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Abstract

Acting as proteisprotein inhibitors, phosphotyrosingerinemimetics have demonstrated potent

and diverse therapeutic activitieparticularly againstcancer In particular, posphotyrosine
derived molecules, peptic or peptidomimetic, could be applied testblishing control of the
hyperactivated STAT/JAK pathway in severatees. Overexpression of tumepromoting genes

has be@ associated withabnormal accumulations ofignal transducer and activator of
transcription (STATYroteins being phosphorylated at their SH2 domdin specificJanus Kinase
(JAKs)at specific phosphotyrosine residues. Abundancies of phosphorylated Sibfeins can
dimerise, allowing translocation to the nucleus where overexpression of survival genes occurs,

aidingtumourigenesis

Small, synthetic molecules that mimic tIf®TAT3phosphotyrosine residuand inhibit STAT3
homadimerisation have been showto prohibit dimerisation and gene overexpressiddespite
their therapeutic promise phosphotyrosinenimetic drugshave not progressedo the clinics
owing to their biocleavable and charged phosphate moieties. Tepulsive chage of the
phosphate groupmakes this class of compoundapermeable to cell membranes. This shortfall is
paralleled in phosphserinemimetic drug molecules which also contain charged phosphate
functionalities. In this work, we explored how encaging these phosphate groupsniovel
prodrug form would overcome their permeability issughich could translate intdmproved

pharmacological activity.

To this endthe research hypothesis was evaluated @known phosphotyrosinenimetic STAT3
inhibitor, 1IS$H10, as a proabf-concept. A smihlibrary of novel 1IS$10-Me phosphoramidate
prodrugs vas synthesised and evaluated féineir ant-STAT3 activity and stability. The positive
results from this small seriesvalidated the proposal and th@rodrug technology was thus
progressed to a novel STAT3 inhibitor, derived from the-8MAT3Hharmacophore S31201. A
larger library of novel phosphoramidate and known phosphate prodrugssynthesised for this
series, alongside a novel phosphate prodrugwéeli system which also displayed improved

potency andgjoodstability.

The prodrug application wathen applied to phosphopeptidemimetic molecules, specifically to

two anticancer molecules, which inhibit STAT5b o343tdimerisation. Upon synthesis didse
compounds and their prodrugs, the biological activity of the prodrugs was found to be superior to
the parent compounds.In conclusion, this work collectively highlights the potential and
applicability of phosphoramidate prodrug technolofpr improving the delivey and, thus, the

pharmacological activity gfhosphopeptidemimetic (anticance) therapeutics.
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Ac Acetyl

Ar Aryl
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cat. Catalytic
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HPLC High performance liquid chromatography
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Cancer and Therapy Chapter 1

Chapter 1: Cancer and Therapy

1.1. Hallmarks of Cancer

Cancer is a collection of diseases definedwagontrolled divisions of cells that invade nearby
tissues and distinctive orgah$ The term originates from the Greek word?] F NJ Ay 2 4 Q
GNFryatlhiSa G2 WO NIheQReEK physidiad HippbotatesRiiS4D0 BCitaSdBpictdthie
likeliness of a malignant breast tumour to a crab outspread in the sand. Several hundred years
later the Roman philosopher, Celsus, trarSI&®8 (KA & (2 GKS [l GAY LIKNI
day, the evetevolving disease is now secomdly to cardiovascular diseases for the highest
mortality rate. In 2018, it wasestimated that 18.1 million new cancer cases were reported
globally, causig over 9.6 million people to lose their livest is predicted that within the 21

century, cancer will rise to be the leading cause of globath®

To effectively combat cancer, it is imperative to fully understand the complexities of the causes
and mechanisms of neoplastic progression. To this eméxtensivereview by D. Hanahan and R.

A. Weinberg highlight six distinctive cancer hallmarks that provide rationalisatiaaso how
normal cells transpire into cancer cells, exponentially replicate and invade surrounding tissues
(Figure 1.).2 It is hypothesised that all six complementary biological capabilities derive from

either random mutation-induced genomic instability or inflammatesjate cellular conditions?

( )

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

. J

Figure 1.1The proposed sikallmarks of cancegiReprinted fromCel| 575/144, D. Hanahan and
R. A. WeinbertHallmarks of Cancer: The Next Generatdc674, Copyright 201, with

permission from Elsevigt
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Cancer and Therapy Chapter 1

The dominant characteristic itumourigenesisis believed to be the sustainggroliferative
signalingwhicherodesa cell@ regulatory control of the signalling cascades responsible for growth
and divisior®. This d&normal proliferationin canceris mostt | G il Ay &R O & Yy P& A
signallingpathways involving growth faéars binding tocell surface receptorsand inciting their
hyperactivation® Upregulation of these pathways and overexpression of their downstream target
genes, induced by cancer, place the cell in a state of proliferative independence, enabdinig ch
replication and everadaptive drug resistance’. Consequently, malignant cells have rapid cell
cycle progression and enhanced cellular growth which influencebkeiucomponents, such as

promotion ofenergy metabolism and cell suraiv

To complanent enhanced proliferation, a second hallmark of cancer invoéxesling growth
suppressorswhich provide barriers to abnormal proliferation. This manifests into the form of
inactivation of retinoblastomassociated (RB) and p53 transcription factor (Tp53) proteins, two
critical tumour suppressorsBoth complementary proteins facilitate checkpolirhitations to
cellular growth and division, thereby governing whether a cell can proliferate cataitiellular
senescencé.The facilitated absence ofoth these proteins in malignant cellencouragesthe

uncontrolled growth geneated from the previously discussgthronic proliferative capability.

A further characteristic is resisting cell deathich is ackeved by evading apoptotic and
autophagy mechanismsThe apoptotic processs comprisedof downstream effectors and
upstream regulatcs, relaying cellular death signalsThese extracellular signals are received and
processed, leading to intracellular components intgrg the signals ahactivating proteases,
caspase8 and 9, which initiate proteolysis and trigger apoptd<isalignant cells disrupt this by
overexpressing antiapoptotic genes, such as the regulatory proteirtheoBct2 family, and
downregulating proapoptotit¢riggering proteins’® This is miored in autophagy,the cellular
processhy whichorganeles are degraded and recycled through autophagosomes and lysosomes.

Tumour cells promote AKT, PI3K and mTOR kinase signalling pathways that block autophagy.

Theaggressive growth and replication exerted by neoplastic tigsdeI Yy A FA OF y it & Ay C
demand foroxygen and nutriers Neoplastic cells address thisquirement by ensuring a
constant state ofingiogenesis, the process of forming and developing new blood vessels, which is
GeLMAOlrfte GNIXyaAaSyidte WwWagiioOKSR 2y affiagedicd K 2
WagAidOKQ Aa Sy Idisanbibtorssok iBdyicers, Bi@h tyardosondinl (TSAL)
and vascur endothelial growth factoA (VEGR), areexpressed as signalsEarly in cancer
progression, growth factor VEG¥Fis overexpressetb trigger a constant state of angiogenesis,
stimulating endothelial cell growth to sufficiently generate blood vessels to sustain the unlimited
replicative cancer capability.

12



Cancer and Therapy Chapter 1

By avoiding two essential limitations to proliferation, senescefizeversiblecell cycle arrest)

and crisis(a period of extensive apoptosjgnalignant cellsanemerge into an immortalisation
transition****Resultantlythe cellscanproceed through more cell division and growth cycles than
are natively permitted. This is principally achieved by exploitifgetroles of telomeres which
protect the ends of chromosomes:® Telomeres are assemblies of tandem hexanucleotide
repeats which erode in length periodically as they protect fusigants from damaging
chromosomaDNA ends®** This system dictates the number of cell generations which can pass,
as when the telomere length becomes too short, the protective function is lossandscencés
induced? Cells that bypass senescence can continue to replicate until telomere length becomes
critically short, which then initiates crisisIn somecells, alJ2 f @ YSNI 4SS 1y 2 6y | a
expressed to repaithe lost length of telomeresand evade senescencerisis® Cancer cells

overexpresshesetelomerases to abolish telomere erosion and enable unlimited cellular c¥fcles.

The final, of the six proposed hallmarks of cancer, is the ability to successfully activate invasion
and metastasi§.¢ KS LINPOS&da Aa o0StASOSR G2 oS | - asj
YSidlradadraara OFaldrRSQ GKIF G roesf icdild thiougta neighkoaringt 2 O
haematogenous and lymphatic systef®nce escaping into new tissues, cancer cells form small
nodules which develop ad grow into macroscopic tumourfs Malignant cells achieve thisy
disrupting the regulation of key cdih-cell and celto-ECM (extracellular matrix) adhkion
molecules, such as@&dherin® In normal cells, £adherin is downregulatedtsupress metastasis

and ensureregulated assemblypf epithelial sheets and cell quiescence is maintaitfeBancer

cells reverse this by upregulating moleculssch asEcadherin, to promote epithelial sheet

formation andenhance the abilitpf the malignantcells for disseminatiofspreading)

Two emerging hallmarks of cancer are also now being established which comprise of
reprogramming eergy metabolism and evading immune destructioNormal cells produce
adenosine triphosphate (ATP), the source of cellular energyeruaerobic conditions via glucose
metabolism and under anaerobic conditions by glycolf/sihe hypoxic conditions tumour cells
typically operate under highly favours glycolysis the primary form of energy productipwhich

is further reprogrammed for oxygepresent microenviraments,is named aerobic glycolysiéTo
counteract the limitations of energy production using primarily glycolysisfqiB less ATP
produced), neoplasms upregulate glucose transporteush asGLUT1, and glycolytic enzymes to
enhance the glycolysis pathwayn regards to immune system evasion, cancer cellsfantber
believed to secrete immunosuppressive factors, suchas T&F (2 A YLJ A NJ tocS ¥ d:
T lymphocytes, helper T cells and natural killer callsch all contribute to immune surveillance

and immunological killing*®

13



Cancer and Therapy Chapter 1

1.2. The JAK/STAT Signalling Cascade
1.2.1. Mechanism of Action

In efforts to combat cancer, directly targeting a particular hallmark has proved extremely
challengingdue to the highly complementary nature of each hallmifor example, to target
growth suppressor evasiveness, reinstatement of ©gtle checkpoint control has been reported

by using smalinolecules to activate mutant p53 to restore p53 function andinduce
apoptosis*® To challengehis, neoplasms adapt anreduce the dependence on that particular
hallmark and become more dependent on others to counteract the treatmidtite ramifications

of this meanthat it is exceedingly ineffective to treat cancer via targetorgy one capability.

More promising strategies involve targeting several of the hallmarks simultaneously or outright
destroying the cell, such as breaking cellular DNA. Foréiyathere are a number of drugble
signalling pathways that are involved in multiple of the hallmarks of cancer, such as the JAK/STAT

signalling pathway”

The ubiquitous JAK/STAT signalling pathway was first discovered in 1992 amel @ few
cascadeshat profoundly regulate proliferation, differentiation, immune response, migration, cell
cycle, cell survival and apoptodi€’ Mammalian signal transducers ah activators of
transcription (STATsare a seven isoforroontaining family of cytoplasmic proteins (STAT1,
STAT2, STAT3, STAT4, SAAITATS5b and STAT6) and Janus kinases &l&Ksyrmembered
tyrosine kinases (JAK1, JAK2, JAK3 and Tyk2) bound to the cytoplasmic regions of type | and type
cytokine receptor$*®® The signalling transductions between STATs and JAKs are particularly
essential for a plethora of homeostatic and developmental processeh, asienaintaining stem

cells and developing immune celfsBoth components withhold a conserved SH2 domain (Src

homology 2) which binds and docks specifically to critical phosphotyrosine reskigese(1.2.2*

( \
STAT
Oligo amino | |0 coiled DNAbinding Linker SH2 UENE
N— terminal - : . - activation |—C
) domain domain domain domain )
domain domain
JAK
N—| FERM SH2 Pseudotyrosine Tyrosine kinase domain |—C
domain domain kinase domain
\. J

Figure 1.2 Schematic representations of STATs and JAKSs.
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The phospheaegulatory signalling cascade initiates at the transmembrane receptors where
influxes of various cytokines, such as interlukifil-6) and interferoagamma (IFN), or other
extracellular ligands bind to the receptors, stimulating their activatligure 1.3.°> The receptor
subunits then fom heteromultimers, bringing their constitutively associated cytoplasmic JAKs
into close proximity to enable trapshosphorylatior?’ The impending phosphorylation activates
the JAKswhich further phosphorylate specific tyrosine residwéthin intracellular regions of the
receptor, generating docking sites to facilitate the recruitment of STAT proteiscking of STAT
SH2 domainswith the receptorcomplex phosphotyrosine residuesnable the activated JAKs
specifically phosphorylate a highly conserved tyrosine residue irCttegminal domain of the
STAT, promoting their respective activation (pSTAT) and undocking from recruitmerft-Sites.
The activated STAT phosphotyrosine residue then binds to the SH2 domains of other STAT
proteins, forming hetereand homodimerswhich are rapidly translocated to the nuclefisSTAT
dimers recognise ahbind to specific DNA promotor regions, forming SDAR complexes, that
exponentially increase or reduce the transcription rate of target géh&sObjectively, the
purpose of the signal transduction is to tightly regulate and modulate the transcription of specific
target genes whose products directly play focal roles in proliferation, cell cyclptagi as well

asother numerousessential cellular processés.

N
Extracellular

STAT-Dimerisation Era Phosphorylation
B S —— B E—

Transcription Target Gene
Expression

\Intracellular

Figure 1.3JAK/STAT signalling cascade. C = cytokine, R = receptor and P = phosphate.
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1.2.2. JAK/STAT Activation in Cancer

In approximately 70% of all human breast, lungngreatic colon, head, neck and leukemic
cancers, the JAK/STAT pathway is hypéarattd and notably leads toan overexpression of
activated STAT3 and STAT® Theprincipalmechanism for the activation is yet to be elucidated,
with increased expressions of interleukins, mutations within JAKs and downregulation of negative
pathwaymodulators all consideredas being attributing &ctors?**° Nonetheless, with the
signalling cascade directly regulating components of almost every capability of the hallmarks of
cancer, hyperactivation of the JAK/STAT pathway imnrehfu promotestumourigenesisvia

stimulating the hypertranscription of a plethora of canqgeomoting downstream target genés.

It has been well established that STAT3 hyperactivation has a pronounced effect on evading
growth suppressorshrough stimulating the hypertranscription and overexpression of cell cycle
regulabry proteins, such as cyclin Dthat bypasses cell checkpoint controrhis is exacerbated

with STATS3 also directly downregulatip§3 proteins, transcriptionally and pesanscriptionally,

which are critical tumour suppressofsConstitutively activate STAT3 can bind to p53 promoters
and directly supress their expression, which disables growth cofftiol.2005, Niu and co
workers cofirmed this mechanism by blocking STAT3, with a dominant negative STAT3 mutant in
A2058 cancercells resulting in notable increases in p53 expression that lep38mediated

tumour celtarrest®®!

DisruptiveJAK/STASIignalling also has implications for the angiogenesis hallneaviag to STAT3
positively regulating VEGF expressidin malignancies, abnormal accumulations of activated
STAT3 upregulate VEGF production through hypertranscribing the transcription factor, hypoxia
inducible factorl (HIF1), which STAT3 positively modulaté® Upregulation of HHL promotes
upregulation of VEGF which engages angiogenesis to recruit endothelial cells and generate new
blood vesselé® A study by Wei ando-workers demonstrated this by expressing a dominant
negative STATS3, in pancreatic cancer cells, that significantly supressed VEGF expression an

reduced tumour growth?

