
compounds synthesised in this series spdamonstratinggoodagreement between
the predicted and measured affinifhe urea vaant compound6, had comparable
affinity, asprediced by the Fre&Vilson analysis. Compoun#7 demonstrated the
potential to achieve high affinity compounds using a-mampholine hinggroup the
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CPP. One compound that was not predicted to havghaffinity was ethyl sulfone
compound?8, which demonstted remarkable affinity compared to compo@ad

Compound mTOR KB  Predicted mTOR pAkt Chrom

Structure Number pICso (n)? KB pIC so plCso(n)®  LogDP
®
N
o |\N 23
\\S = o
N H
Vo ”JJVN\
)
L
W 24
o\\s | o Racemic
A H
OG/ o NN

25
% Racemic
% M
% Racemlc
T

27
Diasteree
H isomeric
N\
o |\N 28
\/\\S\\ & Q H
[¢] N N\
H
N
o [} 29
A\ P4
\/S\\ o
° NJ\N/
H H

Table 4: Keydata on selectecbmpounds®lCsorecorded as the mean of the data obtained on each of
a number of test occasions (PEhromLogD aipH 7.4.°The formic salt- Data notgenerated* Chiral
centre Affinity (mTOR KB plGyo) and efficacy(pAktplCsg): < 7.0 = red; O 7.0 =
greenLi pophilicity: O Predicted nTORIKE @6 Measured valuegtd.2legn .
units = grea; +0.6 log units = orange; > +0.6 log units difference in measured/predicted values = red.
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Overall, the sparse array and Free Wilson analysis providsijht into the SAR of
the directlylinked pyridine sulfone serieslo further explore the SAR of thieack
pocketgroup a linearback pockegrouparray was completed (key compounds in
Table 5).1'* These data demonstrate the profound effect of the back pgrckeion
affinity (mTOR KB assayplCso valueg, efficacy (pAkt assayplCso valueg and
lipophilicity. Compound21 (parent glycinamide) an83 (fluorophenythiourea)had
the hghestaffinity. However, there was a concern ttia@ embeddedniline in the
parent glycinamide2l) may present a mutagenicitisk. To mitigate this, it was
demonstrated thatfluorine-substituentinda ringnitrogen wee toleratedn both the

2- and3- postions(compounds30-32 and34-36). In addition to the linear back pocket
groups indoles and azaindoles were made. Azaindoles demonstrated a remarkable
improvement inaffinity compared to the parent indolesong withthe exgcted

decrease in lipdplicity (compounds37-40).
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Compound mTOR KB pAkt
SN Number pICso (n)? pICso (N)?

}; o

@N 0. 21
H
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\fl N\ (e} H
Pz NJ\/N\ 31
H
fl SN0,
AN 32
i H
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@NJ\N/\/OH 33
H H
\gl N\ (e}

F
}j o
@NJL . 35
H
\f F o
CLe 36

N N
H H
EVLN
PR 37
H
AN N
PH 38

},@; 39

Table 5: Key data otompounds made in the back pocetuparray.®plCsorecorded as the mean of

the data obtained on each of a number of test occasiof€npmLogD afpH7.4.- Data not
generatedAffinity (mTOR KB plGy): bottom third = red (4-8.5), middle third = orange (5-6.3);
top third = green (6-%.2). Efficacy (pAkt plCsg): bottom third = red (5.6.0); middle third = orange
(6.1-6.4); top third = green (6:6.8). Lipophilicity : O 4 = orange; < 4 = g

Anilines, a potential metabolite of the urea ahatipamide back pockejroups are a
known mutagenic specié$’Evidence of mutagenic activity may indicate that the
compound isa carcinogen!® Anilines are known to be convertéuto reactive and
mutageic species through metabolic reactions such as oxiddfidH:1*°An aniline
can be activated by oxidation giving a hydroxylamine, which is then convatted
cationic nitrenium ion, theeactive intermediateScheme L1*° It is thought that the
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mutagenicity of aromatic amines is related to the ease of formation (the ease of

oxidation of the amine) or the stability of the nitrenium 16h:°

OH N
NH, ! NH
A [O] NH X
@ — ) — |l
R R// R

Reactive intermediate

Scheme 1The oxidative activation of an aniline to give an electrophilic reactive intermediate,

capable of reacting with DNA®

Not all aromait amines are mutagenic but, as a known toxicophore, the mutagenic
risk needs to be assessed. One way to assess mutaganiitity is through an Ames

test, developed in the 1970s by Bruce Ames, wiglositive Ames test indicating that

a compound is mutgenic and therefore likely to be carcinogehftt?!122The Ames

test is a bacterial mutation screening assay thattethe ability of a substance to
cau® mutations to engineered strainsSaimonellaTyphimuriumbacteriat® These
bacteria are unabl® produce histidine and, without added histidine, are unable to
grow. Therefore random mutations or mutations caused by an added compound are
required in order for colonies to grow in histidideficient mediunt® Compounds

might be convertethto mutagens only after metabolisso the assay is run both with

and without preéncubation of the compowarwith rat liver enzyme$® If a compound
enables the bacteria to grow in the absence of add#dihe, the compound must
have caused mutations to the bacteria DNA (the compound is mutagenic) and is
therefore a possible carcinog€f The results of an Ames test can be reported as a
standardised quantity of the number of bacterial colonies fqrimetdit is more

common to shply report compounds as Ames positive or Ames negafive.

In silico tools can also be used toegdict mutagenicity. Varioupyridine sulfone
hinge-aniline combinationscludingcompound41 (Table 6) were predictedh silico

to be mutagenic and this was confirmaygl a positive result irm minFAmes test.
Compoundsvith potentialmutagenidiabilities were not ideal for progressing through

to precandidate stage, thereéoalternative back pockgtoupswere investigatedn-
houseexperience and literature evidence suggested that making the anilines more
electron poor would mitigate the mgenic liability!?® Addition of a fluorine

substituenor a ringnitrogen mées the ring more electron deficient, the lone pair on
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the aniline nitrogen less available and the aniline more stable to oxidation.
Additionally, the nitrenium ion thawvould be formed $chemel) is less stable (and
therefore less likely to form). This raes that the parent aniline is more likely to be
non-mutagenic Addition of a fluorinesubstituento mTOR inhibitors with urea back
pockets had been demonstrated inliteeature tomitigatemutagenicity risks and give
Ames negative compound$1>*Here,the addition of fluorine substituerdr a ring
nitrogento the aniline of directhinked pyridine sulfone compound&as predicted

in silico to give Ames negative compoundor the fluorinated compauls thiswas
confirmed in a minlAmes testusing one strain of bacteriaompounds42 and 43,

Table 6). The bipyridylaniline compoundg44 and45) were predictedh silico to be

non-mutagenic and were not tested in the Ames test.

N
SN SN
O\\ | % N O\\ | ¥z N
S A S S
\r A \\ e \\O | - \b |
ZSNH, Z NH,

Positive Negative Negative* Negative Negative*

In silico

Positive Negative Negative* - -

Ames test

Table 6: Comparison of the silico predicted Ames liability of the pyridine sulfone anilines with the

results found in the mirAmes test- Data not generatedBoth isomers.

It was found previouslyTable 5) thata fluorine substituenbr a ringnitrogenmetato
the aniline gave compoundsadmparable affinityo substitutionorthoto the aniline.
Moreover, compared to the parent phenyl compounds, introductiorilwdrane or
ring nitrogen was suggested to gis@mpounds of comparabddfinity and ® featurel
in the majority of compounds proposed subsequently. Of these two methods to
mitigate themutagenicityrisk, the synthesis tmtroducea fluarine substituentwas
initially simpler, thereforanore fluorinated back pockgtoupswere consideretbr

synthess.
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1.6 Comparison of the mTOR kinase inhibitors synthesised so far

Previously, mprovements irthe affinity for mTOR kinaséhad been demonstrated in
this noveldirectly-linked sulfone seriesThe initial compound2l, Table 3) had an
affinity of 7.2(the mTOR KB plGo valug and, while compounds made in the sparse
array demonstrated improved affinitie®4( Table 4), further improvements were
necesary. A comparison of the besimpounds from this initial worlvith the best
compunds developedreviouslyhighlightedthe areas requiring developmengable

7). Bicyclic sulfone 8), originally developed aanoral mTOR kinase inhibitowas
one of the first compounds to demonstrate an antifibrotic effect. This compound was
found to have very low sobility i too low for either oral or inhaled admatiation
and further developmegiave a more soluble compourth). Gratifyingly, the nove
sulfonyl pyridine compound2b) maintainedsimilar affinity, efficacyand selectivity.
Compounds3 and46 were krown to contairan embeddechutagenic aniline. While
the mutagenic risk of compourtb was not known, it also contained a potential
mutagenidiability. Furthermore, o optimisation of physicochemicptoperties had
been considered, and it was expecteditialimited capacityof the inhaled delivery
device® would dictate the need for a low doB&ane of the compounds synthesised up
to this point were believed to be \ddopableto achieve the required ledose
treatment.Therefore further work was required to achieaemoreactive compound

andexplore physicochemical properties
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Structure
N
Compound c d
Number 8 46 25
mTOR(r'f)E pIC 0 8.0 (21) 8.1 (4) 8.0 (2)
pAkt pIC 50 (n)? 7.7 (45) 8.0(3) -
PI3K selectivity > 500 > 3500 > 1500
DNA-PK pICso 5.5(5) 5.0(2) -
ChromLogD® 4.3 3.0 2.6
CLND 136 104
FaSSIF( € g /°® 558(2) -
Dek 200 200 67
exact 363 124 -
(nm/s)

Ames _ Proposed positive Proposegositive

Table 7: Comparison omTORKkinaseinhibitors containingsulfonemoieties, highlighing the areas

for improvement®plCsorecordedas the mean of the data obtained on each of a number of test
occasions (nPChromLogD aipH7.4.°The formic salt®Racemic nixture. *Mean ofdata obtained on
each of a number of test occasidiifie Ames mutagenic liability of treompound with the free

aniline (not elongated to form a urea or glycinamid®ata notgenerated.
1.7 Project aims

Poor prognosis and lack of appropriate medicines are evidence of an unmet need for a
treatment for IPF that will halt disease progressik@search in our laba@ieshad
demonstrated that mTOR kinase inhibitord &a antifibrotic effectand several sers

of compounds were under investigatidrhe primary aim ws to develop a novel
inhibitor of mMTOR kinase appropriate for use as an inhaled treatment foif tPF.
achieve this, compounds with high affinity and efficacy, selectivity over related
kinases andhe correct balance of physicochemical properties were requiredsit
hypothesised that suéhcompoundould be achieveth thedirectly-linked sulfone
series. To achieve a noemutagenic compoundg-position (back pocket)groups
without anembedded mutagenic liabilityere exploredAdditionally, an iteratiorof
compounds was designed with the aim of discovering a novel suff@asition

substituent that wodlachieve the desired affinity, efficacy and selectivity.
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Chapter | Resultsand discussion of the
medicinal chemistry of a directiynked sulfone
series to develop the next generation of mTOR

kinase inhibitors
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2. Results and Discussion

2.1 Aims of Chapter | and the desired profile of compounds irthe directly-linked

sulfone seriedf MTOR kinase inhibitors

In the lead optimisation stage of a medicinal chemistry profe desired property
profile is established. In order to become aqaadidée, a compound must nea|

or most of these required properties. An inhaled mTOR kinase inhibitor has been
defined as requiring the following propertidable 8):

Property Desiredvalue
MTOR KB plIC so (affinity) >75
pAkt plCso (efficacy) >75
SIAJ pICso >7.0
Lipophilicity (ChromLogD) 2-5
Selectivity ovVv¢ > 100fold
Selectivity over DNAPK > 100fold

Table 8: The desired property profile for an inhaled mTOR kinase inhibitor.

Additional criteria also needito be met including:

1 No mutagenic risk

1 No hERG risk

71 Duration of a&tion or lung retention, believed to be achievable through
targeting a range of soldiby, permeability and basicity

The compounds described so far dat meet these criteria, largely duethe risk of
an embedded mutagenic liabilignd insufficientaffinity and efficacy To achieve
duration of action, the compoustiouldmaintain a suitable concentration in the lung
between each dos&Lung retention is often tgeted for inhaled compounds die
devicerelated dose restrictionsnd can be achieved throughodifications to the
physicochemical properties of the compodhd.

It was proposed thatcompounadvith this target property profile could be achiewed
the directly-linked sulfone series. Firstyfosition (back pocket) groups without an

embedded mutagenic liability were investigatBé, Scheme 2 Subsequently, novel
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suffone substituent§R?, Scheme 2 were explored to achieve the desired affinity,

efficacy and selectivity.

2.2 Methods for the preparation of directly-linked sulfone mTOR kinase

inhibitors

The ynthesis of many of the directlinked sulfone compounds washieved using a
straightforward route (Scheme 2 The 4position of the pyridine core was
functionalised, followed by an@&r reaction to install the morpholine moiety and a

carboncarbon cross coupling to add the aromatic back pagkein

Hinge [O}W o
group, R’ Suzuki or [ }R cl
N N
N \N

Cl Cl
Stille reaction SNAr XN Oxidation SNAr
N p———— p— fo) ‘ — ‘ SN pr— ‘ SN
N =
o] R.
WM Ag o I _ 8, cl s "¢l Le” > cl
R/S\ Cl

S
R
S 3 o)
27N R
R* 0 ~ o

Ribose-binding Back pocket

region group, R? group, R3

Scheme 2Demonstrating theoints of variatiorin the directly-linked sulfone series of compounds, a
retrosynthetic analysiand the typical reactions conducted to complete the syntfRésisalkyl,

R? = aromatic, alkylor heteroalky, R® = alkyl or heteroalky] LG = Leaving group; A = CH, CF or N.

For somecompoundsa slightly shorter route was possible. Starting fran2,4,6
trisubstituted pyridinesuch as47, the methyl sulfon€48) could be obtained in one
step usingsodium methaesulfinate as aucleophile to displace tHeaving group at
the 4-position(Scheme 3\). However, the same procedure gave little or no product
when sulfinic acids or sulfinate salts other tlsadium metharsilfinatewere used.

To synthesisall othercompoundsathiol was used to displace the nitro leaving group
(47) in a SvAr reactionfollowed by oxidationto givethe functionalisedsulfone @9,
Scheme B).

A o o B o cl
. — o | oL A W A
O > 57N N c % cl
o) ) © °©
47 48 47 49

Scheme 2 andB: The chenistry used to install the methyl sulfoagad thethiol route used for many
of the sulfones,aaction conditions shown for the synthesis of ethyl sulfBeagents and Conditions
i) Sodium methanesulfinate (1.2 equiv.), DMF, X1, 1.0 h, 626. Synthesis § H. Davies.

ii) Ethanethiol (1.0 equiv.), NaOH (1.0 equiv.), 25, 120 h, 45%.iii) MMPP (2.0 equiv.), MeOH
(1.0 equiv), dichloromethang25°C, 120 h, 87%.Synthesis by GVK Biosciences.
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Next, the 2position was functionalised; the CPP was incaapent via a Suzulkdross
couplingwith a bespoke boronic esi{&?) to obtain a racematgl, Scheme A4\), with
the single enantiomers accessed affleromatographicseparation using a chiral
stationary phasevarious substitut® morpholine groupswere incoporated via an
often highyielding SvAr reaction. A subsequent Suzuki reactioning either
commercially availale or bespoke boronic esters gawe final mTOR kinase
inhibitor. Bespoke boronic esters, suchfla®roethylureab4 (Scheme 8), allowed
instdlation of the6-position back pocket group ore stegScheme £). The majority
of the starting dichlorosulfonyl pyridinesvere synthesised externally by GVK
Bioscience¥” (as described irscheme 3, with the hinge and back pockefroups

installed subsequently in our laboratories.

N
/(L/NL ii N iv
@) | —_— - E— Z>N  F
5N o /C'\L o

|
\( \b \\S\ A cl \rs\b )OL
D
\( 5 N NN

50 55 s6 H H
Scheme 4A: Installing the2-positionCPP in a Suzuki reagon with bespoke boronic estg2. B: The
chemistry used to prepare the bespiilkeroethylureaboronicesters4. C: Installinga substituted
morpholineandfluoroureacontainirg back pockegroupto make a mTOR kinase inhibitor
Reagents an@onditions i) 52 (1.1 equiv.), CsOH.ED (2.2 equiv.), PdG{dppf) dichloromethane
adduct(10 mol%), 2-MeTHF:H;O (3:1), 100 °C, 4@ h, 23%(60% purity) ii) Ethyl isocyanate
(6.0 equiv, portionwise), dichloromethang21-60 °C, 520 h, 90%.iii) (S)-3-Methylmorpholine
(1.1 equiv.), DIPEA (4.@quiv.), 81-100 °C, 20.0 h, 91%.iv) 54 (1.2 equiv.), kCO; (2.3 equiv.),
PdChk(dppf) @0 mol%, IPA:H,O (5:1), 120°C, 3.0 h, 21%.Synthesis by HDavies.

To enhance the modularity of the approaah, alternative routevas proposedo
functionalise the 4osition of the pyridine core at a late stage. The initial method
investigated, displacingithera nitro-group (57) or amethyl sulfong(58) on a2,6-

disubstituted pyridinewas unsuccessfulSCheme %. A cyclic secondary amine
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nucleophilewas used as the piperidine was proposed to fettee steric hindrance
around the nucleophilic nitrogeand the phenyl group enabled UV visualisation by
LCMS. The use of stronger nucleophilesich aghiols, was not investigated due to
their stenchmaking them unsuitable for use in a communal laboratagobposition

of starting materialvas seen in all reactions. With starting matesigl a mass ion
correspading to the Boaleprotected product wabkserved but could not be isolated.
Electron donation from the morpholinaginto the pyridine was propode¢o decrease

the dectrophilicity of thepyridine, making it more stable and less susceptible to attack

by the amine nucleophile.
o Oj o
O | AL, ;e
SNOE T Q T B
o ‘ % N ZSar Q % NH
\l‘\‘f' /S\\ A\ 2
o NHBoc Q/Q ° H

57 58

Scheme 5Reactions to displace either the mdtsyifone or nitro group in thé-position with a

secondary amine nucleophile in @8 reaction.Reagents and Condition$ 4-Phenylpiperidine

(4.0 equiv.), KCOs (3.4 equiv.), DMF, 150 °C, 50h. ii) 4-Phenylpiperidine (3.6 equiv.), 03
(6.9 equiv.), DMF, 104150 °C, 550 h. Reactiongy H. Davies.

A second methowasinvestigatedprotection of the 4osition prior to installation of
themorpholineandaromatic éposition groupfollowed by deprotectioand reaction
to form the sulfone. Literature precedent suggestedrthagthylsilyl ethanol could be
used as an oxygen surrogatestalled on an iodopyridine amgsily removed to give
apyridinol.}?® In asecond precedented reactioripdopyridine wa synthesised from
pyridin-4-ol.?” It was proposed thétinctionalisation of the-positionas the final step
may be possible from this-idédopyridine (Scheme §. The first step toinstall
trimethylsilyl ethanol ontahe 2,6dichloro-4-iodopyridine £69) gave a poor yield of
impure material 60) due to theformation of various side productkeading to a
difficult purification. Due to the electrodonating effect of thd-position oxgen the
resultantpyridine ringwas more electron rich than th@dopyridine starting material.
This led to aslow SyAr reacton, requiring forcing conditions (neat, high temperature
andlong reaction time}o obtain compoun@&l. This reaction also gavenreacted
starting materia{60), which could be isolated and-reacted. The subsequent Suzuki

reactiongave aquantitative yeld of compound?2 which was deprotected tbtain
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alcohol 63 and subjected to iodination conditiots give 4iodopyridine 64. The
overall yield for this Sstep linear synthesis was 5.5ésultingin only a small amount
of iodopyridine64. Disappointingly, reactions to displace the iodine in compdishd
with a sulfurcontaining groufto give compound85 or 66) gave no desired pduct

anddegradation of the starting matdrgaveseveralunidentified species.

) A ]
Cl Cl
i ii iii
Y T (Y - \
i Me;Si
| = cl MeQS|\/\O = cl es I\/\O
Me3S|\/\
59 60

0] 0} O
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| SN E > ‘ NN F N F
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NTONT NTONT
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Scheme 6The route to iodgyridine 64 and thereactiors investigatedo replace thel-position
iodidewith a sulfur moietyReagents an@onditions i) 2-(Trimethylsilyl)ethanol (3 equiv.), Cu(l)I
(10 mol%), 1,16phenanthroline (20 mol%), &30s (2.0 equiv.), toluene, 11TC, 17.5h, 32%.

i) (9-3-Methylmorpholine (2.2 equiyportiontwise), DIPEA (3.0 equiv.), 170C, 84.0 h, 68%.
iif) 54 (1.1 equiv.), Pd(dppf)GI(10 mol%), KCOs (2.0 equiv.), IPA:RO (5:1), 1.5h, 120°C, quant.
iv) CsF (2.9 equiv.), DMF, 6€C, 20 h, 55%. v) T$O, pyridine,MeCN, 5-21 °C, 1.3 h, then Nal
(9.0 equiv, portiontwise), HCI (3.0 equiv., portiorwise), 21-90 °C, 19.0 h, 54%.vi) Potassium
ethanethiolat€3.5 equiv.), Cu(l)I 0.3 equiv.)1,10-phenanthrolineQ.8 equiv.)toluene, 110C,
25.0 h. Or vii) NaeS (4.2 equiv, portionwise), Cu(l)! (2.0 equiv, portionwise), DMF, 80:120°C,
56.0 h. Synthesidy H. Davies.

2.3 Investigating SARIn the directly-linked sulfone series

It wasproposedhat the target property profimuld bemetby combininga sulfone
moiety described in the Introductiorith a normutagenic variant of thé-position
aniline, ackeved through electronic modifications Additionally, investigatng
alternative2-position morpholine moietiesas hypothesised to give increased affinity
and efficacyas well asvariety in physicochemical properties. The aims of work

were to:
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1 Synthesisecompoundsvith acceptable affinity and efficacy (mMTOR KB ptC
> 7.5 and pAkt pl6 > 7.5, the SIAJ effiacy assay was not routinely in use at
this time) and a nemutagenic aniline

1 Identify optimal combinations of the three pyridine substituents.

2.3.1 Results and discussion of amitial investigation of directly -linked sulfone

MTOR kinaseinhibitors

A total of 36 compounds were designed test the hypothesesoutlined above
(Figure 23A). No new sulfone groupsere considered, apart from singteaatiomers
of the THF sulfoneslo achieve a normutagenic compoundoth fluorinesubstituted
and nitrogercontaining variants of thurea and glycinamideck pockegroupswere
proposedThese were combined with tfeur most active sulfongroups and loth the
distal bridged and CPP hingeoups (Figure 23B, Set A) The back pockegrouparray
described in the Introduction highlighted ahigh dfinity, nonmutagenic
fluorothioureacontaining compound3@, Table 5). Combining his substituentwith
single eantiomers of thefHF sulfoneand the four substituted morpholiness
predicted to giveactive compounds with lowlipophilicity (Figure 23B, Set B)
Furthermore precedented mTOR hinggroups hadbeen shown to modulate both
physicochengal properties andelectivity'° 12 compounds were made as part of a
hinge group array, investigatingfour substitutedmorpholines, three non-mutagenic
back pockegroups(pyridyl, fluoroethylurea and fluoroglycinamidahdthe isopropyl
sulfonei selected as it was predicted to achiev&uitablebalance oflipophilicity
(Figure 23B, Set C)

o} 0] 0] 0]
e S I »
T‘ I I N

o}
I I
(S)-3-methyl! (S)-3-ethyl ‘distal bridge'  ‘proximal bridge' 'CPP'
Rr2” \\O morpholine morpholine

Sulfone group: R? = Et, Pr, cyclopropyl, THF (R, S and racemic)
Back Pocket group: R® =

X X X
T s o 2w 0L S
~
NONH, Ay A Ay~ AN A OH
_ . H H \ H H H H H
"Pyridyl’ X =CF Fluoromethylurea’ - x = CF 'Flyoroethylurea’ X = CF 'Fluoroglycinamide' X = CF "Fluorothiolurea’
X =N 'Bipyridylmethylurea’  x - \ 'Bipyridylethylurea’ X = N 'Bipyridylglycinamide' X = CH 'Thiolurea’

Figure 23A: The three main areas of SAR investigatbe hinge(R?), the sulfone groufR?) and the
back pocketR3). Not every combination was synthesis€&dll data inAppendix A, Section 7.1
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Figure 23B: The 36 compounds symesisecand key datamTOR KB plCso (n), pAktplCso (n), both

as the mean of the data obtained on eachmofaber of test occasions ({iyll data inAppendix A).

Red =Final compound made by H. Davjé&lue = Chloropyridine intermediate made by H. Davies
Black =Made by V. Clayton, A. Hancock, H. Hobbs, E. Hounslea, E. Mp8ajNicolle.
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Synthesis of these compounds followed a similar metlea@mplified here for
compounds$6 and86-96 (Set G Figure 23B). Starting from &,6-dichlorgoyridine

with a sufone in the 4position (synthesised at GVK Biosciences as described
previously Scheme 3, themorpholine ringwas installed first in a&\r reactionby
heating thechloropyridine, amine and DIPEA in DMSO. The aromdiiposition
groups were then instatlen either e&Suzukior Stille (for bipyridyl compoundg0, 73,

75 and80) reactian using the appropriateoronic ester, KCO; andPdCb(dppf). This
wasfollowed by a Boedeprotectionif required,usingHCI and isolation of the final
compound as the frdmse(Scheme 7.
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s cl 6°-78% s Ar
Y 0 99 Y o

Scheme 7Exemplifying the synthesis @ompound$6 and86-96 (Set C Figure 24B). Reagents
and ConditionsSyAr: Amine, DIPEA, DMSO, heat. Suzuloronic ester, KCOs, PdCh(dppf),
IPA:H20, heatBoc-deprotection (if required): HCI, dioxane, heat TFA,DCM, rt. Compounds
isolated as the free baséeld ranges quoted for they&r and Suzuki reaction steps only, not the
deprotection reaction. *Yield quoted for telescoped Suzuki and deprotectiomnsa®tut of 12

final compounds synthesised by H Davie

In silico predictions of physicochemical properties were useditb compound
selection In general, thealculatedChrom_ogD (at pH 7.4)correlatel well with the
measuredialuesand both AMP and END solubility demonstrated some correlation
(Figure 24A). Only high or low solubilitywas calculatedn silico. However,
compounds predicted to have high solubilitgre more likely to have a measured
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value of over 10Qug/mL thanthose predicted to havew solubility. As desired, a
range ofsolubility and permeabilityvalueswere achievedas shown in thé&-box
model plot of MDCK permeability @Rac) against SLF solubilityFigure 24B). Not
all compounds had measured values eséhlow throughplassaysbut it wasnotable
that compounds containing a thiourea back pogketp (red) were in a distinctow
solubility, low-mid permeabilityspace, angompounds with @yridine back pocket

group(green)werein a distinct higlpermeability, low solubility spce.
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Figure 24A: Thecorrelation between predicted and measipbgsicochemicapropertieswith
representative compounds highlight8d A plot of MDCK permeability vs. SLF solubility shows the
different areas of the allowed property space occupidgtidgxemplifieccompound. All graphs
colouredaccordingto the 6position pack pockétgroup a =(S)-isomer, b {R)-isomer of the THF
sulfone groupCalc. =calculated, AMP = artificial membrangermeability MDCK Pexact = Madin

Derbycaninekidneypermeability, SLF =simulatedlung fluid solubility.
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Affinity andefficacydata were obtained for the compounds in this first iteratgng

the mTOR KB and pAkt assays respectivéfey data on selected compounds in
Table 9 andfull data inAppendix A, Section 7.1 Thehigheracomp und o6s af f i n
or efficacy, the harder it vgato obtain a true lg value because atery low
concentrations (nanomolar), the error in the concentrdtemamelarger than the
concentation itself. Therefore, it was npbssible to accurately distinguibletween

measured affinity or efficaqylCso valuesgreater thai.5. Additionally, there was an

error in the mTOR KB affinity assagf of £0.3 log unis andin the cellular pAkt

efficacy assay of +@.log unis (with n=4 datg.

Key featuresof this first iteration of compounds are highlighted Tiable 9 and

Figure 25 and will be exploredin furtherdetail subsequentlyin summary

1 Compounds7 (Table 9), a ron-mutagenic variant of compour28 (Table 4)
showed thatddition of a fluorine decreased affinifhe mMTOR KB plGo).
The comparabléevds of cellularefficacy (the pAkt plGo) wereproposed to
be driven by lipophilicitf ChromLogD,Table 9).

1 Compounds73 and 74 (Table 9 suggest thatbipyridyl glycinamide
compoundgX = N) have higher affinity than floroglycinamides (X = CF).
Again, thecomparabldevels of cellularefficacy were proposed to be driven
by lipophilicity.

1 Single enantiomers of the THF sulfone compoursha(and 75b, Table 9)
showed good affiity and reasonable efficacy.

1 Compound82a was reported to havan affinity value mMTOR KB plGso) of
greater than 1Qthis value should strictly have been reported as greater than
8.5) but was subsequentlhownto contain anutagenic aniline in thback
pocket and washereforenot progresed Proposed nomutagenic variants,
compoundslaand81b (Table 9) showed good affinity and efficacy but poor
selectivity ovelDNA-PK.

1 Hinge group array ®mpounds94 and 96 (Set G Figure 23B, Table 9)
demonstrated that ith featurecould have subtle effects on the affinity and

efficacy.
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1 Compoundscontainingthe CPPdid not have comparable affinity or efficacy
to those containinghe morpholinebased hinggroups (redcircle, Figure 25).
These compounds were all racemic and synthesis of single enantiomers
required a chiral separation. For these oeas no futher CPP hinge

compounds were considered for synthesis.
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Structure Compound mMTOR KB pAkt pIC so DNA-PK PI3K Chrom CLND, SLF AMP, MDCK
Number pICso (n)? (n)? plCso(n)®  selectivity = Log DP (€ g/nL  Pexact(nm/s)-e
X =CF:67 198,373 170,243
X =CH:28 - -
X=N:73 201,903 -,129
X=CF:74 73- 160;
75a 162,26 42,29
75b 212,61 -,61
X =CF:8la 1082 12,35
X =CF:81b 92,2 21,52
X =CH:82a 63,2 14,17
Hinge A:94 131,560 -,178
Hinge B:96 265;

Table 9: Key data on selected compounds synthesised inténaion a =(9)-isomer, b {R)-isomer.2plCsorecorded athe mearof the data obtained on each of a

number of test occasions (BEhromLogD atpH7.4.°If more than one measurement, theanwasreported 9Solubility data Permeability data:Datanot generated.
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Figure 25: Demonstratig theaffinity (INMTOR KB plGyg) and efficacy(pAkt plCsg) of the compounds
synthesised in this iteration. Coloured according-pmsitionsulfonegroupand shaped according to
2-positionhingegroup a =(9-isomer, b {R)-isomer.Compound numbers refes compounds in
Figure 23B.

Despite displaying disappointing affinity and efficacy, these compounds warrant
further discussionl o mitigate the mutagenicity risk;position anilinesvith modified
electronicpropertieswere investigated. While addition af fluorinesubstituentor
ring-nitrogen didreduce the mutagenicity riskpmparison of noimutagenic variants

of theback pockegroupswith the parenanilinesdemonstratethatthese changded
toreduced activitygigure 26). The average affinitgf compounds with both bipyridyl
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and fluorinated back pockeroupswas lower than the pareaniline versions The
more lipophilicparent anilineand fluorinated compounds were more efficacious than

the polar bipyridyl compounds.

Average Affinity vs. Back Pocket
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Figure 26: Demonstrating the change in averaffinity (mTOR KB plGyg) andefficacy (pAkt plCso)
when noamutagenic variants of ti&position aniline groupvere used

The hydrophobic region the back pockebupoccupiesn themTOR kinaseactive
site isrelatively narrowandi in order to make favourable interactidnthe core, hinge
and back pockegroupsneed to be coplanéFigure 27A). Energy barriers to rotation
of approximately 12.5 kJ/mol and below can be overdoymaost compounds at room

tempergure, with larger energy barriers requiring additional enétgy.

Energy minimised cowfmations of thecore and backpocket aromatic ringsn

solution were cdculated angd displayed graphically these suggest the preferred
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conformationin solution and the energy barriers between different conformations
(Figure 27B).212° To catulatethis, the dihedral angleetween the core pyridine and
the back pockegroup (demonstrated by atoms4l compoundB, Figure 27B) was
increased from B60° in increments of 10&and theminimum energy in each
conformation calculatet?® For simplicty, only the coreand backpocketaromatic

rings were considered in the calculation.