A further example2 ¥ ( KS  Libldit&tionlirecengew&s shown with theoromotion of the
metastasis hallmarkMetalloproteinasesMMPSs) are critical for the metastatic process, as they
digest extracellular matrixes and enable malignancies to escape into nearby blood vessels and
dissemirmte ™ STAT3 positively regies MMR2 and overexpresses the protein accordingly in
cancer, heavily promoting metastasfsThe effects of this were further confirmed when Xie and
co-workers showed that expressing a dominant negative STAT31T8&cancer cells, drastically

supressed MMR activity and its overall metastatic potential in neoplastic progressich.
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1.2.3. Developing JAK inhibitors

The deeply centralised role of the hyperactivated JAK/STAT pathway in neoplastic development,
maintenance and progressidras highlighted it as an extraordinarily attractive target to inhibit as

a potential form of chemotherapy. Over the last 20 years, signifidaefforts to supress or inhibit

the pathway have highlighted several targeting opportunities within the signalling pathway.
Beginning with he upstream targets, attempts to inhiltie influx of cytokine or their respective
receptor complexes have effectily reversed JAK/STAT activatioowever these components

are not limited to the JAK/STAT cascade and these approdeveslacked pathwagelectivity,
amounting tosignificant offtargeting effectsof pro-inflammation and immunesupressiéh.To

allow for a more selective route, inhibition ofore exclusive components, suchJsKshas been

investigated®

Indeed, successful JAK inhibition has been reported to selectivadgtablish control of the
pathway and inhibit the phosphorylation of overexpressed STATs. To date, there afD#vo
approved JAK inhibitors, Ruxolitinib and Tofacitimihich behave as ATP mimeti¢ggure 1.4.

The mechanism of action involves both compounds acting as reversible, competitive inhibitors
that bind to the ATP binding site, in the JAK kinasenain, and prohibit the JA&ctivating
phosphorylation event, blocking downstream STAT hyperactivatiBhroughout their respective

treatments, both Ruxolitinib (myelofibrosis) and Tofacitinib (arthritis) display -dependent

decreases in activatl STAZ and STAT5, resultifginhibition of proliferation®”*®
A
N
4
N
N—N ”"/G Il
/
/ \N\\‘ N
L0 Nm&/@ O
~ ~
N N
N H N H
B 1 (Ruxolitinib) 2 (Tofactinib)
Compound| JAKL IG (UM) JAK2 I1G (M) | JAKRG, (M)
1 0.038 0.060 1.940
2 0.030 0.130 0.074
\. J

Figure 1.4A) Structures oFDAapproved JAK inhibitor®) Evaluated inhibitor activitie®
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Challenginglywith both compoundsselectivity for their target JAK, JAK1, is igkdy poor and

the off-target activity induced by inhibiting other isoformb&as resulted in severe haematologi

side effects’ Second generation JAK inhibitors thereby require increased selectivity for a singular
JAK isoform comparatively to the current generation of inhibifdf&o this end, a promising novel
JAK inhibitor was reported in 2018, by Grimster anavookers at AstraZeneca, which possessed

a high degree of selewity and potency for the JAK1 member in attempts to inhibit the JAK/STAT
pathway?® Through structurebased design and focused library screening, the team developed

AZ3 (Figure 1.5, an ATRompetitive JAK inhibitor with,000-fold selectivity for AK1%®

r N
A
- | OH | |
O 5 L, @
NH N \H @ < NH N
SN N a \ﬁN =z |
”\)\/)\ /@\ e \f\/ A lN N/)\N N
N N 4N N" N H
H o O H F F
3 4 5 (AZ-3)
B
3 <0.003 0.036 0.464 -
4 0.040 >30 >30 0.068
5 (AZ3) 0.034 >30 >30 0.030
. )

Figure 1.5A) AZ3 JAK1 inhibitor developmer®) Evaluated inhibitor activitie€

The group first screened over 50,000 compounds from ahouse library and 400 were
identified with 1G, values <100 nM against JARIRescreening the 1400 kibmpounds with
considerations for other parametersuch as I§ values for AK2 and JAK3, gave rise to the potent
JAK1 inhibitor, compound, as a base structuré&ubstitution of the3-chloro-2,4R A b dz2 N2 | y A
motif for a more hydrophilic3-hydroxymethylanilinesignificantly reduced the Idg to a more
suitable value of 1.75, enabling further modificatiossich aspyrimidine G5 methylation and
substitution of the piperizane functionality for a bicyclic base, to yield compotffdThese
modifications produced an extremely selectiveKJAinhibitor which could potently inhibit
downstream activated STAT3 but glsthibit proliferation in an A549 cellular assayhere JAK1
knockdown should have no effeéTo remedy this, final derivatisations were made to afford lead
compound>5 with 1,000fold selectivity for JAK1, inactivity in the A549 cellular assay and potent
downstream pSTAT3 inhibitigh.
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1.2.4. Developing STAT Inhibitors

Despite compelling breakthroughs in the development of potent and selective JAK inhibitors,
whenused to treat solid tumours, the poor effidas and persistent offarget toxicities observed

have limitedtheir effectivenes$? In alternative efforts to improve selectivitipr the JAK/STAT
cascade, the conceptual foundation of directly targeting the overexprepsedpharegulatory
STAT proteins was established. A particular therapeutic focos ishibiting STAT.3which is
regardedas 0 KS WY I a i SNJ NB Jdd rentadNie ndS welldsuBnen@d énd
therapeutically relevant isoform to cancérlinterestingly, there are a number of apprées
when targeting STAT3 proteins, with the most explored strategies focusing on inhibiting the
STATDNA binding domai\-terminal domain or the conserved SH2 dom#ift

With the STAT3 DNBinding domain directly binding to DNA response elements and facilitating
the transcription of target genes, it was theorised that spadlleailes could inhibit the domain,

block STADNA binding and supress STAT3 transcriptional actiftyndeed, studies show that
classes of platinum (IV) compounds, similarly designed to cisplatin, can successfully disrupt STAT?
DNA binding” This resultantly reduced expression of activated STAT3, supressed downstream

targets genes, such as Cydlia and BckL, that induced cell ciearrest in malignant celfs.

A second approach targets the STAV8rminal domain which mediates the mtein-protein
interactions between STAT3 dimer assemblies or STAT3-8inarbinding® Through deriving
small peptide sequences from the helices present within the STM#ESminal domain and
modifying them into celpermeable analogues, agents that selectively bind to the domain and
supress SAT3 transcriptional activity have been report¥dFurther developments have
demonstratedpeptide sequences specifically binditgthe STAT&-terminal domain can induce

apoptosis and cancer cell arrest in human STaciBated cancer cell lines

Conversely, the overwhelmingly popular and most successful strategy is directly targeting the
STAT3 SH2 domaihThe highly conserved nature of STAT3 SH2 domains and their abselet

in STAT&ctivation highlights them as extremely attractive targets for inhibifftb&TAT3 SH2
domain inhibition involves blocking the STAMBmaodimerisation event, which occurs from
reciprocal binding between the SH2 domain and the critical phosphotyrossidues (pY705) of
STAT3 monomefS. By designing smatholecules which can chemically mimic this
phosphotyrosine residue, that specifically binds to the STAT3 SH2 domain, phosphotyrosine
mimetic STAT inhibitors can selectivity inhibit the SH2 domain with higtiinigiaffinity.*®
Resultantly, activated STAT3 is prevented from binding to its cegmat, disrupting dimerisation,

cessing target gene transcription andducing apoptosis>
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1.2.5. STAT3 SH2 Doman Inhibitor Groundwork

Despite the challenges of developimyotein-protein inhibitors for the large surface area of
protein interfacesmanyselective and potent STAT3 SH2 domainbitbtis have been reportedf
These inhibitors target two or more of the thremvailablesub-pockets within the STAT3 SH2
domain figure 1.6, which were elucidated after the-bay crystal structure of STAT3:SBAONA
ternary complexwas solved by Becker and-asmrkers in 1998° The subpockets comprise one
polar (pY) and two hydrophobic (pY+1 andl)¥subpockets? The hydrophilic pY site primarily
interacts via electrostatic and hydrogebonding interactions that accommodates the highly
charged phosphotyrosine mofif.The remaining two binding sutmockets are hydrophobic, where
the pY.1 subpocket is unique to the STAT3 isoform and can be exploited for seleélivity.
Therefore, to develop high binaiaffinity and selective STAT3 SH2 domain inhibitors, the

molecules must be phosphotyrosimeimetic and engage with multiple stiinckets.

~

Figure 1.6 RecreatedSTAT3 structure and SH2 domain surface representéieprinted from
Biochemical and Bphystal Research Communications, 374Z. Reret al,, Crystal structure of
unphosphorylated STAT3 core fragmelab, Copyright 208, with permission from Elsevier

(Republished with permission of Patrick T. Gunnfrgm Progress towards the Dewgiment of
SH2domaininhibitors, P. T. Gunningt al,, 42, 8 Copyright 203; permission conveyed through
Copyright Clearance Center, i€’

The earliest account of a proteprotein inhibitor of the STATSH2 domain waseported in 2001
by Turkson and cworkers, with the discovery of @pY.KTKpeptide sequencé® The peptide
sequence was deriveddm several essential amino acid residusrounding the STAT3 SH2
domain phosphotyrosine, thatibd and dimerisewith other STAT3 SH2 domaifislt was
hypothesised that by mimicking the chemical environment of these residues, the peptide agent
could selectively bind and inhibit the SH2 domains of constitutively active STAT3 pfof#ies.
proof-of-concept protein establishedeak STAT3 SH2 domain binding with l&3, value of 182
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UM and the ability to successfully disrupt the key STAT3 dimerisation @veiito andin viva®
Thereduction of STAT3 activity was concluded to be facilitated by the associations of STAT3 SHZ
domains with PplYKTKforming PpYKTKSTAT3 inactive monomer corapes?® This study was a

significant foundation for confirming the hypothesis of inhibiting STAT3 via its SH2 domain.
1.2.6. Peptidomimetic STAT3 SH2 Domain Inhibitors

Peptide agents, such as RTK often have poor pharmacokinetic properties, low cellular
permeability and offer poor stabilitin vitro.” To address this, peptidomimetic derivatives were
considered to alleviate some of the negett properties of employing native peptides. Usiag
template tripeptide sequence, PpYtom PpYKTKthe first series of arHBTAT3 peptidomimetc
were subsequently reported by Turkson andworkers in 2004? Numerous substitutions were
made to the pYl residue within the critical PpYL sequence, from aryls to heterocycles, to yield

the lead peptidomimeti¢<SS610 Figure 1.7, with a fivefold higher activity (IG= 42uM), *°

( \
A
0 °,
N
N \:)LOH
o)
NZ
6 (1SS-610)
\. J

Figure 1.7A) ISS610 ©). B) Docking(1ISS610 green, PpYLKTK orangéhin STAT3 SH2 domain
(Reprintedfrom Molecular Cancer Therapeuti€ppyright2004, 3/3, 261-269, J. Turksort al.,
Novel peptidomimetic inhibitors of signal transducer and activator of transcription 3 dimerization

and biological activity, with permission from AAZR

Computational modelsHigure 1.7 confirmed asimilar affiliation of the phosphotyrosine motif
within the pY sukpocket for both 1S810 and PpYLKTKISS610 facilitated a greater occupation
of the desired pYL subpocket with the modified4-cyanobenzoatdunctionality, increasing the
overall binding affinity? From the eleatophoretic mobility shift assay (EMS#&¥ults Figure 1.8,
ISS610 displays a superior doskependent decrease in STAT3 dimer expression, relative to
PpYLKTK, rationalised by @shanced STAT3 SH2 domain bindtt. was then shown that
treatment of 1IS$10 to STAT3 overexpressed cancer cell [INEAMB-231 and MDAVIB-435,
significantly supressed proliferation and induced apoptostsigh concentrationg>1 mM)*°
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Figure 1.8 EMSA analysis &TAT8limerisationwith ISS610and PpYLKTReprintedfrom
Molecular Cancer Therapeutidsppyright2004, 3/3, 261-269, J. Turksort al., Novel
peptidomimetic inhibitors of signal transducer and activator of transcription 3 dimerization and

biological activity, with permission from AACR

The phosphopeptide approach, validated by-¢S8 1 Qa A YLINE SR | 6STATBG &
peptide and disrupt dimerisatiorgncourageda global interest in developing second generation
ISS610 derivatives and new arTAT3 peptidomimetic designs. Computational models of ISS
610 were used to elucidate libraries of new peptidomimetics, with highedibg-affinities for the
STAT3 SH2 domain, betszlectivityfor the STAT3 isoform (targeting the unique STATF3 piYl
pocket) and potency for STAT3 dimerisation disruption, such as inhifitansl 8 (Figure 1.9.
However, selectivity and high binduaffinities are not the only factors in drug development and

remnant issues from peptic properties elsewise remairetstrict STAT3 inhibitor progress.
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Figure 1.9Reported STAT3 SH2 doma@ppidomimetic inhibitors 79.%>°%°2
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Alongside poor stabilitydge 0 2 G KS LIK2aLKI G§SQa & dzanddgyeddus o A f
cellular phospatases), peptidomimetics are highly impermeable to cell membranes due to
retention of anionic charges and multiple polar side ch&irifo address this, Wang and-co
workers designed a peptidomimetic, compoufd with the side chainsedesigned as 1,2,3
triazole ringto increase the molecul@ lipophilicty andimprove cellular uptakethrough the
membrane(Figure 1.9 TheannulatedSTAT3 inhibitor was designed, using click chemistry, to
cyclise two lysine residues of the parent inhibitor-pAMLKT+amide, which facilitated a-8ld
potency increaselGyo = 25.9 uM to 7.3 uM).***? This modification highlighted that improving

permeabilityof STAT3 inhibitoreas a significant consideration.
1.2.7. Nonpeptidic STAT3 SH2 Domain Inhibitors

The interesting strategies to remedy poor cellular uptake of STAT3 inhibiting peptidomimetics,
such as Wang and agorkerscyclisation efforts, still ik short of the required capabilities. To this
end, there are currently no FB#pproved STAT3 SH2 domain peptidomimetic inhibitors. The
main implicated factorsare poor stability, insufficient cellular uptake and resultantly low
biological activities. Comrguently, nonpeptidic arHBTAT3 smatholecules, with improved
physiochemical properties, have been considered to alleviate these drawba@ke. of the more
successful and heavily derivatised nonpeptidic STAT3 inhibitors23Figure 1.1), was

reported in 2007 by Turkson and-emrkers todisruptthe STAT3 dimerisatioevent>

Ve
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Figure 1.10A) S31201 @0). B) S31201 docking within the STAT3 SH2 donf&@opyright (2017)

. /

National Academy of Scien)&3d

Through structurebased virtual screening, S201 was identified as a leatligh-scoring binder
and inhibitor of the STAT3 SH2 domain; withweak IG, value of 86uM.*> Computational
modelling Figure 1.10 confirmed the salicyligroupwas behaving as a phosphotyrosimgmetic

and could sit tightly in the pY SH2 domain -paicket>® The tosylate tail was also revealed to
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accommodate well into the STASBecific, pYL hydrophobic sulpocket, resulting in an @rall
bindingaffinity score of -11.7 kcal/mof® EMSA results Fjgure 1.1) demonstrated dose
dependent disruption of STAT3nwrisation with S3201 treatment, with a high degree of
selectivity for STAT3:STAT3 dimers over STAT1:STAT1 or STAT3:STATT diineestigatehe
ability of S31201 to inhibit constitutivelyactive STAT3, it was treated withe STAT&ctivated
mouse fibroblast and cancer cell lines, NIH 3T andMDAMB-231 (Figure 1.1}, in search for
fluctuations in three STAT3 targgenes: Survivin (survival), BdL (antiapoptotic) and CycliD1

(cell cyclef**® Western blot results definitively show suppression of these genes after treating
both cell lines with S3201 (100uM, for 48 hours), in comparison to the untreated cells,
signifying that S3201 waddisruptingdimerisation and overall STAT3 transcriptional activity.