For all three compounds, tHewest energy conformatiorwas calculated to be a
dihedral angle of 180° (coplanar). In this conformation, electrons can delocalise over
both ringsgiving inceasedstability. Increasing the dihedral angle from 180° to 270°
disrupted tis conjugation, giving ahigher energy more wstable conformation.
Further increasing the dihedral angle to 36@Jained the electronic conjugation,
leading to dower energy more stable conformatidior pyridyl-phenyl compoundB
with a symmetrical phenyl rinig the back pocket group position. Fopyridyl A and
pyridyl-fluorophenylC, a dihedral angle of 360fas suggested to leadunfavourable
electronicand steridnteractions between the two nitrogen lone pdasnformation

A ® or the nitrogen lone paiandfluorine (conformationC @ éespectivelygiving a
higher energy more unstable conformatiomoth pyridylphenyl B and pyridyt
fluorophenyl C were calculated tdhawe broa@r energy minima (15@00°) than
bipyridyl A, suggesting these compounds can ocdligitly different conformations
with little change in energy. This wasoposedo be becausevistingthe back pocket
slightly avoids unfavourable electronic anér interactions between ti&eH or G

F and either &£-H or a nitrogen lone paon the core

Bipyridyl compoundA was calculated to have the greatésterence betweertthe
energymaximumand minimum andorrespondingly théargestincrease in stabilt

in a conformationwith dihedral angleof 180° (conformationA 6).6Therefore,this
compound willspendalmost all theime in this lowest energy (and most favourable
for binding) conformation, perhaps explaining why bipyridyl compouradained
affinity. An additional factor not considered in these calculations is the ability of

bipyridyl compound to form favourable hydrogen bonding interactioims this

aDihedral angle scanninzplculationgerformed using Density Functional Theory (DFG-31G**
(B3LYP) basis setn Jaguaby S. Pal.
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conformation(A ¢§),durther increamg the stabilityof the conformationrequired for
binding While these energy minima calculations sesfgd a rationale for the affinity
of bipyridyl compoundsthey did not explain the reduction in affinity for compounds

with fluorinated back pocket groups.
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Figure 27A: Demonstrating the components of mTOR kinase inhibitors requireddopienar to

make favourable interactions with the mTOR kinase active site (in pink). Rotation about the
highlighted bond (between the core and back pocket group) was imtedtig cutdown compounds.
B: Thecalculated changes in energyl/tkol) of thecompound in solutioms the dihedral angle
between the back pocket and the core is increased frorB@0%dCalculations bys. Pal

Both high affinity (InTOR KB plICso) and efficacy(pAkt plCso) were important in
MTOR kinase inhibitors. The mTOR KB affinitgssaymeasured how well the
compound binds to isolated mTOR kinase, whilegAkt efficacy assaymonitored
the downstream response to a compabindingto and inhibiting mMTOR kinasé\s
described in the introductionhdse two assaysneasurd the effectof inhibition at
different points in the pathway, therefore the sameqg¥@lue may nobe obtained
from both.However,frequentlyin this study, good correlatiorbetweenaffinity and
efficacy valueswas found. Any differencescould be explained by comk&ring the

different assay formats as well lag consideration of physicochemical properiés
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the mTOR kinase inhibitorg-or examplethe efficacywas lower than thaffinity for

most of the glycinamide and some wmmtainhg compounds. ThenTOR affinity
assay ugicell lysate whereas thé\gt efficacyassay usgwhole cells so compounds

first had to pass through the cell membrane to interact with the intracellular mTOR
kinase target. Therefore, differences in valobsined from each assapuld be

explained by the ability of a compound to cross a cell membréagermeability.

Permeability $ related to lipophilicity and molecular size. Cell membranes consist of
a phospholipid bilayer with hydrophilic head groups that point out towards thetsqueo
extra and intracellular environment with hydrophobic tail groups-between
(Figure 28A). Diffusion across the hydrophobic interior of the lipid bilayer of a cell
membrane is ratbmiting in passive diffusiot®° This hydrophobic nature of a bilayer
makes it intolerable to water or charged specthsrefore molecules must be
desolvated and neutral in order to pass passively through the cell mertbrane.
Charged species can be actively transported into cells via specific proteins or ion
channels Figure 28B).}% |t was hypothesisedthat the majority of compounds
considered here would permeate passivalyaddition to the effects of measuring at
different points in the mTOR pathway, was proposed that the reducsfticacy of

less permeablecompounds compared to their affinity could bee to lower
intracellular concentrations at given external concentratiod higher external
concentration of tbse compounds would be required to increase the intracellular
concentration to that at which half maximal inhibition was seen, translating into

apparent lower efficacy.

Channel protein

A B Ve

)“HH;H”)H“HH;H Phospholipid
BHBBHBHNH??BR\ bilayer

Hydrophobic tail
Hydrophilic head
YETOPATe ficad group Lipid-soluble  Water-soluble
molecules molecules

Figure 28A: Schematic of the hydrophilic head gpoand hydrophobic tail components of the
phospholipid bilayer of cell membran&s. Schematic showing active and passive permeability of

both lipid- and watersoluble moleculesadapted from thiedical Gallery of Blausen Medicaf?
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The diference between the affinity and efficaafyacompound here called drop off
(mTOR KB plGo 1 pAkt plCso), demonstrated that there watower lipophilicity
limit (ChromLogD ~3) below which the cellulaefficacy of compounds may be
permeability limited(Figure 29). More lipophilic, more permeableatnpounds, such
as those containinthe fluor@thylurea back pockegroup (red), were less likely to
have permeabilityimited efficacy in the pkt assay andlemonstratedomparable
efficacy and affinity.Indeed, in some cases these lipophilic compoundshitguer
efficacy than affinity, leading to a negative drop offonversely,compounds
containing thepolar bipyridylglycinamidegroup (light blue) had lowerpermeability
leadingto reduced efficacydespiteachievinghigher affinity.
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Figure 29: A plot of drop off (affinity (NMTORKB pICsg) i efficacy Akt plCsg)) against
ChromLogD &pH 7.4(R?= 0.59)with exemplar compounds shown arwloured accaling tothe 6
positionback pockegroup R? = 0.56.a =(S)-isomer, b <(R)-isomer.

Affinity and efficacy wereot the only consideratiafi selectivity was also important

The four Class | PI3K &forms( U, b, amd DNAPK weae themost closely
structurally related kinases routinely screened in this projecthigh-throughput
as|ys wee availablein our laboratoriesMany of the compounds described here
demonstratedeasonable (16Q00-fold) sekctivity over the PI3Ks anthiswill not be
discussed furtherAchieving ®lectivity over DNAPK was more challengind/ore
lipophilic molecuks tend to be more promiscuous and can bind to multiple targets, a

potential source obff-target interaction®. However, there wasio correlation

75



CONFIDENTIALT DO NOT COPY

between lipophilicity and DNAPK activity (Figure 30A). It was realised in
subsegent work that selectivity over DNRK could be achieved in compounds with
a basic centre Section 24.3). Compounds containing thglycinamideback pocket
group(calculatedoKa of the conjugate acid @&.57 the pKan) demonstratednproved
selectivity compared to the slightly less baaminopyridyl (calculatedpKa of the
conjugateacidof 6) andnon-basic ureacontaining compoundgigure 30B). The only
compounds to achieve the desired -10d selectivity over DNAPK were those
containing a bipyridyl or fluoroglycinamide back pockef{gure 30C). Compound
82a with anomalously hig affinity (Table 9) achieved good selectivity over
DNA-PK buta DNA-PK pICso of 6.2 wasprohibitively high and this compound could

not be progressed
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A DNA-PK Affinity vs. ChromLogD

S ¢ @ F-sihylurea
bt ® @ F-glycinamide
F-methylurea

@ @ F-thiourea
a /5 @ @ i [ ] L] 86 @ M-glycinamide
®75p ot @ ®91 @ N-methylurea

- @ pyridin-2-amine
® o @ Thiourea

=l

DRA-PE Affinity
[=1]
N
o @

(&)

22 24 28 28 3 32 34 36 38 4 42 44 48 48 B B2 E4

ChromLegD
B DNA-PK Affinity vs. Grouped pKa
8 ®
? * »
B
£ ] L ]
Z & 86 .
= [ ] 82a ol
i .91. '::'..':'75a
Z 5 »* @ 75b
jre1a
x=2.00 200 =x=4.00 400 =x=5.00 5.00=x

Grouped pKa

C DNA-PK Affinity vs. Affinity (nTOR KB pIC50)

8 et -
® Mo sel?ctmtyx:y
@ ® -
7 & 100-fold selectivity
£ . D)
g s L a .
£ “ @86 @ 82a
£ 5 ®91__% @ /5a
] 75b
8 85 7 75 8 8.5 9 9.5 10
Affinity (mTOR KB plC50)
) °) L)
’ L '
>N SNOF
o, Q, | _ o | SN o,
Y o DY s N 5] o
0 NKN\OQ/ 0 g2a N)KN/\/OH \r 5 o1 86 NN
75a, 75b H H H NH; H H

Figure 30A: DNA-PK affinity plotted against ChromLogD (at pH 7 d@monstratingno correlation
(R?=0.17) B: Thecorrelation betwee®NA-PK affinity andcalculatedoK,of the conjugate acid
(pKan). C: Demonstrating theceeptable 10dold level of selectivityblue line) Coloured according

to back pcket groupwith exemplar compounds showa=(9)-isomer, b {R)-isomer.

DNA-PK shares significant homology in its kinase domaith that of mTOR kinase
as well as ATR andATM.33134 Therefore itwas not surprising thatchieving
selectivity over DNAPK, as well asother related kinases, was challengif@r

exampe, wortmannin, an irreversiblTP-competitive no-selective inhibitor of the
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PI3Ks also inhibits several of the PIKKs including mTOR and DR as well as
several other kinases, due to the similaritywaetn the PISK and PIKK catalytic
domainst® Additionally, programmes to develop potent and specific ERNA
inhibitors have encountered issues of selectivity against mRiGae3313>138\any
DNA-PK inhibitors feature a morpholine mofdompound€.00and101, Figure 31),
proposed to make the same key interactiothe active site as the morpholine in

mTORKinaseinhibitors, potentially contributing to the lack of selectivify

o

) )

N N

Z>0 Z "0 O
e e
LY293646 100 LY294002 101

Figure 31: Two DNA-PK inhibitorsknownto exhibit micromolar activityboth with a morpholine
hinge binder groun.Y293646(100) showedincreased activity at DNAK and increased selectivity
over both mTORinasea n d  PcorBpkréd td.Y294002(101).13¢

Comparison of matched paifscompounds with the same hinge and back pocket
groupsdiffering only in thed-positionsulfonemoietyi demonstrated thahe sulfone
moiety did not have a profand effect on the affinity fothese compounds; the ath
individual differences could have been within the error limits of the askayever,
consideringhe - and R)-isomers of the THF sulforgroupshows thatin three of
thefour matched pairghe §-isomerproducedcompounds of slightly higher afity
(Figure 32A). Overall, his matched paidata demonstrated that the back pocket had
the greatest effect on atfty.

Comparison of the average affinignd efficacyacross all compoundiemonstrated
overall trendsKigure 32B). Cyclopropyl, ethyl ard isopropyl sulfone substituera
gave compounds of lower average affinity than the THF sul§poep Particularly,
the ethyl sulfones synthesised here showed comp28iidable 4) to be an outlier
andintroduction of anon-mutageniovariant of theé-position aniline(glycinamide to
fluoroglycinamideyeduced thaffinity (INTORKB plCso of 8.1 to 7.1) Thereforeno
more ethyl sulfones were investigat&tie contribution of lipophilicity to efficacy was
demonstrated the lipophilic isopropyl sulfonéada highaverage efficacyAgain,
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these data suggested {8-isomer of theTHF sulfone grougo have higher affinity

and efficacy than theRj-isomer

A Affinity vs. Sulfone (R?)
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Figure 32A: Comparison o&ffinity (MTOR KB plGsg) andefficacy (pAkt plCsg) of matched pairs,
differing only in the sulfone substituefi®?). B: Averageaffinity (MTOR KB plCs) andefficacy
(pAkt plCsp) of all compoundwwith differing sulfone substituents (not only matched pairs).
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The secondypothesis thatinstalling different morpholine rings in thegdsition
would giveincreasedaffinity, efficacy and varietyin physicochemical propertigs
was largely disproved hemorpholinemoietiesinvestigatedvere shown to have only
a small effect on affinity and efficatyut a larger effect on lipophilicityvith themost
lipophilic (§-3-ethylmorpholinegiving compours of higher efficacy(Figure 33).
Interestingly, despite their relative low lipophilicity, tfleorothiourea compounds

with the §-THF sulfone (green) demonstrated high affinity and efficacy
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plCso) andlipophilicity (ChromLogD)
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This researclexpanded on thpreliminary SAR established in this series of mMTOR
kinase inhibitorgas described in the Introduction, Section 1T hingegroupwas
shownto modulatelipophilicity and hae a smalleffect on affinity and efficacyThis
work highlightedthe ©)-3-ethyl and the proximal bridge morpholine hinges, both of
which were precedented but had not been used in this series Qéfereposition
sulfone group was demonstrated to haveaglest eiect on the affinity and efficacy,
especially the THF sulfon&he unique activity of ethyl sulforeontainingcompound
(28, Table 9 was found not tobe generally applicable to other compounds
Investigations of new sulfone groups was proposedliieve increases in both affinity
and efficacy and was subsequently explor8dction 24). The ron-mutagenic6-
position anilinesinvestigated gaveompounds with moderate affinity and efficacy,
with a range of physicochemical properti®serall, the ladk pocketgroupwas shown

to have the largest contribution to affinity, efficacy and selectivity; the presence of a
basic centravas suggested tichieveselectivity over DNAPK. Thiourea back pocket
groups gave activecompunds that could not berogresed due to their poor
selectivity over DNAPK. The pyridylglycinamide was demonstrated to bertieest
promising 6-position substituenfrom this workas it gave compounds with high
affinity andgoodselectivityover DNA-PK, and he low lipophilicityled to reduced
permeability. However, he synthesis of tlsebipyridyl compounds was challenging,
requiring Stille chemistry and toxic organostannarsgsan alternative route was

required
2.3.2 Improving the synthesis ofbipyridyl -containing compounds

Stille andNegishi couplingsare commonly used to synthesise bipyridyl compounds
with Suzuki conditions developeahly relatively recently**” To synthesise bipyridyl
compounds in our laboratoriesnitial investigations employing Suzuki reaction
conditions achievetbw conversios andpoorisolated yield, so were abandoned in
favour d the Stille reaction® Stille chemistry was successfully used to synthesise
severamTOR kinase inhibitorsncluding compound30, 73, 75and80 (Figure 23B).

b Trial reactions, inludingin situformation of the boronic ester, by H. Holdosd S. Nicolle 2016
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However, die to the toxicity of organostannanestille chemistry wasnot an

accetablemethodto make these compoundsdan alternativeoutewasrequired.

First developed in the 1970s, the Negistosscoupling follows the same reaction
steps as the Suzuki reacti®noxidative addition, transmetalation and reductive
eliminationi but uses orgaranc reagents as thieansmetalatiorpartner. Negishi
reactions are precedented for biaryl coupljagslin 2002 Lutzerand Hapke reported
the development of a general method for the synthesisnobriosubstituted 2;2
bipyridines in amodified palladiumcatalysed Negishi reactidd®* Different
catalysts and ligands were investighte identify optimakonditionsandthe scope of
coupling pyridyl zinc compounds with-gubstituteeR-chloropyridines explored
While the reaction gearally gave the desired products in fair to excellent yjelise
was a notable exceptiom primary amino substited pyridine gave no reaction.
However, the authors found that a readily installed and removed pyrrole protecting

group gavegood conversio to the desired produ(dcheme $.13°

- XN i N Y
e L —
/(j N7 er = N
cI” N LN
102 103 Z 104

Scheme 8A protecting group strategy enabled synthesis of bipyridyl compdQadwithout the
pyrole group (using-@hloropyridin3-amine) no reaction occureBleagents and Condition$) '‘BulLi
(2.7 M in pentane, 2.1 equivd03 (1.1 equiv.), THF;78 °C, 3040 min, then ZnGl(in THF,

2.7 equiv.), 21 °C, »-3.0 hthen, PadbaCHCI; (3 mol%), R'Bu)s (6 mol%),102 (1.0 equiv.), THF,
reflux, 210 h, 729%1%°

Subsequently, Lutzept al. reported an extension of their Negishi c&osupling
reactiongo couple a broimatedvariant ofpyridine 102with a chloropyridine*°and
in 2007, the use of commercially available tetréikishenylphosphine) palladium
catalyst was reported! The modified conditions were initially shown tmuple two
bromopyridines, vth the crossoupling of chlore and bromopyridinesequiring

more forcing condition$?*

Here, hese bipyridyl Negishi crossoupling conditionswere investigated for the
synthesis of bipyridglycinamidecontaining compounds®®*142  The low

¢ Negishi reactiortonditions suggested and trialled by T. Barrett
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lipophilicity of this back pockegrouphad been shown to ledd reducedefficacy.
Therefore a lipophilic cyclopently sulfone substituent waselectedto achieve
increased efficacyAdditionally, compound75a i a relatively polar compound
employing the §-isomer of theTHF sulfonei was remade using this methodology.
As previously, the dichloropyridines were made @YK Bioscience$¥® and
functionalised in higtyielding SVAr reactiors to give intermediateslO6a and 108
(Scheme @ and9B).

Cl B Cl
0 _ L 9 - N
87>l [N 57 [N
o T T

A

(0]

5,57 > 5 cl
A\ \
P %

105a 106a 107 108

Scheme @ and 9B: Preparation 06-chloropyridinestarting materials for thegishi chemistry.
Reagents and Condition$ 8-Oxa-3-azabicyclo[3.2.1]octankEICl (1.0 equiv.), DIPEA (D equiv.),
DMSO, 100°C, 1.53.0 h, 97%(106a) and 94%(108). Synthesis by H. Davies.

The pyrrole-protected bromopyridin€l10) was synthesised iamoderateyield in a

Paal Knorr reaction,following a variation of the procedure by Lutzenhal, and the
coupling reaction exploret? Initially the reactions were telescoped to achieve the
deprotected bipyridyl product, without isolation of the protected intermediate. Both
THF sulfone (06a) and cyclopentyl sulfonel(8) compounds gave desired product
in acceptable yields. Using the cyclopdrgulfone, aby-product (15) was isolated

and demonstrated to be the product ofS@Ar reaction of the nucleophilic
n-butyllithium with the chloropyridine 108). However, using th€S)-THF sulfone,
some unreacted starting materifd§a) was isolated kuno butylated byproduct was

observedsuggesting that this substrate may be less rea8oteeMme 1)
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Scheme 10The synthesis of pyrrolprotected bomopyridine coupling partn€d10) and subsequent
Negishi reactions to form two bipyridyl compoun(d42a and114). Reagents and Conditions
i) Hexane2,5dione (1.0 equiv.)p-TsOH.HO (0.1 equiv), toluene, 100C, 3.0h, 65%24ii) 110
(1.0 equiv.),n-BuLi (1.2M in hexane, 1.2 equiv.), THF7/8°C, 30 minthen ZnC} (2 M in
2-MeTHF, 1.2 equiy), -78-21 °C, 30-40 minthenpyridylchloride(106a or 108, 1.0 equiv.), Pd(PP§)4
(0.1 equiv.),100°C, 1.51.7h. iii) HCI (12 M in H0, 29.0-36.0 equiv.), EtOH,100-120 °C,
20-30 min,27% (112a) and54% (@14, 80% purity).Synthesis by H. Davies.

The reaction conditions employed here differed from those in the literature. leitzen
al. used a longr reaction time for zincate formation, a lower reaction temperature in
the crosscoupling and isolated thpyrrole-protected bipyridyl compound before
deprotecting it using milder conditions (90 °C and 4 M HCI instead of 120 °C and
12 M HCI).140141142 A gysequent reaction with chloropyridink08 used these
refinementyScheme 11 Combined with a titrated solution ofbutyllithium, this
achieved improved conversion (909%6)the pyrrole-protected bipyridyl 113, 78%
purity by LCMS). Pleasingly, nbutylatedby-product(115) was observedhought to

be due to the use of titrated base. The isolattimediate was deprotected to give
aniline 114 in quantitativeyield with 85%purity.}4%142Bipyridylaniline 114 was then
converted intwo more steps to giveipyridylglycinamide(116). The product of the
amide coupling with HATU was taken through to the deprotegtitirout purification

and this, combined with a poor retuinom the final purification, was proposed to

explain the low yield.
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Scheme 11The synthesis ahTOR kinase inhibitofl 16 with only one purificationReagents and

Conditions i) n-BuLi (2.1 M in hexanes, 1.1 equiv)10 (1.5 equiv.), THF;78 °C, 30 minthen
ZnCl (1.9 M in 2MeTHF, 1.2 equiv.);78-21°C, 2.5h then108 (1.0 equiv.), Pd(PRu (2 mol%),
THF, 70°C, 2.0h, 90% crudé?tii) HydroxylamineHCI (20.0 equiv.),TEA (5.0 equiv.), EtOH, bD,
100°C, 24.0 h, quant#2iii) HATU (3.0 equiv.),N-(tert-butoxycarbonyhN-methylglycine
(3.0 equiv.), DIPEA4.0 equiv.), DMF, 70 °C4.0 h, quant. crude. iv) HCI (4 M in 1;dioxane,

5.0 equiv.), 1,4dioxane, 9CC, 7.0 h, 11%.Synthesis by H. Davies.

(o}

This Negishi reaction aye astannandree method to make bipyridylglycinamide
containing compound®leasinglythesecompound$ad goodselectivity (greater than
100-fold) over DNA-PK, hypothesised to bdue to the presence of the basic amine
(Table 10). Compound75a (a remake of a previous compoundlemonstrated the
target affinity (mMTOR KB plGsy), but decreased lipophilicit ChromLogD) and
permeability led to a log unieductionin efficacy (pAkt plCsg). The more lipophilic
cyclopentyl sulfond16 had lower affinity and amparable efficacy (t@5a).

)
N
mTOR AMP,
o I 1 & KB PAKL  pNA-PK Chrom CLND, MDCK
R”S\E3 \/\ LH pICso pICaSO plCso (N)? Long SLF/CYh Pexact
N S (e " (eg (nm/s)-9
R, Compound
number
OCfE“/ 75a¢ 8.0(6) 6.9(6) 5.5(4) 2.3 162,26 42,29
Cff 116° 753) 7.0(4) 5.5 (1) 3.6 230;

Table 10: Key data for two of the bipyridylglycinamide compounds synthesesedS)-isomer.
#plCsorecorded athe mearof the data obtained on each afamber of test occasions (n).
bChromLogD atpH 7.4.°lf more than one measurement takidye, mean was reporteéNegishi
chemistry by H. Davies, deprotection by E. Mogigiynthesis by H. Davie&Solubility data.
9Permeability data-Data not generated

Despite development of a viable route and achienmgyovedselectivity over DNA
PK, neither compound/5a or 116 (or other bipyridylglycinamide compounds

synthesised in our laboratories) weregressed furthethe required efficacy was not
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achieved. Theefore,veryfew other bipyridylglycinamide compounds were made and

subsequent work focussed on discovering a sifone substituent.

24 Investigation of MTOR kinase inhibitors with novel 4-position sulfone

moieties

With some of the results from the preus work inhand, researctvasfocussed on
exploring the sulfone substituer@ompounds synthesised so far lacked sufficient
affinity and efficacylt wasproposedhat usng a novel sulfonenoietycould achieve
increased affinity and efficacy, in a namutagenic compounddditionally, achieving
selectivity over DNAPK had been challenrgg in this compoundseries It was
proposé that modificationgo the sulfonanoiety may mitigate thisThe ains of the
work in thisSection wereto:

1 Synthesise compoundgith increased affiity, efficacy and selectivity over
DNA-PK, through modifications to the sulfone group.

1 Investigate a range of sulfone moieties
2.4.1 Exploration novel4-position sulfone moieties

The sulfonemoietiesinvestigated previougl(describé in the Introductionandin
Section 23), including 5 and émembered (hetero)cycles, heteroaromatic and
aminoethyl compoundd={gure 21), were used as a starting point for modifications
This gavea large set of structurally diverse sulforf€able 11). Modifications were
suggested based on known effects. For example, addition of a methgis known

to be capable of having a dramatic positive effecffinity,'*3as well asnore subtle
effects on physicochemical propertigsough increases isteric bulk, conformation
and pk.}**Increased volume in theposition (the part of the compoupdoposed to
reside in theaibosebindingregionof the proteij was proposed early on in this series
to give enhancedaffinity (Table 3). This was further investigated by methylation
adjacent to the sulfone amktreasing thénydrophobic steric bulk by eanding the
ring size from cyclopropyl up to cyclohexyl. Thesganges would also increase the
lipophilicity and permeability of these compoundibe THF sulfone moiety gave the
highest affinity compounds the sparse array, therefore a pyrrolidgr@up was

suggested in order texplore the importance of the hydrogen bond acceptor.
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Pyrrolidine sulfonenoietiesplaced a basic group in thiéosebinding regiorand the
option to alkylate orthe nitrogen gave scope to further vary the physicochemical
propertes.Another basic group, the aminoethyl sulfone, gave active compounds in the
sparse arraybut the low lipghilicity of these ompounds ld to poor permeability.

Both methylation and fluorination were proposed to increase the permeability, as well
as modlate thebasicity Fluorination ordimethylation of the aminoethyl nitrogem
monomethylationof the pyrroidine nitrogenwould decrease the basigitwhile
monomethylationof the aminoethyl nitrogeratoms would increase the basicity.
Additionally, to further investigatetoleranceof aromaticity in theribosebinding
region a few sBmemberedheter@romatic sulfones were proposédl.of these sulfone
moieties were combined with the distal bridged hinge and most synthetically
accessible fluoroethylurea bapkcketgroup This combination was predicted to be
lipophilic enough to give good efficacy anle anticipated high DNAK affinity

meant that any increased selectivity due tatineelsulfonegroupwould be detected.

O. Distal bridged
hinge group

‘ N E Fluoroethylurea

Ribose-binding Q _ back pocket group

region sulfone group R’S\‘

o
NLN/\
H H

Proposed modification Original R group Modified R group

Methylate, increased 3D e 4/ §< g% ;27 gé ;24 ;z;
volume ’500 %CNH f§€o —§€NH

Increased 3D volume +< A+ AT + )
Hydrogen bond s /7O NH N
acceptor/danor §@ '50 —30 ‘§@H 5@0
-4 g_\_NH g_\_'( _§4<‘NH2 _EAQNHZ ! N{*
Methylate, alter pKa N\ H, 5{ g{ g{ E E
N N N< _EKNHZ g_@NHz
.. 7 Li: H % N % 1]{
N " 7 N RS
Explore aromaticity /;jf Q\'i\;ﬁ u@f T HNCNr

Table 11: Thepropose modifications tdhe existing sulfonenoieties, suggested to increase affinity,
efficacy and modulate physicochemical properties. All compounds would be combined with the distal
bridged morpholine hinggroup(red) and the fluoroethylurea back pocgetup (blue).
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All 40 sulfones inTable 11 werecomputationallyenumerated with thdistal bridged
morpholinehinge andfluoroethylureaback pockegroupsand thephysicochemical
properties calculatecéds was ann silico prediction of macrophage toxici{fFigure
34).23 Eight compounds predicted to have high risk of macrophage toxieite
discounted, as wervo compoundsmade peviously in Section 23 (compounds
containingthe cyclopropyl 72) and isopropyl (88) sulfone moieties). Calculated
properties were compared for the remaining 30 compountisselections made from
each of the classes of solubility and permeab#gihd a lipophilicity range of -8
(Figure 34). Additionally, pKa values were calculatedor the conjugate acid of the
basic centrgpKan) and basicity defined as a p&f 7-10 (pKan) to ensure a mitire of
both basic and nebasic sulfongroups were cosidered.

Calc. ChromLogD vs Calc. AMP (nmis)

|
5 (] |
|
O Distal bridged o 45
6 hinge group S | [ |
N z 4 | ]
Y Fluoroethylurea E [ [ ] m
Ribose-binding Q, \ P back pocketgrop O 3.5 =
region sulfone group R’S\‘ o] 2 ] m
NLN/\ % 3 a ry @ Mot selected
H H = Selec
3 Y [ @ Selscied

25 4 | & Basic
A B Non-basic

20 60 100 140 180 220 280

Calculated AMP Permeability (nm/s)

Figure 34: Plotof calculated AMP (artificial membrane permeability) against calculated ChromLogD
used to aid selection of compounds for synthesis tiidieglesshow the compounds with a calculated
pKa of theconjugate acid (pky) of 7-10 (basic) and the squares showhasic compoundd.he

compounds highlighted in regereselected for synthesis

2.4.2 Synthesis of mMTOR kinase inhibitors with a variety of 4position sulfone

moieties

Once selected, the compalsnwere synthesise@he 4-posiion of the pyridine was
installedas previously discussédt GVK Biosciencesexemplified inSchene 3).12°
Some dthese sulfones were used without modificatwith thefinal compoundsll
synthesisdusinga similar routea highyielding SvAr reaction followed bya Suzuki
reactionusing the bespoke fluorourdaronic ester34). The synthesis is exemplified
for compoundd4.17, 120and123(Scheme 1A-C).
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Scheme 12-C: Demonstratinghe synthesis cdfompounddsl 17, 120and123 Reagnts and
Conditions i) 8-Oxa-3-azabicyclo[3.2.1]octanEICI (1.1 equiv.), DIPEA (2 equiv.), DMSO, 100C,
1.54.0h,94% (108), 86% (L19) andquant (122). ii) 54 (1.1 equiv.), KCO; (2.0-2.6 equiv.),
PdCb(dppf) (10 mol%), IPAwater(5:1), 100120°C, 10-5.0 h,57% (@L17), 8% (120) and42% (@23).

Synthesis by H. Davies.

To make somef the desiredompounds itesulfonesubstituentvas furher modified
in our laboratorieseither before or aftethe hinge and back pockgtoupswere
installed For examp, thesynthesis othe §-isomer of pyrrolidine sulfond28a
(Scheme 13 Single enantiomers of th@yrrolidine sulfone(124a, 124b) were
synthesisedat GVK Bioscienceg?® the hinge installed in a higyielding SuAr
reactionto give 145a, followed by installing théback pockefgroupin quantitative
yield, using the bespoke boronic estdd)(to give 126a. The pyrrdidine was then
deprotectedo give127a, the reaction mixture wasplit, a portionpurifiedto givethe
final product 127a and the remaindersubjected toreductive amination using

EschweilerClarke conditions to provide methylated pyrrolidit28a.14°
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Scheme 13The reaction scheme to produce two ofplgerolidinefinal compoundsl27aand128a.
Reagents and Condition$ 8-Oxa-3-azabicyclo[3.2.1]octankElCl (1.1 equiv.) DIPEA (2.0 equiv.),
DMSO, 100°C, 1.5h, 97%. ii)54 (1.1 equiv.), Pd(dppf)GI(10 mol%), kCOs (2.0 equiv.), IPA:HO
(5:1), &0 h, 120°C, quant. (8% purity).iii) HCI (4 M in 1,4-dioxane, 3.0 equiv.},4-dioxane, 8CC,
5.0 h, 56%. iv) Formaldehyde37% in HO, 1.2 equiv.), formic acid3g@ equiv.), BO, 90°C, 1.0 h,

22%145 Synthesis by H. Davies.

Similarly, compounds131, 133, 135 and 139 were synthesisedrom a common
intermediate (@mpound 130), with methylation at the appropriate stage in the
synthesigScheme 14 First, hesubstituteanorpholine was installed in thegsition

in a highyielding SWAr reaction, giving common intermediate30. To form
compoundl 3], the 6position was functionaligein a Suzuki reaction with bespoke
boronic esteb4, and the aminoethyl sulfone moiety deprotected. To form compound
133 the aminoethyl sulfone moiety wéisst methylatedusingiodomethaneand a
base A subsequerSuzuki reactionmnstalledthe 6position aromatic group anhally
aBoc-deprotectiorproduced compounti33 To form compound.35, theBoc-group
was removed firstgiving a free amine in thsulfone moiety. This was methylated,
using theEschweilerClarke reactiorio prevent formation of a gtexnary ammonium
salt, producingdimethylated compounii34. A Suzuki reaction again gave the final
compound(135). Finally, to form compoundl39, sodium hydride was used to
deprotonate the two most basic sites in compdiBtthndan excess abdomethane
was used to forrdimethylated compounti36. Boc-deprotection followed by another
methylation gave compouri88 before a Suzuki reaction with bespoke boccester

54 again gave the desired compoytd9).
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Scheme 14Synthesis of theaminoethyl sulfoneontaining compoundfeagents and Conditions
i) 8-Oxa-3-azabicyclo[3.2.1]octanBCl (1.1 equiv.), DIPEA (2.@quiv.), DMSO, 100C, 2.0 h, 85%.
i) 54 (1.1equiv.), KzCO;s (2.0 equiv.), PdG(dppf) (0.1 equiv.), IPA:KO (5:1), 140 °C, 20 h, 97%.
iii) HCI (4 M in 1,4-dioxane, 4.8 equiyportionwise), 1,4-dioxane,26.0 h, 40 °C, 640 h standing
21°C, 2%. iv) NaH (60% dispersion in mineral 01,0 equiv.), THF, @1 °C, 10 hthen Mel
(15 equiv.),25.0 h, 21 °C, 429%6v) 54 (3.0 equiv, portion-wise), K,COs (4.0 equiv, portion-wise),
PdCh(dppf) (0.2 equiv.portionwise), IPA:HO (5:1),120 °C, 2.0 h, 79%. vi) HCI (4M in
1,4dioxane, 5.0 equi), 1,4dioxane, 40 h, 80 °C,17%. vii) HCI (4 M in 1,4-dioxane, 33 equiv.),
1,4-dioxane,6.0 h, 80 °C,quant. viii) Formaldehyde (37% in 4D, 4.0 equiy), formic acid
(14.0 equiv.), 90C, 2.0 h, 31%.1%%ix) 54 (1.1 equiv.), KCOs (2.0 equiv.), PdG(dppf) (0.1 equiv.),
IPA:H.0 (5:1),120 °C, 20 h, 36%. x) NaH (60% dispersion in mineral oil, 2.2 equiv.), THR2D°C,
1.5hthen Mel (7.0 equiv.), 2R h, 21 °C, 9194*¢xi) HCI (4 M in 1,4-dioxane, 2.8 equiv,)
1,4-dioxane, 50 h, 90 °C, 98%. xii) NaH (60% in mineral oil, 1.3 equiv.), THF2D°C,2.0 hthen
Mel (1.3 equiv.), 2.0 h, 21 °C,thenNaH (60% in mineral oilQ.2 equiv.), Mel 0.2 equiv.)_21 °C,
5.0 h, 35%.18 xiii) 54 (1.2 equiv.), KCOs (2.5 equiv.), PdG[dppf) (0.1 equiv.), IPA:KD (5:1),
120 °C, 30 h, 30%. *Stereogenicentre, compounds synthesised aaa@micmixture. Synthesis by

H. Davies.
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Many of these reactions proceeded aathly with acceptable yields. Only the
dimethylation of compound140 to form compound134 gave an unexpected by
product(141) that wasisolated,and the structure confirmed by NM#edroscopy
(Scheme 18).9 A mechanism to explain the formation of tHig-product was
proposedScheme 158 Compoundl40underwent the first reductive amination with
formaldehyde and formic acid. Monomethylated intermedigt@ reacted with
formaldehyde to give catioric speciessome of which was not reduced by formic
acidto give desired compounti34, but instead undervm a cyclisation reactioto
give compound 4l An attempt to install a back pocket vi&azuki reactiofi so that
this unprecedented bicyclic compound couldskat for biological testing failed,

giving no desiredmaterialand several byroducts.

N i N
— + =N
N ‘ N ) . P
o Il O‘é g 0=§ cl
~US cl S-S K_
HoN \O | o} N
\
140 134 141
/o\ foiﬁ fo\ / o\
B o)
N H)LH N O>fO/H N
SN . H SN H N SN
0\ ‘ _— +H C o\\ ‘ P H20 Q Y o\\ ‘ = €0, O\\ ‘ =
\ +
HzN/\/S‘b cl Ho/\?‘/\/s\b cl v/\/s\b c -H \N/\/S‘E) cl
H H
140 142
o) o
Eoﬁ o { ﬁ { ﬁ
0] +
N
Y ) N d
- SN _ > —_ AI\D —_— =N
o | \’N> Q |~ -H* 2 ‘
tH N ¥ H,0 o | O=g cl 0=g N
NS Cl N Z
(N be) \N/\/S\\ cl K_ H K_
%! Qi S N N
0\Hj H* \ \

141

Scheme 1B: Reaction conditionandB: proposed mechanism fdrmation of unexpected by
product,141 Reagents and Condition$ Formaldehydg4.0 equiv, 37% in wate), formic acid
(14.0 equiv.), 90°C, 2.0 h, 31%?25 Synthesis by H. Davies.

Attempts t o f-pogitionrof tmeamieoettayltsulfonb fileddon botie
dichloro-intermaliate129 and 2substitutegyridine 130 (compounds irscheme 14
Selectfluo? and sodium hydride failetb enable electrophilic fluanation of the

carbon alpha to thsulfong giving largely remaining starting matertal. A second

d Structure confirmed by NMRpectroscopisiR. Upton.
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precedented methatiat employedfluorinating ageniN-fluorobenzene sulfamide
and LHMDS led to consumption of starting material and sevaraidentified by
productst*®

To form the bulky 4-(tert-butylsulfonyl)}2,6-dichloropyridine (143), base and
methyliodide were used to methylasopropyl sulfonecompound50 (synthesised
using propan&-thiol at GVK Biosciences)?® giving the desired proda@and aby-
product proposedto result from a rearrangement reacti@@cheme 18). A
mechanism wasuggesteddeprotonation oftte carbon alpha to the sulfogavean
anion thatcould either methylate dectly to form the desiretkrt-butylsulfone(143),
or displace thesulfone from the aromatic ring in an intramoleculaA8reactionand
the resultant sulfur anion wasethylatedScheme 16B° Carborlinked dimethylated
sulfonel44 had a similaribosebinding regionsubstituento aknownmTORkinase
inhibitor (Figure 10, AZD3147),’°suggestin@ possiblalternative synthesis for these
compoundsHere, thedesiredtert-butyl productwasisolated(143) andtaken forward
into theSvAr and Suzuki reaction® give thefinal compound 146, Scheme 16(.

SR B Xosm 5.
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cl
S = S Mel
o 7N NaO'Bu (-\ ) N ( N o2 [N —_Mel o | SN
S = ~S P N
s cl o ci b Z el
s
\r S \r g
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c . ﬁ ﬁ

mﬁ\* Qﬁ %

143 145 146 H

Scheme 16A: The methylation ofsopropyl sulfoneé0to givethedesiredprodud (143), and an

unexpected byroduct (44). B: Theproposed rearrangement maafsm giving the unexpected-by
product,144. C: The SyAr and Suzuki reactionsarried out to givdinal compoundl46. Reagents and
Conditions i) Mel (1.1 equiv.), NaCBu (2 M in THF, 1.1equiv.), THF, 21°C, 5.0 h, 24% (143), 12%
(144). ii) 8-Oxa-3-azabicyclo[3.2.1]octanECl (2.4 equiv.), DIPEA (4.1 equiv.), DMSO, 10Q,
30.0 h, 19%. iii) 54 (2.8 equiv.),Pd(dppf)C} (20 mol%), KCO; (2.0 equiv.), IPA:HO (5:1),7.0h,
120°C, 54%. Synthesis by H. Davies.

€ Mecharnism proposed by S. Nicolle and structuomfirmed by NMRspectroscopidR. Upton
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CompoundLO6was methylatedsingiodomethanand a bast give methylated THF
sulfone 147 (Scheme 1). However, thisynthesis was not completddeto emerging
datathat suggested there would be no improvement ovendnenethylated THF
sulfone compoursl(148a or 148b, Table 12.

) )
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X - >N

Q /C'\t Q /CK

s cl Y cl

0 o é’ kel
g 106 °© 147

Scheme 17Demonstrating the athylationreactionof 106 (racemic at thearbon adjacent to the

sulfona, giving 38%conversionby LCMS) to 147. Reagentaind Conditionsi) NaOBu (2 M in

THF, 2.3 equiv.), Mel (® equiv.), THF, 21°C, 20 h. Synthesis by

H. Davies.

The g/nthesis of compound27, 128, 148, 150 and151 wascarried out elsewhere
in the group using similar methods to those described abw/aill not be discusséd.
Additionally, elsewhere in the grougimethylated pyrrolidind49 wassynthesised as

a racemic mixture, and the single enantiomers obtained after a chiral segaration.

24.3 Results and discussion of mTOR kinase inhibitors gdaining novel 4-

position sulfone moieties

A total of 19compound were successfully synthesisddble 12). Compounds72

and88were included for comparison.

f Synthesis by E. Mogaji and D. Summers.
9 Chiral separation by E. Hortense.
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N mTOR DNA- AMP,
S kg PAKL o Ghrom CAD,  upck
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S o p|C 50 (n)a p|C 50 Log D ( e /o Pexact
o e ()2 (n)® 97 (nmisys
H H

TN 131 31 35 122*- <10;
Sy 133 - 31 30 148; <10;
TN 135 41 21 142; 100;
\r‘v/\*fi 139 7.2 (4) - 4.8 2.0 85 205;

e 148a 7303 44 26 8,1 105226
0]
148b 73(3) 44 22 911 97,382
*
s 127a 33 38 156250 <10,21
127b 33 37 1644297 <7,21
. 128a  7.2(3) 7.1(9) 59(1) 43 29 110221 68,91
128b _ 42 27 155168 70,138
1491y  70(4) 75() 59(2) 44 26  113; 135;
\CFL’ 1492y | 73(5) 76(5 62() 44 29  107; 140;
149 71(4) 76(7) 61(Q 45 26  113; 130;
HNC)/? 15C° 7.2 (4) : : 133; <3,
HN\;j%{ 120 . -\- 66-
NG 72 240;
<X 151 20; 345;
X
7 123 19- 280;
ot 117 16; 345;
~ 88 512 -588
5 X
A 146 473 360,422

Table 12: Key dataon compounds exploring different sulfone growps (S)-isomet b = (R)-isomer.
#plCsorecorded as the raa of the data obtainaxh a number of test occasions (1)Valueat the
lower assay limit’ChromLogD afpH 7.4.°If more than one measurement takigye, mearwas
reported “Single enantiomers fromehiral separationl and 2 denotthe ordercompound kited
from the column®Racemic mixture!Solubility data 9Permeability datat CLND solubility.

LLE = affinity (mMTOR KB plGsy) 1 lipophilicity (ChromLogD). Efficacy =pAkt plCso. Final
compounds made by H. Davids, Mogaji,D. Summers.
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The aim was to achieve compounds wétfinity and efficacy valuesf greater than
7.5. Disappointingly no compoundn this setachieved thisHowever, this iteration
led to the discovery of a nesulfone substituenthe pyrrolidine moiety thatgave
compounds of comparable affinity isose containindHF sulfonemoiety (127, 128,
149 and 150, compared to THF sulforeontainingcompound148), suggestinghat
the hydrogen bondcceptomwas not importan{Figure 35). Indeed, thebest overall
compounds contained a pyrrolidine sulfone moiety (including monomethyl&fed (
pyrrolidine 128, and all isomers ahedimethylatedoyrrolidine 149).

The @©-isomer of the 5membered heterocyclic sulfomentaining compounds
consistentlygave compounds of higher affinity than th®-{somer (27a, 128a and
148a, compared td27b, 128b and148b) and,despite the differenda affinity being
within the error limits oflie assaythis was seean eaclof a number of test occasions.
Altering the ring size from cyclopropyl to cyclopentyl sulfone substituents gave
decreased affinity andimilar efficacy, proposed to be driven by the comparable
lipophilicity of the three compound§Z, 117 and 123). Pyrazolesulfone (20) had
poor affinity and efficacy demonstrating that aromaticity was noterated in the
ribosebinding regionin agreementvith the results of the sparse arrdgure 22).
Methylation adjacent to the sulfone to increase the 3D volume was not favourable; any
increase in efficacy was driven only by increased lipophili€yclopropy! 72) and
isopropyl 88) sulfone compoundsere methylated to givie-methylcyclopropy(151)
tert-butyl (146) sulfone substituentsneither of whichshowedimproved affinity or
efficacy, despite the increased lipophilicity

The low LLE (MTOR KB plGo I ChromLogD) of the cyclopropyl, isopropyl,
cydobutyl, cyclopentyl andert-butyl sulfonecontaining compounds/®, 88, 117,
123 146 and151) demonstrated thalhe affinity of these compounds was due to high
lipophilicity (Figure 35). Compound with low LLE values mayhave off-target
interactions ana higher risk of attritiort® In contrast, ie higher LLE( @) of the
aminoethyl andoyrrolidine sulfonecontainingcompounds 27, 131, 133 and 150
suggested thatipophilicity was not drivingthe affinity, gving better quality
compoundsUnfortunately,some othese compoundsad reduced efficacy, proposed
to be due tohtdr low permeability {27, 131and133all had AMP< 10 nm/s).
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Affinity vs. Sulfone Substituent
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Figure 35: Demonstrating thaffinity (nTOR KB plGy), efficacy (pAkt plCsg) and LLE(MTOR KB
plCsoi ChromLogD)of compounds synthesised in this iterat{@able 12). Coloured according to

sulfonemoietyand shaped according to enantionger §)-isomer, b 5R)-isomer.
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The pyrrolidine and aminoethykulfonesubstituted compoundbkad a range of
affinities and efficaciesMethylation of these compoundwas usedto explorethe
effect ofincreased 3D volumandalter thepKa. No dramatic increase in affinitgr
dmagi ¢ me waspderdon addifioa of i methyl grddpThe magic methyl
effect is a weltknown concept but relaively rare occurrencein medicinal
chemistry**® Methylation often results in increabaffinity, due to desolvation
effects!*® Increasing thdipophilicity of a compound reduces ttigee energy of
desolvation(energy required to remove water moleculesien it moves from an
agueous environment to a hydrophiozyme actie site!*® When addition of a
methyl gives a great@ncrease iraffinity than that expected due to desolvation effects,
it is referred to as a magic methWhile the likelihood of theaddition of a methyl
giving a dramatic boost in affinityas low it was considered here because wald
increase the volume of the ribose binding region substituent, b) was proposed to have

other effects (including altered gkand c) waexperimentallyrelativelyfacile.

Each successive methylatiafi theaminoethylcontainingcompoundg131, 133 135
and 139 slightly increasedhe efficacy of the compoundproposed to be due to the
increased lipophilicityHowever, nono- (133) anddi- (135) methylation decreased the
affinity compared to the parent aminoethyl sulfone compodd) (and aly the
trimethylated sulfone compound(139) achiexed comparable affinity. Each
methylationof the pyrrolidine sulfone compound42(, 128 149 and 150) gave
slightly increased efficacy (due the increased lipophilicity) but little variation in
affinity was achieved. Thesaninesdemonstratec larger increase in lipophilicity
when methylated compared to the aliphatic compoysadsh as the isopropyl and
cyclopropyl sulfone compoundsparticularly when the methylation remowe a
hydrogen bond donor. An effect was also seen on the predicteaf e conjugate
acid (pkaH). The monomethylated aminoethgbmpound(133) had comparable
predictedbasicityto the parent compound3l), while dimethylation of the nitrogen
(135 and139) was predicted to givkess basic compoundagain, in thepyrrolidine
sulfone compounds, methylation of the nitrog&®8(and149) was predicted to give
reduced basicityfFigure 36). The most notable feature pfyrrolidine compounds

1273 128a and all isomers of compouridi9 was the reduction in DNAK affinity
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(Table 12. These wer¢ he onl y ¢ o mp o L0Afdld selectvityaweh i e v e
DNA-PK (Figure 40).

Key
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Figure 36: Demonstrating the effect of methylation of aminoethyl and pyrrolidine sulfones on
affinity, efficacy, lipophilcity andcalculatedoKaof the conjugate acid (pk). Coloured according to
methylation(NH2, monomethylated (oN or C), dimethylated, trimethylated$haped according to

enantiomerCompound numbers refer to compound$able 12 a = §)-isomer, b {(R)-isomer.

An initial suggestion to account for the variation affinity betweencompounds
containing different sulfonemoieties was to consider the molar volume of the
compoundsKigure 37). With the compound set considered herecooelationwas

shown the R? value 0f0.23 was not conséted to be statistically signifant due to
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the error in the affinity assay of £0.Bhereforeno conclusion of the effect of Haw

volume on affinitycould be made

Affinity vs. Molar Volume
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Figure 37: No correlation was observed between tfimigdy of a compoundnd thepredicted molar

volume,colouredby sulfonemoiety (R? = 0.237 no correlation)

Compoundsfrom this iteration ¢ompoundsin Table 12 weredocked into the mTOR

kinaseactive site to ascertawhetheranyinteractions between trseilfonegroup and
theribosebinding region of theroteinwere possibleThe aliphatic (isopropytert-

butyl, cyclopropyl cyclobutyland g/clopentyl)and THF sulfoneserenot suggested

to make any specific interactionswith the proteinin the ribosebinding region
althougha hydrophobignteractionmay be possibldt was proposed thabmpounds

with ahydrogen bond donddemonstrated byompoundd.27a and131) mayinteract

with a serineresiduein the mTOR kinaseactive site Figure 38A andB). However,

these iteractions did not appear to lead to an increase in affinity (seen by comparing

the affinity of compound&27aand127bwith commpundsl48aand148h).
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Figure 38A: Compoundl27aandB: Compoundl31 docked into th@ublishedmTOR kinasecrystal

structure’® Docking model prepared by S. Pal.

The compound this iteration (compoundis Table 12 demonstrateé range of
MDCK permeability and SLFsolubility, as shownin the 9-box plot for inhaled
compounds(Figure 39). These permeability and solubility assays were not-high
throughput so not every compound was tested. Of those thattherBHF andert-
butyl sulfonecontaining compounds 48 and 146) had low stubility and high
permeability, whilecompounds containing thgyrrolidine sulfone moietyhad high
solubility and a range of permeabiliti€ompounds containing tlnN-methylaed
pyrrolidine sulfone moieties(127 and 150) had lower permeability than this-
methylated(128 and149), due to theitower lipophilicity. Thecompound containing
thetert-butyl sulfonemoiety(146) had high lipophilicity andas a resuliow solubility
and high permeabilitySimilarly, the THF sulfone 148) had low solubilityi the
oxygen of the THF was not enough to solubilise this compoiurahd high

permeability due to its lipophilicity.
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Figure 39: Showing different areas of allowed solubil{§LF Solubility)and permeabilityMDCK

Permeability)property space occupied by these compoundsuoed according tthe sulfonemoiety.

Consideringselectivity,someselectivity was achievedr all compoundsver thefour
classl PI3K isoforms( U, b ,, with atdeasd00-iol)l selectivity seen fomost of
the highest affinit)compounds (those viitan affinity greater than, Tull selectivity
data inAppendix B, Section 7.2 Importantly, his compound data set enabled better
understandingf DNA-PK SAR More lipophilic compoundsare in general more
promiscuous but this wa not thedominant cause ahcreased DNAPK affinity.
Compounds containing theyipolidine sulfonemoieties (128a and 128b) and THF
sulfonemoietieg148a and148b) had comparablépophilicity but different selectivity
profiles(128a 40-fold, 148a no selectivityoverDNA-PK, Table 12andFigure 40A).
This highlighted another rolef basicity the more basigyrrolidine and aminoethyl
sulfones(purple and pink)demonstated reduced DNAPK affinity (Figure 40).

However, itwas not understood whihe morebasiccompounds we more selective.
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A DNA-PK Affinity vs. Affinity (nTOR KB plC50)
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Figure 40A: The only compounds to achieve any selectivity over BRwere those containing
amimethyl(pink) and pyrrolidingpurple)sulfone moietiesB: Demonstratinghe effect obasicity
on DNA-PK affinity. Bothcolouredaccording tahe sulfonemoiety. Full selectivity data in
Appendix B (Section 7.2)

2.5 Summary of Chapter |

This Chapterdescribedthe investigation of a novel seriessaflfones directly linked
to a pyridine coras inhaled inhibitors of mMTOKnase One of the aim$ exploration
of a variety of 4position sulfone grougswas metModifications proposed timprove
affinity and efficacyand manipulate physicochemical properiies normutagenic
compoundwere exploredTable 13. From an initial compound2b), introducing
single enantiomers of the THF sulfom®@iety into a compound with normutagenic
back pocket{5a and 148a) werekey improvemerg This was furthermproved by
using a pyrrolidinesubstituted sulfone compoundl12Ba). Pleasingly, this
demonstrated that a basic growas tolerated in the ribosbkinding region This

finding was important for two reasarfy basc compounds werproposedo be able
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to achieve lung retentioand 2) n this research, basic compounds were fotmnd

achieveincreasd selectivity over DNAPK.

The second aini to achieve compounds of improved affinity and efficacy and
selectivity overDNA-PK T was partially metas more selective compounds were
synthesised. HowevergWv compoundswith the target affing and efficacy were
achieved.Notably, the use of the more synthetically tractable fluorourea back pocket
group to exploredifferent 4paosition sulfone moietiesed to diminished absolute
affinity values but enabled comparison of the relatiaffinities of a range of sulfone
moieties. Overall, while it was pleasing thathe selectivityover DNA-PK was

improved,therequired affinity and dicacy werenot achieved
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N N N N
Structure o [N o N o N F o [N F
o S Y N
Compound number 25 75a 148a 128a

KB pIC so0 (n)?
pAkt pICso (n)?
PI3K selectivity
DNA-PK pIC s

ChromLogDP

CLND Solubility
(eg/°mL)
SLF Solubility
(egl/°mL)
AMP Permeability
(nm/sy

MDCK P exact
Permeability (nm/s)

Ameg

Table 13: Demonstrating the progress made in the dirdotked sufone series?plCsorecorded as the mean of the data obtained on eachwhber of test
occasions (nfChromLogD atpH 7.4.°If more than ae measurement taken, the meass veportedThe Ames mutagenic liability of the compound with the free

aniline (not elongated to form a urea or glycinamid&finity = mTOR KB plGsy; Efficacy =pAkt plCso. -Data not generatedCLND solubility. a = §)-isomet
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Chapter Il : Synthesis of the lead compound in an

alternative series of mMTOR kinase inhibitors
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3. Synthesis of the lead compound in an alternative ses of mTOR kinase

inhibitors
3.1 Introduction

The previousChapterdescribed the development ofsaries of compounds with a
directly-linked sulfonemoiety in the 4position, often with a monocyclic urea or
glycinamidecontaining back pocket group the 6-position Compounds with higher
affinity and efficacy were required to meet the programme objectitlsswhere in

our laboratoriesalternative compounds were investigatledding to potenthigh
affinity and efficacy)and selective compounds2 and153(Table 14).1** Compound

153 was the lead compound fronm alternative series of mTORnase inhibitors,
referred tohereas acarbonlinked sulfone series. Both compounds were developed
elsewhere in theeam, so the discovery and medicinal chemistry of these compounds

will not be discussed.

e L
o N

Structure o N S
(S>\\S\\ = ‘ N\ N o//S = ‘ N\ N
Og o Z~N HN— AN Bn—
H H

Compound number 152 153
mMTOR KB pIC so0 (n)? 7.6 (7) 7.8 (18)
pAkt pIC so (n)? 8.2 (9) 8.2 (11)
SIAJ pICso (n)? 6.8 (16) 7.0(15)
PI3K selectivity > 100 > 100
DNA-PK pICso (n)? 5.3(2) 4.8 (1)
ChromLogD® 2.7 2.6
CAD Solubility ( € g/°mL) 231 159
SLF Solubility ( € g /°mL) 858 > 1000
AMP Permeability (nm/s)’ 103 120
MDCK P exact Permeability (nm/s) 55 31

Table 14: Comparison ofhe bestcompound from the diredly-linked sulfone serie§l52) and oneof
the best compounds incarbontlinked sulfone serie€l53). Affinity = mTOR KB plGo; Efficacy =
pAkt plCso. 3plCsorecorded as the mean of the data obtained on each of a number of test occasions (n).

®ChromLogD apH 7.4.°If more than ae measurement takehe mean wareported.
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Structurally, compounds52 and153differed onlyin the4-positionsubstituent. Both
had similar cellular activities aridb3was more selective over DNRK. Additionally,
both had similar properties including high solubility andderategpermeability An
intranasain vivo PK study was carried out elséere inour laboratorie§ Compound
153demonstrated improved lung retention compared to compbe@d hereforehe

decision was taken to terminate the diyetinked sulfoneseries

Carbonlinked sulfone compountb3demonstrated promising vitro andin vivodata
(Table 14). The decision to progress this compound into additional studies meant
gramquantities were required. However, the synthesis was challenging. The work
discussed in thi€hapter describes the improvements to the route to enabledgee la

scale synthesis @ompoundl53and facilitate the synthesis of similar compounds.
3.2 Aims of Chapter

The original route to synthesipgridylazaindolecompoundl53 consisted ob linear

steps and was acceptable for srsathle syntheses in leagtomisation Scheme 18

The first two reactionssodiummethanesulfinateubstitution of théenzylicchloride

in aSn2 reaction, followed bgimethylation adjacent to the sulforggve aceptable

yields of compound144, with neither reaction requiring pfication. The §-3-
ethylmorpholine hinge was installed in a lgwelding SiAr reaction that required
elevated temperatures and more than one equivalent of the morpholine nucleophile.
The second problematic step, a Stille crosgpling reaction, requidgtoxic stannanes,

two protecting groups and subsequently two deprotectiatioea to givecompound

153 This unoptimised route gave an overall yieldbof% across 5 linear steps, with

some of the reactions affording reduced yields on larger scale.

a PK studyand analysigarried out byd. Morrell, J. Barrett, M. Hogg, G. VitullAll animal studies
were ethically reviewed and cami@ut in accordance with U.K. Anima{Scientific Procedures) Act
1986 as amended 2012 and the GSK Policy on the Care, Waatihiereatment of LaboratoAnimals.
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Schemel8: The route to synthesisempoundl53 on a small scaldReagents an@onditions
i) Sodium methanesulfinate (1.2 equi), (0.2 equiv.)MeCN, 90 °C, 2.5h then sodium
methanesulfinate (0.3 equiv.), 90 °C0%, 57%. ii) NaCBu (2 M in THF, 2.5 equiv.)Vel
(2.0equiv.), THF, 0 °C, D h, 73%. iii) (9-3-Ethylmorpholine.HCI(1.2 equiv.), DIPEA (P equiv.)
DMSO, 160 °C, 1D h, 47%. iv) LiCl (10 equiv.), PdCi(dppf) (0.1equiv.),157 (1.0 equiv.), toluene,
100 °C, 150 h then LiCl (10 equiv.), PdCi(dppf) (0.1 equiv.), 100 °C,.@h, 56%. v)Methanamine
(2 Min THF, 2.9 equiv.), NaOH (2 M in water,(equiv.), THF,MeOH, 21 °C, 20 h, followed by
HCI (4 M in 1,4dioxane,14.9 equiv.), B-dioxane, 21 °C, .0 h, 40%. Synthesis by H. Davies.

There were three main challenges to overcome in this syntlvégisd 41): 1) the
low-yielding SVAr reactia; 2) the use of tirfpossible on a small scabeitundesirable

in a largescalesynthesis and unacceptable in active pharmaceutical ingredient (API)
campaigny and 3) the inefficient use of two protecting groups. Therefore,

optimisation of the route was required.
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Synthesis of the
azaindole moiety and
inefficient use of two
protecting groups

Low-yielding SJAr
reaction,  requiring
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Figure 41: Highlighting the three main synthetic challenges associatedhwgthynthesis of
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compoundL53, and a retrosynthetic analysshowing some of the key intermediates.

It washypothesised that these problems could be mitigated tevach higher yielding

optimised synthesis. The key aims were to:

1 Improve the synthesis of the(&-chloro-1H-pyrrolo[3,2b]pyridin-2-yl)-N-
methylmethanaminmoiety(here referred to as the azairg)ahnd optimiséhe
protecting group strategy

1 Improve theSyAr reaction conditions to enable a faster, more efficient and
higheryielding reaction requiring only one equivalent of th&)-%-
ethylmorpholine

1 Avoid Stille chemistry and the use of toxic stanes by investigation and

development of an alternativeupling strategy
3.3The original azaindole synthesis

The original unoptimised route to azaindtl was a fivestep synthesjsarried out

at GVK Bioscience®® A two-step modified Larock indole synthesis was followed by
installation of a protecting group onto the indoiteogen, deprotonation and formation
of an aldehyd€Schemel9). A final onepot amide synthas, reduction and protection

reaction gave the bigrotected chloroazaindole in an overall yield of 4.3%.
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Schemel9: The original route téhe azaindold 64, completed at GVKBiosciences?® Reagents and

Conditions i) Cu(l)I (4 mol%), TEA (8.3 equiv.), Pd(PRhCl: (2 mol%, ethynyltrimethylsilane
(3.0 equiv.), DMF, 80 °C, D h, 53%.ii) KO'Bu (1.3 equiv.), NMM, 21 °C,3.0 h, 58%.iii)) DMAP

(0.1 equiv.) benzenesulfonyl chloride (1.3 equiv.), triethylamine (1.6 equiichloromethang

21 °C, 30h, 45%.iv) LDA (2 M in THF, 1.6 equiv.), DMF (® equiv.), THF,-78 °C, 20 h, 64%.

v) Methanamine (2 M in THF,.@equiv.), acetic acid (R equiv.), THF, 21 °C, ® hthen STAB
(2.0equiv.), 21 °C, 1® hthen NaOH (0.5 M in water, 2.5 equiv.), 21,°C0 h, then Ba-anhydride

(2.4equiv.), 21 °C, D h, 49%1%

3.3.1Developing an improved synthetic route tdhe azaindole

A more direct route employing aiternativealkyne in the Larock indel synthesis
was proposed to achieve chloroazaindi®8 more efficiently®> Additionally, it was
suggestedhat the crossoupling of the substituted azaindole may not require the
indole nitrogen to be protected. Typically, the Larock indole synthesisstemdia
Sonogashirdype palladium and coppeatalysed crossoupling of an aryl halide
with an alkyne, followed by a cysltion, in one pot. Here, again, a modified tstep
procedure was used. Methylation of the readily available@otected propasgic
amine (65) proceeded in good yield, followed by a Sonogashira reaction and
subsequent cydationto givethe substituted azaindole in 3 stefslfeme 2D The
use ofN-methylmorpholine (NMM) as the solvent in the cgation step made the
work-up challenging and THF was subsequently shown to be a suitable sblvent.

b Similar method was initially examined at GVK Biosciences without success. Successfull metho
carried out in our laboratories by H. Davies.
¢ THF method carried out by H. Hobbs.
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Scheme 20The improved synthesis afonoprotectedazaindolel68. Reagents an@€onditions
i) Mel (2.0 equiv.), NaH (60% in mineral oil, 1.5 equivDMF, 0 °C 160 h, 85%. ii)166 (1.5 equiv.),
159 (1.0 equiv.), PdCldppf @ mol%, Cu(l)l (11 mol%, TEA (1.5 equiv), THF, 70 °C, 10 h, 98%
i) KO'Bu (1.3 equiv.), NMM (19 equiv.), 21 °C,Bh, 71%.Synthesis by H. Davies.

This route gave the mormotectedchlorcazaindolel68in an overall yield of 59%, a
significantimprovement over the 4.3% previously achieved.

3.3.2 Route change to enable use @bromoazaindole

The subsequent cressupling ofchloropyridinel56 andazaindolel 68 wasthought

to be more facile sing a brome (or iodo) azaindole, instead of the original
chloroazaindole A bromide was preferabland o strategies were proposed to
synthesise the bromaainale (171): resynthesis from bromopyridine starting
material169 or bromination reactions on existing intermediaé8 (Scheme 2} It
was anticipated that using bromopyridine starting mater& may give poor
regiochemistry in the Sonogashira reactionfeom the ndole ring. Therefore,
bromination reactions weexaminedirst. Unfortunately, reactions of azainddlé8
with both bromotrimethylsilane and tribromophosphpreucechone of the desired

product and no remaining starting material was sedrCdyS.

Scheme 21The reactiongried to form the bromo variant of the azaindole back pocket directly from
the chlorideReagents an@onditions i) Bromotrimethylsilane (D equiv.),MeCN, 130 °G
2.5hthen 100 °C, 1.5. ii) Tribromophosphane (1.9 equiv.), DMF (3.8 equiv.), 120 °Ghl

Reactions by H. Davies.

Subsequently, elsewherednr laboratoriesthe Lar@k indole synthesis was used to
form the bromoazaindolé&stheme 22 As anticipated, the Sonogashira teatwith
bromopyridinel69 producedhe desired compound anreduced yieldcompared to
that with the original chloropyridine starting material (46%&\vpiantitative reaction)
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asdoubleaddition of the alkyne was seen in the reaction mixture. ThefuBdas

the solvent in the cydation again gave a good yield.