( )

A S31-201 (uM)
‘88 8

©
=
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O

Stat3:Stat3»
Stat1:Stat3»
Stat1:Stat1»

Stat5:Stat5->= — B-actin — | S

Stat1:Stat1» NIH3T3/v-Src MDA-MB-231

Figure 1.11 AEMSA analysis of S201 STAT dimerisatioB) Western blot analysis of
(NIH3T3/vSrc) and MDAMB-231 cels gene expression after S201(10QuM) treatment for 48
hours(Copyright (2017) Nation&lcademy of Science®

Indeed, the positive contributions from S2D1 led to derivatisations of the core structure to
faciltate better binding, to both the pY and gYsubpockets, but also to the additional pY+1
hydrophobic sukpocket which had mostly remained unexploréiinteraction with this pocket
wasinvestigatedby incorporatingderivativesof S31201with hydrophobic benzyligroups on the
central amide nitrogen, such as compouhti which improvedootency (Figure 1.12*° Whereas
the hundreds of reported nonpatidic STAT3 inhibitors demonstraitmproved permeabilityand

stability, they now conversely exhibiteakerbindingaffinities and insufficienactivities*

24



Cancer and Therapy

Chapter 1

s

~
11 (BP-1-102)
0, 0 F ] ICCB:unrlin(SgseLi/ll.
N . F 50 ~ -
\H/\N
HO @] | E F
O OH F
12 (Stattic) -, N\
Berg et al. . O‘N 0
Q ICs0 = 5.1 uM 5 ¢
13
-«{ Hamilton et al.
HO IC59 = 33 uM
\P/O
>\
© OH
\

/

Figure 1.12Reported STAT3 SH2 domain nonpeptidic inhibitor examiffés.

1.2.8. STAT5 SH2 Domain Inhibitors

Exploring the STAT3 protein has yielded nhumerous innovative anticancer agentse overall

poor activities hae perpetuated their clinical trial failureS:*° An alternative approach focuses on

STATS5 proteins, which are also hyperactivated in cancer and contain an analogous highly

conserved SH2 domafn.Problematically, the BAT5 SH2 struate has been far less explored,

presenting challenges for developing selective and potent STATS5 inhibitors. However, the

STAT5a/b SH2 domain shares approximately 40% homology tithdSo Q & > scfeghingof A y 3

large libraries of SH2 domalginders to establish which are selective for STAT5. A 2018 study by

Wingelhofer and cavorkers validated this hypothesis, with A4€130 Eigure 1.13>’
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Figure 1.13A) AG4-130 (14). B) AG4-130 docking within the STAT5b SH2 donfBurblic license:

https://creativecommons.org/licenses/by/4)G’
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From a large chemical library screening of known SH2 domain binde#;13@ (4), was
identified as a selective inhibitor of STAB&er both STAT1 and STATFhe compand retained
the S31201 derivative, BR-102 Figure 1.12, pharmacophoredeveloped by Gunning and <o
workers, showcasing the similarities between STAT SH2 dorfdihgrom docing the
compound into the BAT5 SH2 domain Higure 1.13, calculations revealed benzoiacid
interactions with key Arg618 and Sef22 residuesthat are involved with phosphotyrosine
binding (pYJ? Likewise LISy (i I b dz2 N2 6 Sy 1 8nd &chicratenF) Bupdtityeht Bere
engaging in -~ interactionswithin an amphiphilic pocket, resulting in favourable bindiftf. The
overall STATSsoform selectivity was rationalised by benzylic cafiointeractions with the

STATS5kspecific Asn64 residue, which is not present within the other STAT isofatins

To study the activity profile, constitutively active STATS5b cell lines, Ba/F3 TR, 3vere treated
with AG4-130 at various concentrations for 24 houFdure 1.13°" Both cytoplasmic and nucleic
pPSTATS saw dosependent decreases upakG4-130 treatment, establishing its ability to inhibit

dimerisation (reduced cytoplasmic pSTAT5) and nuclear translocation (less nucleic pSTAT5).

In sequential investigations, STATS perturbed cells, dY4AndMOLM13, underwent A&-130
treatment and displayed asedependent cleavage gfoly (ADRibose) polymeras¢PARPaNd
caspase, the notable signaturefor initiation of apoptosisKigure 1.13>"°**'Collectively, A@-
130 had demonstrated to be a selective STAT5b SH2 binder, inhibitor of STAT5 donesisat
inducer of apoptosis, certifying the STAT5 SH2 dosmdibition concept’
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Figure 1.14A) Western blot analysis of Ba/F3 FHT®+ cells pSTATS5 levels with4AT30,
B) Western blot analysis of M¥41 and MOLML3 cells PARP and CASPASE 3 levels witii AT

(Public license: https://creivecommons.org/licenses/by/4.0Y

There have been copious advances ieveloping smalinolecules for selective STATS5 SH2

domairrinhibition (Figure 1.1%. For exampleRomagnoli and cavorkers reported a potent STAT5
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inhibitor, compound15, which reduced pSTAT5 expression and induced apoptosis in K562 and
KCE22 human chronianyeloid leukemiacells® In 2008, Berg and eworkers screened 17,000
compounds for selective STAT5b SH2 domain binding, elucidating chrateoned acyl
hydrazine 16 as a promising STAT5b dimerisation disruftoHowever, likeuse to STAT3

inhibitors, these compounds have not progressed through clinical trials owing tcagteities

( \
15
-« Romagnoli et al.
|C50 =0.12 MM
/N 0
16 | H
Berg et al. - A N~N z |
IC5q =47 uM 0
(@]
. J

Figure 1.15Reported STAT5 SH2 domain nonpeptidic inhidifoand 16.52¢*
1.3. Targeting 14 -3-3 Proteins
1.3.1. 14-3-3 Protein Activation in Cancer

Additionally to STAT proteins, other phosptegulatory signalling proteins, such as-323
proteins, are overexpressed in many canc@Bheprotein was first identified in 1967 antamed

from the elution fraction number of the proteinafter chromatography alongside thamigration
position following electrophoresf®. 14-3-3 proteins possessiany unparalleled similarities to
STAT proteins and their malignant hyperactivation also promotes several hallmarks of cancer

involving proliferation, cell cycle, apoptoseell survivahnd metastasi§>®’

In mammaliars, there are seven isoforms @#-3-3 proteinso 1/X & ¥ v %), Whith areZ |y
highly conservedind ubiquitously expressedcross tissu€® In an analogous manner to STATS,
14-3-3 proteins facilitate homo/heterodimerisation and bind to numerous binding partners,
namely signalling proteins, to regulate signalling\vay.®>® The 143-3 bindingdomain protein

protein interactions are of particular interest, due to their resemblance to theTSIA2 domain

which specifically binds to phosphotyrosine residfiddowever, 143-3 proteins binding domains
specifically recognis¢heir substratesvia phosphserine (or threonine) residues, constituting

them as an additinal class of signalling domdfh™ Binding of 143-3 dimers, through

phosphaserine interactions, to host signalling proteins can induce conformational changes,
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enhance or supress further target protemmotein interactions and even hinder the accessibility of

the protein to modifying enzyme$.

There have ben various studies that showeldl-3-3 proteins (particularlythe 28-0 ©° A a® F 2 NJY
be overexpressed in many cancers, thasilitating the hyperactivation of numerous other
affiliated pathways, such as impairing the activity of critical p53 tumour sggpreproteins %8
The cancepromoting implications of overexpressed-B34 proteins therefore higlights them as
potentially drug@ble targets to inhibit for antiancer therapy. Moreover, it is their mechanistic
likeliness to hyperactivated STATs which draws particular exaiteras the established and well
documented science of STAT ppbstyrosinemimetic inhibitioncould in theory, be applied and
prove equally as successful for 133 overexpressioff, It has therefore been proposed that
employing smalinolecules, that mimic key phospberineresidues, could selectively bind to-14

3-3 binding domains, inhibit their interactions and prohibit their cargssmoting activations’
1.3.2. 14-3-3 Inhibitors

Inthe search of small molecules that target-348, not much progress has been made discovering
14-3-3 dimerisation inhibitors. The first example of 3-8 dimerisation inhibitor came 0997,
when Yaffe and cavorkersfirst established that 148-3 proteins bind to their target proteins
through hex@hosphopeptide(RXX[pSTIXR or heptaphosphopeptidd RXXX[pPT]XP binding
sequences, where X = any amino &&if This premise enabled itthitory peptide sequences to
be constructed which recognise these binding sites, sudRRRPSYRMd LFGpSLLR These 14

3-3 protein bindingdomain peptide sequences could further be employed as scaffolds to aid the
design of 143-3 pepidomimetic inhibitors, with improved drutike properties. Resultant]yin
2010, the first smalinolecule examples of a 13t3 phosphaerinemimetic, proteinprotein
inhibitors were reported by Yao and-@mrkers®’ Thestructures were attained through smalk
molecule microarray SMM) which assisted a higthroughput screening to convert the
established 14-3-binding peptide, RFRpSYPPinto more favourable smatholecule
peptidomimetics’”’® The seriesvide lead inhibitor, compound.7 (Figure 116) retained the

critical phosphserineresidue and incorporated two flankingigh 143-o :affinity fragments’’
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Figure 1.16Reported 143-0 °~ A Y K7/ar@l Ainpibdphorylatedraaloguel8.®”"

Phosphaserinederived, 143-3 inhibitor 17 and its corresponding unphosphorylated derivativg&

were firstsubjected to competitive fluorescence polarisation experiments which established that
dosedependent 143-0 "binding could be observed with phosphorylated inhibitof, but not

with the alcohol analogue (18).*” Moreover, the evaluated kg value towards 148-0 ° T2 NJ
compoundl17 (2.6 uM) was approximately teffiold lower than theparent peptide, a reasonable
overall tradeoff for peptidomimeticderivatisation?” The group then investigated both
compounds abilities to competitively bindtoBdo ° | Y R R A & Nfiztéin interdcionsLINE (i
with two of its substrate proteins, p53 and Raf(Figure 1.17.°*®” Phosphorylated17 and
unphosphorylated compound8 were thus preincubated withbeadimmobilised GST4-3-0 °

and then added toA549 cell lysate¥ Immunoblottingthen demonstrated compound.7 could
successfully disrupt 1830 ©° 0 A ¥ R A Rafl add53waeingwhich wasnot observed with
unphosphorylated compoundl8®” Furthermore, anXTT cell viability assayin A549 cells
concluded that inhibitod 7 was alsoveaklyinducing timedependant suppression of proliferation

at 100puM (Figure 1.13, confirming inhibitorl7 was disrupting 18-0 ~ k £ A 3 Y R thask Y R A

inducing apoptosi§’’?
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- c =
e 2 18 17 § 8

I Anti-Raf-1
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m1lh
m2h

60

Percentage Control
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Anti-14-3-3 T mizh
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0 .
I Anti-GST Compound ~ DMSO 18 17 4

Figure 1.17: AIn vitrocompetitive binding o7 (100uM) and18 (100uM) with cellular proteins
in A549cellsfor 24 hoursTCl=total cell lysate GST = just bead8) XTTassayfor time-
dependent inhibitbn of A549 cell proliferation with7 and 18 treatment at100uM (Reprinted
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from Angewandte Chemie International Editjd®/37, H. Wuetal~ a A ONRI NN &m! &3a
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The elegant work reported by Yao confirmed that designings-Bdinhibitors, which bind and
block associated 13-3/ligand interactions, could successfully indugmptosis in cancer cells and
has encouraged other research groups to develop their own343!inhibitors Figure 1.18. In
2013 Thiel ancet al. developed an antl4-3-3 phosphonate inhibitor, compound9, through
virtual screenind? The group reported the compoum ability to significantly inhibit 13-3-
induced metalloproteinase, MMR, overexpression ihumanlung fibroblasts demonstratingits
ability to combat neoplastic metastasisA further example is FOBINSIN1@D)(which was
developed by Zhao and amorkers in 2011 and displayed good selectivity for the3isty
isoform.® The phosphserinemimetic inhibitor exhibited the capability to prdiit the binding of
143-0y (i 2 -1 kubstratearid Femains to be one of many promising inhibitors for3i3
proteins/> However,as with phosphotyrosinemimetic inhibitors; phosphserinemimetics are
also plagued by poor cellular stéityi and membrane penetratioff With the current strategies to

alleviate these shortfalls being inadequatew strategies to increase their activities are required

4 N\
20 19
HO A 9 Thiel etal. [ o
| O-P-OH ICs0 = 5 uM

I
_ OH HO-P-OH O
NT N
SR
20 (FOBISIN101) H o g
\©\”/OH - Zhao et al.
ICs0= 9.3 uM

o)

Figure 1.18Reported14-3-3 inhibitor examples*"
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Chapter 2: Organophosphorus Prodrugs

2.1 The Prodrug Concept

I LINPRNXzZZ A& RSFTFAYSR & abF o0A2f23A0FIffteé Ayl (
produce atherapeutically activdk NHZ3raedzoncept was firstrbught forward by Albert in 1958

and was later reclassified intathe two key subcategories dbioprecusors and carrietinked
prodrugs’’ Both subsetsundamentaly aim to enhance thgpharmaceutical, pharecokinetic and
pharmacodynamigrofiles of drugsvia derivatisation withtWY I 81 Ay 3 Q T dmfr@dyA 2 y |

deficiencies, such as poor bioavailabjlijte-specificityand instability’®

Bioprecursor prodrugs aréesigned tobe inactive in their dosed state untitetabolicactivation
through phosphorylationpxidation, reductioror hydrolysis™® A retrometabolic strategy is used to
designand chemically modify a therapeutically active molecule into an inactive precuvbazh

can act as a substrate for enzymes to activate and metabolise into its active "state.
Retrospectively, it is imptant to design the bioprecursor to withhold speditfjcfor one pathway,

to avoid competitive inactivation from other pathways and biotransformatiths.