-
. N "
Bra Ny -Br i Br_N Z Boc ii Br Nx o\
\ . s ., ©®
Z N BocN—
P
NH, NH, N
171

169 170
Scheme 22The synthesis of bromoazainddl@l Reagents an@onditions i) TEA (9.9 equiv.)tert-
butyl methyl(prop2-yn-1-yl)carbamate 166, 2.0 equiv.),Pd(PPh).Cl» (10 mol%, THF, 80 °C,
23.0h, 46%.ii) NaO'Bu (2.0 equiv.), THF, 22C, 3.0 h, 96% Synthesis b{. Mitchell.

3.4 The original method to install (S)-3-ethylmorpholine

(9-3-Ethylmorpholinewas installed onto dichloropyridind44) in a SJAr reaction.
Typically, and as previously describ@dSection 23, these reactions worked well with

a variety of morpholine moieties, oftdorming the desired product in gooid
excellent yields. It had been seen previously thgkrSeactions employindS)-3-
ethylmorpholinegave reduced yields compared to b#3-methylmorpholineand
8-oxa-3-azabicyclo[3.2.1]octane. This was proposed to be due to the increased steric
bulk of the(S)-3-ethylmorpholinenucleophile. This reaction was also demonstrated to
be scaledependent, requiring longer reaction times, multipletans of the(9)-3-
ethylmorpholine nucleophile and/DiPEA and/or increased temperatur€alfle 15).
Furthermore, the reaction did not go to completion, with unreacted starting material
remaning. Both the product and pyridine starting material couldebsolated using

a normal phase purificatiphut as the scale increasedrmatphase chromatographic
separation was not always effective, requiring additional reydrase
chromatography. nproved conversion to product would avottlis difficult
chromatographic separationSeveral solutions were proposedncluding a
comprekensive solvent and base screen, carrying out the reaction neat and heating to
increased temperatures, doing the reactio flow and investigating palladium

catalysed methods.
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Entry Scale (9) (9)-3-Ethylmorpholine .HCl salt  Reaction time (h)  Yield (%)
(equiv.)
1 1.2 1.2 19 47
2 5 1.9(portionrwise) 89 38

Table 15: Demonstrating the fHct of scale on then@r reaction.Reagents an@onditions Entry 1:
(9-3-EthylmorpholineHCI (1.2 equiv.), DIPEA (P equiv.) DMSO(1.4 M), 160 °G 19.0 h, 47%.
Entry 2: (§-3-Ethylmorpholine.HCI(1.4 equiv.), DIPEA (1.4 equiv.pPMSO (0.87 M), 130 °C
65 h, then(S)-3-ethylmorpholine.HCI(0.5 equiv.) DIPEA (1.0 equiv.), 150 °C, 240 h, 38%.

Reactions by H. Davies.

3.4.1 Palladiumcatalysedcrosscouplings to access thgs)-3-ethylmorpholine-

substituted pyridine intermediate

BuchwaldHartwig reactiom conditions were proposed as one method to improve this
reaction. Therefore, a palladidcatalysed carbenitrogen crossoupling screen was

runf Eleven catalysts, four bases and two solvents were screened using 2.5 equivalents
of the base, 1.1 equivalisnof the §-3-ethylmorpholine (as théiCl salt) and a
concentration of 0.1 M at 100 °C for 16 hours. Little or no reaction was seen with
every catalyst, excef¥('Bu)sPd G3; thisreaction was repeated our laboratories

None of the exact catalyst wasadily availableso a fourthgeneration vision was

used instead. Using potassium phenoxide as the base gave the highest conversion in
the screen. However, the phenoxide anion was found to act as the nucleophile and
displace either one or both chlorigdeading to the formation of bgroducts.
Thereforein the repeated reaction, sodiuert-butoxide (which gave the second
highest conversion) was used. Pleasingly, in the first attempt at this reilactan

laboratories50% conversion to the desired puot(156) was observedScheme 23

4 Run with Discovery Automation Platform Chemistry (DAPC) in GSK byAkendt and B. McKay.
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Scheme 23The palladium catalysegaction carried out inur laboratoriesReagents and
Conditions i) (§-3-Ethylmorpholine.HCI(1.5 equiv.) NaOBu (4.0 equiv.), R'Bu)sPd G4 (0 mol%),
toluene, 100 °C, 16 h, 50%(LCMS conversion)Synthesis by J. Lee.

Despite the success of this palladigatalysed reaction, no further work was carried
out. The KAr approach was proposed to be betterfse in ascaleup due to the use
of cheagr reagents and more faci@rk-up.

3.4.2 Base, solvent and concentration screetwsefficiently access th€S)-3-
ethylmorpholine-substituted pyridine intermediate

An initial base and solvent screen investigated ten baseBvansblvents (DMSO,
sulfolane, NMP, DMPU and ethylene glycbi)sing microwave heatingt 130°C and

the conversion (by LCMS)asrecorded. Reactions in DMSO and sulfolane gave the
highest conversion to product but disappointingly no reaction gave nmamel8%o
conversion, with unigcted pyridine starting material the major component of the
reaction mixtureKigure 42). A microwave malfunction while heating the reactions in
NMP, DMPU and ethylene glycol led to a reduced reaction time. This was proposed
to be responsible for the redett conversion, confirmed by repeating the reactions in
NMP, which gave up to 10% conversion after heating for 500 minutes.

€ Both NMP and DMPU absorb UV light meaning that the LCMS conversion ag#wtions using
these solvents wer®t directly comparable to those for the other three solvents. The use of an internal
standard would have avoided this.
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Figure 42: Demonstrating the conversion as measured by LCMSd¥)oductl56 after heating the
reactions for 500 minutes, the ri@aum run time of the microwav®eagents an@onditions i) Each
reaction usedS)-3-ethylmorpholine.HC[1.5 equiv.) base (3.0 equiv.solvent 0.187 M) 130°C.

Reactions by H. Davies.

The highest conversion was seen with DIPEA, DBU, triethylamisthylpiperidine

and tripropylamine. To confirm this result, the reactions with these five bases were
repeated using both DMSO and sulfolane, selected because treyatevisible in

the LCMS and were more facile to use practically than viscous ethylgoel.g
Comparable results were seen, suggesting the same order of base reactivity in both
solvents; DIPEA and triethylamine gave the highest conversion. Additiondy,
reaction mixtures with the highest conversion from the initial screen were reheated
(those in DMSO and sulfolane) to ascertain whether the reaction stalled or continued
when heated further. This confirmed that the reaction continued with all baggs$ exc
DBU, giving significantly higher conversion to product after reheating
(Figure 43).
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Figure 43: Demonstrating the conversion as measured by LCMS (%) to préth&ton continued
heatingat 130°C of five of the initial reactiongn two solvents DMSO (blue) and sulfolane (green)

Reactions by H. Davies.

Overall, no bassolvent combinatiorshowed great improvements over the original
conditions, suggesting that reaction time was an important parattetdonger the

reaction time, the higher the conversion.

A more extensive solveiiitase screen was carried out in collaboration with another
team at GSK, employing 24 bases including amine bases, weak and strong inorganic
bases and eight solventwith the reactions heated at 100 °C for 16 hdurs.
Disappointingly, none of the reactions gave greater than 10% conversion. A small
study irhouse imo the use of strong basesoducedone interesting result when
sodium hydride was used with acetonitrile. Heathmgreaction mixture at 100 °C for

15 hours gave no reaction but further heating at 130 °C for 22 hours gave a clean
reaction to form 42% deed product (57% remaining starting material).
Unfortunately, further heating and addition of sodium hydteteto formation of

several unidentified impuritiess.

The lack of reactivity suggested that higher temperatures and/or longer reactions times
were required to increase the formation of product. However, previous experience

suggested that the reactidmiled t© progresson prolonged heating. Portiomise

" Run with DAPC by K. Arendt and B. McKay. Reaction conditionased (2.5 equiv.), §-3-
ethylmorploline.HCI (1.1 equiv.), 0.1 M, 10T, 16.0 h and biphenyl used as internal standard.
9 Reaction by J. Lee.

117



CONFIDENTIALT DO NOT COPY

addition of §-3-ethylmorpholine and DIPEA pushed the reaction forward, but rarely
to completia. It was therefore hypothesised that a component of the reaction mixture
may decompose. Despite having a boilmgint of 189 °C, DMSO is known to
decompose under prolonged heating at temperatures above ,f80ni{Dg various
products including methankiol.**° A by-product was observed by LCMS in some of
the SVAr reactions, proposed to be a thioether resulting from nucleopktihck of the
methane thiol on the dichloropyridin8¢heme 23 Furthermore, a separate series of
experimentsled to the conclusion that the DMSO decomposed to give an acidic
impurity which quenched the DIPEA and formed a-noicleophilic salt with théS)-

3-ethylmorpholine, causing the reaction to stall.

Cl
B
4

MeSH —»R a ‘ SN
D -
? ecomposition . R P al
/S\
o [0] o
A, — N

H™ H H” “OH
Scheme 24Demonstrating the decomposition of DMSO on prolonged heating to form methanethiol

and formate, which was proposed to oxidise to give formiciathiés may quench the DIPEA and
cause the reaction to stiif.A by-product observed by LCMS was proposed to be @&thar; the
result of nucleophilic att&cof the pyridine starting material by methanethiol.

The baseand solvent screens suggested that the reaction was slow and required a
longer reaction time and higher temperaiusemething now proposed to be counter
productive in DMSO. Sulfolane, a higher boiling poamid more heattable solvent
gave similar conusion in the initial solvent and base screen and was therefore
selected for use. Subsequent experiments investigated the effect of increasing the
concentation on the reaction outcome, including running the reaction neat in DIPEA.
Pleasingly, this led tde discovery of improved condition&r{try 2, Table 16) with

1.1 equivalents of the5[-3-ethylmorpholine givingomplete conversion overnight.

" Reactions by J Lee, H. Hobbs.
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Scale (9-3- Time Conc Temp Yield
Entry 5 Ethylmorpholine. ) Solvent (M) ' (°C). (%)
9 HCl salt (equiv.) 0
1 5.0 1.4 89 DMSO 0.87 130150 38
2 4.8 1.1 16 Sulfolane 2.9 200 69

Table 16 Demonstrating the improvedi&r conditiors. 2Portionwise additionEntry 1 by H.

Davies,Entry 2 by J. Lee.

Despite demonstratingimproved yields, the forcing conditions required raised
concerns about a possible buid of pressure caused by heating DIPEA
temperaturesabove its boiling poin Additionally, this method still required two
chromatographipurifications one normal phase and one reverse phase. Incorporating
these findings, further work was carried out elsewhe@mlaboratorieso address

the remaining problems.
3.4.3 Routechange to enable use of a bromopyridine

While chloropyridines are known @ more reactive inN&\r reactions, the subsequent
crosscoupling to install theazaindolewas proposed to be more effective using a
bromo (or iodo) pyridine. Again,two strategis were proposed to synthesise the
bromopyridine coreresynthesis or bromation reactions on the existing intermediate
(Scheme 2k Due to the anticipated issues with thé\Breaction bromination of the
existing chloropyridine intermediate was attemptiest. Chloropyridine 156 gave
11% conversion to the desired bromi(Er3) using bromotrimethylsilane. With
tribromophosphane, none of the despeaductwasobservednd no starting material

remained
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Scheme 25The reactiontrialed to form the bromopyridineore directly from the chloridé&Reagents
and Conditions i) Bromotrimethylsilane (2.1 equiv.MeCN, 130 °C,3.0 hthen 100 °C, 1.5,

bromotrimethylsilae (5.3 equiv.), 60 °C,5.0 h, bromotrimethylsilane (5.3 edy.), 55 °C, 30 h, then

concentrate, tribromophosphane (1.5 equiv.), DMB éguiv.), 120 °C, D h. Reaction by H. Davies.

Subsequently, elsewhere aur laboratoriesmethods were developed to synthesise
bromopyridine intemediate 173 (Scheme 2% The more readily available
dibromoacid was used to form the dibromo sulfdi¥b) in acceptable yield over two
steps. Literature precedent suggested that the reaction of bromopyridines with
hindered amine nucleoples was facilitated by #huse of arauxiliary base2,2,6,6
tetramethylpiperidine (TMPY° Pleasingly, this gave a goodeld for the previously

problematicSyAr reaction

LD
YQ v@ yJe

175 173

Br

Scheme 26The synthesis of the bromopyridine core and subsequ@mtr8action.Reagents and
Conditions i) BHs. THF (1 M inTHF, 1.5 equiv.), THF, 21 °C, 240 hthen BH.DMS (2 M in THF,
2.0 equiv.), €21 °C, 180 h, 83%.ii) TEA (1.5 equiv.) MsClI (1.1 equiv.), MeCN, 0 °C,.0 hthen
21 °C 2.0 h, MsCI (0.2 equiv.), 5 min thesodium methanesulfinate (2.0 equiK]}, (0.3 equiv.),
concentrate then MeCNeflux, 17.0 h, 70%. iii) (§-3-Ethylmorpholine.HCI(1.3 equiv.),TMP
(15.6 equiv.), 150 °C, 40h, 79%2°iv) NaOBu (2 M in THF, 2.3 equiv.)Mel (2.1 equiv.), THF,

0-21 °C, 20 h, 95%.Synthesis by S. Nicolle.

This SVAr reaction was subsequently cediout using these conditions (TMP,
150 °C) toform 180 g ofa closely related pyridyl bromide (similar 1@3), in a98%
yield)

" Practical work carried out by H. Hobbs, J. Lee, C. Mitchell, S. Nicolle and M. REefipe. This
methodwas sugested as a result of presegtitheroute at the GSK Chemistry Round Table Forum.
Specifically, the use of TMP to enable the/ with a bromopyridine was suggested by A. Richards.

I Synthesis by L. Thorpe.
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3.5 Bipyridyl cross-coupling reactions to install the azaindole

The third problem with the original synthesis admpound153 was the bipyridyl
crosscoupling. 2,2Bipyridyl couplings are known to be challenging. Matatalysed
reactions may fail due to the ability of bipyridyl compoumashelate metals’13°

Stille, Negishi and more recently Suzuki reant have all been developed to
synthesise bipyridyl compoundslowever,Suzuki Miyaurareactions are often not
possible due to the unailability'®’ or instability*>* of heteroaryl boronic acidVhile

Stille chemistry has been reported to be the most reliable and robust approach for use
on a large scaf®?1®3it requires the use of toxisrganostannanes. Therefore it is
important to ensure no tin residues remain in the pharmaceutical product and strict
limits are in placé®? Additionally, working with organotin reagents requires special
precautions in an industrial chemistry laborgtoFor these reasons, these of
organostannane reagents is not acceptable in APl campaigns carried out at GSK and

an alternative was required.

Compounds containing various azaindole back pockets had been synthesised on a
small scale in lead disuery. The use of both Negistand Suzuki crosgoupling
reactions had been exploredur laboratoriesout no systematic screening of reaction
conditions had been carried out and Stille chemistry was found to give the highest
yields.In the original route toythesise compourithb3 the stannane of azainddlé8
(compoundl77) wascoupled with the chloropyridine core. Here, the stanr{aii@

of chlorcazaindolel68 was madeelsewhere irthe group,in a 56% yield $cheme
27A).X However, tirther workdemonstrated that the stannane of bpgridine 156

could be made in a higher yield (73%) and coupled ghtbraazaindolel68in a 50%

yield (Scheme 2B)." A subsequenBoc-deprotection gaveompound153 in a 30%

yield over the three stepBurthermore, it was later demonstrated elsewhetben
group thathe yields using organostannahé8 wereimprovedon a larger scale (7.5

g compared to 0.5 gyiving an overall yield across the three steps of 31%.

K Reaction by H. Hobbs.
' Reaction by H. Davies.
™ Reaction by H. Hobbs.
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Scheme 2A: The mehods used to make the organostannane ofdfdtincazaindolel68andB:
Chloropyridinel56 and tle subsequent Stille reactidReagents an@onditions i) PdCk(dppf)

(5 mol%), Sn:Mes (1.8 equiv.), toluene, 110 °C,®Bh, 56% Synthesis by H. Hobbg) PdClx(dppf)
(6 mol%), SnnMes (1.8 equiv.), toluene, 110 °@,0 h, 73%.Synthesis by H. Daviesi) 168
(1.0 equiv.) 178(1.1 equiv.),LiCl (1.1 equiv.) PdCk(dppf) (10 mol%, toluene, 100 °C3.0 h then
PdCh(dppf) (L0 mol9, LiCl (1.1 equiv.),100 °G 26.0 h, 50%. Synthesis by H. Daviess) HCI (4 M

in 1,4dioxane, 11.2 equiv.), 1;dioxane, 21 °C6.0 h, 81%.Synthesis by H. Davies.

Despite improvements to the overall yield for the cromspling, the use of toxic
stannanes was not an acceptablegf@mmm strategy. Several other options were

therefore considered.

3.6 Miyaura borylation and Suzuki crosscoupling reactions to access the

pyridine azaindole

The reduced toxicity of organoboron reagents and ease of scalability made the Suzuki
reaction oe of the preferred options to replace the Stille chemistry. Suzuki reactions
crosscouple heteroaryl halides with boromicids oresters. Therefore, valuaéthis
chemistry, one of the coupling partners, either the chloropyridine or the
chlorcazaindoleneeded to be borylated to undetigmsmetalationAt this stage, only

the chlorinated intermediated56 and 168 were available.Miyaura borylation
reactions enable the synthesis of boronates via the palladitatysed borylation of

aryl halides, ana systematic screen of a variety of borylation conditions was carried
out" Miyaura borylations are solvent dependent, with polar solvetds atcelerating

the rate of reaction, therefore, four different solvents were used (toluene, acetonitrile,
2-methyTHF and dimethylacetamide!®*1>° Additionally, the choice of base is
important to avoid the borylated product forming and undergoing-cagsing wth

"Work dore in collaboration with DAPC, screens carried out by B. McKay, J. Lee and K. Mercer.
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any remaining aryl halidavhich leadso homocoupled bproducts®* Weak bases,
such aspotassiumacetate accelerate the rate of the desired borylation but do not
accelerate the rate of the competitive crosspling reaction and are therefodeal

for use in the borylation reactidf: Additionally, different boron sources and
palladium ligands can be es. Here, tetrahydroxydiborane (BBA)**® and
bis(pinacolato)dib@ne (B2pinz) were investigated along with six palladium ligands
(XPhos, SPhos, CataCXium A, DTBPF, R@nd R'Bu)s) and one palladium source

(a third generation palladium poatalyst (Pd G3))A total of 96 reactions were carried
out, using four 24vell reaction plates (each with six columns and four rows). For each
substrate, one plate was used for each borortsotlio every well in each of the six
columns was added one of the six ligands taneach of the four rows was added a
solution of the substrate and boron source in the appropriate solvent. The reactions
used 10 mol% of the palladium peatalyst with a A. M concentration of the substrate

for both the substituted azaindole and thepyridine core $cheme 28 andB).
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Scheme 28.: TheMiyaura borylation screen conditions used for chloropyridine t&6andB:
azaindolel 68 Reagats andConditions i) Substrate (10 equiv.), boron source @equiv. x 2),
KOACc (3.0 equiv.), Pd precatalyst (10 mol%x 6), ligand (LO mol%x 6), solvent (0.1 M x 4), 80 °C,
16.0 h. Reactions by B. McKay, J. Lee and K. Mercer.

The results of these screens were disappointibh@MS analysis suggested
predominantly remaining starting material, with protodehalogenation proasitts

main impurities. Using the chloropyridine core as the starting material, traces of
boronic ester andcad were observed in some of the reactiontorigs.6-Membered
2-heteraromaticboronic acidsand esters, such as thepyridyl species described
here,are known to be unstable, decomposing both in air and more rapidly in the
presence of a palladium catsly via protodeboronatiot’**® Therefore, it was
consideed likelythat the boronic ester (or acid) svaot stable, explaining why only
small amounts were observed. Additionally, chloropyridines are more electron poor

than the corresponding phenyl compoumhelsding to slower reaction and often giving
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higher cowersion to the dechlorinatday-product!*® In the reactions discussed here,

it was not knownf the boronic ester was faring and undergoing protodeboronation,

or if the chloropyridine starting materiakgssimply dénalogenateeh a direct reaction

with the palladium catalyst. Overall, the inability to form a borylated species meant
the Suzuki raction screen could not bentult was suggested that the use of pyridyl
bromides may lead to improved reactivity and the use of shorter reaction times was
proposed to reduce the amount of thehalogenatetby-product, but this was not
investigated. Addibnally, it was suggested thatandem Miyaura borylatie8uzuki
reaction may have overcome any stability issues with the boronic esters. This type of
onepot borylationcrosscoupling reaction had been briefly investigated on similar
substrates elsewhene the team with little sucss, therefore this strategy was not

investigatedurther.°
3.7 Negishicrosscoupling reactions

Anotherpalladiumcatalysed crossoupling reaction, involving thm situ formation

of an organozinc species that undergoassmetalatiori the Negishi reaction was
analternative for use on large scale. Tihisitugeneration of the nucleophilic species
was suggested as a method to overcome any potential instabilityvetowerevious
investigation of Negishi chemistry ugim similar azaindolewas notsuccessfylthe
organozinc species of the azaindole was suggested to have formed but did not react
with the chloropyridine cordt wasanticipatedhat synthesis of therganozinc species
on the chloropyridine core and subseqt reaction may be possible. However,
lithium-halogen exchange on bo1b6 and 168 was hereshown to be unsuccessful
(Scheme 2A andB). In both cases, the use 00 &quivalent osecbutyllithium was
proposed to result in deprotonation (of the induteogen in168 and adjacent to the
sulfone in156), not the desired lithiurhalogen exchange. Addition of a further

equivalent osecbutyllithium again gave no lithiuamalogen exchange.

°R. Shah, H. Hobbs, S. Nicolle.
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Scheme 28.: Investigaing lithium-halogen exchangen chloropyridinel56andB: Chloroazaindole
168 Reagents an@onditions i) 1560r 168(1.0 equiv.),s-BuLi (1.12 M in cyclohexan€l.0 equiv.),
THF,-78 °C, 10 hthens-BuLi (1.12 M in cyclohexae, 1.0 equiv.),-78 °C1.5hthen 21 °C, 19 h.

Reactions by H. Davies.
3.8 Nickelcatalysed reductive crossoupling reactions

The crosscoupling methods explored so far aimed to couple an electrophilic
component (aryl halide) with a nucleophilic componh(organostannane, zinc or
boron species¥’ Due to the difficulties in synthesising the nucleophilic component,
an alternative approach was suggestede use of nicketatdysed reductive cross
coupling. This reaction had be@emonstrated in our laboratories to successfully
couple an unsubstituted azaindole (5-chloro-1H-pyrrolo[3,2b]pyridine, 161,

Scheme 19and optimal conditiong/ereidentified in a reaction screén.

This reductive crossoupling method empl@d electrophilic coupling partners
without forming a stoichiometric organometalliastead a stoichiometric reductant,
often manganese or zinc, is used to regenerate the oatké)st:%915Previously this
nickelcatalysed reductive coupling method foth&@opyridines was most often
employed to producédromocoupled byroducs®? When using this method to
produce crossoupled products, obtaining the desired cirmmspled product while
suppressing homocoupling 4pyoducts can be challengif®:'®?However, there are
a few methods to increagbe amount of desired cressupled product®® For
example, if both coupling partners are similarly reactive, using a kxgess of one
of the coupling partners pagive high vyields of the crossupled product,
unfortunately at the expense of a large amount of one symmetrigabtyct 60163

Alternatively, electronic differencebetween the substrates to be coupled can be

P Screen run in collaboration with DAPC, B. McKay, K. Arendt and A. Buitrago Santanilla. Further
work in our laboratories by S. Nicoll&,. Hounslea.
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exploited and the use of different catalyst and/or ligand systems can also limit the

amount of homocoupt byproduct!®®

Using the optimised conditions from the previous screen, some trial reactions were
investigated Table 17). Trifluoroacetic acid (TFA) waproposed to activate the
manganese and increase its reactitffyTherefore, reactions were tried both with
(Entry 1) and without Entry 2) TFA, heating to 120 °C for 30 minutes before
reducing the temperature to 40 °C for 18 hours. Under these iooisdihe addition

of TFA appeared to lead to more dehalogenated products, while the absence of TFA
gave increasedaversion to product. A third reacticagain without TFAand heated

only at 40 °Cled to reduced conversion to produenfry 3). It was proposed that the
uncontrolled reactivity of the starting materials leading to variouspsio@ucts and
homocouplig might be reduced if fewer equivalents of manganese were used
(Entry 4). However this reduced the reactivity too far and no reaction occurred.
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ety T(imp. Time Startln(g%r?aterlal Prg’z;mt Impurities (%)
°C) (h)
156 168 179 182 183 184 18 18
1ab 120 0.5 20 21 6 17 17 4 5 1
40 18 20 22 6 17 17 4 5 1
2¢ 120 0.5 No reaction
40 18 5 18 36 - - 1 16 14
3 40 5 No reaction
40 69 35 41 11 - - - 4 -
4d 40 5 No reaction
40 69 Majority starthg material, no product.
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Table 17: The conditions investigated and the outcowkthe nickel reductive crossoupling
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including the proposed structures of impurities observed by LEM&gents an@onditions 156
(1.0 equiv.),168 (1.0 equiv.),dichloro(dimethoxyethane)nickel) mol%y, 1,10phenanthroline
(12 mol%),Mn (5.0 equiv.),DMA. dnitially heated at 120 °C for 05 on heating at 40 °C for 18h
no change in reaction profile was se#eaction run as abewith TFA (20 equiv.).CInitially heated
at 120 °C for 0.9, after which no reaction was seen, on heating at 40 °C fothls8Breaction

occurredReaction run as above withn (2.0 equiv.).Reactions by H. Davies.

This approach was the most promisgayfaras it producedp to36% conversion to
thedesiredproduct. It was hypothesised that using the bromide of one of the starting
materials might reduce the amount of homocouplingptyviding a difference in

reactivity between the reactants. Howevieis tvas not attempted.

3.9 Desulfinative crosscoupling reactions

Recently, Willis and cevorkers reported the use of pyridine sulfinates as the

nucleophilic coupling partner in palladivoatalyseddesulfinative crosscoupling
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reactions:>! Desulfinative (or desulfinylative carboncarbon boneorming cross
coupling reactions using sodium sulfinates were first reported in the 1970s and
expanded on in the 1998%:1%%n these reactions, an aryl sulfinate salt is reacted with
an alkyl, aryl or heteroaryl halide (or psettalide) under metal (including palladium)
catalysis to form a carberarbon bond by breaking a carbarfur bond
(Scheme 3D Sulfur dioxide is the main bgroduct in these reactions and is also
proposed to be the driving force of the reaction, makimg tmethod more atom
efficient than many other crogsupling reactions®”:1’° Additionally, it has been
suggested that, on a large scale, the sulfur dioxigerdsyud could be captured and

recycled®’

Metal
o catalysis
1 + RX
Ar/S\OM

R
Ar”

Scheme 30Demonstrating the metahtalysed crossoupling reaction of a sulfinate salt with an
alkyl, aryl or heteroaryl (pseuehalide. Ar =Aryl group M = Alkali metal (Li, Na, K) R =Alkyl,
aryl or heteroarylX = (Pseude)halide.

Many of the early examples alesulfinative coupling reactions were to form
symmetrical biaryls using the sodium salt of an aryl sulfinate and stoichiometric
palladium!®-1%° Catalytic reactions were developed to couple Grignard résigeéth
sulfides, thiols, sulfones and sulfinaie the electrophilic coupling partnéf.171.172
However, examples of catalytic cressupling rections using sulfinates as the
nucleophilic coupling partner have onbeen exploredelatively recently:*” For
example, Hecktype coupling reactions of argulfinic acids with alkenes have been
developed®®173 Additionally, the use of sulfinates in palladivratalysed cross
coupling has been demonstrated to synthesise biZrfié'’4and to couple phenyl
derivatives to Emembered heterocycfes or biarylheterocyclé$®1’® and the Willis
grouppublishedhe first reported example using pyridine sulfinates to form bipyridyl

compounds??

While carrying out other researé,Willis and ceworkers observed a sigwoduct
resulting from the palladiuratalysed crossoupling of a pyridyl sulfinatsalt and
an aryl halide to generate a biaryl compotiidThese biaryl species were more
commonly formed when sulfinates of heterocyclic compounds weretis&tie

128



CONFIDENTIALT DO NOT COPY

researchersient on to explore whether this side reaction could be usefully exploited
to give a crosgoupling reaction using a stable and easy to prepareonplulic 2
pyridine specie$>! A screen of different ligands, bases and reaction conditions using
the reaction irBcheme 31gave a set of optimised conditiolt$ Several ligands were
investigated including both monoand bidentate phosphine ligands, with
tricyclohexylphosphine shown to give the best conversion. A baserstevealed that

an inorganic base was required, with potassium or caesium carbonate lggvinest
conversiont>! Potassium, lithium and sodium sulfinaalis could all be used and a
temperature of 150 °C was required to obtain complete convérsiddditionally,

the reaction was carried out with both 1.5 ar@euivalents of the sulfiate with

2.0 equivalents leading to a slightly increased conversion %(9%vith

2.0 equivalents compared to 88% with 1.5 equivaletifs).

x-S0l i
‘ + E—— A
7 \
MeO”™ N Br P
187 188

MeO™ "N"4g9

Scheme 31The substrates used in thptimisation of the coupling reactipand the optimised
conditions Reagents an@onditions i) 187 (2.0 equiv.),188 (1.0 equiv.), KCOs (1.5 equiv.),
Pd(OAc) (5 mol%), PCy (10 md%), 1,4dioxane, 150 °C, 28 h, 99% conversioh>!

Various biaryl compounds were synthesised using this methodology, with the

synthesis of four different 2;Bipyridyl compounds demonstrateSicheme 321!

=
N._SO,Na N.__Cl i N |
“ s P N \
N N |
x
192

190 191

Scheme 320ne of the bipyridyl coupling reactiorxemplified Reagents an@ondtions: i) 190
(2.0 equiv.),191 (1.0 equiv.), Pd(OAe)(5 mol%), PCy (10 mol%), kCOs; (1.5 equiv.), 1,4ioxane,
150 °C, 699>

The outcome of this optimisatiofor the crossoupling using a pyridine sulfinate
differs from that carried out previously by Forgione andwaokers to syritesise

biaryl compounds using a phenylsulfinagBclieme 33conditions a}é One notable
difference is the ligand-or biaryl synthesis, a bidentate ligand (dppf) feasd to be
optimal. The authors proposed that the bidentate ligand may suppress the formation of
homocoupling byproductst®® Additionally, 40 equivalents of the sulfinatwere
required in order to improve the conversi§h.The scope of the reaction was
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investigated using these optimised conditions to couple a range of aryl bromides and
aryl sulfinatest®® It was shown that electrgmoor aryl bromides coupled most
efficiently with electrorrich aryl sulfinates, proposed to be due to ease of oxidative
addition and more facile sulfur dioxide extrusithi:!®° In a subsequent paper,
Forgione and Ortgies demonstrated that, for some reactions, the phosphine ligands

were not needed; the same yield could be achieved (82%) both with and without the

ligand Scheme 33181

O e

R = OMe, 194 R = OMe, 196
R = CF;, 195 R = CF;, 197

Scheme 33Alternative optimised reaction conditions toe desulfinative crossoupling reaction
with substratd 95 (R = CF) this reaction was demonstrated to give the saolatédd yield (82%)
both with and without the phosphine ligafkagents an@onditions i) 193 (4.0 equiv.),194 or 195
(1.0 equiv.), CsCO;s (1.5 equiv.), PAGI(5 mol%), dppf (5 mol%), DMF, 185 °C, 2Dh, 53%

(R = QMe) or 82% R = CF).'#918!

Forgione and cavorkers went on to investigate the meckamf the crossoupling
reaction to produce biary’? When no palladium or ligand was used, traoeounts
of the crosscoupled product were observed, with the major pebddentified as the
sulfone resulting from an&\r reaction of the two starting materiaBcheme 3% On
subjecting this sulfonel@8 to the reaction conditionso product was obtaed,

suggesting that the sulfone is not involved in the catalytic ¢fle.

CF3
SO,Na /©/
e Qb )‘
193 197

195 198

y

/‘/‘/CICH

197

Trace

Scheme 34Probingthe reaction mechanisiReagents an@ondtions i) 193 (4.0 equiv.),195
(1.0 equiv.), CsCOs (1.5 equiv.), DMF, 185 °C, 20h. ii) CsCOs (1.5 equiv.), PdGI(5 mol%), dppf
(5 mol%), DMF, 185 °C, 20 h.18°

This led the authors to propose a mechanism involving a pallachitstysed
desulfination, with a catalytic cycle similar to that of most palladaatalysed cross
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coupling reaction§Scheme 351678 The key difference in the familiar oxidative
addition, transmetalation/ligand@&ange, reductive elimination cycle is the extrusion

of sulfur dioxide!®’ The sulfinate anion formed after ligand exchange is tetran&dral.
This means that the attached aryl nagot in the same plane as palladium and sulfur
but is closerd the palladiunt® This leads to extrusion of sulfur dioxide to give a bis
arylated palladium specié®€ While there appears to be no dirkatctionof the base

in this catalytic cycle, a base has been reported to be essential to the réatttien.
proposed that the base may prevent formation of the sulfinic acid, which may not be

nucleophilic enough to undergo the reaction.

©/Ar 7/ PdL, \<rx

PdArL,
ArPdXL,

©;on

S0, MX
i So
Via ©/ PdL,
A
O\\SP !
LN F"d |_2
Ar

Scheme 35Proposed catalytic cycle for the palladigatalysedesulfinativecrosscoupling

reaction? Oxidative addition of the aryl halide gives a palladium(ll) species which undergoes ligand
exchange, swapping the halide for the sulfinate to give a suHawatplex. The sulfinate anion is

tetrahedral with the argroup closed palladium, leading to extrusion of sulfur dioxide to give a bis
arylated palladium species which can undergo reductive elimination to give the biaryl product and

regenerate the palladium(0) catal3f&.

Many examples of these cressupling reactions use an excess of the sulfinate
Optimisation processes have shown that this is key to achieving improved$/4éitis.
When carrying out experiments to investigate the mechanism, Forgione and co
workers evaluatedthe use of sulfudioxide scrubbers such as calcium oxide and
calcium carbonat& Addition of calcium oxide was shown to give decreased amounts
of sulfinatederived byproducts. They foud that, by adding six equivalents of

calcium oxide and running the reactionSoheme 33above, where R = GK195)

9 After the presentation of thiBhesis, Williset al published adetailed mechanistic iy of the
desulfinative ansscoupling reaction. This iscludedin Appendix E.
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using conditions a), the mber of equivalents of the sulfinate could be decreased to
1.0while only slightly reducing the yield (from 82% to%2.18°

Willis and ceworkers highlighted the potentiaitility of this desulfinativecross
coupling reactiono form bipyridyl compoundstating that Suzuki reaction$ten fail
due to difficulties in preparing boronic esters ofpyidyls or low reaction
efficiency®! This was one of the problems encounteredoirr work to synthesise
compoundl53. Therefore thiglesulfinativecrosscoupling method, which had been

shown to coupléipyridyls with good to excellent glds, was investigated.
3.9.1 Sulfinate synthesis

The first challenge encountered when attempting to employ this methodology in this
researclwas the synthesis of the sulfinate. At ghantonly the chloreintermediates

were available so a facile methd to install the sulfinate directly onto either
chloropyridinel56 or chloroazaindold681 without resynthesising either component

with the sulfur installed from an earlier stageas required§cheme 38 andB).

Av[j B

CIn Ny 2 N
w —~ NaO m
N BocN—
H H ¢ Z HBOCN*

168 200

Scheme 38 andB: Demonstrating the ideal transformations to give the required sulfi(i28snd

200 to trial thedesulfinativecrosscoupling chemistry.

There are many ways to makafinatesfrom aryl halides using varias sulfur dioxide
surrogates, some of which are showBameme 37Metalhalogen exchange followed

by trapping the anion with sulfur dioxide or a sulfur dioxide surrogate such as
DABSO # oxidation of a thid¥® or reduction of a sulfonyl chlorid® are all viable
methods->1¢”Not all of these options were believed to be suitable for use here. As
seen previously, attempting metalogen exchange on eithEs6 or 168 resulted in
deprotonation. Introduction of the sulfur at a lower oxidation state as the thiol and
subsequent oglation was not desirable as it was not known whether the rest of the
compound would be stable to oxidisimgpnditions. Furthermore, avoiding the

reduction of sulfonyl chlorides was also preferable. This left two methadataine
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One approachusedpotasgum metabisulfiteas a sulfur dioxide surrogate gove the
sulfinate directly*8® The otherapproachused sulfinatesas sources of sulfur dioxide,
including sodium  3methoxy3-oxopropanel-sulfinate  (SMOPSY®  sodium
hydroxymethyl sulfinate (Rongalite®)-188 and sodium methanesulfingt&® all of

which gavean isolated sulfone followed by a subsequent, relatively, mekkttionto

give the desired aryl sulfinate salt. As derstrated using Stille chemistry, either
component could be the nucleophilic coupling partner and introduction of the sulfinate
to both coupling partners was investigated.

BulLi,
Grignard

X = Halogen Ar,X — Ar/M
M = Li, MgX
Ar = aryl, heteroaryl
DABSO
or SO,
SMOPS or R = CH,CH,CO,Me

Rongalite® or or R = CH,0H

From halide
NaSO,Me (0] orR=Me
_X 2 R (g) directly N
Ar ATy TS| T
SNAr or 0
Cu(l)! catalysis
Oxidation/ Reduction
_SH
Ar

(0]

Nao’g\/OH NaO/g O~ o
\é/CI
Ar” )

Rongalite® SMOPS

Scheme 37Exploring some of the methodsailable to make sulfinates. The methods in blue were
considered to be best to try initiallys it was proposed that the rest of the molecule would be stable to

the required conditions.

The most efficiehapproach would install the sulfone in one s@ipectly from the
chloropyridine Potassium metabisué hal been shown to be a sulfur dioxide
surrogaté® Shavnyaet al reported the first example of a palladioatalysed
reaction of aryl and heteroaryalides with potassium metabididf to directly form

aryl (or heteroaryl) sulfinaté$® These sulfinates were either isolated as a salt, or
reacted withat isolation to form sulfones and sulfonamid®&sThe majority of the
examples employed aryl (or leebaryl) bromides and iodides, with any chlorides

exemplified giving lower yield$2®

In the current studyheteroaryl chloride$56 and 168 were investigatedTiable 18).
Using chloropyridinel 56, this approach initially looked promising, appearing to give
28% conversion to the desired sulfinate after 17 hdumgry 1). However, this was

either an artefact in the LCMS or the product degradsedon further heatingo
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desired product was seen. A higher reaction temperature for a shorter time was
investigaed but gave no conversion to product and on further heating the starting
material degradedefitry 2). Interestingly, this reaction was maosaccessful using
chloroazaindolel68as the starting material, giving 24% conversion to desired product
after 17 hows Entry 3). After further heatingthe amount of desired product
decreased, suggesting again that perhaps the sulfinate was unstakeledaction
conditions. Again, increased temperature gave no conversion and prolonged heating
led to degradation ohe starting materiaEntry 4).

o (0]
N i N
— CIi Ny i Iy
o P N o N ‘ N 0 X
~& NN o Z~N BoocN— m—\
cl J S H ¢ Z N BocN—
156 199 O 168 200

Starting Temp. Remaining starting

Entry Scheme Time (h)®>  Product (%)®

material (°C) material (%) ®
T A s 1w U 2 %
2 A 156 120 138 8 509
3 B 168 70 é; ig jz
4 B 168 120 138 8 %5

Table 18: The reactionsrialled to directly synthesise the sulfinate salt, employing the reaction

conditions demonstrated by Shavretal.’®> Reagents an@onditions 156 0r 168 (1.0 equiv.),
TBAB (1.1 equiv.) K2$0s (2.0 equiv.), 1,16phenanthrolinel5 mol%, Pd(OAc) (5 mol%, PPh
(15 mol%),sodium formate (1.3 equiv.), DMSEXimes shown are cumulativd.CMS conversion.

Reactions by H. Davies.

These reactions gave a complex mixturaemmfientifiable byproducts.Overall, this
approach was not considered to be edfective way to make the sulfinate of
chloropyridine 199, However when chlorcazaindole168 was used althoughthe
product was noisolated, a conversion thedesired sulfinaté200) of approximately
20% was seen. It was proposed that, had the bromide or iodide\mEtble at the

time, this methodnayhavegiven better conversion

Next, three sources ofsulfur dioxide were considette First, nethylsulfonewas

investigatedLiterature precedent from Gauthier and Yoshikawa demonstrated that a
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methyl sulfone could be converted into a sulfinic acid, exemplified using aryl
methylsulfones $cheme 38%° Reaction of an aryl methylsulfone with benzyl
bromide and in an excess of potassitert-butoxide gave the sulfinate salt as a
precipitate in THR a poor solvent for the sulfinate s&if.

R /\/© > 9
s SvoK
OA;

202 203

57
N —
:o

201

Scheme38: The reaction of methyl phenyl sulfone and benzyl bromide witfBiKi@n THF to give
potassium benzene sulfinate (as a precipitiaat can be filtered off) via a transielibenzylated
speciesReagents an@onditions i) Benzyl bromide (1.3 equiv.), KBu (2.5 equiv.), THF, 23 °C,

9890189

To investigate this, different starting materials weteeated with sodium
methanesulfinate in DMFT@ble 19). Using chloropyridinel56 (Entry 2) and
chloroazaindold.68 (Entry 3) there was no reaction, eveuith prolonged heatingt
100 °C. The same was seen usiAg@mao6-chloropyridin3-amine(159), the starting
material fromwhich chloroazaindoldd68 was madeno product formednd starting
material remained (Entry 4). The only substratethat gave any reaction was
dichloropyridne 144, giving 12% conversion to desirelr(try 1). Unfortunately,
double addition of the methylsulfone (40%) and unreacted starting material (45%)
were also seen. This was not surprising sincentethylsulfonylpyridine (formed
from addition of the suifate, an electron withdrawing grolipvas activatedto
nucleophilic attackby a second molecule of the sulfinateform the disubstituted

product.
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144 R =Cl 204R=Cl

156 R = (S)-ethylmorpholine 205 R = (S)-ethylmorpholine
(0]
7

B Cl N\ A i \S/ N
| A
= —
H BocN — H BooN—
16

8 206
o]
C CIn Ny Br i 8N Br
| ZNH, o | AN
159 207 C
Entry Scheme  Starting material Temperature (°C) Time (h)  Conversion (%)?
1 A 144 21-100 80 12
2 A 156 21-100 20 0
3 B 168 21-100 80 0
4 C 159 100 5 0

Table 19 Attempts to introduce the methylsulform@ietyusing a KAr reaction.Reagents and
Conditiors. i) Chloropyridine (10 equiv.), sodium methanesulfinate (4.5 equiv.), DMFALCMS
conversionReactions by H. Davies.

An alternative method of addition stilfinatesto chloropyridines employed a&r
reaction of chloropyridine and sodium sulfinatelt swith tetrabutylammonium
chloride (TBACI) as an additive® TBACI was suggested to formsoluble complex
with the sulfinate,leading to an increase in rate of reaction and em®sed
conversion-* It wasalsofound that addition of hydrochloric acid increased the yield
when usingelectronneutral chloropyridinesproposed to bdue to protonation of the
pyridine nitrogen'®® This reaction wagxaminedwith chloropyridine156, both with
and without hydrochlac acid Scheme 3% Unfortunately, neither reaction gave any
of the desiredoroduct with both giving unreacted starting materasd the major

component of the reaction mixture

L

N
(0] (0}

N/ ~Nd o]
//3 ‘ _— al //S = S//
(o) (0] O// ~

5

\
156 20

Scheme 39Reactioneexaminedo form the methyl sulfone using TBAGReagents an@onditions
i) Sodium methanesulfate (1.5 equiv.)TBACI (0.3 equiv.)DMA, 120 °C, 20 h. ii) As previously

with addition of concentrated HCI .(Lequiv.).Reactions by H. Davies.
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Next, coppel)-catalysed reactions were investigated. Foepper(l)iodide with a
proline ligand and gassium carbonate in DMSO at 120 °C was triatféalvith both
starting materialsl56 and168), some conversion to the product was observed, with
unreacted starting material as the major component of the reaction mibabte 20,

Entries 1 and2). Subsequent reactions were only attempighk chloropyridinel56

as it had been demonstrated to be more reactive in the borylation study. To achieve
increased conversiorstoichiometriccoppe(l) iodide and prolingligand 1) were
investigated and, wtelslightly improved conversion was observed, morprhoglucts

were formedi including a proposed proliredduct impurity ¢ompound 208,

Entry 3). Stoichiometriccopper(l)iodide without a ligand gave some conversion to
product, but lesthan withproline Entry 4). Increasing thetoichiometryof copper(l)

iodide further and doubling theamountof sodium methanesulfinate gave a slight
increase in conversiorEftry 5). This also resulted in 12% of a proposed methyl
thioether impurity. Tis may haveoeen formed by a reduction of the prodsuatfone
(compound05) or as the result of decomposition of DMSO giving methanethiol, as
discussed previouslys¢heme 23 Entries 6 and7 suggested that catalytoopper(l)

iodide reduced the formatioof by-products (the conversion to product was not
increased but more starting material remained). Comparisdbntsfes 3 and 6
suggested that reduced equivalents of proline gave increased product formation,
presumed to be due reduced formation of thgoline-adduct impurity. Investigation

of an alternative ligand suggested that a diantigend (ligand 2)gave slightly
improved conversion (44% compared to 35% with proliEetries 7 and §.1%2
Increased temperature and a shorter reaction tiEnéry( 9) did not improve the
conversion. However, it was found that by using three separate additions of sodium
methanesulfinate, potassium carbonatmpe(l) iodide andthe diamine igand, the
amount of starting material could be greatly reduéaury 10). While a conversion

to productof 28% wasobservedan almost quantitative isolated yield suggested that
many of the impurities seen by LCMS are not tedato the starting materialr
product. This suggested that a reasonable isolagddl may have been achieved in

other reactions where little unreacted stating material remairadgs 3 and6).
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156

(S'f:rtt%g % NaSOMe  Cu()! ibigﬁt?tg K:COs Time Product a9 208
material) 3 equiv. equiv. (equiv.) equiv. (h) (%)2 (%)2 (%)?
1(168) A 15 09 103 03 3 20 20 nia
2(156) B 15 03 1(03) 03 3 21 58 8
3(156) B 15 1 1@ 1 185 27 3 38
4(156) B 15 16 i 1 22 10 47 i

5 (156) B 3 3 i : 24 14 41

6(156) B 15 1 105 1 21 35 5 25
7(156) B  15x2 02 1(02 02 92 35 52 6
8(156) B  15x2 02 2(02) 02 92 44 40  nia
o (156) B 2.3 03 2(03 02 20 26 48 nia
1015 B  15x3 5% 2X(g).3 03x3 52 28(98) 8 na

Table 20: Using copper catalysis to install the methyl sulfdietry 1 used starting materid68
(Scheme A, Entries 2-10 used starting materidb6 (Scheme B. Ligand 1 = proline;
Ligand2 = N,N-dimethylethan€l,2-diamine Reagents an@onditions Chloropyridine (10 equiv.),
methanesulfinateCu(l)l, ligand, KCOs;, DMSO, 110°C. 3.CMS conversion’LCMS suggested 12%
thioether impurity (chloride of starting material replaced by SMédated afl73°C. YIsolated yield.
Reactions by H. Davies.

With methylsulfone 205) in hand, the reaction to form tiselfinate was investigated
and two precedented sets of conditions were trialfedle 21).18° Disappointingly,
there was little success. The first meth&mtfy 1) employed benzyl bromide and
potassiuntert-butoxide in THF at 40 °C for 30 minut&®.This gave no conversion
to product and little remaining starting matergésulfinated compound 82 wasthe
main identifiable species. The second methBdtfy 2) used 2,4difluorobenzyl
bromide at78 °C for one hout®® A small amount of product was observed by LCMS.
Again, little starting material remained atitk same impurity182) was the major

identifiable species in the LCMS. After stirring at 0 °C for a further hour, none of the
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product or starting material was observed by LCMS. Instead, mass ions corresponding
to mona, di-, tri-addition of the 2 4lifluorobenzyl bromide as leas several other

iImpurities were seen.

o o o

LD L) L

i
—_— +

AN 0 ‘ SN o | X
~ o) N - ~<
S AN » # g0 S =
o) S (o) 1] o)

(o} o
199 182

\
205

[ ' Mono Br
Bromide  KO'Bu Temp. Time 199 ona 182 0
Entry (equiv.) equiv. (°C) (h) (%)? 205 (%) (%) ao(lod/(l)t)lgn
Br
1 @ 4 40 0.5 0 5 o5 )
(1.2)
Br
20 F/E:C: 4.8 -78 1 4 3 21 4
(2.3) ' 0 2 - - 9 12

Table 21: Reactions trialledo form the sulfinate salt from the methyl sulfoReagents and
Conditions i) KO'Bu (1 M in THF, 4.0 or 4.8 equiv.), benzyl bromide (1.2 aguor 2,4-
difluorobenzyl bromide (2.3 equiv.), THELCMS conversion°Times are amulative.Reactions by
H. Davies.

A second sulfur dioxide source was investigated. Rongaliie (sodium
hydroxymethanesulfinate dihydrat@as reported to be a cheap and Istsburceof
sulfur dioxide that could be cleaved using mild conditions to give the sulffifate.
However,only reactions of Rongalite® with alkand benzylic halides have been
demonstrated with no reportesamples of reactions with aryl halid€$8Many
examples using Rongalite®o notinvolve isolating the intermediate sulfinate; the
Rongalite® adduct is treated with mild acid or base and subsequentlydrizasiiel
to give a sulfone or sulfonamid®. However, if the Rongalite®ulfone adduct is

treated with a base, the sulfinate salt can be isoléted.

This reaction was attempted on chloropyridib®6 (Scheme ). Initially, the
chloropyridine and Rongalite® wergirred in DMSO at room temperaturdfter
4.5 hoursthis gave no reaction, so the temperature was increased © B@gdain
resulting in no reaction. In a second reaction, Rongalite® wastipred in DMSO at
room temperature for 30 minutes before iagdthe chloropyriding(156). These

literature conditions had been shown to give improved reaction due to the poor
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solubility of Rongalite® in DMSO®’ The mixture wadreated as previously, with
both stirring at room temperature and at 80 °C giving no reaciimen the lack of
literature precedent for the reaction of Rongalite® with aryl chlorides, it was not
surprising that this reaction failed.

) D

o)
+ 1 3¢
o HO\/S\ONa o N
% ‘ N ‘ (0]
s - S N
d Cl I O,,S\/OH

sodium hydroxymethanesulfinate
156 Rongalite® 209

Scheme 8: The failed reactions of Rongalite@®odium hydroxymethanesulfinate dihydratéjh

chloropyridinel56. Reagents an@onditions i) Rongalite®(2.0 equiv.), DMSO, 22C 4.5h then

80 °C 18h. ii) As previously withRongalite®(2.3 equiv.) prestirred in DMSO for 0.%. Reactions
by H. Davies.

Sodium Xmethyl 3-sulfinopropanoate (SMORSScheme 4) is a commercially
available source of sulfur dioxideand can be used to synthesise aryl sulfinate
salts!>118 However, SMOPS is more expensive than Rongalffe@nd literature
precedent suggested that the isolatettlgieith SMOPS are podP? Starting from an
aryl bromide or iodide, an initial nucleophilic displacement with SMOPS gjizve
sulfone which subsequenfiyrms the sulfinate in an E1cB reactwwith loss of methyl
acrylate'® Wwith aryl bromides and iodidethis reaction has been shown to require an
excess of both SMOPS andpper(l)iodide and notably no examples of this reaction

usingaryl chloridesvereprecedenteéh the literature>118

i 0.0 i
e I , \\s/’ - 1 +  ZCoMe
Ar Na0”S>"co,Me ATC0o Me A ONa z

Arylhalide sodium 3-methoxy-3- 'SMOPS sulfone' Sulfinate Methyl acrylate
oxopropane-1-sulfinate
SMOPS

Scheme 4: Reactions of SMOPSith aryl bromides or iodideX = Br or |. Reagents and
Conditions i) ArX (1.0 equiv.), SMOPS (® equiv.),Cu(l)I (3.0 equiv.), DMSO, 110 °C,.B-24.0 h.
i) NaOMe (10 equiv.), DMSO, 21 °C, 130 min,151.186

With chlorcazaindolel68, two reactionswere carried out, bothppeared to give 13%
conversionio 210by LCMS (Entries 1and2, Table 22). However, none of the sulfone
prodwct 210was isolated after column chromatography. Higher conversion was seen
using chloropyridin€l56 as the starting material, giving 39% isolated yield of the
sulfone @11, Entry 3). To try to improve this in a subsequent reactioriher SMOPS
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and coppH]) iodide (3.0 equivalents of each) were addéer 22hoursat 110 °C
when remaining starting material walsservedoy LCMS. The reactiommixture was
reheated to 110 °C for Ioursfollowed by 130 °C for 23hours This appeared to
give increase convesion, but not an improved isolated yielntry 4). A similar
isolated yield was maintained on a 1 g scaetfy 5). Both the produc{211) and
starting material(156) could be isolated using column chromatographytotal
recovered vyieldtaking the resolated starting material in to accouwwgs calculated
(shown in parenthesesThese total recovered yields were very good to excellent,
highlighting the potential utility of this approach. Howeverig@ation of tle starting
material was not optimal. d&in, literature precedent suggested that the use of aither

bromo or iodopyridine starting material would improve the converién.

X X CO,Me
o\\S/o | /N O\\SO | /N ~
/ Cl / //S\\o
o
156 211
© Starting
Starting € SMOPS  Cul Time Product Product - terial
Entry . Q . . conversion yield .
material < equiv. equiv. (h) a b.c yield
3 (%) (%)™
n (%)°
1 168 A 3.2 3.0 16 13 - -
2 168 A 3.2 3.2 21 13 - -
3 156 B 3.0 3.0 22 20 39(87) 47
4 156 B 30x2 0% g1 19 41 44
2 (quant.)
31
5¢ 156 B 3.0 3.0 25 17 68
(quant.)

Table 22: Demonstrating the reactions to install the SM@Rgety onto both chloroazaindol$8

(Scheme A and chloropyridinel 56 (Scheme B, usingliteratureconditions***'8¢Reagents and

Conditions i) 1560r 168 (1.0 equiv.), SMOPSCu(l)l, DMSO, 110 °C3LCMS conversion®Yield in
parentheses refers to the total recovered yield, taking recovered starting mategaetaunt.

°lsolated yieldReaction heated at 11(B0°C. *Reaction on a 1 g scalReactions by H. Davies.
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An E1cB elimination of thesulfone ester group gave the sulfinate saf9[ in

excellentyield, using literature conditionsScheme 2).1%!
o (0]
L L

—
o NN CO,Me o N
Osg ‘ A Osg! ‘ A \g-ONa
/ //s\\o / I

(¢] [¢]
21 199

Scheme 2: Forming the sulfinate from the SMOPS addiR#agents an@onditions i) NaOMe
(0.5 M in MeOH, 10 equiv.), THF, 21 °C1.0 h, quant.Synthesis by H. Davies.

3.9.2 Use of brominated starting materials to enable sulfinate synthesis

It had been suggestétht the best way to improve the yield would be to use a bromo
(or iodo) pyridine as the starting material. Examplesh# use of SMOPS in the
literature emplogd aryl bromides or iodides and demonstrdténproved yieldsAs
discussed, the bromidgating materialswere more atom economic and therefore
preferable Furthermoreusing abromopyridine(173) or bromoazaindolél71) would
enable the subsequent desulfinative camgpling reaction With the SMOPS
conditions to form the sulfinate ihand, the reactions to form the sulfinate were
repeatedn our laboratorie®nce the brominated intermediatd3 X and 173) were
available (Scheme &)." Pleasingly usingbromopyridinel73, an improved vyield of
the SMOPS adduct was achiev@¥% and 41% with brom and chloopyriding
respectively). Similarly, using bromoazaindol&’l, the reaction with SMOPS
proceeded in a 96% yielda significantimprovement compared to the low reactivity
of the correspondinghloroazaindole. Conversion to the sudfte from botrsulfone

intermediategave goodyields.

"Reactions by C. Mitchell and S. Nicolle.

142



CONFIDENTIALT DO NOT COPY

e ® )

CO,Me N
z Z N 2 N
2 \N & L~ ~&
S N S NN S #\g-ONa
d Br o g o 0 z

173 211 199

O4 //O . ?

AN s N iv _S._N
N p—
BocN MeOQC Z >N BocN— Z >N BocN—
H 200 H

210

Scheme &: Formlng the sulfinateBom brominated intermediateReagents an@onditions
i) SMOPS(1.5 equiv.),Cu(l)l (1.5 equiv.), DMSO, 110 °C,.@h, 97%. ii)NaOMe(0.5M in MeOH,
1.0 equiv.), THF, 21 °C,.Q h, 72%. iii) SMOPS(2.0 equiv.),Cu(l)I (2.0 equv.), DMSO, 110 °C,
2.0h, 96%.iv) NaOMe(0.5M in MeOH, 1.0 equiv.), THF, 22C, 1.5h, 87%.Synthesis by
C. Mitchell and S. Nicolle

3.93 The desulfinative crosscoupling reaction

With sodium §)-6-(3-ethylmorpholino)4-(2-(methylsulfonyl)propas-yl)pyridine-
2-sulfinate (99 referred to here as the pyridine sulfinate or sulfinatdjaind, the
palladiumcatalyseddesulfinativecrosscoupling was investigated. This was prior to
the synthesis ofbromovariants, so the cros®oupling was trialled using
chloroazaindolel68 Pleasingly, the first coupling reaction attempted using the
literature conditionsaand an excessf pyridine sulfinate 199 (1.9 equivalentspave

56% conversion to theroduct and an isolated yield of 52&n{ry 1, Table 23). Small
amaunts of both starting materials were observed by LCM& the main impurity
being homocoupling of the sulfinat&8f). Additionally, a small amount @bmpound

182 (by-product formed from the loss of the sulfinate) was observed. The literature
conditionsused?2.0 equivalents of the pyridine sulfinate. As the sulfinate was not
commercially availablegeducing the number of equivalents was important. In a series
of reactions Entries 1-5, Table 23), the number of equivalents of sulfindt®9was
reduced fron 1.9 to 1.1, demonstrating that comparable conversions were achievable,

and 1.3 equivalents was suggested to give optimal conveEmbry @).

The next potential problem was the use of harsh conditions with a reaction temperature
of 150 °C1*119419%whjle acceptable, the aim was to use this coupling reaction in a
large-scale synthesis and milder conditions were prefefdbi€3In a follow up paper,

the Willis group sught to address thi8* After carrying out aeconcextensive screen

of catalysts, bases, ligands and solvents, the group identified a more active ligand
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di-tert-butyl(methy)phospline (aghetetrafluordoric acidsalt P(Bu).Me.HBF).*%*
Combining this ligand with the original base, catalyst and solvent enabled the use of a
lower reaction temperateirof 100 °Ct*1% Unfortunately, none of this ligand was
availablein our laboratoriefor immediate useso a similar alternative was triédri-
tert-butylphosphine ds thetetrafluordooric acid salt P(Bu)s.HBFs) (Table 23,

Entry 6). Interestingly, these two liganqR(Bu)s.HBFs and P(Bu):Me.HBF:) had

been compared in a previous optimisation otsulfinative crossoupling (between

an aryl sulfinate and an aryl bromigey Forgione and caorkers!®® In this

optimisation, little difference in yield was seen when using either li¢find.

Here, a comparison of thdesulfinativereactiors with two ligand (P(Bu)s.HBFs and

PCys) at100 °C suggested similar conversion to desired proaltictooth,but neither
performed as well as using the original ligand at 150T&blke 23, Entries 6 and7).

For these reactions, 1.5 equivalents of the sulfinate was used as a compromise between
achieving higher conversion and avoiding a large excess of the wexuitfinate.
Interestingly, the PBu)s.HBF. ligand appeared to give less of the homocedpiy
product (185. However, since this ligand did not achieve increased conversion, no
further investigations were carried out. Instead, alternative method=dtce the
amount of the homocoupled 4pyoduct (85) were investigateddomocoupling can

be caused bthe presence of oxygen in a reaction mixtiré>® Therefore, thorough
degassing of the reaction mixture, especially the solvent, beforeamseeduce
homocoupling:®1° Pleasingly, degassing the solvéayt sparging with nitrogefor

4.59 hours before use approximately halved tlo@version tohomocoupledby-
productl85 (Table 23, Entries 8 and9). This also allowed the number of equivalents

of the sulfinate to be dezased further while maintaining the conversion.
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s A\g-ONa ¢ P
o 3 o
199 182
Entry 19'9 Time 179a lgga 168a 185a 182a Yield %79
equiv. (h) (%) (%) (%) %) (%) (%)
1° 1.9 18.5 56 5 4 21 4 5
2 1.7 180 53 - 9 24 1 -
3 15 18.0 53 - 17 23 1 -
4 13 18.0 58 - 13 18 1 -
5 1.1 18.0 52 - 22 17 1 -
6f 15 24.5 19 26 39 8 7 -
7 15 24.5 14 16 40 28 1 -
89 1.3 16.5 74 - - 9 4 73
g 11 14.0 74 - - 10 3 61"

Table 23: Demonstrating the optimisation carried out on the ecosgling reactn usingpyridine
sulfinate199. Reagents an@onditions i) 199(1.9-1.1 equiv.),168 (1.0 equiv.) K2COs (1.5 equiv.)
Pd(OAc) (10 mol%, PCy (20 mol%),1,4-dioxane, 150 °C, unless otherwise notedactions by
H. Davies3_CMS conversion®Isolated yeld. “Reaction use®d(OAc) (25 mol%, PCy (80 mol%).
dsolated yield from MDAP purificatiorfReaction use®(Bu)s (HBF, salt) (20 mol%) as the ligand.
fReaction carried out at 100 °@.4-Dioxanesparged with nitrogefor 4.5h before usellsolated
yield from normal phase followed by reverse phase column chromatography carried out by S. Nicolle

due to absence of H. Daviés,4-Dioxanesparged with nitrogefor 9.0 h before use.

This short optimisation process achieved improvements of over 20%lateis yield
and a reduction from 1.9 to3lequivalents of pyridine sulfinat99. This represeet
a substantial improvemetd thecoupling reaction and met the aims of this work. The
use of a sulfinate as the nucleophilic coupling partner was the appyoach

investigated to give reasonable yields amdidedthe use of toxic stannanes.
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3.10 Further improvements to thedesulfinative crosscoupling reaction

The synthesis of bromoazainddlél and bromopyridind 73 enabled the palladium
catalyseddesulfnative crosscoupling to be carried ouwtith ether component as the
sulfinate, witheitherthe chloride or bromide coupling partn&cheme 4).
(0}
e
O X N o B
L Uoa 20
N H BocN— N 4 X g N
o SN i) X = CI (168) N

NaO” ‘ I\
A d N iii) X = CI (156) _ N Booh—

8 A g-ONa ii) X = Br (171) 0 Z N iv) X = Br (173)
J S ¢ | 200
199 O
179

0 ‘\N

A
Z N BocN—
B

Scheme 4: Synthesis of bromopyridine and bromaamole starting materisiallowed the
crosscoupling to be carried out with eitheomponent as the nucleophiReagents an@onditions
i) 199(1.1 equiv.) 168 (X = ClI, 1.0 equiv.) K.COs (1.5 equiv.) Pd(OAc) (10 mol%), PCy;

(20 mol99, 1,4-dioxane 150 °C, 140 h, 61%. ii)199(1.1 equiv.) 171 (X = Br, 1.0 equiv.), KCOs
(1.5 equiv.),Pd(OACc) (10 mol%g, PCy; (20 mol%, 1,4-dioxane, 150 °C2.0 h, 84%.iii) 156
(X =Cl, 1.3 equiv.) 200 (1.0 equiv.) K>COs (1.5 equiv.) Pd(OAc) (10 mol%), PCy; (20 mol%), 1,4
dioxane, 1B °C, 4.0h, 29% iv) 173 (X = Br, 1.2 equiv.) 200 (1.0 equiv.) Ko.CGOs; (1.5 equiv.)
Pd(OAc) (10 mol%, PCy; (20 mol%), 1,4-dioxane, 150 °C4.0 h, 28%?