Alternatively,carrierlinked prodrugsnactivate the parent drug througbovalentlylinked cariers

2N WLINPY2SAGASaAaQ 6KAOK | NB THygh tiy key prainbodityt, e 2 NJ
phystco-chemical properties are temporarily modified until cleavage aativation.Carrierlinked

LINE RNHZ3&4 OFy 0SS 0ALJ} NiAQI Sxa sRBNBO (itkeS O\ yN\INSIR
tripartite, where a spacer will link the carrier and the parent dii@hese modifications are built

upon functional groups involved in the d@gctivity, where cleavage can liberate the active drug
from the linker/carrier®® Additionally, active drugs cagven be syntheticallylinked together to

form mutual prodrugs, in which eaafiugis a carrier to the otheuntil released®

Designiig any prodrug requireghe compound to be sufficiently lipophilic, stable in blood plasma,
metabolise correctlyn cells,produce nontoxic byproductswhich are easily excreteandfinally,
remain therapeutically inactive in its prodrug stdfe Their overall success has led to
approximately 10% of all medicines now being prodrsygh as aspirin ancodeine® Therefore,

it was hypothesised that this powerful prodrug approach could be usedthferphosphate
bioisostere to neutralise their anionic charges, bgynthetically attaching cleavable chemical
promoeities to each acid. As an electronically neutral phosphate prodwnith increased
lipophilicity, the species could now facilitate passiifusion into the cellwhere predesigned
chemical or enzymatic cleavage can deliver the active ohrsige Thereintroducedcapacity for
passive diffusion may remedy their poor bioavailahiltty significantly improving the membrane

permeabilityand elevate cellular uptakef the phosphatedrug.
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2.2. Developing Phosphate Prodrugs
2.2.1. Phosphate Ester Prodrug Groundwork

Thefirst examples of phospdrus prodrugs were phosphatphosphonateesters, wherebyboth
phosphoric acidswvere substituted with ester motifsto yield phosphotriestes. However, as
phosphotriestes are unnatural biological substrateendogenous enzymes capablentddiating
their intracellular cleavage remagd elusive® Consequently, promoeities for early phosphate
prodrugs were predominantly chemicalgbile and facilitated hydrolysiga nucleophilicattack
To this end,prototype phosphotriestes werefirst reported in the 191 n Bsdipartite, carrier

linked prodrugs Thosecommonlyinvestigated were bismethyhisethyland bisphenyésters.®®

Bisalkylationof the two phosphoric acid functionalities enabled the prodrugémtainincreased
lipophilicity (logP) andilso remain electronically neutral under physiological conditih3his
enablespassive diffusion oprodrug 21 through the cell membrane, into the cytoplaswhere
adventitious cellular nucleophiles begin the metabolic prod&sgure 2.). Problematically, after
the nucleophiledriven cleavage of the first alkylpromoeity ester (22), the resultant
phosphodiester beomes more stable, limitinghe second urmasking step to requiringlow
enzymatic assistancérom phosphodiesterase¥ Bipartite bisalkyl phosphotriester prodrugs

consequentlyoffer slow metabolic rates and overghoor relative succedhus far.
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Figure 2.1Bisalkyl phosphotriester metabolistd.=nucleophile Nu = nucleosideR =alkyl®
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2.2.2. CycloSal Phosphate Prodrugs

To addressthe slow, metabolic shortfall, Meier and coeworkers reported a novel cyclic
phosphotriesterbipartite prodrug approach in 199¢Figure 2.2.3* The prodrug maintained the
electronic neutrality required for passive diffusion but utilised a single promoeity, cyclosaligenyl,
which cyclised around botiphosphoric acids to mask their charg@8)( Thisdid not require the
rate-limiting enzymaticcleavage for releas€ ¢ KS W/ & Of 2 { I f QsopRiSicateddy 2
tandem liberation mechanismwhere under alkaline conditions, the phenolic carrier is
preferentially cleaved, owing to its greater leaving group capacity and hence, susceptibility to
hydrolysis®* Metabolite 26 could then preeed via its slower hydrolyticcleavage of the less labile
benzylphosphate ester, to deliver the active drigfl)(inside the cell with one equivalent of

t84

salicylalcoho(27) by-produc

s N
Extracellular
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Figure 2.2 CycloSalprodrugmetabolism X = nucleophile. Nurucleoside. R = Alkyl, halog&n

Metabolic finetuning was also possible with CycloSal phosphatgrodrugs where ring
substitutions could favour primary or secondary cleavd@elncorporation of electron
withdrawing moieties, such as halogems,the para-position activate the phenolic substituent

and enhance its tendey for nucleophilic cleavag¥.Adversely, substitution of thpara-position

with electrondonating groups, such as alkyls, stabilises the phenolic position and decreases the
rate of hydrolysi§! Consequently, the overall raeof hydrolysis an be preleterminedin the

CycloSal prodrug design which has enabled sewetaliral CycloSal desigris betrialed.®>%

33



Organophosphorus Prodrugs Chapter 2

2.2.3. BisPOM Phosphate Prodrugs

In 1983 Farquhar and cavorkersreported thefirst conversion of anonophosphate nucleotide

into an electronicallyneutral, tripartite phosphotriestemprodrug (Figure 2.3.2"% Byinstallingtwo

LA DLt 28t 2EeYSiKet othao YlIalAy3a 3INRdAzZIASE GKS
prodrug Y 2 f (88Dwithh8&ld a significantly highelipophilicity?”®® The electronic neutrality

and amplified logP of the prodrug enables passive diffusion through the cell membrane, in which
cytoplasmiccarboylate esterasexleave a carboxylatpromoeity to afford reactive methoxy
species29.%% Owing to instability, metabolite29 spontaneously dissociatethe linker and
releases phosphate81 alongside one equivalent of formaldehyde(30).28%° A second cycle

completes the metabolism aractivedrug24 s liberatedinside the celf®®
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Figure 23: BisPOM phosphate prodrug metabolism. Nu = nuclecSide.

The bisPOM phosphate prodrug approachcisrently the most popular phosphate prodrug
design and haso far produced one FDAapproved prodrug (adefovir dipivoxjl for treating
hepatitis B amongstnumerousothers in clinical trial§®®° Thisis supportedby the good buffer

and plasma stability of typical bisPOM phosphate prodrugs, alongside the dramatically improved
bioavailability (up to 134old highe) versus the parent phosphate® However there are
drawbacks to the bisPOM prodrugrhere metabolite31 is a poorer esterase substrate, which
manifests into a slw second cleavage cycleith additional production oftoxic formaldehyde

and pivalic acid bproducts?®**
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2.2.4. BisPOC Phosphate Prodrugs

In efforts to remedy thepivalic acid by-product toxiciies with pivaloyloxymethyl phosphate
masking groupsNaesensand coeworkers reported bis-isopropyloxycarbonyloxymethyl (POC)
tripartite, phosphotriesterprodrugsin 1998% Similarlyto bisPOM phosphate prodrugs, bisPOC
prodrugs (33) are electronicaly neutral and lipophiliccarrierlinked prodrugs. Mechanistically,
bisPOC prodrugs metabolise through esterassdiated cleavage of the isopropyl promoejtio
generate carboxylate34 and expel CQ (Figure 2.4.% This resultantly drives a spontaneous
degradation of the linker motjfanalogously to POM metabolisto, complete the liberation of
the first POC masfor metabolite 36, alongside one equivalent of formaldehyfe? A second

cleavage cycle fully unmasks the prodrug agldaseghe active drugZ4) to the cell®?
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Figure 2.4BisPOC phosphate prodrug metabolism. Nu = nucledside.

With the bisPOC phosphate prodrug approach, the toxic pivalic acrdnucts are removed
whilst maintaining electronic neutrality and a high lipophilici&urthermore, thePOCmasking
groups have also demonstrated good buffer and plasma stgbdityalogusly to the POM
derivatives’ These advantages have helped facilitate the fpgoval of a bisPOC phosphate
triester prodrug,tenofovir disoproxil which isused to treat HI\?>*® Although bioavailability is
increased from the parent drug, there arkowever, stillconcernsof formaldehyde toxicity and
poor chemical stability obisPOCs, presentinghallenges for its application to many drug

molecules??

35



Organophosphorus Prodrugs Chapter 2

2.2.5. BisSATEPhosphate Prodrugs

To develop &arrierlinkedphosphotriestemprodrugwithout production of toxic formaldehyde by
products, Imbachand ceworkers designed&acyt2-thioethyl (SATEphosphatemasking groups
as alternatives in 1998* BisSATE phosphate prodru@8)(follow a similar metabolism to POM
and POC protecting groups which they are etivated by cytoplasmic carboagterasesKigure
25).% As previously seen, thesterases catalyse the hydrolysis of the carboxylate promoeity,
liberating pivalic acid anthiol species39.** A spontaneousintramolecular nucleophilic attack of
the thiol-linker, to the phosphate ester-carbon initiates thiirane 40 elimination to yield
phosphodiestermetabolite 41.°* A second, identical repeating metabolic cycle generates the

active drug 24) inside the celvith another equialent of pivalic acid anthiirane 40.*
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Figure 2.5BisSATE phosphate prodrug methém. Nu = nucleosid®.

BisSATEprodrugs can successfully mashkoth phosphoric acids and deliver the therapeutically
active species inside cells, via passive diffusion, witffounation of toxic formaldehydée?
Furthermore, this approaclvenefits from thesynthetic accessibility to formulate theisSATE
prodrug, due to thebioactivaable groug@ chemical stabilityenabling powerful phosphoru@ll)
chemistry for its constructioff. Thereby, bisSATE prodrugs have begied and yieldedsome
success as antiviral nucleotigeodrugsbut recent reports of new bis SATE prodrugs havenbee
limited. Unfortunately, the unwanted pivalic acidand episulfide 40 by-product toxicities and

premature hydrolysisnay rationalise the lack of progression of the prodrug technafddy
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2.2.6. BisSDTE Phosphate Prodrugs

In 1993,an alternativethiol-basedcarrierlinked phosphotriesterprodrug strategywas reported

by Gosselinand coworkers that utilised enzymatic cleavage of a disulphide promoeity with
reductases’ By using replacemen&[(2-hydroxyethyl)sti U R2&Hio8thyl (DTE) estershisDTE
prodrugs 43) were able to enhance phosphate lipophilicity and enable passive diffusion through
the membrane $cheme 2.5 Metabolically DTE disulphide bonds are hydrolysed by reductases
to yield thiol metabolites45, akin to metabolite39, where anepisulfide 40 elimination also
finalises the liberation of the masR.As seen with all the previous cases, an identical series of

metabolic steps cleaves the second masking grouprelegiseshe active compound24).%®

Extracellular\
HO - - OH

! R IIEEEIEREIRRR QSEIREIIAA
2 oo 4’ 1B EE0EEEREERERANES 11111
P S B OOOCOOOCOCOCOOOCCOOOCCOSOOORS
.} SO
ee eSS
vsess
OO
sess

— /—\ H OH @ / N\ ‘ VAN 7
HO - @ - OH H \Y = OH 40
44 \_\ 0 /_/ f
1 Reductase Qo_ﬁ_o
43 (Inactive) 45

e ue’ | o H 2 40

o Reductase n —ﬁ—O
46 42 24 (Active)

Jntracellular

O

Figure 2.6BisDTE phosphate prodrug metaksh. Nu = nucleosid®.

The biSDTE prdrug strategydraws many similarities to biSSATE phosphate prodrugs. The
enzymatiecleavage of the promoeity differs via utilisation of reductase enzymetetmmpose

the promoeitydisulphide bond, unlike previously seen approaghesere esterases facitite the
activation. Although the prodrug system is capatlenaskng both phosphoric acid substituents,

its application was somewhat insignificawith only a handful of nucleotide systems being
reported as bisSDTE phosphate prodrifgSoncerns of insufficient lipophiligtgndto a greater
extent, production of potentially toxic thioethanoft4 and episulfide 40 side products have
ultimately hindered the progress of both bisSDTE and bisph®&phate prodrugs in recent

years®
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2.2.7. HepDirect Phosphate Prodrugs

Alternative prodrug designs also establish forms of deliveryssitectivity, such awith HepDirect
prodrugs. In 2002, Erion and -wmrkers first reported a cyclised phosphate prodmuih cyclic
1,3-propyl estersknown as HepDirect prodrud$.The innowative prodrug design not only
sufficiently masks theparent phosphoric acid charges, to enable passive diffusion through the
membrane, but also employsfficacious liver-targeting selectivity? After passive HepDirect
prodrug @7) internalisation,oxidation, by specificcytochrome B50enzymesgenerates the key
alcohol metabolite 48 (Figure 2.7.*® Sequentially, a spontaneous rirg LIS y' A y 3hydtid¢ R
elimination liberate the active dru@4) and one equivalent cd correspondingryl vinyl ketone

51, whichmetabolisesurther and is excretedut as nortoxic metabolites® %
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Figure 2.7HepDirect phosphate prodrug metabolism. Nu = nucleodide basé®
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The liverselectivity of the prodrug release is rationalised by the liver being the predomsignt
that expresses the specifid50 enzymes required to activate the prodrug metaboli&hn blood
and other non-liver tissues, the prodrugs are sufficientlgtable®® Consequently the HepDirect
prodrug approach has been successfully used to facilitatmerous liveitargeting nucleotide
prodrugs into clinical trials, such psadefovirand MB07133 for treating hepatiti€® No reports
of the progressof these prodrugdave been documentedince the beginning of the clinical trials

but the improved bioavailability and liveselectivity of HepDirect prodrugs are indeed promising.
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2.3. Developing Phosphoramidate Prodrugs
2.3.1. Borch Phosphoramidate Prodrugs

In addition to phosphate ester masking grougensiderations for phosphoramidate masking
groups date back as far as the 1BOs owing to the known presence of endogenous
phosphoramidase enzymes, capable of hydrolysit Bndsand delivering phosphoric acidd

In 2000, Borch r@d coworkers began developing arnteresting methyl aryl haloalkyl
phosphoramidate prodrug design entailing use of one phosphoramidate mask and one
phosphate ester leaving groupwhilst retaining electronic neutralitff® The approach was
modified over the years, and in 2006, it was suitably optimisethétude a nitrofuryl leaving
moiety and achloropropyl phosphoramidatenask!®*

After passive diffusion through the lipid bilayer, the lead prod) {s susceptible to enzymatic
reduction which facilitates the cleavage tfe nitrofuryl leavinggroup Eigure 2.8.1°* A resultant,
spontaneous intramolecular cyclisatioexpels a chloride ion and vyields metabolifs. '
Enzymatiecleavage of the remainingziridinium ion55, by endogenous phosphoramidases
liberates the active drug2@) inside the celt™ This elegantprodrug delivery mechanism and
increased lipophilicity has demonstrated the ability to enhance the bioavailability of many
phosphate drugs. However, despite its widmge of recorded applications, the prodrug has yet

to produce any climial candidates.
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2.3.2. ProTide Phosphoramidate Prodrugs

The most powerful phosphate prodrug technologydate isan aryloxy phosphoramidate triester
approach known aspronucledides (ProTides). Developed by Chris McGuigan, the design evolved
from his earlier work in 198%vhich entailedmodifying hisdialkylhaloalkylphosphotriesters into
primitive phosmoramidates in 1990:° By substuting one alkyl promoeity with various amino
acid esters and retaining one alkyl esteaving groupjt became apparent that-alanineesters

(Me, 'Pr, benzyl, etc,)phosphoramidate masks andbile alkylleaving group (Pr,'Bu, etc.)were
potent combinations'® By changing the amino @itester and alkyl leaving groughe potency of

the prodrug could be modifiedvhich promoted further investigatiorResultantly an optimised

redesign inl993 with variousL-alanineesters andaryloxy groupsgjave rise to ProTide€$?