Overall, using pyridine sulfinat#99 and bromoazaindol&71 gave the highest yield
in the couplingreaction. However, since the reactions to form bromoazairiddle
were lower yielding, the chloroazainddi&é8wasthe preferredcoupling partnerThis
desulfinativecoupling was used on a 500 g scale to prepasguaturally similar
compound, with a 70%ield for the coupling stejfrurthermore, this method was also

considered suitable for further scaip in future APl campaigns.
3.11Summary of Chapterll

In this Chaptey the aimwas to solvehree problems the synthesis adfompound

153. All aims were achievedHigure 44):

1 More efficientsynthesis of the azaindole back pocket and reduced number of

protecting groups

SReactions by H. Davies, J. LerdS. Nicolle.
tReactions by S. Sollis, L. Thorpe.
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1 Improved KAr reaction conditionsincluding a shorter reaction time aral
reduced number of equivalents of therpholine"

1 A palladum-catalysediesulfinativecrosscouplingto avoidStille chemistry

Thehighlight of this work was replacing thexic stannaneand Stille chemistry with

a pyridine sulfinate and desulfinativecrosscoupling reactionComparable yields

could be achiesd with approximately 50% yield achieved over both the two steps of

stannane formation/Stille coupling and over the three steps of sulfinate

formation/desulfinative couplinglhe work described in this Chapter demonstrated
that very good yields could belaeved for the desulfinative cressupling and this,
combined with the use of a bromopyridistarting materiato facilitate the synthesis
of the pyridine sulfinategave aviable alternative tthe Stillereaction.The alditional
safety benefits of avding the use of tin make this a significashgvement in the
synthesis of ampoundl53.

e °
N Coupling 70-80% \/[Nj

Deprotection ~80% S\ 70% Cl Ny Br
0 N p———————— - + ‘ _ pr— ‘
g | o] N N BocN— =
/S X N \S// | o H NH,
o I T p N g-ONa
Z>N  HN— °© Ie)
H
2 steps
82%

0]
] SyAr 70-80% Br 2 steps Br
N Methylation 90-95% 58% Z>N
_ o ‘N e |
//
2 ) SN T
S o

g Br [¢]

Figure 44: Highlighting the improvements to theutein each of the three are&&iAr (green),

azaindole synthesis (blue) aombss-coupling (red) Approximate yields shown for each step.

The impact of theesearchlescribed in this Chaptérdemonstrang the utility of this
palladiumcatalysed desulfinative crosscoupling reactioni enabled significant

advancesn our researclandhas now been exemplified in:

1 A scaleup campaig of a structurally related compou(®DO g scale)

1 The synthesis adver150analogus.

Y Initial work by H. Davies, subsequent work AyRichards and mTOR projettam.
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Chapter Il : Investigating the scope of the

desulfinative crossoupling reaction
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4. Investigating the sope of thedesulfinative crosscoupling reaction
4.1Introduction

Pyridine rings arg@revalentscaffolds foundn numerougpharmaceuticalé® A 2014
study showed pyridines to be the @ed most commonly used nitrogen heterocycle in
all FDA approveddrugs®® Furthermore, analysis of the substitution patteshs
pyridine-containing drugsshowed 2substitutel pyridines to be most ocomon,
appearingwith a frequency of 66%° However, some of the precursors to
2-substituted pyridingssuch asthe boronic estersare particularly challenging to
synthesisé®! For example, me of the most commonly used %gr* bond forming
reactions, and favourite reactionfor use inindustryi the Sauki-Miyaura cross
couplingi often fails when using-pyridines as the nucleophilic coupling partner,
proposed to be due to the iasility of the corresponding boronic estex:201.202
Furthermore, metatatalysed reactions to form bipyridyls &rewn to be problematic

due to the ability of bipyridyl compounds to chelate mefi$3

Several drug molecules contain bipyridioepyridineheterocyclemotifs, including
Etoricoxib (Arcoxig 212), a treatment for arthritis, Imatinib (Gleeyezl3) and
Crizotinib (Xalkori, 214), oncology drugsand Perampanel (Fycompal5), an
antiepileptic drug (Figure 45).15120020205 The challenging synthesis of these
compounds is exempldd by Etoricoxil?®® The smalscale synthesis of this
substituted pyridine and analogues could be completed using a Negishi or Suzuki
reaction to install the-position phenylfollowed bya Stille reaction to install the- 2
position pyridine?°32°%297 However, this was not considered feasible on a large scale
due to the toxicity of the required stannafEThe central pyridine ring was foed

instead in a condensation reactf@h2°7:208

H2N
Etoricoxib 212 Imatlnlb 213 Crlzotlmb 214 Perampanel 215

Figure 45: Examples of dugs containindipyridine or pyridineheterocyclemotifs.
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Furthermore, the challenging synthesis of-Ri@yridyl compounds, developed as
MTOR kinase inhibita@for the treatment of IPMas beexnemonstrated ithis Thesis

A thorough exploration of trational crosscoupling reactions (SuzukiMiyaura,
Negishi and nicketatalysed reductive crossupling was carried out andhé
desulfinative crossoupling reaction was found to be tbely suitablereplacement
for the Stille reaction $ection 3.9Schemedb).

e

i i, dii
N |
S X
g 7<QSnMe3

178

N Miyaura Borylation
+ Suzuki Reaction o~

N Negishi Reaction \S// o N
| Reductive cross-coupling 7 ‘ X
=

Vi, vii
LY
S AR _ONa
d &
199§

Scheme &: Summary of the work previously described to coupllergpyridine 156 and azaindole
168 Reagents and Condition$ PdCh(dppf) 6 mol%), SreMes (1.8 equiv.), toluene, 110 °@,0 h,
73%. ii) 168 (1.0 eqiv.), 178 (1.1 equiv.),LiCl (1.1 equiv.) PdCk(dppf) (10 mol%), toluene,
100 °G 3.0 h thenPdCk(dppf) (L0 mol%), LiCl (1.1 equiv.),100 °C, 230 h, 50%. iii)HCI (4 M in
1,4-dioxane, 11.2 equiv.), 1sdioxane, 21 °C, 5.5,81%.iv) SMOPS (3.0 equiv,)Cu(l)I
(3.0 equiv.) DMSO, 110 °C, 2D h, 39%.v) NaOMe (0.5 M in MeOH, D equiv.), THF, 21 °C,
1.0 h, quantvi) 199(1.1 equiv.) 168(1.0 equiv.) K2COs (1.5 equiv.) Pd(OAc) (10 mol%), PCy
(20 mol99, 1,4-dioxane 150 °C, 140 h, 61%. vii) Boedeprotection, as in step iiigynthesis by
H. Davies.

The desulfinative crosgoupling reaction was subsequently employeh our
laboratories irthe synthesis of several compounds containieg#aindolepyridine
motif.2 The importance and utility of thicrosscouplingwas recognised andither

work to explore the scope of this reaction was initiated.

a Analogue synthesis by chemigtsour laboratories.
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Desulfinative palladiustatalysed crossoupling reactions involve the reaction of
aryl sulfinates with alkyl, aryl or heteroaryl halides and, as diedissSection 3,
are precedenteldl167.180.181.194.19\10st recently published by the Willis group,
desulfinative crossoupling reactios have beendemonstratedo couple a variety of
pyridine-sulfinateswith aryl or heteroarylhalides(Scheme #8).1511%420%wnhile the
focusof the workin the Willis groupwas the synthesis of variously substituted 2
phenylpyridine compounds, sevehateroaryl coupling partners werealexplored.
Additionally, a small number of 2Bipyridyl compounds were also exemplified
(compound€92and216-219).1%1

T o - L}RHR%

190, 190a 191a, 216a-219a 192, 216-; 219

| B ‘ X | AN F3C ‘ \ COMe F3C ‘ N
= N
N/ ‘ N N ‘ j N/ ‘N\ OMe N/ ‘ N N/ N\ oM
N~ N = N _~ ‘ =

192 216 217 218 219
76% 7% 71% 69% 69%

Scheme 4: 2,2-Bipyridyl compoundsand analoguegreviouslyexemplifiedusing the desulfirtave
crosscoupling methodology, Willigt al.*! Reagents an@onditions i) Pyridine sodium sifinate
(2.0 equiv.), (hetero)aryl halide (1.0 equiv.), Pd(OA&)mol%), PCy (10 mol%), kCOs
(1.5 equiv.), 1,4ioxane, 150C, 3.0-18.0 h.

One of the key problems with this method was the usevofequivalents of the
pyridine sodium sulfinatevhich wasundesirable iralarge scalesynthesior an API
campaignwithin GSK. Pleasingly, itwas shavn in our laboratoriegdescribed in
Section3.9.3 thatthe required amount of theyridine sulfinatecould be reducetb

1.1-1.3 equivalentswithout effecting the conversion or isolated yield
4.2 Aims of Chapter IlI
The aimsin this Chaptemwere to:

1 Investigatehow the solvent and temperaturdluence the yield of the cross
coupling reaction
1 Explore he scope of the desulfinative crassupling with particular emphasis

on the synthesis of 2@pyridyl compound.
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1 Demonstrate that this gscoupling reaction could be used in an array format
to synthesise biologically relevant compounds related tonth®R kinase
inhibitors discussed in this Thesis

1 Develop and validate ahigh-throughput screening platform for the

desulfinative crossoupling reaction.
4.3 Sodium pyridine sulfinate synthesis

To explore the scope of the desulfinative crosapling reation, a smplified version

of compound199 (precursor to mMTOR kinase inhibitdi53) was selected as a
biologically relevansubstrateZ23). Pyridine sulfinat€23had a morpholine in th&
positionand was choseas morpholine was more readily availabtarn the §-3-
ethylmorpholine moiety used previously. Additionally, compounds made to
demonstrate the scope of the desulfinative ecosgling reaction would not be
submitted for biological testing, therefore the use of the less selective (over the PI3Ks,
Table 1, Section 1.5 morpholine hingegroup was not an issuekurthermore, a

methylene linker in thebosebinding regiorwas chosen to simiy the synthesis.

Sulfinate 223 was synthesisedstarting from the commercially availabl@,6-
dibromoisonicotiic acid (174), a reduction using borardmethyl sulfide complex
gave(2,6-dibromopyridin4d-yl)methanol220) in quantitativeyield (Scheme Z). The
sulfonegroupwas installed in a onpot mesylatiorSy2 reaction tdorm the carbon
linked sulfonecompoundL75 Themorpholinehinge was easily installed 95%yield
employing our standard DMSQand DIPEA conditions.Using morpholine as the
nucleophile facilitated this N8\r reaction, compared tthe reactionwith 3-(S-
ethylmorpholingas described previousl8ection 3.4). The reduced steric hinderance
around the morpholine nitrogen was proposed to leais increasedeactivity and
improved conversion to desired prodB2l. Finally, the sulfinate was installed in two
steps SMOPS (sodium Emethyl 3sulfinopropanoate was used tdorm sulfone
compound222, followed by basegromoted EB elimination to give the desired
sodium pyridine sulfinaté223) in quantitative yieldPleasingly, using bromopyridine
221, the number of equivalents of SMGPcould be reduat from 30 to
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1.3 equivalentsOverall thisgave a facile route to obtain gragqoantities of pyridine

sodium sulfinat23

X i ii iii
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o
Br Br Br [ j
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Scheme Z: The synthesis of pyridingodium sulfinat@23 Reagents an@onditions i) BH;.DMS
(2 M in THF, 1.5 equiv), THF, 021 °C, 2Q0 h, quant. ii) Triethylamine {.1 equiv), MsClI
(1.1 equir.), DMF, 0-5 °C, 10 h, thensodium methanesulfinat@.Q equiv), potassium iodide
(0.3 equiv), 60°C, 2.5h, 63%. iii) Morpholine (.0 equiv), DIPEA (2.0 equiv), DMSO, 100 °G
14.5h, 95%. iv) Cu(l)I (1.3 equiv.), SMOPSX.3equiv.), 11¢°C, 2.5 h,79%. v) NaOMe (0.5 M in
MeOH, 11 equiv, portionwise), THF, 21°C, 6.0 h, quantSynthesis by H. Davies.

4.4 Optimisation of the desulfinative crosscoupling reaction
4 4.1 Solvent and temperature screens

Earlier screening obase and ligand undertakerby Willis and ceworkersrevealed
that potassium or caesium carbonate amitygclohexylphosphinégand(PCys) were
the optimal base/ligand combinati at 150 °C.1°1:1941%Thjs was expanded on in
subsequentvork to show that ali-tert-butyl(methy)phospline ligand (used as its
tetrafluordoric acidsalt, P(Bu):Me.HBF:) also gave good conversion and enabled
the use of a lower temperature (P21 194191 4-Dioxane was found to be the optimal
solvent in reactions with either of the ligartds941%

Here mtassium carbonatand tricyclohexylphosphinevere selecteds the starting
base/ligand combinatiot? It had been demonstrated in our laboratories that
alternative solvents coulde used primarily, that DMF could replace ldioxane
without affecting the yield of the reactioldditionally, in some cases, this solvent
was also found to enable the use of a lower temperature®CL8Gtead of 150C),
while keeping the other pareeters base,ligand andcatalysj the same. To further

investigate this, a more detailed solvent and temperature screen was carried out. This
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screen was conducted using pyridine sulfirz@and2-bromopyriding(224) ina 1:1

ratio (Scheme 8).
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Scheme &: The reaction used in the solvent and temperature sdReagents an@onditions i) 223
(1.0 equiv.),224(1.0 equiv.), K2COs (1.5 equiv.)Pd(OAc) (10 mol%), PCy; (20 mol%), solvent,

temperatureReactions by H. Daes.

Five solvents were selected: dibxane,N,N-dimethylformamide (DMF)tert-amyl
alcohol TAA), cyclopentyl methylether (CPME) and propionitrile (EtCNTAA,
DMF and propionitrile were explored by the Willis grétfand CPME was selected
as it ha been reported to be a greener alternative tedib¥ane?'® All of these
solvents have a boilingoint of close t0100°C and the reactions were carried out in a
sealed vialThree temperatures were usétio, 130 and 150C andLCMS conversion

to the desired produett 2, 4, 6 and 20 houvgasrecordedThe LCMS taken at 2, 4,

6 and 20 hours suggedtthat the reaction progreskglowly, with remaining pyridine
sulfinate starting materiastill observedafter 20 hours in some casds. was
subsequentlproposedhat sampling the reaction mixture may cause the reaction to
stall, explaining why unreadalestarting material was presertomocoupling of the
sulfinateto give byproduct226 (Scheme 48was obsrved to various extents in all
reactions. Previous eviden€Bable 23, Section 3.9.Bsuggested that homocoupling
could be avoided by dnough degassig of the reaction solvent. Therefore, in all
reactions, the solvent was degassed by sparging wittpeit for a total of 2 hours
before useAdditionally, the reaction mixtures weegassed by purging the vial

under vacuum and filling with nitrogen (3} Before addition of the solvent.

The optimal solvent and temperature combinatias thiat whichgave the lowest
conversion tdhomocoupledby-product(226) and the highest conversion to the desired
product (2259. The results of the screatisplayed grapically (Figure 46A-C)

suggested:
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1 Poor conversiorto product225a (< 20%) was observedn all solvents at
110 °C
1 Improved conversion at both 130 and 150N&observed for reactions in all
solvents, except those in DMF where no improsexversiorto product225a
was observed at higher temperatures
At 130 °C 1,4dioxane gae the highest conversion to desired pro@28a.
At 150 °C TAA gave the highesibservedtonversion to desired produeind
the highest observed conversion to prod25a of all reactions at 20 hours
1 Propionitrile and DMF gaview conversiorto 225aat 130 and 150 °Glespite
the observation that DMF was the only solvent in which the reactants were

fully in solutionat room temperature

Additionally, the LCMS conversion to compodn226 resulting from the
homocoupling of the pyridine sulfinateas recorded. Displayed graphicalBidure
47A-C) this suggested:

1 The reactions innepionitrile generally producetbw levels of homocoupled
by-product226at all temperatures

1 Comparableonveasion to homocoupledy-product226was seen in CPME at
all temperatures

1 The reactions iDMF and 1,4dioxanegenerally gave high conversion to the
homocoupled byroduct226at all temperatures

1 TAA gave morehomocoupled byroductat 110 than at X5 °C, with the
amount ohomocoupled byproduct226appearing to decrease over time when
the reactionsverecarried out at 130 °C this wassuggestedo be an artefact
in the LCMS.

Overall, TAA at 150°C and 1,4dioxane at 130C gave the highest convesai to
desired product, 43% and 54%espectivelyafter 20 hours. Leastomocoupled by
productwas seen in TAA at 150C (< 10%), therefore this solvetémperature

combination was suggested to be optimal.
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Figure 46A-C: The LCMS conversion to proadt 225a(%) (Scheme 48observed in the solvent
temperature screed6A: 110°C, 46B: 130°C and46C: 150°C.
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Figure 47A-C: The LCMS conversion thomocoupled byroduct226 (%) (Scheme 48 observed in
the solventemperature screed7A: 110°C, 47B: 130°C and47C: 150°C.
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Three experiments were repeated to verifyrésellts otthe initial screenthose in 1,4
dioxane at 130 and 150 and TAA at 150°C (Table 24, Entries 1, 2 and 4).
Additionally, to investigatethe effect of oxygenon the conersion tohomocoupéd
by-product226, two experiments were carried out in which the reaction mixture was
degassed byjreezing under nitrogen and thawing under vacuum before heating at
150 °C Entries 3 and5). For comparison, theonversion ta225aor 226 obtained
after 20 hours in the original scre¢ngures 46A-C and47A-C) was included (alues

in parenthesem Table 24).

The repeated reaction in4-dioxane at 130C (Entry 1), demonstrated comparable
conversionto both 225a and 226 to that observedin the previous screenin this
repeated reaction and in the screBigire 47B) the amount ofhomocoupled by
productappeared to decrease between 4 and 20 hpuwposed to be due to the
formation of anunidentified by-product The repeated reaction ih4-dioxane at
150 °C (Entry 2) gave acomparableconversion toproduct225a and increased
conversion to the homocouplég-product compared to that observed in the screen
(Figures 46C and47C). The reactiorusing TAA as a solentat 150°C (Entry 4)
gavecomparable conversion to the desired pro@@&ato that observed in the screen
(Figure 47C), and ncreased conversion to ti®mocoupled byroduct226 was
observed(Figure 47C). In both 1,4-dioxaneand TAA freezethawing the reaction
mixture before hating (Entries 3 and5) gave acomparable @nversion tahe desired
product225ato that observed previously where the reaction mixturedegassed by
purging the vial under vacuum and filling with nitrogen (XBitries 2 and4).

These results suggedtéhat the conversion to the desired prodi%aobserved in

the screen was reproducible. However, the results did not prove or disprethewh
excludingoxygenfrom the reactiormixture by freeze/thawing resulted in reduced
formation of the homocoupldal-product226. Overall, TAA was suggested to be the
optimal solvent, giving good conversion to desired product and reduced homocoupled
by-product226after 20 hours at 15TC.
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Entry Solvent Temperature Time (h) 225a (%) 226 (%)
°C)
1 1,4dioxane 130 2 15 30
4 41 35
20 51(43) 3*(9)
2 1,4-dioxane 150 2 32 22
4 32 41
20 31(41) 41 (9)
3 1,4-dioxane 150 1 40 39
fresézgr;aw 5 20 o8
20 44 29
4 TAA 150 2 44 25
4 46 25
20 55 (54) 17 (1)
5 TAA, 150 1 30 27
fregzzgrslaw 5 42 21
20 47 21

Table 24: Confirming the results of the solvet@mperature screen by repeating three of the reactions.
LCMS conversion (%) reportefhe apparent decrease in homocougigegroduct226 between
4 and 20 hoursvas suggested to be due to inefficient reaction samplirthe increased formation of
an unidentified byproduct.Values inparentheserefer to the conversion @25aor 226 obtained after
20 hours in the original screeRigures 48 and49). Reagents an@onditions i) 223(1.0 equiv.),224
(2.0 equiv.), KoCOs (1.5 equiv.), Pd(OAg)(10 mol%), PCy (20 mol%), solvent, temperature.
Reactions by H. Davies.

4.4.2 Investigating the effects of varying thestoichiometry of the pyridyl sulfinate

It had been previously demonstraiacour laboratorieshat thestoichiometryof the
sulfinate could be reduced from 1.9 to 1.1 withefiécting the coversion to the
desired productSection3.9.3, Table 23. To confirm these results, screenwas
carried out, again using-t2omopyridine 224) and varying thestoichiometryof
sulfinate223 These resultsTable 25 suggesthat higherquivalentof the sulfinate

223 gave increased conversion to prodet 30% conversion with 1.6 and9l
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equivakents and 14% conversion with 1.3 equivalgnifis was contradictory to the

results found previouslyTable 23.

The conversion to produ25aobserved irEntry 4, using 10 equivalent o23and

only samping at 19 hours, was much higher than the casi@n seerin the more
frequently monitored reactioms which large amounts of starting material remained,
even after 20 houl&ntries 1-3). The reaction mixtures were sampled without cooling
by venting the sealed tube and removing a smadbuntof the mixture. It was
suggested thatenting thereactiongesulted in the loss of the inert atmosphere created
by purging and filling with nitroge. To verify this reactions with differing equivalents

of sulfinate223were repeatednly monitoring at 20 hours

To repeat thesexperiments a new batch of the pyridine sulfinat223 was used
Unfortunately, this second batebas not of as high purity as the fitsatch used in
Entries 1-4 and the previous experimenksowever, it was satisfying to note that even
with this caveat, the repeated reactioBst(ies 5-8), stirred at 150C for 20 hours
without monitoring gavegreaty improved conversion to bipyridyl produ@25a
Entries 5-8 suggested that comparable conversion to pra2Risawas achieved in all
readions, regardless of the number of equivalents of pyridine sulfdZ8temployed.
Pleasingly in all reactions, ongysmall amount of homocoupl®éy-product226 was
observed.Overall it was decided that to use pyridine sulfinda®8 in the most

economicalvay, 1.0 equivalent would be used to explore the reaction scope
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Entry eéﬁi?\)/. TEL“)e 225a (%) 226 (%) 224 (%) 223 (%)
1 1.9 2 8 4 18 65
4 10 4 16 63
20 33 8 9 44
2 1.6 2 13 3 49 17
4 36 3 18 35
20 32 3 10 50
3 13 1 12 4 21 55
2 10 5 16 63
20 14 7 16 56
4 1.0 19 87 3 ) 0
5 1.7 20 68 4 7
6 15 20 78 5 0
7 1.2 20 65 4 14 0
8 11 20 60 7 8 8

Table 25: An equivalents screeo investigag the number of equivalents pyridine sulfinage 223
LCMS conversion (%) reporte®eagents an@onditions i) 223(1.9-1.0equiv.),224 (1.0 equiv.),
K2COs (1.5 equiv.), Pd(OAg)(10 mol%), PCy (20 mol%),TAA, 150°C. Reactions by H. Davies.

4.5 The scope of the desulfinative crossoupling

Next, the scope of the reaction was examirtiHeteroaryl halides were selectel

coupling partnersrepresenting a variety of-5and 6membered heteroaromatic
compounds2-, 3- and 4pyridines, pyrimidines§,5 and 6,6bicyclic heteroaromatic

compoundsand para-substitutel 2- and 3pyridines with both electron donating and
electron withdrawingubstituent§Scheme49). To explore the scope efficiently, the
syntheses were carried cagan array.lsolated yelds from array chemistry are not
always representiae of the true yield that could be obtained fratnespoke synthesis
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For this reason, both the isolated yield and LCMS conversion were reportetd here.
However, carrying out several reactions in patailé an efficient way to explore
chemical spacand array chemistryis frequently usedvithin medicinal chemistry
teamsn industry?!! It wasthereforepleasinghat the desulfinative crosoupling was

found to be amenable to parallel synthesis

A wide variety of compoundseresynthesisedin moderate to very good conversion
(Scheme49). It was satisfying thabw conversion to homocoupled {pyoduct226
was obtainedn all reactions.Where poor conversion tothe desired product was

observedunreacted starting materials wevéien presenin the reaction mixture

A range of émembeed heteroaryl halidesvas coupled to give bipyridyland
pyridinyl-pyrimidine compounds 225a-j. Bromo and chlorepyridines gave
comparableonversions and yield225a and225b) and 2,2, 2,3 and 2,4bipyridyl
compoundswere synthesised(225ac). One pyrimidine substrate was tolerated
(5-bromopyridine) giving modestconversion but a poor isolated yietd product
225e. The other pyrimidine isomer {@romopyrimidine) gave no conversion to the
desired product25d). Electron withdrawing and electron doimat substituents were
tolerated 225f-i), giving fair to very good conversion, but again poor isolated yields
were obained In addition 2-bromao5-chloropyridine was also tolerated giving
compound225j, which provided a site for further functionalisatidoy, for example,

Suzuki crosscoupling or Buchwald reactions.

Of the 5memberednonocyclicheteroarylhalides investigatednly three gave any
conversion to the desired product, and only two were isolated, botlativel/ low

yield (225t and225v). Little or no conversion to the desired product was seen when
heteroaryl halides with heteroatoms either side of the halide werg2&&dl 225n,
225sand225u). Notably, no compounds like these with thheteroatoms around the
newly formed bond were syrdhised in the previous papers describing this

desulfinative reactiofr194.209

b Low isolated yields compared to the LCMS conversions were proposed to be as a result of a
combination of factors including loss of material incurred during fesnbetween vessels, the
stardardisedvork-up procedure (filtration through aigsilica column)ndthe use of automated reverse
phase purification.
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While the 6-memberedmonocyclic heteroaryl halides were generally tolerated,
bicyclic heteroaryl halideproved more challenging twouple Quinolinecontaining
compound225k was formed irmodestconversion, buisolated inpoor yield Three
other bicyclic compounds were formed in fair conversi®®5( 225m and 225q);
however none of the desired compounds were successfully isol@echpounds
structurally similar to225l1 and 225m had been synthesised in discrete reactions
previously in our laboratoriesFor example, compound79 was isolated in &
improvedyield under similar reaction conditiogSection 3.9.3)This suggested that
the potential scope dhis reaction was bettexxemplified by the conversion than the

isolated yield.
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Schemed9: Demonstrating the scope of the desulfinative coosgpling reactionpsinga
functionalised pyridine sulfinate starting mategat carried out as an arrdgolated yield from
reverse phse purification shown, with LCMS conversionparenthesedal = Br unless specified.
Reagents an@onditions i) 223 (1.0 equiv.), heteroaryl halide (@ equiv.),K2COs (1.5 equiv.),
PdOAC)2 (10 mol%), PCy; (20 mol%), TAA, 150 °C, 2@ h. Synthesis byH. Davies.

The array demonstrated the scope of the desulfinative-coogsing reactionwith
several compounds synthesisadnodestto good conversiorlnfortunately a good

conversion did ndead toa good isolated yield. To mitigate some of the fecto the
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array suggested to lead to the low isolated yieddveral reactions were repeated
individually, with the aim of confirminghat a good conversion could giam

acceptablésolated yield.

First, the reaction to forid25ausing 2bromopyridine224 was repeate(Scheme ).
Pleasingly, a conversion of 87%as observeafter 19 hours. The reaction mixture
was then filtered through ai£silica column (to remove the palladiumgiving a
residuesuggested by LCM® be99%pure compoun@25a This material was loaded
directly onto a silicagel column and purified by normal phase flash chromatograph
giving 225ain a 47% isolated yield. While this was an improvement comparézeto
33% obtained in the array, it did not demonstrate thatethetion mxture conversion
could translate into an ikded yield.lt was suggested that the low isolated yield may

be due to the low solubility of the compound, hindering the purification.

To obtain a yield for the reaction, regardless of any purification isguesiitative
NMR was used, employindl,3,5trimethoxybenzene as an internal standard
(Appendix C, Section 7.8 A third reactionto form 225a was carried out. This
reaction used the second batch of pyridine sulfi@@®(75% w/w purity), and this
wasaccaunted forin the stoichiometry of the reaction. After 21 hqarsonversion of
75% was observed by LCMS. This reaction mixture was filtered and subjected to an
agqueousvork-upto give material suggested by LCMS to contain 93% desired product.
Quantitative NMR was carried out toascertain the purity more accurately. This
suggested that the material wd8«/pure, and enabled a yield, adjusted for the purity,
of 71% to be obtainedVhile usingquantitative NMRwas not as good as obtaining a
isolated yield, i was thaught to be appropriate to confirm the conversion seen in the

reactionmixture andgive an approximate yield for the reactions

¢ Low isolated yields compared to the LCMS conversions were proposed to be as a result of a
combination of factors including loss of tedal incurred during transfer between vessels, the
standardisedork-up procedure (filtration through a;gsilica columr) andthe use of automated reverse
phase purification.
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Scheme B: Repeating theeaction with 2bromopyridine 244) to compare the yieldand conversions
from three different methodisolated yield shown, with LCMS conversionparenthesegYield
calculated using the purity obtained from quantitative NRRRagents an@onditions i) 223
(1.0 equiv.), heteroaryl halide (@ equiv.),K2COs (1.5 equiv.), PEOAC) (10 mol%), PCys
(20 mol%), TAA, 150 °C, 2-22.0 h. Synthesis by H. Davies.

A selection of reactions was repeat@de calculated yields were representative of the
conversion in the reaction mixtu(@able 26). Additionally, conparable conversion
was observedn the reaction mixtures in both the array and the repeated reactions.
Where reduced conversion ttee desired product wasbservedthe reaction profiles
typically contained severahidentifiedimpurities. In all reactiomixtures, conversion

to homocoupled byproduct 226) wasless tharlL0%.

Substitutedbromopyridines ga& product225g 225h and 225i in good conversion
andcomparablegield (Entries 1-3, Table 26). In these reactions, very little or none of
the starting materials were observed in the reaction mixtuEemploying
2-bromoquinoline product225k was obtainedn modestconversion and comparable
yield, an improement onthe 6% isolatedield in the arrayexperiment Entry 4).
Again, the 5,ébicyclic heteroarylhalidesgave reduced conversion and lower yields
of product225|, 225mand225q(Entries 5-7). In the eadions to form productg25l
and225m(Entries 5and6), unreacted startingaterials were observefter 21 hours

of reaction further heating gave mincreasedconversion to the desired product and
unreacted starting materials remaingldese results differ significantly from previous
reactions using these heteroaoybmides (6r example, similar experiments carried
out inSection 3.9 and 3.10). Thigs proposed to be due to the change in solvent from
1,4-dioxane (used iections 3.9 and 3.1@) TAA. Again, poor conversion and yield
of product225qwas seen, alongside several unidentifiegplyducts Any remaining
unreacted sulfinate starting mast 223 in the mixtures after filtration walsrgely

removed in the aqueousork-up. Therefore thémpurities in the isolated material were
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homocoupled ¥-product @26), unreacted heteroaryl halide or unidentified- by

products.
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B Array experiments Repeated experiments

‘? % Conversion  Yield Conversion LEMS NMR Yield
0o (%) (%) (%) Py Puity (%6)° (%0)°
1 225a 72 75 93 71 71
2  225h 86 81 89 76 7
3 225i 75 82 93 72 68
4 225k 58 52 85 55 43
5¢ 225l 46 40 33
6° 225m 46 28
7 225q 75 20

Table 26: Comparing the conversion and yield from the array experiments with the conversion and
yield (corrected for pity) from individual repeated reactior®.CMS purity afterfiltration andwork-
up. "Quantitative NMR using 1,3;Bimethoxybenzene as an interséndard°Reactionmixture
heated for 5. Hal = Br unless specifiedReagents an@onditions i) 223 (75-95% purity,
1.0 equiv.), heteroaryl halide (@equiv.),K2CGO; (1.5 equiv.), PEDAC)2 (10 mol%), PCys (20 mol%),
TAA, 150 °C, 2.0 h. Synthesis by H. Davies.

2-bromopyrimidine gave poor conversion to prod2@%d In the array experimed
couple 2bromayrimidine andsulfinate 223 unreactedsulfinate was the major
component of the reaction mixturEmploying a P('Bu).Me.HBF: ligand in TAA
(Entry 1, Table 27), some conversion tthe desiredproductwas observed and

repeating the reaction ih4-dioxane(Entry 2) did not improve the conversiohlo
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remaining starting materials wesbserved, onlyhe homocoupled bgroduct226and

anunidentifiedimpurity.

Reaction with2-chloro-7H-purineto form compoun@25nin TAA (Entry 3) gave no
conversion to the desd product and botbnreacted sulfinate starting material and
heteroaryl halide were observétbwever, n 1,4-dioxane Entry 4) some conversion
to desired produ@25nwas seen in the reaction mixty@ conversion by LCMS)
in addition to increasedbnversion to homocoupled fyroduct226. After thework-
up, 226was the major identifiable component of the mixture. Reacwathss-chloro-
3H-imidazo[4,5c]pyridine and5-chloro-1H-imidazo[4,5b]pyridine in TAA gave no
conversionto products2250and225p, respectivelyandlarge amounts of unreacted
starting materialsemainedEntries 5 and7). Using 1,4dioxane, some conversion to
the desired products was obtair(€tries 6 and8). However, increasecdonversion
to homocoupled byproduct226 was also sen. While the yieldsof 2250 and 225p
werepoor, these experiments suggested tttanging the ligand magive increased

conversion to product in some of the more challenging reactions.