OnceProTide56 diffuses into the cellendogenous carboxypeptidases, suchcagoxypeptidase
105

Y, hydrolyse thel-alanineester to yield acicb7 (Figure 2.9.7> Under physiological conditions,
metabolite 57 is anionically charged anthe carboxylateion can facilitatean intramolecular
cyclisation to expel the aryl leaving group and forrfive-membered heterocycle 59.'%°
Adventitious water can open the strained intermediate, via attack to the carbonyl or phosphoryl
positions, to yield metabolit€0.'°® Enzymatic cleavage, by phosphoramiddgpe enzymes such

asHINTL, hydrolyseshe maskingP-N bond andeleaseghe active drugZ4).*%®
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Retention of aryloxy leaving groups and allkedlanine ester groups significantly ineases the

phosphatecontainingR Ntz3 Q &

f ALRLIKAE AOGES®

FYR SyadnNBY St

Resultantly, the elegant delivermechanism and enhanced logP values of ProTide prodrugs

facilitates dramatially improved bioavailabilitieand cellular uptake. This reinforced further

with the aryloxy andalanineesters beingheavily modifiable, enabling the synthesis of various

ProTidederivative libraries to establish optimal combinations for lipophilicty and rate of

metabolism*®’

Typically the favouredL-alanine esters are methyl, isopropyl and benzyl esters

which have demonstrated fast hydrolysis by carboxypeptidas&8.The aryloxy leaving group is

somewhat more casspecifi¢ where phenol, napthol and halogenated phenols have all produced

promising resultsn various design¥® Nonetheless, the ProTide approachréadily finetuned

and capable ofransportnga higher quantity of phosphate into a cell thathother prodrugs-*°

To date, there are two FD&pproved ProTies (antiviral)on the market Figure 2.10, Sofosbuvir

(61) and Tenodvir alefenamide §2), with over 10 more currently in clinical tridl$Ther high

stability, under physiological and low pH conditions, as well as blood plasma, has promoted the

ProTide design as a viable prodrug approach for both oral and intravenous treaithiEme

aryloxy phosphoramidate triester stratggs becoming the most popular design for delivering

phosphate therapeutics and will overtake the bisPOM approach due to its superior capabilities.
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Sofosbuvir (61) Tenofovir alefenamide (62)
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Figure 2.10FDAapproved ProTidehosphoramidaterodrugs*®®

However, one of the major challenges of the ProTide and Borch phosphoramidate prodrug

methodologieds the introduction of chirality to the phospteprodrug molecule. The tetrahedral

geometry of phosphates/phosphoramidates can generate a stereogamsphoruscentre (R

and R) when possessindour different substituents'® Consequentlyracemic mixturs of both

enantiomers (Borch) odiastereci®mers (ProTides)are generated during current synthetic

strategies which candisplaydiffering rates of metabolisnPs> R) and potentially even different

pharmacology, pharmacokinetics or toxicology; this therefoequires chiral resolution™°
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2.3.3. Phosphorodiamidate Prodrugs

In efforts to addressthe lack of stereogenicontrol in phosphoramidate prodrugynthesis
McGuigan and cavorkerssimultaneoushinvestigated using symmetricahosphorodiamidates in
1991."! By symmetrically masking both phosphoric acid substituents watfious methyl ester
amino acids (glycind,-alaning etc.), changesin overall activity weremade evident In 2011,
McGuigan and cwvorkers developed this furthein an elaborate search for achiral phosphate
prodrug clinical candidate$? The new diamidate prodruggeneral desigrn(63) was sufficiently
lipophilic to passively diffuse into the caelhere carboxypeptidases, such as Cathepsin A, could
hydrolyse the various amino acid esters to generate diabib(Figure 2.1).'? An intramolecular
OeOfAalliAz2ys 1Ay (2 tNRCARSQasz ¢g2dzdZ R GKSy f
heterocycle59.*? Ringopening hydrolysis facilitates unmasking and enablessphoramidase

type enzymes, such &NT1to finalise the metabolism and deliver the active d{ag).**
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Figure 2.11Phosphorodiamidatél-alaning prodrug metabolism. Nu = nucleoside. R = Afiy!.

In the largest study of its kind, a number of achphbsphorodiamidaterodrugs displayed good
antiviral activities but were all less superior to the ProTide deremtt'? Consequently, the
ProTide prodrug design was still favoured ophosphorodiamidateapproaches and the general
focus hasow shifted to alternativelydeveloping diastereoselective ProTide synthetic strategies,
such as chiral auxiliargroups diastereoselectivechiral catalysts andmproved chiratHPLC

methodologies*?

42



Organophosphorus Prodrugs Chapter 2

2.4. Developing Phosphonate Prodrugs

The increasedbioavailabilities, provided from using phosphate prodrustdl fail to remedy the
additional poor stability issues of phosphate groups, owing to their hydrosugceptibility.
Indeed, endogenous phosphatase enzymes actively dephosphorylate phogplaiténg
molecules and phosphate prodrugs alike, in which the drug molecule loseBcsigt biological
activity* To combat this shortfall, numerous groups have tried to identify phosphate
bioiscsteres that can mimic the phosphate properties but also improve resistance to

phosphatasanediated hydrolysis.

The high susceptibility of phosphates to suffer phosphataseliated hydrolysis derives from the
lability of the P-O bridgingbond** In efforts to address the poor stability of this critical bond
under biological environments, alternative linkersavie been considered, such aa
phosphoramidate ™ bond, phosphonate-B bond and thiophosphate-® bond:* Interestingly,
the bond dissociation energiekJ/mol) for the linkers are as follevP-N (617), FO (597), FC
(518) and PS (346)° This datds indicativethat the strongemphosphoramidateP-N linkerswould
be energeticallysuperiorto phosphates. bwevwer, the copiousamounts of endogenous enzymes
that catalysethe hydrolysis of these bondghosphoramidasesilso facilitatehigh instabilities

under physiological conditior's>

Degite phosphonateslemonstratingweakerdissociation bond eneigsthan native phosphates,
their significantly enhanced resistance tozymatic cleavage overcom#ss slightdeficiency and
places phosphonates atheoreticdly superior, phosphataseaesistant phosphatesurrogates.
Indeed,considerableesearch haveen invested with phosphonatgerived phosphate mimeti¢cs
which can also incorporate all the numerous phosphate prodrug systerms increase their
bioavailabilities Hovever, one significanshortfall arises with phosphonate derivatisatipwhich

is possession of notabhjigherpka values that introduce several concerning implicatigns:’

Higher pka values of phosphonic adigdroxy groupgfirst = 2.4, second = 7.5 the hydroxy
groups ofphosphoricacid(first = 1.5, second = 6.3) results imogphonates only achieving mono
deprotonation under physiological conditiongnd remaining as a monoanigh’ This las
significant consequences falrug solubility, target bindingaffinitiesrecognition and lessens
interaction with enzymatic active site8! To rectify this, in 1986the Blackburn team reported
halogenating the methylene phosphonate linker to reduce its electron density and hence, lower
the pka to a value similar to the native phosph&téGratifyingly, introduction of two fluorines
(pka = 5.4) or one fluorine (pka = 6.5) to the bridge restores the ability tdelpiotonate and

become dianioni¢®® The ¢ h -Bifluoroalkyl)phosphonate approach is now beiagplied for

43



Organophosphorus Prodrugs Chapter 2

derivatisingnumerous phosphate prodrugsto complementtheir improved bioavailability with

this enhanced intracellular stability.
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Chapter 3: Research Aims and Objectives

3.1. Research Hypothesis

As discussed i@hapterl, the field of employingphosphopeptidemimetics (tyrosine andering

to inhibit overexpresseghosphoeregulatory proténs in canceroupathways hasnatured into a
state, where numerous potent and selective inhibitors have been developed. The more promising
protein-protein inhibitors very frequentlyravea phosphate group, key to their capacity to mimic
essential phosphotyrosine or phospd®rine recognition sites on their respectivierapeutic
targets. Retention of these phosphatroups, highlighted irChapter?2, incites a humber of
limitationstowards successful treatment with such agehtsThe established poor cellular uptake
and susceptibility to phosphataseediated hydrolysis hae hinderedthe development of these
promising inhibitors and remains to be the next challenge in thent for their clinical

candidates:®

There have been attempts to introduce a phosphate prodrug a@n o h-Zh
difluoroalkyl)phosphonate approach in the literatulit these however have not produced
sufficient improvements? The prodrug choicdor phosphotyrosinemimetic STASH2 domain
inhibitors is exclusively seen as bisPOM prodruysd for phospheerinemimetic 143-3
inhibitors, the Borchmethyl aryl haloalkyl phosphoramidagesign:***?* Whilst both prodrug
designs facilitate improved bioailability, the incorporation and liberation capabilities are too
weak to mediate the overall prodrug into a clinical candidate. What both fields desperately

requireis a far more powet prodrug technology.

Fortunately, such a powerful phosphate prodrdgsign exists in the world of antiviral and
anticancer nucleotide therapeutics, the aryloxy phosphoramidB®eTidestrategy.In headto-
head studies, the ProTide design wiag superior strategy and facilitates more of the active
phosphate drug into theell than any othephosphateprodrugapproach® Therefore the novel
application ofthe ProTide technology to phosphotyrosingimetic STAT and for phospéerine
mimetic 143-3 inhibitors may repduce the effects observed with nucleotides asldoproduce

considerablymore potent phosphate prodrugs.

It is hypothesised that th€roTideprodrug derivatisation of both anticancer inhibitor classes will
significantly elevate their lipophilicities amdgP valuescompared tothe alreadytrialed prodrug
approaches The enhanced lipophilictgould facilitate more of the prodrug into the celby
withholding more favourable properties for passive diffusion. Consequently, itltieased

cellular uptakeand bioavailability of theSTATSH2 domairor 14-3-3 inhibitor, ProTideprodrugs
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may translate into increased biological activitieShis viewpoint unequivocally warrants

investigation into thenovelapplication of the technology to these anticancer agents
3.2. Research Objectives

With the proposedresearch hypothesis being how the novel applicatiorthef ProTideprodrug
technology to phosphopeptidemimetic inhibitors could significantly increaseheir biological
activity, a proofof-concept study was required térst validate the theory An ideal point to
initiate the investigation was by using an already establishbdsphopeptidemimetic inhibitor
and functionalisingit as a novelProTideprodrug for direct comparison. Owing to the STAT3
isoform SH2 domairbeingthe best recognisedand retaining the largest library of documented
phosphotyrosinemimetic inhibitors, it presented itself ag goodcandidate toexplore first in
order to confirm the research hypothesias depicted inFigure 3.1 Al Ay G2 (GKS
abbreviation forpronucledide aryloxy phosphommidate triester prodrugs, this class abvel

phosphopeptidemimetic prodrugs will beabbreviated toWt N2 ¢ A O&4 Q @
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Figure 3.1Research hypothesis fanti-STAT®roTic internalisation, metabolism and activity.

Once a suitable STAT3 inhibitor (peptidomimetic or nonpeptidic) had lEseertained its

respective aryloxy phosphoramidaBroTicderivative library could be synthesised. Slight variation

in the L-alanine ester group has previously been reported to facilitate significant changes to
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overall potencywhich would therefore suggest creating a small library of these prodmuiis
different esters would be advantageous. With a small library of the STAT3 fohipirodrug
analogues in handhe original unmasked STAT3 phosphate inhibitor must also be synthesised as
a positive control. The collection of inhibitoceuld then be evaluated fotheir activities in
constitutively active STAT3 cancer cell linedetermine if the prodrug approach is more potent

and which alanine ester is superior. This would be achieved by directly comparing each
O2YLRdzyRQa loAfAlGe G2 adzaINBaa KeLISNI OGABIGS
CyclinD1, by Western Blot raalysis. If theProTichypothesis was deemed correct, the lead
LIK2 & LIK2 NI YARIF (S, ihINEhdhNsHzar@vauld &lsol neekl toAbé thvestigated to
distinguish whether further modifications to the prodrug design were needed to ensure it was

soluble ad stable under physiological conditions.

The second phase of the research would entail optimising the prodrug system further, based on
any complicationsarising from the proobf-concept phaself poor solubility is observed, the
lipophilicty could betoo high and substitution of the aryloxy group to a more polar derivative
might be necessary going forwarBoor overall activities may suggest the metabolism of the
ProTic prodrug to the active drug is too slow or facing difficylt@sng to factors sut as steric
bulkinessor electronics. Ultimately, thd’roTidedesign has only beerobustly evaluated on
nucleotide systems and it is challenging to predict howfiitd application to phosphopatide-
mimetic systems might fardt is conceivabléhat a radical redesign of the delivery system might

be required to cater to the differing chemical environments of peptidomimetics.

The validation of the hypothesis armbtimisations to the prodrug delivery system would then
enable some freedom to begin developing a novel STAT3 inhibitofuacstionaliseit as a ProTic
prodrug series. There are many promisangti-STAT3$harmacophore recordedin the literature
and the ntroduction of a phosphate bioisostetiato many of these could certainly improve the
accommodation of the drug molecule into the phosphotyrossedective pY supocket of the
SH2 domain. ProTic derivatisatiorowid then nullify theconsequentialpoor celular uptakeof

this modificationandformulate the groundwork fora novelanti-STAT®roTic clinical candidate

The final stages of this research will be developing more pobobncept phosphopeptide
mimetic inhibitor ProTic prodrugs for other overexpsed STAT isoforms, such as STAT5, or new
phospheregulatory protein targets, such dsyperactivated 143-3 proteins. Small libraries of
these will be synthesised, alongside the original parent phosphate drug, and directly compared in
Western Blot analysid_ead candidates will also have their physiological stabilities evaluated to

investigate how other ProTic systems tolerate environmgsugsh asuman serumover time.
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Chapter 4: Design, Synthesis and Evaluation of ISS-610-Me

Phosphoramidate Prodrugs

4.1. Aims and Objectives

In this Chapter, the use of the aryloxy triester phosphoramidate prodrug approach in improving
the druglike properties of phosphoserinreontaining molecules was validateBocusing on the
STATS3 isoform was believénl be the strategicoption, as thiscontainsthe most numerousand
detailed accounts @ successfuSTAT SH2 domain inhibitiohTo this end, one of the pioneering
STAT3 SH2 domaiimhibiting peptidomimetics, 1IS&L0 (6), was believed to be an excelletast
system throughits accessible phosphataotif, ease of synthesis andell establishecanti-STAT3

mode of action Figue 4.1).*
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Figure4.1:1SS810 @) andthe first generation 1S810 ProTis. R = Me6), 'Pr §7) or Bn 68).

As discussed i@hapterl, ISS610 is aSTAT3soform-selective, SH2 domain dimerisation inhibitor
with an 1G, of 42 uM.*® Theretention of a phaphotyrosine residuenables its modification to a
ProTic prodrugwhich @n be further derivatised as series(66-68). The classicatlesignused on
both FDAapproved ProTide aryloxy phosphoramidate prodrugs of one L-alanine
phosphoramidate mask and one phenyl aryloxy leaving grewgs first considere®'% Three
different esterderivatives would further be required to constructsanalllibrary of three ProTic
analogues to evaluate the most potedésign Theinitial L-alanineesters were chosen to be the

108

typically most potent, a methybg), anisopropyl 67) and a benzyéster(68).