With both bromoimidazoles ar@ibromothiazolenone of the desired pdacts225r,
225sand 225u were isolated from the array experime(Entries 9-11). However,
both2-bromo1H-imidazoleand2-bromothiazoleggave someanversiorto thedesired
productg225sand225u) when the reactions were repeated usingP(tga).Me.HBF,
ligandin TAA andproduct225uwasisolated with a quantitative NMR vyield of 20%
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= Array experiments Repeated experiments

*E '(':;S Conversion Yield Conversion LCMS NMR Yield
g (%) (%) (%) Py Puiy (9)° (%"
1¢ 225d 0 -

2d 224 12 -

3 225n - -

4d 225n - -

5° 2250 - -

6¢ 2250 34 20

7¢ 225p - -

8¢ 225p 37 28

o° 225r - -

166 225s 40 6

11¢  225u 66 42

Table 27: Comparing the conversion and yield from the array experiments with the conversion and
yield (corrected for purityjrom individual repeated reactiofs CMS purity afterfiltration andwork-
up. "Quantitative NMR using 1,3;6imethoxybenzene as an interstéandardHal = Br unless
specified.Reagents an@onditions i) 223(75-95% purity,1.0 equiv.), heteroaryl halide
(1.0 equiv.),K2CQO;5 (1.5 equiv.), POAC), (10 mol%), P(‘Bu):Me.HBF, (20 mol%), TAAor
1,4-dioxang 150 °C, 2.0-23.0 h. °Reaction carried out witR(‘Bu),Me.HBF; and TAA.“Reaction
carried out withP(‘Bu),Me.HBF; and 1,4dioxane Synthesis by H. Davies.

Unprotected, nitrogernich heteroasmaticsare known to be challengincoupling
partners in standard palladiumcatalysed crossoupling reaction$*? Indeed,

Buchwald and cavorkers investigated the reasons for the lack of reactivity of
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substrates such as imidazoles, pyrazoles and azaindoles in Suzuki ré&cilibey.
found that the more acidithe heterocycle, the slower the rate of reactiémhe
authors proposed that the heterogcles exist largely in their deprotonated forms
under the basic Suzuki reaction conditions, the formatiomN-azolyl palladium

complexes may lead to theduced reactivity of more acidic substretts.

A similar reactivity trend was observed here. Similérlyas suggested that under the
basic desulfinative crossoupling reaction conditions, the acidieterocycles used

here may also béeprotonated nhidazoles, pyrazoles, azaindotslpurines all have

an acidic NH group.Plotting the calculated pKof the heteroaryl halidagainst the
conversion observed in the array experimdgtonstratec trend:the more acidic
heterocycles gaveoWwer conversion to desired produétigure 48). This was not
proposed to be the only reason behind the poor reactivity of these compounds as it did
not explain the low reactivity of-Bromothiazoleand 2bromopyrimidine

Array Conversion (%) vs. Calculated pKa
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Figure 48: Demonstrating the correlation between calculateggfthe heteroaryl halide and
conversion (%) observed in the array experim€otoured according to aryl halide, grey = all other

aryl halides.

To probethe effect of the acidic ¥, further experiments wemnducted Table 28).
First, methylated versions of both imidazoles were investigatezselreactions were
carried out usig the original conditions dhetricyclohexylphosphine ligand in TAA
The conversion achieved using thethylated imidazoles {2and4-bromo 1-methyt
1H-imidazole Entries 2 and 4, to synthesise compound225w and 225X was
compared to that achieved with&hd4-bromo1H-imidazolein the array experiment

(Entries 1 and 3). Thissuggested that removirige free N-H did achieve increased
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conversion However, the quantitative NMR yield was again poor. With I#tand

4-bromo-1-methyt1H-imidazole sulfinate starting materiaR23 was the major
product observed by LCMS in the reaction migtand after filtraion. This was again
removed in the aqueowsork-up and homocoupled bgroduct266 was the major

impurity observedgubsequently.
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Array experiments Repeated experiments

3]
> =} . . . .
= 3 Conversion Yield Conversion Lgr'\i/lts NMR Yield
wo g (%) (%) (%) p(% )Z purity (%) ®  (%)®

69

Table 28: Comparing the conversion and yield from the array experiments with the conwamdion
yield (corrected for purityjrom individual repeated reactignssing modified imidazole substrates,
withoutany freeNH groups3.CMS purity afterfiltration andwork-up. PQuantitative NMR using
1,3,5trimethoxybenzene as an internal standbii@.=Br unless specifiedReagents an@onditions
i) 223(75-95% purity,1.0 equiv.), heteroaryl halide (@ equiv.),K2CO; (1.5 equiv.), PEOAC).
(10 mol%), ligand (20 mol%), TAA, 150 °C, B.0-23.0 h. °As abovewith P(:Bu),Me.HBF,. %As above
with PCys. Synthesis by H. Davies.

4.6 Further investigation of the reaction

One of the reasons for the failure of palladioatalysed reactions involvingtrogen
rich heterocycles is the ability of these substrates to form complexes with
palladium®*”1¥|ndeed substitutedmidazoles benzimidazolesnd thiazolegan be
used as ligands ipalladiumcatalysedreactions’'*21® Additionally, 2,2-bipyridyl

compourls are known ligands for palladium, forming strong metal chetata@sis
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was proposed to be one possible reason for the reduced conversion to desired product

observed in reactions with similar heteroaryl halides.

To investigate whether the heteroaryl halides were forming complexes with the
palladium catalyst and preventing tbsscoupling reactions using stoichiometric
palladium were conducted withreeof the least reactive substrategyrimidine227,
purine228 andimidazole229 (Table 29). The same experiment was also conducted
with 2-bromopyridine224as a control. Rthermore an experiment was conducted in
which 4-bromo1H-imidazole 229, anunreactive substratevas added to a reaction
that wasknown to proceed We If 4-bromo1H-imidazole229 was forming a non
catalytic complexvith the palladium, addition dhisimidazoleto the reaction to form
2253 should reduce theatalytic activityand therefore give reduced conversion to the
desired productThe reaction of 2bromopyridine with sulfinat23 under standard
conditions (RI(OAc)2 (10 mol%), PCy (20 mol%))was included for comparison
(Entry 6).

Notably, in the control experiment witB-bromopyridine, using stoichiometr
palladium appeared to give a decreased conveisRizbacompared to using catalytic
palladium Entry 1 stoichiometric palladiumcompared toEntry 6 catalytic
palladium). No conversion to compound25d 225n and 225r was observedby
LCMS in the array reactiondJsing stoichiometric palladiurgavesomeconversion
to both225dand225r (Entries 2 and4). Unfortunately again no conversion £25n
was observedHntry 3). In all reactions withstoichiometric palladium, higher

conversion to homocoupled {pyoduct226than desired product was observed.

Interestingly,adding0.2 equivalents of romo1H-imidazde (229), led toreduced
conversion to desiregroduct 225a and 2-bromopyridine 224) was the major
component of the reaction mixtu(Entry 5 with the additive compared tBntry 6
without additivg. This suggestedhat aldition of the4-bromo1H-imidazole (229
suppressedhe formation of product. It wagroposedthat this could be due to the
imidazole forming a nowatalytic species with the palladium, reducing the amount of

activecatalystavailable to complete the desired reaction.
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0
Entry Product Conversion (%) homocoupled 226 (%) (%)2
1 225a 26
2 225d 30
3 225n 34 R
4 225r 26 -
5° 225a 4 40
6° 225a 75 9 93

Table 29: Examining the effect of using stoichiometric palladion the outcome of the cress
coupling reaction with two of the most challengsubstrates andsing 2bromopyridine
(Entries 1-4). Entry 5investigated the effect on the conversion on the addifi@2oequivalents of
bromoimidazole229. Entry 6 was ircluded for comparigo 3.CMS purity afterfiltration and
work-up. Hal = Br unless specifiedReagents and Condition§ 223 (75% purity,1.0 equiv.),
heteroaryl halid¢224, 227-229, 1.0 equiv.),K2COs (1.5 equiv.), POAC). (1.0 equiv), PCys
(1.0 equv.), TAA, 150 C, 2.0 h."As above witfPd(OAc), (10 mol%, PCy; (20 mol%) and
addition of4-bromo-1H-imidazole(229, 0.2 equiv.)°As above withPd OAc)2 (10 mol%), PCys

(20 mol%) 21.0 h. Reactions by H. Davies.

4.7 Application of a high-throughput screening platform to optimise the

desulfinative cross coupling reaction

It becameapparenthat theinitial conditionsused in this ChaptdK>COz, PqOAC)2
andPCys) were notsuitablefor use with every heteroaryl halide substrate of interest.
To efficienty investigate different catalysts, bases and solventsighthroughput
screen (HTS) wasarried out No HTS plate for screening the desulfinative cross
coupling existed, sa plate was developed. This platassubsequently used fond
desulfinative ansscoupling conditions fosome of the more challenging heteroaryl

halide substrates
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A desulfinative crossouplingplate was designetSix palladiumpre-catalysts were
chosen as they had shown promising results in the original screens done by the Willi
group®11®Five G3palladiumcatalyst{ DTBPF, DPPF, DPPE, IBu).Me and PCy)

and one G4R(Bu)s chosen because the G4 version is more stal#ed usedTwo
baseqK2COs and CsCOs) andtwo solvents(TAA and 1,4dioxane)werealso used,
giving a 24-well plate forma{Figure 49).

1)
C?}P( Bu), C?}Pphz Q \4/ O -
Fe Fe

\ P Pd=—L
@—P(‘Bu)z @Pth thP/—\Pth >(PT< O/ \O >(PT< O oMe

Pd G3 (R=H)
Pd G4 (R = Me)

DTBPF DPPF DPPE P(‘Bu),Me PCy; P(‘Bu);

00000 K2CO; TAA

000 CCOs TAA
.. . K2CGs 1,4-Dioxane
.. . CsCOs 1,4-Dioxane

Figure 49: Demonstrating thelate formatused in the HTS.i$ palladiumpre-catalystsvereusedin

in columns 16 (all were G3 (R = H) except(iBu)s whichwas G4 (R = Me)the same preatalyst
wasused in each of rows-B in each colump TAA wasused in rows A and B and 1¢doxane in

rows C and D. KCOs; was used in rows A and C and>C8xsin rows B and D.

To validate the plate design, antiai screen using the standard reaction of pyridine
sulfinate223and 2bromoyridine224, in a 1:1 ratio was carried out. For this screen, a
third batch of the sulfiate was used, which w®0% purity The reaction mixtures
were prepared in a glove box anplate format and the plate sealed under the inert
atmosphere before heating at 18D for 21 hours, after which the conversion to
product225aby LCMS was recordednd the results analysed to give a conversion
heat map (based on the absorbance of théugtgpeak in the LCMS)The yellow
areas demonstrated the reactions with the highest conversion (the maximum). The blue
areas demonstrated the reactions with thegtwonversion (the minimum). The green
areas were the average conversion (the maximumecsion observed minus the
lowest conversion)in all reactions, some conversion to prod22bawas observed
(Figure 50). Four reactions showed the highest conversieactionsA6 (TAA,
P(Bu); Pd G4, KkCOs), B2 (TAA, DPPF Pd G3, GEQOs), C2 (1,4dioxane,

4In collaboration with D. Battersby, DAPC, GSK.
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DPPF Pd G3, KCOs) and D4 (1,4dioxane, PBu)Me Pd G3, C£0s). The spread
of results highlightd the subtle solvent, base and catalyst dependence of this

desulfinative crossoupling reaction.
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@*P('BU)Z @Pth prF PPh, >( j< O/ \O >( j<
DTBPF DPPF DPPE P(‘Bu),Me PCy; P(‘Bu);
Pd Pre-Catalyst . :::rage
1 2 3 4 s £ @ Min

I=
TAA
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Base/Solvent

C2C0; K2CO3CCOs KoCO5
[a]
1.4-Dioxane

Lw)

Figure 50: Heat map demonstrating the relative LCMS conversion to pr@f%ztin the HTS screen.
Yellow areas = highest conversion, blue areas = lowest convelRgagents and Condition$ 223
(90% purity,1.0 equiv.),2-bromopyridne 224 (1.0 equiv.),base(1.5 equiv.) Pd precatalyst
(10 mol9%, solvent 150 T, 21.0 h. HTS by H. Davies.

After these initial successful results, the same plate format was used to screen
conditions for some of the more challémg heteroaryl halides2-bromopyrimidine

(227) and 2-bromo-1H-imidazole (230). Previously, these heteroaryl halides had
demonstrated poor conversion to produ22s&d and 225s(a maximum conversion

observed of 25%T{able 27) and 12% $cheme 5SDrespectively).

The HTS with 2bromopyrimidine227to form produc225d(Figure 51) gave one hit:
reactionC1 (1,4dioxane, DTBIF Pd G3, KCOs). Two reactions did not demonstrate
any conversion to produ2f5d: D3 (1,4dioxane, DPPE Pd G3, &303) and D6 (1,4
dioxane, PBus) Pd G4, CsCOg).
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Figure 51: Heat map demonstrating the relative LCMS conversion to pr@®kdtin the HTS
screenYellow areas = highest conversion, blue areas = lowest conveRsagentsind Conditions
i) 223(90% purity,1.0 equiv.),2-bromopyrimidine227 (1.0 equiv.),base(1.5 equiv.),Pd precatalyst

(10 mol9, solvent 150 C, 21.0h. HTS by H. Davies.

Pleasingly, the HTS wit-broma1H-imidazole230 to form product225s (Figure
52) gave five hits: reactions D35 (1,4-dioxane,CC0O3;, DTBPF, DPPF, DPPE,
P(Bu):Me and PCy, all Pd G3 precatalyst}. Two reactions did nalemonstrate any
conversion toproduct225s Al (TAA, P(Bus) Pd G4, KCQs) and C1 (DTBPF,
1,4-dioxane and KCQs).
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Figure 52: Heat map demonstrating the relative LCMS conversion to pr@f%stin the HTS screen.
Yellow areas = highest conversion, blue areas = lowest conveRgagentand Conditionsi) 223
(90% purity,1.0 equiv.),2-bromo-1H-imidazole230 (1.0 equiv.),base(1.5 equiv.)Pd precatalyst

(10 mol9%, solvent 150 T, 21.0 h. HTS by H. Davies.

In all of the HTS, the main byproducts observed were sugges relate tothe
palladium pre-catalyst or the oxidised ligdnand only low conversion tothe

homocoupled byroduct226wasobserved.

These results suggested that this plate format was suitable for performing desulfinative
crosscoupling HTS reactions. Good resultsere found for both the standard
2-bromopyridine substrat@?4), as well as more challenging heteroaryl halides that
hadpreviouslygiven very low conversion to the desired productbrg@mopyrimidine

(227) and 2bromo1H-imidazole 230).

4.8 Summary of Chapter IlI

This Chapter demonstrated the scope of the desulfinative-cvagéng reaction
Initial optimisation workconsidering temperatures and solvents suggekstdlrAA

could be used as a solveBubsequently, eange ofbiologically relevantheteroaryl
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halides were formed in acceptable conversion and isolated in moderate yields from an
aray experiment. Subsequent reactiorese carried out using quantitative NMR to
obtain a yield. Pleasingly, thealculatedNMR vyields were representative of the

conversion in the reaction mixture

Several of the heteroaryl halides chosen were more challenging to couple, giving no
or low conversion to the desired products. A series of experiments suggested that this
could be because the heteroaryl halides used beagood ligands fopalladium
Furthermore, it wasapparent that the standard conditions used.COz, PqOAC).

and PCy; 7 were not suitable for use with every heteroaryl halide substrate. To
efficiently investigate different catalysts, bases and salyemthigh-throughput
screening platéor the desulfinative crossoupling was designedhis plate was used

to find suitable conditions to couple two of the most challenging heteroaryl halides. It
was proposed that this HTS plate could be used in futyseriexents to identify

optimal coupliry conditions for further challenging reactions.
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Conclusions andFuture Work
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5. Conclusions and @ture work

IPF is a progressive and fatal lung diseat®racterised by excessive deposition of
collagen The twoapproved treatments (nintedanib and pirfenidone) slow disease
progression, with lung transplantsirrently providing theonly potential curefor
patients Both nintedanib and pirfenidone have undesirable side effectghere is
often a long wadito receve a lung transplaniherefore here is an unmet need for a
treatment that will halt the progression of the disease wmigdlly, reverse the
depositionof collagen andestore normal lung functiomhibition of mMTOR kinase

has been demonstratedéaue collagendepositionn vivo. An inhaled mTOR kinase
inhibitor was proposedsa suitable treatment for patients with IPF, as topical delivery

should reduce systemic side effecesulting ina superior treatment for patients.

This Thesis descrilsghediscovery and exploration of a novel series of mMTOR kinase
inhibitors the pyridyl sulfonecompounds. Several compounds were made with the
aim of achievinghe desiredffinity, efficacy and physicochemical propertiéskey

in vivo study demonstrated th@ompounds in this series did not meet the target
property profile. However, an alternatiseries of compounds wasnultaneously
identified the carbodinked pyridine sulfones. While compounds in this series met or
exceeded the target property profilee synthesis wasiorechallenging Three main
problematic steps wernelentified and investigatedA more facile synthesis of the
chloroazaindole moiety and a suitable protecting group strategy were established.
Some of e problems in theSyAr reaction letween §)-3-ethylmorpholine and a
chloropyridine weresolved Initially, a solvent swap from DMSO to sulfolarenabled

the reaction to be scalegp. Further work demonstrated thagmarkably a
bromopyridine andalternativebasecould be usedFinally, he difficult bipyridyl
crosscoypling reaction was enabledby employing a pyridine sulfinate as the

nucleophile in a palladiurnatalyseddesulfinative crossouplingreaction

The scope of this desulfinative crassuplingreactionwasinvestigatedgnabing the
synthesis o& variety ofbiologically relevanbipyridyl compoundsn an array format.
Further work tofacilitate the coupling of more challenging substrates led to the
developnent of a HTS plate to screen a variety of bases, catalysts soldens

simultaneouslylt is proposed that,u® to theprevalenceof bipyridyl compounds in
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pharmaceuticalghis desulfinative reaction will find furtheapplications in medicinal
chemistry. With this screening plate, chemists will be able to rapidly assesgty
of conditions to achieve improved conversiorthis represets a significant

improvement in the capabilities to screen this reaction in our laboratories.

Researchsongoing in our laboratories to complete dose range finding and extended
toxicity studies of a preeandidate compoundtructurally related to compad 153

with the aim of declaring it a candidate compoand progressing it intdinical trials

If these studies are successful, the candidate compound will need to be syntimesised
multi-gram scalein APl campaignsWhile the route developed in this Thesis is
suggested to bappropriatefor this, future work may be able to make further

improvementgSchemes1).

Both the KAr and crosscoupling reactionsteps requir@ high temperatureOne
option considered here for th@/A, but not exploregwas the use of flow chemistry.
Carrying out this reaction in flowould enable high temperatures to be used more
safely, as well as offering the advantagessociated witkkontinuous processing of
material.For the desulfinative crosupling the HTS pate format developed here
may also enable the use of lower temperatures by identityggptimalkatalyst, base

and solventombination

The method to form theulfinateintermediatecould also kb improved. The number of
equivalents of copper(l) iodideand SMOPS had been reduced frod ® 1.3.
However, a process employing catalytic copper(l) iodidéhis Ullmann coupling
would be preferableThiswas not investigatetlere butshould be consided in the
future Furthermore, the use of a ma#icient sulfur dioxide sourcghan SMOPS
should be investigated. It was proposed that retrying some of the sulfur dioxide

surrogategxploredhere with the bromopyridineould bea sensible place to start
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Scheme51: Demonstrating areas for flagrimprovements to the route.

While the scope of this Thesis was limited to the exploration of inhaled mTOR kinase
inhibitors for the treamentof IPF, the PI3KAkt-mTOR pathway(herereferred to as

the mTOR signalling pathway) is involved in numerous biological processes including
cell growth proliferation and survival. The understanding of the mTOR signalling
pathway has increased idly in the last few years leading to the suggestion that
there may be wideanging uses of small metule mTOR kinase inhibitors. For
example, mTOR inhibition has been demonstrated to extendpie and delathe

onset of ageelated diseases in mammafi®idditionally, mTOR kinase inhibitorare
currentlybeing investigate for the treatment of various cancers, oftenombination

with other chemotherapi€$.This demonstrates the potential of mTOR kinase

inhibitors to treat disssether than IPF

One of the main issuemncountered when usirgTOR kinase inhibitors in clinical
trials is dosdimiting toxicity.*® As discussed, the mTOR pathway has a critical
function in many human tissues, therefore-tissue selective inhibition can lead to
off-target effect§® To our knowledge, the compoats contained irthis Thesis
represent the first example of inhaled inhibitors of MTOR kinBsese compounds
demonstrated lung retentiamvivo, suggesting that it is possiblegelectivelyinhibit
MTOR kinase in the lung. Inhibition of MTOR in the lwngy has been demonstrated
to avoid thesystemic effectof mMTOR inhibition This could offer a substantial
advantage over existing chemotherapidgiown for their unpleasant siadfectsi
offering significant mprovements t& a n c e r  quality of &éfen it & therefore
proposed that theseTOR kinase inhibitors could find application as treatments for

lung cancer.
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In our laboratoriesve have synthesised a variety of mTOR kinase inbibjwith a
wide variety ofphysicochemical properties. While aral medicine was not targeted,
within our series several compounds witle potential to be orally bioavailableere
synthesised. These could be repurposed for other filulstgases such as renal or liver
fibrosis. Alternativéy, these compounds maygan offer potential arvtancer

treatments.

Another significant aspect of this work is thahighlights the importance of robust
synthetic stratdgsin enablingdrug discovey. Medicinal chemists can accesksage
amount of structural diversity reta¢ly simply usingwell precedentednethodology
However, one of the most commonly encountered features in pharmaceutical
compounds$ bipyridyl moietiesi still remain challengig to synthesise. Whilthese
challenges can be overcome on a small scalegxample by using reliable but
practicallyunpleasant Stille chemistrgn a large scale these challenges become more
pronounced. This project was fortunate to benefit from repeblications that
addressedhe unmet need. This desulfinative crassuplingenabled the mukgram
synthesis of a preandidate compound and was vitalfacilitate the synthesis of a
wide range of analogueBhe use of this crossoupling methodology has already been
demonstrated in other medicinal chemigirgjectswithin GSK.

While the Suzuki reaction is an industry favoyriferming boronic acids of
heterocycles can be challenging and the ecosplingdoes not always work well.
Additionally, while previously thought to be naoxic, and therefore ideal for use in

the phamaceutical industry, several boronic esters and acids have been shown to be
mutagenicand pose a genotoxicity rigk’?'8This preserst a problem when handling
boronic esters and acids, as well as requiring stegtilation when using boronic

esters and acids to form ABY.

Conversely, although forming the required sulfinates in the desulfinative- cross
coupling reaction aa be challenging, the sulfinates have no knowrictty.
Additionally, thegas@ussulfur dioxide byproduct is proposed to be recyclabiéTo
overcome difficultiesn forming the sulfinates, the Willis group have recently reported
an alternative strateg§y® Instead offorming the sulfinate using a sulfur dioxide

surrogate and isolating it, this research enditite use of an allylic sulfone directly in
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the crosscouplingreaction Schemes2).2° This negates the need to form the sulfinate
directly before the crossoupling, as the allylic sulfone should be more stable to a
variety of chemical transformations, meaning it can be installed earlier in the synthesis
if desirecP®® Additionally, this will also overcome anytability issues with the
sulfinates. While the Willis group reported théo be stablé®®in our experiencthis

was not always the caskhis alternative strategy was not tried in our laboratories as

part of thisresearch butnay be of interesh the future.

N
‘ SN o Br: i | N
A + B =
6,3\/\

Schemeb2: Denpnstrating the desulfinative crossupling using allylic sulfones as the nucleophilic
crosscouplingpartner i) Sulfone (1.5 equiv.), aryl halide (1.0 equiv.),2C&s, Pd(OACc} (5 mol%),
P(Bu),Me.HBF, (10 mol%), DMF, 130°C, 180 h, 76%2%°

The work described inChapter Il highlights the importancef beginning route
developmentvhile still in thelead optimisatiorphase of drug discoverinvesting in
synhetic strategy is far more effiamdent tlI
pushing the problem down tli@e into process chemistrythe value of the mTOR
kinaseinhibitors described here was recognised aighificant time and efforivas
invested m designing a more suitable and scalable route. Once this route was in place,

it enabled the rapid synthesis of a variety of analogues, enabling exploration of SAR.
While it was arisk to invest in route optimis@n early, in thisesearctihis strategy
resulted irsignificant time and costavingsHaving a scalable and wgdlanned route

meant that the project team had access to enough material at all stages to enable key
biological and safety studies to be eadrout. Ultimately, this could mean thétthe
pre-candidate compound described here does prognesdinical trials, IPF patients

may get their lifechanging medicines more quickly.

More generally, thisvork emphasisethe importance oflevelopingmethodologyto
improve reactions thaire rot currentlyrobust This relies on publishingeactions that

do not work, n addition tathose that ddPartnerships between industry and academia
offer an ideal solution. Industry cansuggesttransfomations of interest that are
currently problematic aunscalable and academic groups can apply their considerable
knowledgeand expertiséo solve these synthetic challengesleedthe desulfinative
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crosscoupling methodology was the result of such d@nmashipbetween the Willis
group and PfizerThis is just one example of the impact and importance of

collaborations

In conclusion this Thesis demonstrates the potential of inhaled inhibitors of mMTOR
kinase as treatments f?F anddescribes the development of a synthetic route to a
pre-candidate compouh While this route issuitable for use in a large scale API
campaignfuture work should focus on further improvements, such as investigation of
flow chemistry and investing in a catalytic synthesis of the key sulfinate intermediate.
Excitingly, work is wnderway to progress jre-candidate inhalednTOR inhibitor

throughadditionalsafety studies and potentially into clinical trials.
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Experimental Section
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6. Experimental
6.1 General experimentaldetails
Unless otherwise stated:

Solvents and reagentsMagnetic stirrer bars were stirred vigorously using stirrer hot

plates The ®lvents used were anhydrous, except when water was added to the reaction

as a solvenin which case nofanhydrous solvents were used, unless otherwissdstat

Solvents and reagenwere purchased from commercial suppliers or obtained from
GSKo6s internal compound storage or made &
Biosciences) and used as received. Water used in reactionsvakeips was

deionised Elga &relab Chorus.

Reactions. Reactions were carried out in sealed vessels under a standard atmosphere
of air at room temperature (assumed to be 21 °C) and glassware was not dried, unless
otherwise statedReactions were monitored by thin layer chromatografiyC)

and/or liquid chomatographymass spectroscopy (LCMS) and/or nuclear magnetic
resonance (NMR) spectroscopy. Heating was conducted using hotplates with DrySyn
adaptors, custormade heating blocks, oil or sand baths. Microwave reactions were

performedn a Biotageor anAnton ParmMMultivave Promicrowavereactor

Chromatography. TLC was carried out using polyesteacked precoated silica plates
(particle size 0.2 mm). Spot s mweb4emvi s u al
or 365 nm). Flash column chromatography wasied out using the Teledyne ISCO
CombFlash® Rf+ apparatus with Re8ef® silica cartridgesor Biotage® SNAP

KP-silica cartridges or Biotage SNAP KRNH-modified silica cartridgesf various

sizes Fractions were collected by following UV tratemx = 254 nm and 280 nm, or

anotherappropriate wavelength).

ReversePhase Flash Column Chromatography ReverséPhase column
chromatography was carried out using Teledyne ISCO CombiFlash@gplaratus
and Biotag® SNAP KRCgssilica cartridges of various sizes.

Formic: Using a gradient elution with the mobile phases as (&) Ebntaining

0.1% volume/volume (v/v) formic acid and (B) acetonitrile containing 0.1% (v/v)
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formic acid. Gradient coritibns and flowrate were variable depending on 2 min

LCMS retention tine ofthedesired producand the size of the column used

High pH: Using a gradient elution with the mobile phases as (A) 10 mM aqueous
ammonium hydrogen carbonaelution, adjusted to pH 10 with 0.88 M aqueous
ammonia and (B) acetonitrile. Gradient ddions and flow were variable
depending on 2 min LCMS retention tiroéthe desired product and the size of

the column used.

Reverse Phase Preparative High Performace Liquid Chromatography.

PreparativédPrep.)HPLC was carried out on Grace Revalaris@pPapparatus.

High pH: Using Xbridge Gs OBD™ (100 mm x 19 mm, fim packirg diameter,
32 mL/min flow rate) using agradient elutiorat ambient temperatureith the
mobile phases as (A) 0 containing 0.1% volume/volume (v/v) ammonium

hydrogen carbonatend (B) acetonitrile.

Mass Directed Auto Preparation (MDAP). Massdirected automatic purification
was carried out using a Waters ZQs®apectrometer using alternatan positive
and negative electrospray ionisation and a summed UV wavelength ic@S0lim.

Three liquid phase methods were used:

Formic: Sunfire Gg column (100 mm x 19 mm, 5 pum packing diameter,
20 mL/min flow rate) orSunfire Gg column (150 mm x 30 mm, 5 pm packing
diameter, 40 mL/min flow rate), using a gradient elution at ambienteenpe
with the mobile phases as (Ax® containing 0.1% (v/v) formic acid and (B)

acetonitrile containing 0.1% (v/v) formic acid.

High pH: Xbridge Gs column (100 mm x 19 mm, 5 pum packing diameter,
20 mL/min flow rate) or Xbridge s column (150 mm x 3@nm, 5 um packing
diameter, 40 mL/min flow rate), using a gradient elution at ambient temperature
with the mobile phases as (A) 10 mMugous ammonium hydrogen carbonate

solution, adjusted to pH 10 with 0.88 M aqueous ammonia and (B) acetonitrile.

Trifluor oacetic acid (TFA) Zorbax SB @ Column (30 x 150 mm, 3.5 pm
packing diameter, 40 mL/min flow rate), using a gradient elution at ainbien
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temperature with the mobile phases as (A) 0.1% TFA in water and (B) 0.1% TFA

in acetonitrile.

LCMS. Analysis was carrgk out on a Waters Acquity UPLC instrument equipped
with a BEH column €thylene bridged hybridb0 mm x 2.1 mm, 1.7 pm packing
diameter) and Waters Micromass ZQ MS usatigrnatescan positive and negative
electrospray ionisationalytes were detected assummed UV wavelength of 2410

350 nm. Two liquid phase methods were used:

Formic: 40 °C, 1 mbumin flow rate, using a gradient elution with the mobile
phases as (A) # containing 0.1% volume/volume (v/v) formic acid and (B)
acetonitrile containing 0.1% f¥) formic acid. Gradient conditions were initially
1% B, increasing linearly to 97% B over Iin, remaining at 97% B for 0.4 min

then increasing to 100% B over 0.1 min.

High pH: 40 °C, 1 mL/min flow rate, using a gradient elution with the mobile
phasess (A) 10 mM aqueousmmonium hydrogen carbonatelution, adjusted

to pH 10 with 0.88 M aquesutammonia and (B) acetonitrile. Gradient conditions
were initially 1% B, increasing linearly to 97% B over 1.5 min, remaining at 97%
B for 0.4 min then increasinto 100% B over 0.1 min.

High-Resolution Mass Spectrometry (HRMS)HRMSwere recorded on oné two

systems:

System A Micromass @TOF Ultima hybrid quadrupole timef-flight (Q-TOF)

mass spectrometer, with analytes separated on an Agilent 1100 Liquid
Chromatograph equipped with a Phenomenex LuizéZ} reversed phase column
(200 mm x 2.1 mm, 3 um packing diameter). LC conditions were 0.5 mL/min
flow rate, 35 °C, injection volume-2 L, using a gradient elution with (A)BD
containing 0.1% (v/v) formicad and (B) acetonitrile containing 0.1% (v/v)
formic acid. Gradient conditions were initially 5% B, increasing linearly to 100%
B over 60 min, remaining at 100% B for 2.5 min then decreasing linearly to 5%
B over 10 min followed by an equilibration perd of 2.5 min prior to the next

injection.
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Sydem B: Waters XEVO G2XS Q-TOF mass spectrometer, with analytes
separated on an Acquity UPLC CSHg@olumn (100mm x 2.1mm, 1.7e¢ m
packing diameter). LC conditions were 0.8 mL/min flow rate, 50 °C, injection
volume 0.2 pL, using a gradient elution witA)(H2O containing 0.1% (v/v)
formic acid and (B) acetonitrile containing 0.1% (v/v) formic acid. Gradient
conditions were initialt 3% B, increasing linearly to 100% B over 8.5 min,
remaining at 100% B for 0.5 min then decreasing linearly to 3% B oveni®.5
followed by an equilibration period of 0.5 min prior to the next injection.

Mass to charge ratios (m/z) reported in Daltons.

NMR Spectroscopy Proton {H), carbon ¥C) and fluorine F) spectra were
recorded in deuterated solveatsambient tempernatte (unless otherwise stated) using
standard pulse methods on any of the following spectrometers and signal frequencies:
Bruker AV-400 ¢H = 400 MHz,**C = 101 MHz,'°F = 376 MHz), Bruker AV500

(*H = 500 MHz,'3C = 126 MHz), Bruker AV600 ¢H = 600 MHz,'3C = 150 MHz)

or Bruker A\V-700 (H = 700 MHz,*C =176MHz ) . Chemi cal shi fts
in ppm and are referenced to tetethylsilane (TMS) or the following solvent peaks:
Chloroformd (*H = 7.27 ppm,**C = 77.0 ppm)or DMSO-ds (*H = 2.50 ppm,

13C = 39.5 ppm).Peak assignments were made on the basis of chemical shifts,
integrations, and coupling constants, using COSY, DEFRSQC and HMBC where
appropriateCoupling constants were quoted to the nearest 0.1 Hmaitgplicities
described as singl€s$), doublet (d), triplet (t), quartet (q), quintet (quin), sextet (sxt),
septet (sept), broad (br.) and multiplet (m). The nunalbearbon atoms represented

by each peak in th€C NMR was inferred by assigning the spectra.

Optical rotation. Optical rotation measurements weseordedon aa Anton Parr
MCP 150 Polarimeter using a sample cell with a 10 cm pathlength at the specified

temperature and concentration. Specific rotaiwarecalculated usingquation 4.

S

Equation 4: Calculating the specific rotation from the optical rotation. Temperature at which the
measurement was taken (°@) The wavelenth (nm) U The measured rotation in degrees (°)
| = Pathlength (dm) and ¢ €oncentration in g/100 mL.
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Melting points. Melting points were recorded on either Stuart SMP1@ Stuart
SMP40 melting point apparatus.

Infrared (IR) Spectroscopy. Infrared pectra were recorded using a Perkin Elmer
Spectrum 1 or Spectrum 2 machine. Absorption maximax were reported in
wavenumbers (ch) and described as weak (w), medium (m), strong (s) and broad
(br.). IR spectra were measured from solutions in the fgpegsiolvent, or as solids, as

specified

Hydrophobic frit . Hydrophobicfrit cartridges by ISOLUTE® contaia frit which is
selectively permeable to organic solutions. Theeeseparated from aqueous phase

under gravity. Various cartridge sizes weredise

Strong cation exchange (SCX) solid phase extraction (SPEISOLUTE® Si-
propylsulfonic acid (SCX2) SPE cartridges of various sizes were used for eatdh
release purification of amines. The acidic silicetained basic compounds or
impurities, with al other componentslutedoff the cartridge. The basic compound

wasthen released using a solution of ammonia in methanol.

Aminopropyl SPE. ISOLUTE® NH2 (aminopropyl) SPE cartridges of various sizes
were used for catehndrelease purification of acidicompounds. The basic silica
retainedacidic compounds or impurities, tivi all other componentsluted off the

cartridge.

6.2 General pocedures

General procedure A To the combined reagents was added degassed IPA and
degassed wat@pothdegassedeparatsi by sparging with nitrogénn a 5:1 ratio. The
mixture was degassday sparging witha flow of nitrogenthe vial sealeé@ndfurther
degassety purging the vialindervacuumandfilling with nitrogen (x 3) The reaction
mixture was heated for an apprigpe time. The mixture was filtered throuGelite®

and an appropriateork-up carried out. The residue was purified by an appropriate

method to givehedesired product.
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General procedureB: To an icecooledsuspension of the substrate in THF was added
sadium hydride (60% dispersion in mineral oiljhe mixture allowed to warno

21 °C and stirred under nitrogen at 21 °C for the appropriate time bheflomethane

was added and the mixture stirred at the required temperature for the required time.
An appopriatework-upwas carried out, the organics dried through a hydrophohic frit
concentrated and the residue purified by an appropriate method tthgigesired

product.
6.3 Experimental

2-(3-Oxabicyclo[4.1.0]heptan6-yl)-6-chloro-4-(isopropylsulfonyl)pyridine (51)

(0]

E
NP el
o

Q
S
\r 3

2,6-Dichloro-4-(isopropylsulfonyl)pyridine (401 mg, 1.58 mmol), -(Z
oxabicyclo[4.1.0]hepta®-yl)-4,4,5,5tetramethyll,3,2dioxaborolane (390 mg,
1.74 mmol),CsOH.HO (579 mg, 3.45 mmol) and PdQ@ippf)dichloromethane
adduct (131 mg, 0.16 mmol) wesaspended in water (2 mL) aneM&THF (6 mL)?
The vial was sealed artle mixturedegassedby sparging with nitrogefor 5 min
before heating at 100 °C for #0The reaction mixture was concentrated uradéow

of nitrogen,diluted with ethyl acetate @ mL) and filtered througiCelite® (10 g),
eluting with ethyl acetate (30 mL) atike filtrateconcentratedh vacuo The residue
was dissolvedin minimal dichloromethane and purified by flash chromatography
(silica, 120 g), eluting with -A00% TBME in cyclohexane over
12 CV. Appropriate fractions were combined and concentratedcuoto give crude
2-(3-oxabicyclo[4.1.0]heptaB-yl)-6-chloro-4-(isopropylsulfonyl)pyridine (189 mg,
0.36 mmol, 23% yield) as an orge oil that slowly solidified to an orange solid. LCMS
(Formic, UV, ESI) Ri = 1.11 min, [M+H] 315.97, 317.93 (Cl isotopes), 63% purity.
Used without purification in subsequent reaction

aExperiment started by Hogarth and finished by H. Davies.
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1-Ethyl-3-(3-fluoro-4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)urea
(54)

QL 1
N
H H

To a solution of Hluoro-4-(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)aniline
(2.0 g, 4.2 mmol) in dichloromethane (10 mL) was added ethyl isocyanate
(2 mL, 12.63 mmol) and the mixturevasstirred & 21 °C for 29.5h. Further ethyl
isocyanate (1 in, 12.68 mmol) was added and the mixture heated at 35 °C {orl6
followed by 50 °C for £ h and 60 °C for 2.%. The reaction mixture was allowed to
cool and diluted with water (10 mL) The aqueouspha® was extracted with
dichloromethae (2 x 5 mL)and the combined organic&ere washed with brine
(15 mL), dried through a hydrophobic frit and concentrategacuoto give tethyh
3-(3-fluoro-4-(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)phenyl)urea (3 g,
3.81 mmol, 90% yield) as a brown solid. M.pt.: 2738 °C.umax(cm’*) (Chloroform

d): 3340 (w, br, N-H), 29 (w), 1660 (m, C=0), 1594 (m,-N), 1542 (m), 138 (s,
B-C), 1138 (m, GF). 'H NMR (400 MHz, Qiloroformd) & ppm JE7.9 4 ( dd,
7.0 Hz 1 H), 7.21 (ddJ =112, 2.0Hz, 1 H), 7.00 (dd) = 8.1, 2.0 Hz, 1 H), 6.47 (br
s, 1 H), 3.31 (@) = 7.3 Hz, 2 H), 1.35 (s, 12 H), 1.18 Jt= 7.3 Hz, 3 H)[1 N-H not
observeil 1°C NMR (101 MHz, DMSQds): d ppm 167.2 (dJ=247.2 Hz1 C), 154.6
(s,1C), 145.8 (dJ=12.5Hz1 C), 136.8 (dJ=10.3 Hz1 O), 112.6 (dJ = 2.2 Hz,
10),103.4 (dJ=29.3 Hz,1C), 83.2(s2C), 33.9(s1C), 24.6 (s4 C), 15.2 (s,

1 C). [1 C not observed}’F NMR (376 MHz, DMSQds) dppm-105.4 (s1 P. LCMS
(Formic, UV, ESI): R = 1.05 min, [M+H] 309.04, 87% purity. HRMS:
(C15H23BFN203) [M+H™] requires 309.1786, found [M+H309.1786 (0O ppm). Only
LCMS data given in literature
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(S)-4-(6-Chloro-4-(isopropylsulfonyl)pyridin -2-yl)-3-methylmorpholine (55)
o
L

5 g
Yo

2,6-Dichloro-4-(isopropylsulfonyl)pyridine (300 mg, 1.18 mmol), DIPEA (825 pl,
4.72 mmol) and9)-3-methylmorpholine (147 pl, 1.3@Gmol) were heated at 81 °C for

1.5 h followed by 100 °C for &80 h. The reaction mixture was diluted with ethyl
acetate (10 mL) and water (10 ml)he agueousphase wasxtracted with ethyl
acetate (2 x 10 mlgndthecombined organicaerewashed with brie (30 mL), dried
through a hydwphobic frit concentrateéh vacuoand then under a flow of nitrogém

give (S-4-(6-chloro-4-(isopropylsulfonyl)pyridin2-yl)-3-methylmorpholine

(363 mg, 1.07 mmol, 91% yield) as a light brown solid. M.pt.:-10@ °C.

Umax (€M) (Chloroformd): 3094(w, br.), 2974 (w), 2858 (w), 1582 (s, C=N), 1537

(m, C=C), 144 (s), 1313 (s, S=0), 126(s), 113} (s, S=0).'H NMR (400 MHz,
Chloroformd) G p p mJ=6L.054, 1 H),d6.40 (d] = 1.0 Hz, 1 H), 3.86&pp.
qd,J=6.7,3.1 Hz, 1 H), 3.59 (dd] = 115, 3.2 Hz, 1 H), 3.52 (dd,= 13.0, 2.9 Hz,

1 H), 3.37 (dJ = 13.0 Hz, 1 H), 3.29 (dd} = 11.5, 3.2 Hz, 1 H), 3.15 (td,= 12.2,

3.2 Hz, 1 H), 2.82 2.89 (m, 1 H), 2.79 (spd,= 6.8 Hz, 1 H), 0.914pp.dd,J = 6.8,

2.3 Hz, 6 HY, 0.86 (d,J = 6.7 Hz, 3 H) 3C NMR (101 MHz, Chloroforrd) U pp m
158.3 (s, 1 C), 151.1 (5,1 C), 149.1 (s, 1 C), 1094 (s, 1 C), 103.3 (s, 1 C), 70.9 (s,
1C),66.6(s,1C),553(s,1C),479(s,1C),399(s,1C),155(s,1C), 154 (s,
1 C), 13.2 (s, 1 CLCMS (Formic, UV, ESI): R=1.12 min[M+H™] 319.06, 321.05

(Cl isotopes), 97% puritfdRMS: (Ci13H20CIN203S) [M+H *] requires319.0883, found
[M+H*] 319.0879-1.3 ppm).

b Suggest this is actually two overlapping doubléts,6.8 Hz.
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(9)-1-Ethyl-3-(3-fluoro -4-(4-(isopropylsulfonyl)-6-(3-methylmorpholino)pyridin -
2-yl)phenyl)urea (56)

(o]
L
\
8 o
\( 0 ”)ku/\

Prepared according to general procedure A witllS-4-(6-chloro4-
(isopropylsulfonyl)pyridir2-yl)-3-methylmorpholine (100 mg,.81 mmol), tethyk
3-(3-fluoro-4-(4,4,5,5tetramethydl,3,2dioxaborolar2-yl)phenyl)urea (116 mg,
0.38 mmol), KCOs; (103 mg, 0.75 mmol), Pd&dppf) (23 mg, 0.03 mmol), IPA
(2.5 mL) and water (0.5 mL), heated at 120 °C f@rI8 The reactiormixture was
diluted with ethyl acetate (10 mL) and water (5 nalod filtered throughCelite®
(2.5 g) Thefiltrate wasconcentratedn vacuoand partitioned between ethyl acetate
(10 mL) and water (10 mL)fheaqueougphase wagxtracted with ethyl acetate (2 x
10 mL)andthe combined organice&rerewashed with brine (20 mL), dried through a
hydrophobic fritand concentratedn vacuoand then umder a flow of nitrogenThe
residuewas dissolved in 1:1 methanol:DMSO (2 x 1 mL) and purified by MDAP
(formic acid modifier). Appropriate fractions were combined, concentratedacuo
and then under a flow of nitrogdollowed by dryingin a vacium oven.The residue
was dissolved in DMSO (1 mL) and purified by MDAP (formic acid modifier).
Appropriate fractions were combined, concentratedacuoand the residue loaded in
methanol onto an aminopropyl SPE (10 g, primed with 2 CV methaelot)ngwith
methanol (6 CV) The eluentwas concentratedn vacuoand then under a flow of
nitrogen to give (9-1-ethyl3-(3-fluoro-4-(4-(isopropylsulfonyl)6-(3-
methylmorpholino)pyridir2-yl)phenyl)urea (30 mg, 07dmmol, 21% yieldlas an off
white sold. M.pt.: 122125 °C.umax(cm?) (Chloroformd): 3362 (w, br, N-H), 2974
(w), 2928 (w), 1665 (m, MD), 1578 (m, C=N), 1539, 1424, 1B(s, S=0), 1231 (s),
1142 (s, S=0).'H NMR (600 MHz, Chloroforrd) d ppm 7.91 (app. hrt,
J=8.6 Hz, 1 H), 7.28 7.51 (m, 3 H), 7.027.15 (m, 2 H), 6.90 (s, 1 H), 4.364.44
(m, 1 H), 4.00-4.08 (m, 2 H), 3.83 (d] = 11.0 Hz, 1 H), 3.78 (dd,= 11.6, 2.9 Hz,

1 H), 3.64 (tdJ=11.6, 3.1 Hz, 1 H), 3.243.36 (m, 4 H), 1.36 (app. dd=7.0, 3.7,
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6 H)°, 1.30 (dJ=6.6 Hz, 3H), 1.6- 1.21 (m, 3 H)!*C NMR (151 MHz, Chloroform

d) d ppm 161.3 (d,J = 249.9 Hz, 1 C), 158.0 (s, 1 C), 154.9 (s, 1 C), 152.8 (d,
J=3.3Hz,1C),147.3(s,1C),142.0J& 11.6 Hz, 1 C), 131.0 (d,=3.9 Hz, 1 C),
114.7 (d,J = 2.8 Hz, 1 C), 110.3 (d] = 12.7 Hz, 1 C), 110.0 (s, 1 C), 106.7 (d,
J=28.8Hz,1C), 1034 (s,1C), 71.2(s,1C), 66.8 (s, 1C), 552 (s, 1.8)s47
1C),39.9(s,1C),35.2(s,1C), 15.6 (s,1C), 15.5 (s, 1 C), 15.3 (sI*ECMR
(376 MHz, Chloroformd) d ppm -112.9 (s, 1 F).LCMS (Formic, UV, ESI):

R: = 108 min, [M+H™] 465.28, 100% purityHRMS: (C22H30FN4OsS) [M+H"]
requires465.1972, foundM+H*] 465.1970 {0.4 ppm).

2,6-Dichloro-4-(2-(trimethylsilyl)ethoxy)pyridine (60)

Cl
/CT\
M i
easl\/\o = al

A mixture of 2,6-dichloro-4-iodopyridine (1.0 g, 3.65 mmol), C&L0s (2.42 g,
7.44 mmol), 1,1¢phenanthroline (0.13 g, 0.73 mmol), copper(l) iodide (0.07 g,
0.37 mmol) and Ztrimethylsilyl)-ethanol (1.6 mL, 11.16 mmolyas degassed by
purging under vacuum and filling with nitrogen (x 3pluene (8 m).wasadded and
the mixturewasheated at 110 °C for8lh. The reaction mixture waalowed to cool
andfiltered through silica (10 g), eluting with ethyl acetate (30 mL) duedfiltrate
wasconcentratedh vacuo The residue was purified by flash chroowaply (silica,

120 g), eluting with cyclohexane over 6 CV followed k@6 TBME in cyclohexane
over 8 CV. Appropriate fractions were combined and concentiate@cuo The
residue wasdissolved in minimal dichloromethane and purified by flash
chromatogaphy(silica, 40 g), eluting with cyclohexane over 6 CV followed by0%%6
ethyl acetate in cyclohexane over 12 CV. Appropriate fractions were combined and
concentratedh vacuoto give crude 2 @lichloro-4-(2-(trimethylsilyl)ethoxy)pyridine
(0.49 g, 1.17mmol, 32% yield) as a colourless oil which solidified to a wet solid on
standing. LCMS (Formic, UV, ESI)::R 1.55 min, [M+H] 264.00, 265.97, 267.96

¢ Suggest this is acally two overlapping doublets.
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(Cl isotopes), 63% purityH NMR (400 MHz, DMSQ ds) d ppm 7.46 (s, 2 H)4.78
(t, J=8.3 Hz, 2 H)1.64 (t,J= 8.3 Hz, 2 H), 0.55 (s, 9 H).

(S)-4-(6-Chloro-4-(2-(trimethylsilyl)ethoxy)pyridin -2-yl)-3-methylmorpholine
(61)

)

)iN
o

Measl\/\o = al

2,6-Dichloro-4-(2-(trimethylsilyl)ethoxy)pyridine (490 mg, 1.11 mmol), §-3-
methylmorpholine (0.14 mL, 1.22 mmol), DIPEA (0.58 mL, 3.34 mmol) and
acetonitrile (1 mL) were heated at 70 °C f@r3h followed by 90 °C forl h. Further
(9-3-methylmorpholine (0.2 mL, 1.76 mmol) and DIPEA (0.5 mL, 2.86 mmwele
added and the reaction mixtuwasheated at 90 °C for Bbeforeconcentrating under

a flow of nitrogen. To the residue was addeg-F-methylmorpholine (0.2 mL,
1.76 mmol) andhe reaction mixturevas heated at 100 °C for 44 followed by
150 °Cfor 115 h. Further §-3-methylmorpholine (0.2 mL, 1.76 mmol) and DIPEA
(0.2 mL, 1.15 mmol) were added and the reaction mixtwagheated at 150 °C for
46 h. The reaction mixture wasagitioned between ethyl acetate (10 mL) and water
(10 mL). The aqueos phasewas extracted with ethyl acetate (2 x 10 mandthe
combined organiceerewashed with brine (20 mL), dried through a hydrophobic frit
and concentrated vacuo The residugvasdissolvedn minimal dichloromethane and
purified by flash chromatogphy (silica, 120 g), eluting with-05% ethyl acetate in
cyclohexane over 12 CV. Ayopriate fractions were combined, concentratedcuo
and then wunder a flow of nitrogento give §-4-(6-chloro-4-(2-
(trimethylsilyl)ethoxy)pyridin2-yl)-3-methylmorphahe (261 mg, 0.75 mmol, 68%
yield) as a colourless oilimax (cm™®) (dichloromethanke 29%6 (w), 28% (w), 153 (s,
C=N), 1550(s), 1437 (s), 1216 (s, §l), 1141 (s, &), 836 (s)!H NMR (400 MHz,
DMSO-ds) U pp mJ5B158BHz, 1(H) 6.11 (d) = 1.5 Hz, 1 H), 4.24 (m,
J=6.8,2.4Hz, 1 H), 412 (§=7.8 Hz, 2 H), 3.89 (ddl = 11.5, 3.4 Hz, 1 H), 3.77
(dd,J=13.2,2.4 Hz, 1 H), 3.68 (d=11.5 Hz, 1 H), 3.57 (dd,= 11.5, 3.2 Hz, 1 H),
3.43 (td,J = 11.7, 3.4 Hz, 1 H), 3.02 (td,= 13.2, 3.7 Hz, 1 H), 1.10 (d,= 6.4 Hz,

3 H), 1.05 (tJ = 7.8 Hz, 2 H), 0.06 (s, 9 H}3C NMR (101 MHz, DMSQds) d ppm
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167.8 (s, 1 C)159.1 (5,1 C), 149.3 (5,1 C),99.8 (5,1 C),90.3(s,1C), 70.3 (s, 1 C),
66.0 (s, 1 C),65.9 (s,1C), 46.7 (s,1C), 16.9 (s, 1 C), 12.3 (s,-1.€)s, 1 C)
LCMS (Formic, UV, ESI): R= 1.58 min, [M+H] 329.04, 331.02 (Cl &topes), 96%
purity. HRMS: (CisH26CIN2O2Si) [M+H*] requires 329.1452, found [M+H
329.1450 {0.6 ppm).

(9)-1-Ethyl-3-(3-fluoro -4-(6-(3-methylmorpholino)-4-(2-
(trimethylsilyl)ethoxy)pyridin -2-yl)phenyl)urea (62)

)
):N
‘ SN F
Me35i\/\0 = o
o~
H H

Prepared according to general procedure A withS-@-(6-chloro4-(2-
(trimethylsilyl)ethoxy)pyridin2-yl)-3-methylmorpholne (888 mg, 2.38 mmol),-1
ethyl3-(3-fluoro-4-(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)phenyl)urea

(915 mg, 2.61 mmol), ¥z (657 mg, 4.3 mmol), PdCGi(dppf) (174 mg, 0.24 mmol)
IPA (16 mL) and wate(3.2 mLY, heated at 120 °C for 116 The reaction mixture
was filtered througtCelite® (10 g), eluting with ethyl acetate (40 mL) and water
(20 mL). The filtrate was concentratedvacuoand diluted with ethyl acetate (30 mL)
and water (20 mL)The organicphase wasvashed with water (2 0 mL) and brine
(40 mL), dried through a hydrophobic frit and concentratadicuo The residuevas
dissolvedin minimal dichloromethane and purified Bash chromatography (silica,
120 g), eluting with @L00% ethyl acetate in cyclohexane over 40 min. Appropriate
fractions were combined and concentratedacuoand under nitrogen to giv&)¢1-
ethy}-3-(3-fluoro-4-(6-(3-methylmorpholino}-(2-(trimethylsiyl)ethoxy)-pyridin-2-
yl)phenyl)urea (1250 mg, 2.53 mmotuant), as a brown oil.umax (cm?)
(dichloromethane): 3335 (w, bN-H), 2968 (w), 1669 (w, N=0), 1592 (s, C=N), 1538
(s), 1432 (s), 1224 (s,-®), 1176 (s, GO), 835 (s)H NMR (400 MHz, Qloroform:

d U ppnm=8.819z31H), 7.600r.s, 1 H), 7.35 (dd)=13.7, 21 Hz, 1 H),
7.03 (ddJ=8.8, 2.1 Hz, 1 H), 6.756.78 (m, 1 H), 5.97 (dl= 2.0 Hz, 1 H), 5.55K.

45:1 mixture of IPA and water was combined, degassed by sparging with nitrogen and added to the
reagats.
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t,J=5.4 Hz, 1 H), 4.33 (m] = 6.7, 6.7, 6.7 Hz, 1 H), 4.13 (= 8.3 Hz, 2 H), 3.99
(dd, J = 11.5, 3.0 Hz, 1 H), 3.87 (dd, = 12.7, 2.0 Hz, 1 H)3.78 (app.br. d,
J=2.0 Hz, 2 H), 3.62 (tdJ = 11.7, 3.0 Hz, 1 H), 3.163.31 (m, 3 H), 1.24 (d,
J=6.4Hz,3H),1.081.16 (m, 5 H), 0.08 (s, 9 HY*C NMR (101 MHz, Chloroform
d) d ppm 167.1 (s,1 C), 161.0(d, J = 248.7 Hz,1 C), 155.7 (s,1 C), 159.6 (s.1 O),
152.0 (dJ=2.9 Hz,1 C), 140.9 (dJ=11.7 Hz,1 C), 131.1 (dJ=5.1 Hz,1 C), 121.9
(d,J=11.7 Hz,1 ), 114.6 (dJ=2.9 Hz,1 C), 106.8 (d,J = 28.6 Hz,1 C), 101.6 (d,
J=11.7Hz10), 91.0(s1 C), 71.5(s1 C), 67.1(s,1 C), 65.3 (s1 C), 47.7 (s1 C),
40.0 (s,1 C), 35.0 (s,1 ©), 15.3 (s,1 ©), 12.3 (5,1 O), -1.4 (5,3 C). 1%F NMR
(376 MHz, Chloroformd) d ppm -113.4 (s,1 F. LCMS (Formic, UV, ESI):
R:=1.20 min, [M+H] 475.17, 96% puritydRMS: (C24H36FN4OsSi) [M+H"] requires
475.2541, found [M+H| 475.2546 (1.1 ppm).

(S)-1-Ethyl-3-(3-fluoro -4-(4-hydroxy-6-(3-methylmorpholino)pyridin -2-
yl)phenyl)urea (63)
(0]
L
‘ SNOF

HO™ NF

uiu“
(9-1-Ethyl-3-(3-fluoro-4-(6-(3-methylmorpholino}-(2-
(trimethylsilyl)ethoxy)pyridin2-yl)phenyl)urea (1.20 g, 2.52 mmotgesiunfluoride
(1.10 g, 7.24 mmol) and DMSO (16 mL) were heated at 60 °C &dr. ILhe reation
mixture was diluted with ethyl aceta#)(mL) and water (40 mL)'he organigphase
waswashed with water (2 x 40 mL) and brine (50 mL), dried through a hydrophobic
frit and concentratenh vacuo The residue was diluted with ethyl acetate (30 md) an
water (30 mL) The organicphase wasvashed with water (2 x 20 mL) and brine
(30 mL), dried through a hydrophobic frit and concentratadcuo.The residue was
diluted with ethyl acetate (20 mL) and water (100 nmile organicphasevaswashed
with water (100 mL) and brine (2 x0D mL), dried through a hydrophobic frit and
concentrated in vacuo to give -1-ethyt3-(3-fluoro-4-(4-hydroxy-6-(3-
methylmorpholino)pyridir2-yl)phenyl)urea (0.56 g, 1.38 mmol, 55% vyield) as a
brown solid. M.pt.: 16870 °C.umax (cm?) (dichloromethane): 3&(m, br., GO),
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1681 (m, N=0), 1596 (s, C=N), 188s), 123 (s, GF), 1021 (s).'H NMR (400 MHz,
DMSO-de) d ppm 10.12 (s, 1 H), 8.75 (s, 1 H), 7.87 Jt= 8.9 Hz, 1 H), 7.54 (dd,
J=15.0,1.8 Hz, 1 H), 7.05 (dd= 8.6, 2.0 Hz,1 H), 6.62 épp. br. tJ = 1.5 Hz) 6.20
(t,J=5.4Hz, 1 H), 6.01 (d] = 1.5 Hz, 1 H), 4.2: 4.33 (m, 1 H), 3.92 (dd} = 11.1,
3.1 Hz, 1 H), 3.83 (dd] = 13.0, 1.7 Hz, 1 H), 3.71 (d,= 11.3 Hz, 1 H), 3.62 (dd,
J=11.7, 3.2 Hz, 1 H)3.47 (td,J = 11.6, 2.9 Hz, 1 H), 3.083.16 (m, 2 H), 3.04 (dt,
J=125, 3.4 Hz, 1 H), 1.12 (d,= 6.6 Hz, 3 H), 1.06 (t) = 7.1 Hz, 3 H)13C NMR
(101 MHz, DMSQds) d ppm 165.6(s, 1 C) 160.3 (d,J = 245.8 Hz, 1 C), 159.3 (s,
1 C), 154.7 (s, 1 C), 151.5 (d,= 2.9 Hz, 1 C), 142.3 (d,= 8.8 Hz, 1 C), 130.4 (d,
J=5.1Hz, 119.51 O), (d,J = 11.7 Hz, 1 C), 113.2 (d, = 2.2 Hz, 1 C), 104.4 (d,
J=30.1Hz,1¢ 102.3 (dJ=11.0Hz, 1 C), 9.2 (s, 1C), 70.6 (s, 1 C), 66.3 (s,
1 C), 59.7 (s, 1 C), 46.7 (s, 1 C), 33.9 (s, 1 C), 15.3 (s, 1 C), 12.0 (S*F G)VIR
(376 MHz, DMSQds) d ppm -114.3 (s,1 F. LCMS (Formic, UV, ESI):
Rt = 0.58 min, [M+H] 375.15 92% purity. HRMS: (C1sH24FN4O3) [M+H"] requires
375.1832, found [M+H 375.1833 (0.3 ppm).

(9)-1-Ethyl-3-(3-fluoro -4-(4-iodo-6-(3-methylmorpholino)pyridin -2-
yl)phenyl)urea (64)

uiu“

Based on literature procedufé.A solution of §)-1-ethyk3-(3-fluoro-4-(4-hydroxy-
6-(3-methylmorptolino)pyridin-2-yl)phenyl)urea (50 mg, 0.12 mmol) in acetonitrile

(1 mL) was cooled to 5 °C and pyridine (10 ul, 0.12 mmeds added. Triflic

anhydride (21 pl, 0.12 mmol) was added slowly and the reguttitxturewasstirred

at 21 °C for 13 h. Sodium iaide (55 mg, 0.37 mmol) was added followed by
hydrochloric acid37% in water) (10 pl, 0.12 mmol) and the mixtwasstirred at 21

°C for 2.5h, followed by heating at 35 °C for Otband 40 °C for 18 h. Further

sodium iodide (110 mg, 0.73 mmol) amgbrochloricacid 3 7% i n water ) (2
mmol) were added and the reaction mixtwesheated at 90 °C for.@h. The reaction

mixture was quenched with wat@ mL), diluted with acetonitrile (1 mL) andaOH
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(2 M in water)wasadded to achieve a pH of ~10. The rasglisolution was diluted
with ethyl acetate (10 mL), the agueqisase wagxtracted with ethyl acetate (2 x
10 mL), the combined organicsvere washed with brine (20 mL), dried through a
hydrophobic frit and concentraténl vacuo The crude product wasssiolved in 1:1
methanol:DMSO (1 mL) and purified by MDAKormic acid modifier) Appropriate
fractions were combined and concentrated undemadf nitrogento give §)-1-ethyt
3-(3-fluoro-4-(4-iodo-6-(3-methylmorpholino)pyridir2-yl)phenyl)urea (35 mag,
0.07 mmol, 54%) as a pale yellow solid. M.pt.. Z2Z4 °C. Umax (cm?)
(dichloromethane): 3339 (w, bN-H), 296 (w), 28% (w), 1656 (w, NO), 158 (m),
1560 (s, C=N), 1541 (s), 28 (m), 1238 (m, CG-F). 'H NMR (400 MHz, DMSQGds)
dppm 8.84 (br. s, 1 ;17.86 (tJ=8.9 Hz, 1 H), 7.57 (ddl= 15.0, 2.1 Hz, 1 H), 7.36
(s, 1H),7.08 (dJ=1.0Hz, 1 H), 7.09 (d]=8.5Hz, 2 H), 6.24 (1) =5.6 Hz, 1 H),
4.40 (br. dd,J = 6.5, 2.1 Hz, 1 H), 3.94 (ddl = 11.9, 2.8 Hz, 2 H), 3.72 (d,
J=11.2 Hz, 1H), 3.62 (ddJ = 11.4, 2.8 Hz, 1 H), 3.48 (td,= 11.6, 2.7 Hz, 1 H),
3.05- 3.20 (m, 3 H), 1.15 (d) = 6.6 Hz, 3H), 1.06 (t,J = 7.1 Hz, 2 H)1*C NMR
(101 MHz, DMSQde) d ppm 160.4 (d,J = 245.8 Hz, 1 C), 157.8 (s, 1 C), 154.7 (s,
1 C), 151.0 (dJ = 3.7 Hz, 1 C), 143.1 (d,= 12.5 Hz, 1 C), 130.4 (s, 1 C), 120.3 (d,
J=125Hz,1C), 117.9(dJ=11.0Hz, 1 C), 113.4 (s, 1 C), 113.3 (s, 1 C), 107.8 (s,
1C), 104.4 (dJ=29.3Hz,1C), 705 (s,1C),66.1(s,1C),54.8(s, 1C), 46.5 (s,
1C),34.0(s,1C),15.3(s,1C), 12.4 (s, 1*HNMR (376 MHz, DMSGds) d ppm
-114.0(s,1 F). LCMS (formic, UV, ESI): R=1.29 min, [M+H] 485.14, 100% purity.
HRMS: (C19H23FIN4O2) [M+H™] requires 485.0850, found [M+H485.0850 (0 ppm).

€ Due to absence, purification carried out by S. Nicolle.
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