Unfortunately, this prodrug setip (66-68) works perfectly for nucleotides but theoretically
presents challenges when applied to phosphotyrogmenetic drug molecules. There are two
significant problems associatevith the current design thatauld negatively affect theability of

the ProTigorodrug to correctly metabolise and liberate the desired compoinsitle the cell
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The hypothetical cellular entry of theurrent 1S$10 ProTic prodrughould be sufficiently
capable to endure carboxypeptidaseediated hydrolysis of the variousalanineesters to yield
anion 69 (Figure 4.2. Unlike nucleotide ProTide prodrugs at this metabolic stdlge,|SS510
phosphotyrosinemimetic containstwo aryloxy leaving groups on the phosphate which inclade
the intended phenolic leaving group but aldhe tyrosineretaining core structure of the drug. It
is reasonable to assume that both phenolic substituents are susceptible to exptisidnive the

cyclisation metabolic stepndyieldthe formation of two possiblenetabolic products

Problematically, theseaesultant competing intramolecular cyclisation@ and B) can either
generate the correct metabolite, heterocyckd, by correctlyissuingliberation of phenol or a
side product dephosphorylated phenor2, through expulsion of the tyrosine phendithout a
phosphate motif, phenoV2 would lose significant hydrogebhonding affinity for the STAT3 SH2
domain pY pockeand substantialbiologicalactivity would be lost Ultimately, lack ofavoured
leavinggroup capacity for the phenol is likely to indutieis cellulardegradation of IS810 and

must be resolved by redesimy the prodrug delivery components.
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Figure 4.2A) Desiredntramolecular cyclisation metabolit& Q) formation.B) Theoretical
intramolecular cyclisation sideroduct metabolite(72) formation
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A second potential problem arises from &% carrying a fre&eucinecarboxylic acid which could
act competitively with thd-alanineacid in the initial cyclisation metabolic stégigure 4.3. If the
leucinecartoxylic acid possessed an equal or greater nucleophilic capaditalmine€ & A
preferentially cyclise ovet-alanine and formulate cyclic produc?3. Formation of this side
product mayresult in the prohibition of furter metabolismor possiblyfacilitate a ringopening
hydrolysis to expel the tyrosine arylhis would enable a phosphatemigration to theleucine

carboxylicacid where the resultant unstable species would be hydrolysed to metabofite
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Figure 4.30 Theoreticaintramolecular cyclisation metabolit& 8) formation.

To redesign the prodrug structure to avoid thesmitcomes two key modificationswere,
therefore, proposed Theleucine carboxylic acid would be methylated to cease its theoretical
competitive participation in the key metabolic cyclisation stfs reasoned that this acid does
not engage with either the key pY or4tYsub pockets and should not drastically affect aistivia

its methylation?® Furthermore, sbstitution of the phenol leaving group, far napthol, would
significantly increase the prodruaryl leaving group capacit@and introduce prefeence for its
eliminationoverthe tyrosine Resultantly, thre@ew ProTic prodrugs were envisionet(76) for

the concept studyKigure 4.3.
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Figure 4.41 ead IS810-Me ProTic design. R = M&4}, 'Pr (75) or Bn 76).
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4.2.1SS610-Me ProTic Retrosynthetic Analysis

To synthesise the three desired 1&E)-Me ProTic analogues, a convergent synthesis of three key
fragments was requiredScheme 4.1 The synthesisvas startedwith commercially availablBoc
L-tyrosine 77, whereintroduction of the methylated-leucineester motif, via amidation with the
carboxylic acid substituentvould yield amide78. Deprotection of the Boc functionality would
then be achievedusing standardacidic conditions to form the free amine79 required for
incorporatingthe second fragment.His second, €yanobenzoic acidragmentcan bepurchased
commercially directly chlorinated andthen chemoselectivlyintroduced inan acid chloride

mediated amidation to generatihe keydipeptide80.

To incorporate the final fragment, each ProWill require one of threeiniqgue phosphoramidate
motifs: methyl, isopropyl obenzylL-alanineesters These will be synthesisextcording tothe
conventionalMcGuiganProTide synthesis, to yield three different phosphorochloridatés no
diastereoselectivity® Phosphorylation of each of these to the phenol graafpcompound80,
under basic conditionsyill furnish each of the threelesired ProTigrodrugsin a mixture of
diastereoisomerg74-76). The lack ofdiastereocisomeic control isconsistentlyseen in literature

andwould not be problematic at this stageas this was only a test systeffi
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Scheme 4.11SS610-Me ProTic74-76 retrosynthetic analysisR = Me4), 'Pr(75) or Bn {6).
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4.3. Synthesis of ISS610-Me ProTic Prodrugs

The synthesis towardbe first fragmentwasinitialised withBoctyrosine 77 (Scheme 4.2 Using
literature conditions,BocL-tyrosine 77 can reportedly attain successful activatathidification
with L-leucinemethyl esterhydrochloride 81) via treatment with N,N-dicyclohexylcarbodiimide
(DCChnd N-hydroxybenzotriazole (HOBH"**°In our hands, the reaction proceeded to produce
peptide 78 with an unprecedentedlyow yield of 25% Considering th@astamounts of material
required to complete the numerous steps for this library oe§ were redirected to find a more

scalable approach to synthesise the peptide.

( )

OH OH

0 aorb ﬁ\ H
ﬁ\oj\ OH O)J\N NaR

Iz
T

77 78 or 82

Scheme 4.2Synthesis of peptidé8 and attempted synthesis of succinimifg. a) (78, R .-
leucine)L-leucinehydrochloride(81), HOBt, DCC, &, DCM, 0 °C, 12 hou§%.b) 82, R =
succinimidé N-hydroxysuccinimide, DCC, dibxane, 4 hours, 0%.

A rationak for the poor yield of thecouplingreaction was centred on theotentially poorly-
activated tyrosine carboxylic agidlhere promotingit asa more reactive succinimide derivative
82, was then trialed to address this lack ofctivator lability (Scheme 4.2'?° Another DCE
catalysed reactionof BocL-tyrosine 77 with N-hydroxysuccinimidewas attempted to synthesise

succinimideB2 but was unfortunately unsuccessful and no product could betitled by NMR'?®

Being unable to produce the more reactive carboxylic acid derivative, a more powerful coupling
activating reagent benzotriazoll-yl-oxytripyrrolidingohosphonium  hexafluorophosphate
(PyBOP)that is used inthe literature to yield peptide78 in superior yeld was consideredf’
Mechanistically,after deprotonation with a basesuch as triethylamine, carboxylic addd is
sufficiently nucleophilic to attack th®yBOPpyrrolidinophosphonium centre, establishing the
formation of the reactie intermediate86 and eliminating anionic HOBScheme 4.3'%® With the
incorporation of thegoodphosphonium leaving group, intramolecular attack by free HOBt anions
at the reactive carbonyl carborinduces nucleophilic exchange to generate the final key
intermediate, ester 88.2 A subsequentnucleophilic attak at the carbonyl centrewith the

reactivel-leucineprimary amine lone pajfinalises the coupling to form peptids.*?®
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Scheme 4.3PyBORmediated peptide78 coupling mechanisrf®

There are, howeverdrawbacks to using phosphium (or uronium) couplingagents such as
PyBOPthat derive from the potential racemisationof intermediates 86 or 88 and loss of
stereochemical conformatioff? Unfortunately, this risk coulgrove problematic ashe L-tyrosine
stereogenic centras required for activity andthe synthesis must progss with its absolute

retention.**®

Nonethelesswhen applied to our systepthe PYBORPmediated amidation generategdeptide 78

in an excellent yield of 94%8¢heme 41! £ 2y AaA RS t &. ht Qe pegtidet A (&

reaction, evidencefrom the *H NMRspectum determinedthat racemisation did not occuilhis
was made evident by the splitting pattern of ttgrosine benzylic methygne protons remaining
as a doublet(equivalent) and not being rendered as ncaquivalent doublet of doublets,

displayed by knowmDl-tyrosine racemates-*° Furthermore,all analytical dataaligned perfectly
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with the previous synthesis and literature valué5This resistance to racemisatipreported by
Goodmanand coeworkers,is thought tobe due to thepossession of the electrewithdrawingBoc
substituent which disfavours the formiah of the oxazolone intermediate responsibler file

racemisation sideeaction?®
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Scheme 4.4PyBOHmediatedsynthesiof peptide78 and TFAacidified synthesis of amirigo.

Quccessful ntroduction of the L-leucine motif then enabled theBocprotecting group to be
acidified to reveal thdree amine for the next installation. Usingxcess TFEAn DCM,the Boc

protecting group was removed anthe desiredamine 79, as a TFA saltwas produced in
quantitative yield(Scheme4.4). Theresultantamine-TFA salt was then basifigd pH8, with 10%
sodum hydroxide solutiorio the free amineand stored awaiting the synthesis of the secodd

cyanobenzoic acidragment before their resultant amidation to complete the core struct&g).

Introduction of the next fragment began witthe refluxed chlorinaion of 4-cyanobenzoic acid
(90) with excess thionyl chloride and catalytic DMFcHeme 4.5 The chlorination reaction
proceeded to produce the reactive intermediate, acyl chlo®@dein quantitative yieldWith this

chloridate in handit could be directly coupled with thpreviously synthesiseflee amine79. The
reaction proceededht O °C and through dropwise addition of triethylamibte give thedipeptide

(80) in a yieldof 42%. Thecouplingproceeded with disappointing chemoseledty for amidation

over the additionallypossible esterification reaction doubladdition product 92). Although
reasonableguantities of this side produ¢®2) were identified, its purification was challenging and
full characterisation was not possiblelowever, the'H NMRspectrum clearly demonstrated
doubled integrations for 4€yanobenzoieresemblantprotons, suggestinghat this was produced

alongside the desired produdd@) rationalisingthe observedpoor yield.
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Scheme 4.5Synthesis d acid chloride91 and amidecoupling to yield dipeptid80 and suspected
side product92.

The successful synthetic route to formulate core struct@® enabled subsequent scalg
reactions to facilitate an apprafate amount of material to begiphosphorylating into the three
final ProTic prodrugd.o this end, three analogous phosphorochloridates, with the three different
L-alanineesters, were requireé for the final phosphorylation reaction. The phosphorochloridates

were synthesised from phosphoryl chlorifld usingstandardprocedures $cheme 4.5*%®

From a solution ofphosphorylchloride and napthol iranhydrousdiethyl ether, cooling he
solution to-78 °C and introducing triethylamine dropwise facilitated phosphorodichlori®étén

a very high9g%yield!°® This temperature was employed tainimise the exothemic response
which could incite doubladdition'? The extremely reactive product94) was then taken
forward as a crude mixture owing to its excessive reactivity and high susceptibility to hydrolytic

degradation duringpurification

Crude phosphoralichloridate 94 was then investigated foits suitability to yield one ProTic
prodrug (methylester) on a trial run. Dropwise treatment of triethylamine to a solution of
dichloridate94 and L-alaninemethyl ester hydrochlorideat -78 °C produced the desired monro
phosphorochloridaté5in a good yield of 70%:rom the*'P NMRspectrumit was evident that a
approximately equal:1 mixture of two diastereocisomes (& and &) wasformed, each denoted
by a singlet peak aB.29 and 7.93 ppm. This lack difastereoisomeic control was expected,
owing to both alanine nucleophilic attack trajectories being equally as plausiblethe $2

substitution.
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Scheme 4.6Synthesis of dichlorid@4 crude and.-alanineester phosphorochloridate 96 R = Me
(70%) 96 R =Pr(72%) an®7 R = Bn (97%)). Synthesis of targetd8®Me ProTic prodrugsé R
= Me (70%)75R =Pr(91%) and6 R = Bn (93%)).

To synthesise ProTi@4, dipeptide 80 and triethylamine wereadded to a solution of
phosphorochloridate95 in anhydrous DCM. hE reaction generated the desired I68)-Me
ProTic methyl estediastereocisomes (74) in an excellent yield of 70¢8cheme 4.% Notably, tis
high yield is aypical of these phosphorylationreactions as theyrarely exceed 30%% It is
reasoned that the napthylic leaving group on the phosphorochloridate could pedvapnceits

electrophilic capacitandsusceptibilityto attack.

The highyielding synthesis of the first methyl ester ProTic did not require optimisation and was
directly applied for the remaining two prodrugSagheme 4.5 Resultantly,dichloridate 94 was
then scaledup andused to analogouslygenerate thetwo alternative phosphorochloridatel-
alanine ester derivativesisopropyl ester46) and benzyl ester9{), in parallel synthesisBoth
phosphora@hloridates 96 and 99) followed the same conditions with their respectiizalanine

ester precursas and were produced in similgields of 72% and 97%, respectively.

In an identical manner to the methyl Prodrug phosphorylation reaction, each
phosphorochloridate was treated with dipeptid® and triethylamine, in anhydrous DCM, for 24
hours. Both 1SS610-Me ProTialiastereoisomeic prodrugs, isopropy! estéf5 and benzyl ester6,
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were synthesised isimilaty highyields of 91% and 93%, respectivélgr these sterically largér
alanineester analogues, thdiastereoisomeic ratio was o longerexactlyl:1, which is indicative
that the phosphorylation reaction can proceed with some degreaiabtereoisomeic control

that is evidently derived from this addddalanineester steric hindrance.

The novel 1S610-Me ProTics,74-76, were thus each synthesised in seven steps, as a
diastereoisomemixture. Moreover, the overall yields for the total ProTic prodrug synthesis were
values of 1% {4), 5% {5) and 3% {6).

4.4. Synthesis of ISS610-Me

Successfuhttainment of the prodrug library now meant the two positive controls, unmasked 1SS
610 and unmasked 1583.0-Me, were required before biological evaluation could commernidee
approach to synthesise th@ovel unmasked IS810-Me (98) control was theorised to be
achievableby directly phosphorylating dipeptid80 with phosphoryl chloridefollowed by anin

situ hydrolysis with water (Scheme 4.y. This is the typical literature procedure fdhe

introduction of phosphoric acid substituents to alcohols asften proceeds with high yieldS?

( )
0
Route 1 O-?-OH
OH
\/J§ POCI3, Et;N, THF o VIR
H20 N N o~
H =

O O
1] 1]
O—P-0OH O—-P—ClI i) 80, Base
(') Route 2 ! : '
o) THF
(COCl),, DME’ ii) Hp, Pd/C,
2 hours, >99% EtOH, EtOAc
99 L 100

Scheme 4.7Attempted synthesis of ISEL0-Me (98) by hydrolysisKoute 1 and hydrogenation
(Route 2. Base = DBUBuMgCI or NaH.

In our hands, no clear sign of reaxticompletion was observeahd the highly polar product was
suspected to be trapped within aeeminglyinseparablecrude mixture after hydrolysis Tte

isolationwas made harder without any form oéversephase chromatography being available
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Attempts to aystallise the product out of the reaction mixtu@nd alsqg extracting it from an

acidified aqueous layer were both unsuccessful, meaning a new synthetic approach was required.

To avoid thereversephase purification of the phosphoric acidrude mixture, a second
hypothesised route using dibenzyl phosphate masking groupe enable normaphase
chromatography followed by aglobal un-masking hydrogenatignwas trialed (Scheme 4.).
Synthesis began with the routine chlorination of dibenzyl phospB&tenith oxalyl chloride and
catalytic DMF, to produce crude chloridate intermediat@0 that was confirmed by TLE
Unfortunately, the couplingof chloridate100 with dipeptide 80, usingDBU, NaH oBuMgClas

baseswereall unsuccessful.

This reactivity issue appears to be a fialdie problem, as manphenolic tyrosinederivatives
suffer from poor reactivity at the hydroxyl position, particularity towards pentavapgrtsphorus
species. To address the reactivity issue of phosphates, they are commonly substituted for
phosphites(trivalent), which have demonstrating sucséd phosphorylations of seemilyginert
alcohols inthe literature.*** Phosphochloridites are generally regarded to possess far greater
readivity than phosphochloridates owg to less steric hindrance and better accommodation of

nucleophiles:®

This hypothesis waslirectly evaluated by using phenol as a test systeftheme4.8). As
illustrated, diaddition of benzyl alcohol to PClnder basicconditions would generate the
extremely reactive dsubstituted phosphorochloriditd 01.**° Coupling of the chloridite with the
desired phenol has been recorded to yield successful phosphoryf&fiés. this prodat contains
phosphorusn a P(llIstate, treatment with an oxidising agent suchmra€PBAcould later furnish
the desired phosphate. Hydrogenation of the phosphate with a Pd/C catalyst and molecular

hydrogen would remove the benzyl protecting groups and present the phosphoriaadesired.

Using triethylamine for the initial reaction provadsuccessful, where only benzyl alcohol was
observed by TLC analyis.Substitution for NMI demonstrated a new lipophilic spot and
complete conversion of benzyl alcohol on the TLC plate, indicative of chloridate formation. Crude
101 was thusreacted withphenoland NMI, butthe desired productl02was not observed® It

was believed sterichindrance from the large benzyl ringsmay have prohibited the

phosphorylation.
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Pyr|d|ne DCM O\©
101 103

Scheme 4.8Attempted synthesis adlibenzyl phosphitd03. a) PG, EgEN, DCM, 12 hours, 0%)
PCJ, NMI, DCM, 12 hours, >99%

OH
a or b | | Phenol NMI O‘P’O

As the principabbjective herewas to generate a protected phosphate ahgidrogenateit to
release the phosphoric acid, an abundance of other protecting groups could also b ydace

of the problematic benzyldn parallel to benzg| the sterically smaller allyl protecting group can
be added and removed in an identical fashion, promoting their candidacy for this reaction. Allyl
alcohol 104 was thus substituted for the benzyl alcohol and the reaction was replicataa
unfortunately,the same outcome was observed with aeidence of allyl alcohol consumption or

product 105formation being accounted for bijMRexperiments(Scheme 4.9.**°

Asthese reactions were dliterature procedurs, it was likely that thidailure was induced by the
NEBI3SyiQa KeRNERTf & A eNate2hs \aRdsyntheBiSf the Sell-kibwiw I (i A 2
tris-allyl phosphite produc.06 wastrialed.**° In our hands, this reaction would still nptoduce

the desired product despite being routinely reported in literatur&’ Evidently, the excessive
reactivity of phosphorochloridit reagents was problematic and a new synthetic strategy was

required to overcome this problem.

4 N\
aorb /\/O O
Z PN
/\/OH —K—> |
R
104 105-106
|\ J

Scheme 4.9Attempted synthesis of diallyl phosphii®5and triallyl phosphitel06. a) (105, R =
Cl) PG| EgN, DCM, 12 hour®) (106, R allyl ethe)) PC4, EEN, DCM, 12 hours.

Following the failure of the previous attengptto synthesise phosphoric acBB from the
furnished peptide core, it was postulated that starting the synthesis Wéhphosphate already

attachedwould eliminate the troublesome msphorylation reactionTherefore Fmoetyrosine

59



Design, Synthesis and Evaluation3$610-Me Phosphoramidat®rodrugs Chapter 4

phosphate107 (Scheme 4.1pwas elected as a starting material that would allow a series of

amide coupling and Fmegeprotection reactions to furnish the phosptic acid

Commercially availabledsmoctyrosine phosphatel07 was treated withL-leucine methyl ester

and PyBOP in anhydrous DMF to ensure complete solubilisation of exceedingly polar re&gents.
non-nucleophilic basetriethylamine was selected to deprotonate the carboxylic acid moiety and
promote nucleophilic attack to attain peptid@08 In practice, TLC analysis indicated the
consumptionof starting materiall07 after four hours at room temperature but several newas
appeared on the TLC platéfter work-up and purification with flash column chromatography,

the productwas not isolated.

( )

1}
0—P-OH

$ - g

Scheme 4.10Attempted synthesis gbhosphopeptidel08. a) L-leucine hydrochloride, PyBOP,
EtN, DMFDb) L-leucinehydrochloride, HATU, N, DMF.

It was later revealed that PyBOP undesirably activateplizesphoric acidjroups such ad.09, to
participate in esterification reactions, working in competition with tesired amidification
reaction of the carboxylic @ motif (Scheme4.11)."****? Consequentlythere is a literature
consensusthat phosphate mono/desters 110 are far more favoured in formation (near
quantitative yield) over the desired amidatiohll, rationalsing thke unsuccessful coupling

attempt thus far with PyBPR*?’

A known solutionto addressthis lack of apparent chemoselectiviig to substitute the PyBOP
couplingactivatingagent for1-[Bis(dimethylamino)methylenelH-1,2,3triazolo[4,5b]pyridinium

3-oxid hexafluorophosphat€HATU, which has previouslppeen documentedto complete the
coupling**! Activation of the carboxylic acid is reported to be more favoumer the phosphoric

acid when using the uronium reagent HATU which migisblve the selectivityissue*’
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Scheme 4.11PyBORmediated esterification versus amidation mechanism. R = alkyl ¢Hain.

Following literature precedent, PyBOP was exchanged for HATU and the reactioapeated
(Scteme 4.1).**" N,N-DiisopropylethylamingDIPEAwas useds the base, to allow for complete
replication of literature accounts. Unfortunately, the desired product could noideatified and
only starting material &s observedby TLC It was suggested that using sefilase peptide
synthesiswas required for this class abupling reaction to proceed, but without access to a

specialised peptidsynthesiser, this was notg@ausibleoption at the time.

Evidently, phosphorus (Ill) and phosphatcontaining starting material strategiesvere not
providing the required product. Fortunately, an additional strategy was uncoveredh
literature, wherebyemployment of N,N,N',N‘tetramethylphosphorodiamidic chloridg12), with

143 Moreover,

a base cansupposedlyphosphorylate tyrosine phenols in high yi¢gcheme 4.1p
the protectivetetramethyldiamidategroups can be easily removashder weak acidic conditions
to afford the unmasked phosphoric acid in reported quantitative yieéfddhis strategy washen

trialed on the phenofunctionalityof dipeptide80, in hopes to replicate this

( )
'?'
Q 0-P- N
_F'>_C1|12 ©
\)k i
Ve ——
aorb \)J\ -
NZ 80 NZ
_ J

Scheme 4.12Synthesisof phosphoraliamidate113 a) 112,EtN, THF, 0%) 112, DMAP, DBU,
THF, 50%.
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The reactiondisplayed no evidence of starting material consumption by TLGraN#IR studies,
with no new phosphorus environment in the crugeoduct identified. A further literature search
identified that the Gunninggroup developd a next generation derivative of 830, which
included this phosphorylation strategy™* Interestingly, the group stated the requirement of
catalytic DMAP and use of a stronger base, such as'tiBUese results then encouraged the

same conditions to b&ialed on dipeptide80 (Scheme 4.1p

The phosphorylation reactigrundertakenwith the new conditionsafforded the sought product
in moderate yieldwhich wasevidentlydue to the catalytic role of DMAP> By substituting with
the phosphoryl chloride, DMAP generates a reactive intermedibt8) (with the phosphatethat
now behavesas an enhanced electrophileowing to its increased leaving group capa¢gheme
4.13). Increasd electrophilic properties ofphosphoramidate 115 therefore, promote the

phosphorylation reactiomvith the poorly nucleophilic phenol

s A
\ (@ _
IP(E N™S _— \ ( =N L?\l{ —»O_R \N (IF?’ O-R
/ N\_/ | G | (O \) \ /|
1N T / ~ /N\
112 114 115 113
_ Y,

Schene 4.13 DMARcatalysed synthesise phosphorodiamidatel 13mechanism. R 80.14°

With the phosphorylation complete and diamidat&3in hand, the final step to yield I$30-Me
would be deprotection of the masking groupsto provide the unmasked final compoun@8
(Scheme 4.1 Using a TFA/water system, complete consumption of the starting material was

observedand ISS610-Me 98 was synthesised ifi6%yield, with an overall yield of & over &

steps'*
( N
0N O-P-OH
o} 0
o TFA/H,0 o o
H — H
N\)J\ - 24 hours, 76% N\)J\ e
N <0 N < 0
P o 3 P 0 Y
NZ 113 Y NZ 98
\ J

Scheme 4.13Synthesi®f ISS610-Me phosphoric aci®8.
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4.5.1SS610-Me Series Compound Library

Having successfully synthesised the small ProTic libir®) and the unmasked IS8.0-Me
derivative 98, the naive ISS510 parent positive controlvas commercially available and, thus,
was purchasedto complete the set of five compounds required for biological evaluation and

confirmation of the research hypothesBigure 4.2.

( )

Compound Overall Yield cLogP M.W. Purity
ISS610(6) H OH OH (Purchased)| -0.01 | 503.45( >95%
ISS610-Me 98 | Me OH OH 15%(6 steps)| 2.06 | 517.47| 87%

ProTic 74 Me L-Al-Me Napthol | 19%(7 steps)| 5.46 | 728.74 9%
ProTic 75 Me L-A-Pr Napthol | 25%(7 steps)] 6.20 | 756.79| 99%
ProTic 76 Me L-Al-Bn Napthol | 34%(7 steps)| 7.05 | 804.84 97%

Figure 4.2Compound library prior to evaluatiamsingMolinspirationand HPLC for purity

From the talulated data, derivatisation of phosphoric acids, 1680 and IS810-Me, to aryloxy
phosphoramidate triester (ProTic) prodrugs substantially increasesltigl® value of theparent
compound. The increased lipophilicity of these compouwd#i enhance theipassive dfusion
across membranes, which would translate imaproved pharmacological activityHowever, the
clogP values for the isopropyl®) and benzyl{6) derivativeswvere exceedinghjhigh and thisnay
result in reducel water-solubility in the eveipresent dug tradeoff between lipophilicty and

aqueous solubility.

The final evaluation before biological testingis focused on the compou® purity. For
ISYSNIGA2y 2F NBadzZ §a 6A0K KAIK O2yFARSYyOS:
our library, reversephase analytical HPLC (UV) was used for each final compound and the total
area % of each speci@gseak was measured for an overall % purity. All ProTic prodrugs were
greater than 95% pure, apart from th&S610Me compound, which despite humeros

attempted purification strategies, was only 87% pure.
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A deeper inspection of the analytical HPLC UV6183/e data demonstrated that there was an
additional species at 12% total area. Attempts to identify the impurity were challenging as NMR
spectradata, such as th&P spectrumFigure 4.3, show onemajor phosphate environment and

only solventderived impuritieswithin the *H NMRspectrum Corsequently the impurity must
retain a strong resemblance to the 88}Me (98) and for its identification and subsequent

strategy for removalpther analytical experiments must be used instead.
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Figure 4.33'P NMR202 MHzCROD) of 1ISS610-Me (98).

The inability of NMR experiments to elucidate the impurity then promoted the use of mass
spectrometry. Indeed, within the LCMS data resided a large fragment, alongside the parent ISS
610-Me [M-HJ anion, with a m/z of 502which wasindicative of thelSS610 @) [M-HJ anion
species. Retrospectively, its formation during fireal acidification stage was probable, owing to
the leucine methyl ester being highly labile in prolonged acidic conditions. Thecatalysed
hydrolysis of this ester, to generate the unmethylat&8610 derivativewith TFAcould explain
the nearidentical proton and'P NMRspectrumpeaks as this methyl ester is isolatethd should
not affect other chemical shifts. On this basis, the impurity of-638Me was highly likely to be
the methykhydrolysed 1SS610 ). With both 1S$10 and IS810-Me only acting as positive
controls,for comparison against the ProTic prodrugs, the 12% e618Sontaminating 1S&L0-
Me would not be problematic as their activities were anticipatede dmost identical and thus
ISS610-Me was progressed &7% purity

64



Design, Synthesis and Evaluation3$610-Me Phosphoramidat®rodrugs Chapter 4

4.6.1SS610-Me Library Immunoblotting

To evaluate and confirm the first research hypothesis, each of the five compounds were to be
assayed using constitutively active STAT3 cell line,andosedependent manng for a set
duration. Western lots of the resultant cell lysates would then demonstrate whether the ProTic
prodrug derivatisationwould facilitate greater amtBTAT3 activity than 830 and 1IS810-Me.

This would be elucidated hgvestigatingchanges in total STAT3 expression, and dawnstream
STAT3 tayet genes, BekL and Surviviff. In these Western blotting studies, tot@leta Actin
protein levelsa known housekeeping proteiwvere used as loading controfsif the hypothesis is
correct, all ProTic prodrugs will retain equal total STAT3 expressiqyréaierdosedependently

reduced Survivin and BailL.

Thewhole library, of five compoundswasgiven to a colleague at Cardiff University, BiDaiani,
who investigated their aMBTAT3 activityvith MDAMD-468 cells which area well-known
STATahyperactivatedbreast cancecell line(Figure 4.5.2* The compounds were incubated with
the cells for 24 hours to ensure there was enough time forghadrugs to metabolise and deliver
the active drug to the cells. Concentrations of 0.1, 1, 10, 30 and 10@ex®lto be used for each
compound to investigate whether doetependant STAT3 inhibition could be observed.

The results show dih 1S610 and IS810-Me shared neaidentical activities, with both
compoundsshowing a small amount of Survivin suppression at 100 uM, which establishes any
changes in activity will definitively not derive from this methyl esterificatioleoéine Thebenzyl
ProTic76 displayed a similar activity, with only a small change of Survivin noted giMIQ@hich
isperhaps due tahe compoundd SAy3 SEOS&&A GBSt & fofdadtibikOntthe O |
other hand, the methyl (74) and isopropyl {5) ProTics demonstratedubstantially increased
dosedepencent suppression of Survivirwhich was observed with concentrations as little38s

UM. For the ProTi@5, dosedependent suppression of B&L was evident at 30 uM, which is far
superior to the nativgparent compoundslSS610and IS$10-Me.

The isopropyl prodrug, compoundb, thus appeared to be the most active out of thole
library and was taken forward as the lead prodrug design for the stability s@mliectively, this
data shows successful incorporatiometabolism, increased suppression of target genes and

greater antiSTAT3 activity with ProTics.
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ISS-610 (M) ProTic 76 (uM) ProTic 75 (uM) ProTic 74 (uM)
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Figure 4.5Expres®n of total STAT3, pSTAT3, &Btland Grvivin inMDAMD-468 cell following a
24 hourtreatment with1SS610 (100 uM), 1IS610-Me, 74, 75 and 76. Proteins were separated by
SDSPAGE and transferred to a nitrocellulose membrane before being incubated with antibodies

against total STAT3-8TAT3 andubvivin. Beta Actin was used as a loading control.
4.7.1SS610-Me ProTic Human Serum Stability

The previous study clearly demonstrated the significantly impralgtity of a ProTic prodrudP()

to supress STATA&ctivity by downregulating the transcription of itsvo downstream genes,
Survivin and BekL, in a breast cancer cell lirihis success confirmed the hypothesis #ralfirst
research objectivéy demonstrating the increased biological activity for ProTic prodrugs. The next
aim was to take the lead compaa, isopropylProTic75, and evaluate its stability under
physiological conditionsThe literature approach to achieve this involveBsmg of the prodrug
beingdissolved in deuterated DMSO ang(l:1,0.15 mL/0.15 mLandincubatedwith human
serum’*’ The sampleis thenwarmed to 37°C andprodrug stability is monitored through NMR
experiments**’ By usinghe *P NMRspectrum the intensity ofthe doublet of singlet peaks §R
and 9) is followed at set timed intervals to indicatevhether there are changes in the two

phosphorus chemical environmentsormation of newphosphorussignalsor decreases in the
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original prodrug signal intensity would suggehit the ProTic is starting to degradinder these

conditions**’

This typical literature procedure waptimisedon the nucleotide P Tide derivatives and had not
been trialed on systemsuch as phosphotyrosir@imetics. Resultantly, it was unclear whether its
direct application to our ProTic prodrug would replicate its success for nucleotide therapeutics.
Initially, attempts to dissolve the ProTic prodrug in the reported solvent combinations were
unsuccessfuldue to the significantly higher logP ¢iie compound. To remedy this, more DMSO

was added (2:10.30 mL/0.15 miLto aid solubility.

With the compound novacceptablydissolved irdeuteratedsolvent, a blanR*P NMRexperiment

of that solutionwas run as a controlDefrosted luman serum(0.3 mL)was then injected into ta
tube anda phosphorus NMRxperimentwas taken every half an hour, for 12 hours, at 37 °C.
Unfortunately, the high lipophilictgrove the prodrug toslowly crash out of solution over time
and the resultantNMR spectrahad progressivelyweaker signalbecause of this albeit with no

new signals.

(v T
YM-AM-C53 29

|| €—— ProTic 75
(-1.43 and -0.93 ppm)

T T T T T T T T T T T T T T T T
45 40 35 30 25 20 15 10 B 0 -5 -10 -15 -20 -25 =30 -35 =40 =45

Figure 4.6'P NMRspectrum(202 MHzPDMSO/DO) of ProTic75 (control) samplebefore human

serum treatmentat 25°C
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Figure 4.7'P NMRspectrum(202 MHzPMSO/RO) of ProTic75 sample after 12 hour treatment

with human serum a87 °C

Comparison of the contréfP NMR spectrunF{gure 4.¢ and the 12 hour incubatiowith human

serum NMR spectrunf{gure 4.7 demonstrates that the signal for the parent diasterecisomers (
1.25 and-0.70 ppm) is still present but substantially decreased. If there was a new set of
phosphorus environments appearing it would suggest the poumd had degraded. However,

this is not observed in this spectrum, which might simply suggest that the prodrug was stable but
insufficiently soluble over the 12 hour period. Consequently, this loss of phosphorus signal
intensity was providing inconclusivesults, as it could be reasoned that the ProTic prodrug was
stable but insoluble over time or it could be degrading into numerous small peaks that were too
low in intensity to distinguish from the background noise. To validate which theory was correct, a
mass spectrometry analysis was conducted, as the signal to noise ratio of the NMR spectras could

not be improved.

To use mass spectrometry to evaluate the potential ProTic metabolism in the serum, two control
experiments were required=jgure 4.8. A blark LCMS of the prodrugb sample A) and a blank
LCMS of the human serurB)(were facilitated to identify the expected parent ion or fragments
(m/z =779.28) of the prodrug and argpecieswithin the serum(m/z = 506.55 and 529.11From

both control spectums artefactsfrom the column(m/z = 298.5, 413.3 and 528.&puld alsobe
established.With all the expected peaks elucidated,sample from the prodrug incubated in
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human serum after 12 hours was taken and an LCMS was @anTle spectrum clearly
demorstrates only the presence of the seriamefact peaks (m/z = 413.28, 506.55 and 529.11)
and the intact ProTi@5 peak (m/z = 779.32). With no other fragmentation observed, this data

coincides with thé'P NMRspectrumin suggesting that the ProTicstable in human serum.
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Figure 4.8: A) CMSES+}pectrum of ProTig5 blank.B) LCMES+§pectrum of human serum
blank.Q LCMS{ES+}¥pectrum ofsample tubencubated with human serum for 12 hours3i °C

As the serum solution containddrge quantities of DMSO, the stability data is only preliminary as

it is unknown whether the DMSO was affecting the enzymes present within the serum. Therefore,
future studies would be required to show that using 33% DMSO was not denatbharenzymes
present within the serum and prohibiting their interactions with the prodrug in solutidmtil this

is answered, this study cannot confirm whether the ProTic would H#esta
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4.8. Chapter 4 Conclusions

In this chapter the research objective was to synthesise the first documented phosphotyrosine
mimetic STAT3 SH2 domain inhibitors as ProTic prodrugs. To this end, a small library of three
novel ProTic prodrugs of a suitablgerivatised known BAT3 inhibitor, IS610-Me, was
synthesised asliastereoisomes, in seversteps with overall yields of 134%. To complement

this, the unmasked I1S8.0-Me derivative was also synthesised in six st@pth an overall yield of

15%. Together with commercially available-89, a library of five compounds wésalisedfor

evaluation.

The compoundibrary was given to colleagu&inar Dhiani, who treated the drug molecules to
the STAT3 hyperactivated breast cell lindDAMD-468. In the study, the lead ProTic prodrug
(isopropy! estef75) display increased capacity to inhibit STAT3 and supress its downstream target
genes, Survivin and BgL, over a 24 hour treatment. This confirmed two key research questions,
in which, the ProTic pdrugs were evidently able to metabolise corredityproduce the active
speciesand were more potent than unmasked derivatives. The increased potency is through the
prodrugs increased logP values, improved cellular uptake and larger drug accumulatioins wit
the cancer cedl Consequently, this study confirmed the hypothesiswdfether derivatising
phosphotyrosinemimetic STAT3 inhibitorsas ProTicswill improve their crossnembrane

penetration and translate into increased biologicait{eSTAT3) activityver theirparent drugs.

Interestingly the typically most active ester for nucleotide ProTides, benzyl derivaté/evas
poorly active which is possibly due to iesxceptionallyhigh clogPvalue of 7.05 The exceedingly
lipophilic nature of the moleculeeould make the prodrug poorly soluble inside the cell and limit

its ability toremain in itsaqueous environment.

The final aim ofChapter4 was to confirm these prodrugs are suitably stable under physiological
conditions. To achieve this, lead ProTtowasdissolved in deuterated DMSO/M and incubated

with human serum for 12 hours. Collectivehetween the*'P NMRspectrumand LCMS data after

the 12 hour incubation, it wasuggestive thathe lead ProTic prodrug had successfully remained
stableunder physiological conditions, &a® metabolites were detectedConversely, this may be

due to the high quantities of DMSO present within the sample, which might denature the
enzymes within the serum and provide inconclusive results. Consequently, rfumtresstigations

will be required to disprove this and show that the sample solution containing 33% DMSO was not

nullifying the contents of the serum.

The contents ofhis chaptemwere published in MedChemComfi.
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Chapter 5: Design, Synthesis and Evaluation of POMTide Prodrugs

5.1. POMTide Prodrug Concept

The work accomplished i€hapter4 demonstratedthe promising possibilities othe ProTic
prodrug designfor improving the cellular uptake and biological activities for phosphotyresine
mimetic STAT3 inhibitordJnfortunately, there were some issues that needed to be resolved
before progressing thinovel technologyOneconcernderived from thepoor aqueous solubility

of the prodrugs when evaluating their stability in human serlwsing a napthylic leaving group
significantly improved the leaving group capagcitybut also substantially increased the
lipophilicity 1*° This mayalsorationalisewhy the benzyl derivative7g) was poorly activedue to

its high logP value that may have resulted in its poor solvatihin the cells Therefore the

napthylmotif shouldbe substituted for anotheégoock leaving groupwith reduced lipophilicity

Additionally, he issuestemmingfrom the essentiakyclisation metabolic stemf eliminatingthe
tyrosine phenol motif were still concerninglespite the improved modification to enhance the
leaving groupConsequentlythis mayresult in a decreased dose of tktempound.In efforts to
reduce thisjt wasenvisionedthat employing acomplementary prodruglesign in future libraries
that did not require thisphosphatecyclisation would be advantageoudVith themore potent of
the ten or so current phosphate prodrug strategies ngsnvolving some form of phosphate
cyclisation, a nevphosphate prodrugechnology would be requiredio this end, aecent report
by Wiemer and ceworkers reported the development ofa potent and interesting aryloxy
pivaloyloxymethylphosphonate prodrugwhich was discontinuedwing to a slightlybetter
activity beingobservedwith aryloxy phosphoramidate triestef*®**°The prodrg design Figure
5.1) entailed o POM masking group and omaeyloxyleaving groughat resulted in similarly high
logP values as ProTide/ProTic derivatives and tdwmained favourable lipophilicities for good
passive diffusionAs with using the abbrevii A 2y Wt NB ¢ A R S QgivaloyldymathylO f | &
nucledide LINR RNXz3a 62dzZ R 60S Yyl YSR WthatAiARSaQo

( )
O}_é O}_é
E_OFO E_OFO
116 117
N\ J

Figure 5.1Discontinuedaryloxy pivaloyloxymethyl phosphonate approdéh.
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5.2. Exploring POMTide Prodrug Metabolism

Despite the prodrug design being discontinued before its metabolism was elucidaietijghly
probable that this occurred without a phosphonate cyclisation intermediffiggure 5.2. The
typical metabolic pathwayfor POM masking groupgroceeds through esterasmediated
hydrolysis of the carboxylate promoeitgnd a resultant spontaneous formaldehyde linker
liberation®* Therefore, the first metabolic stesere were likely to involve passive diffusion of
prodrugl16into the cell whereby endogenous esterases metabolise the carboxylate gubigh
facilitates the formation of intermediate118% It is plausible that the nucleophilimker anion
could cyclise, through an intramolecular attack to the phosphate exmiilsion othe aryl group
but this is unlikely owing to the highly strained and sterically hindered nature of the four
membered ring formedRealistically, the morerediblemetabolic transformation is the expulsion
of formaldehyde, as consistently seamthe literature, to afford acidl192° The arybxy motif is
likely to be then catalytically liberated to afford the active specieshrough cellular

phosphodiesterases or possibly by endogenous nucleophiles.

e ~
Extracellular

Esterase o—\ 2
|

> Co-p-0
(Fast) I}

(@)
118
Esterase C|3H2
e 4wl
(0]
120 (Active) 58
\Intracellular )

Figure 5.2Proposed metabolism faryloxy pivaloyloxymethydrodrugs

Consequently, this prodrug approach was compelling and repgesentan additional class of
highly lipophilic phosphate prodrug applied to nucleotide or phosphopeptidmimetic drug
molecules. Moreover, thigpproach may proceed without a phosphate cyclisaiimiermediate
which was particularhadvantageous for developing phosphotyrosimémetic prodrugs.
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5.3. Aims and Objectives

The application ofthe POMTideprodrug to phosphate-containing molecules may produce an
alternative prodrug approachwith near identical logP values to phosphoramidatast with the
advantage of not having thproblematic phosphate cyclisation step. Furthermore, thiedrug
approachappears torequire only one enzymatimediated step, the esterase hydrolysis, where
phosphoramidate approaches, such as ProTides and ProTics, reqtiire carboxypeptidase and
aphosphoramidasaype enzyme taeleasethe active speciesThe wse of only one enzymeoald
manifestinto more versatile, efficient and faster deliveries of the active drtg the cell. It is
conjecturedthat collectively these capacities could produce a more potent phosphate prodrug
approach, particularly for phosphopeptigeimetic prodrug where evasion otyclisationin the

metabolic deliverynay be favourable

Therefore the objectives forthis chapterwere to apply the POMTide phosphonatprodrug
approach to phosphateand investigate whether its successuld be replicatedThe substittion

of the phosphonate methylene bridge to a native phosphat® Fridge might also have
implicationsfor the prodrug metabolism and activityat could result in enhanced performance

for its use with phosphatednitially, the aim was toemploy this appoach to known nucleoside
derivatives to synthesise their monophosphate prodrugs as trial systems and directly compare

themto other prodrugs such as ProTides.

As a proofof-concept, he initial investigation focused on the known arital nucleoside,
Stavudine (d4)T that is used to treat HNL.!°¢ KS LINB&aSy 0SS 2F 2yté 2yS$§
this structure as an excellent scaffold to develop and optimise the chemistry required to
synthesisd?OMTidesKigure 5.3. The commercially availab&T can be readily phosphorylated
using phosphorochloridatesvhich promoted the initial attempts to synthesise tddTPOMTide

to employ similar bemistry149,1so

4 )

Figure 5.3Noveld4TPOMTide prodrug synthetic targéfl
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5.4. Retrosynthetic Analysis of d4T POMTide

The synthesigowards the target prodrug moleculfecused around thelevelopment of a suitable
phosphorochloridate to couple tad4T, akin to typical ProTide and ProTic synthesifs
phosphorochloridatenediated phosphorylation withd4T had been largely successful the
literature, this approach would bthe favoured methd to investigatefirst, in efforts todevelop

163

the chemistry to synthesisnovelPOMTidephosphate prodrugéScheme 5.1

A first synthetic approach would start with bisprotected plosphoric acid, such as dibenzyl
phosphate99, to facilitate a monoesterification of chloromethyl pivalatewith the phosphoric
acid to yieldphosphate triester122 The successful incorporation dfie pivaloyloxymethyl
promoeity would enable both protective groups to be unmasked simultaneptwslynveil the
native phosphoric acidl23 that could be theoretically scaled up in large quantities
Bischlorination of the two phosphoric acid substituents, under classical taamali would furnish
the desired phosphorodichloridat&24. Phenol could be carefully added &8 °C, in alifficult
mono-substitution, to form the key phosphorochloridal®5as a racemate. The treatment of this
phosphora@hloridate tod4T, under basic aaditions, should yield thsoughtPOMTidel21 as a

approximatelyequalpair ofdiastereocisomes (R-and $).

' )
o)
o) 0
O™\ 0 @
0-P—0_ o N O  Phosphorylation “o-f_c/  Substitution

O Chlorination Y Hydrogenation
; o~ g > ; o g E—
O—FI>—CI O—FI>—OH

124 Cl 123 OH

0]
%4 Substitution
(0] (0]

Scheme 5.1d4TPOMTIidel21retrosynthetic analysis.
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5.5. Synthesis of d4T POMTide

An initial route began from commercially available, dibenzyl phosphag wheretreatment of
chloromethyl pivalateand Hlnig's basevere theorised to introduce the POM moiety for product
122 (Schemes.2).**! Unfortunately, noesterificationreaction progress could be confirmed by TLC
or cruce *'P NMR. Attempts to promote th@ncorporation were trialed through heating the

reaction to 65 °C buhis was unsuccessful.

e A
Chloromethyl 0O
o pivalate, DIPEA 5 o
I —XK—> N\
HO—-P-0O o O-P-0O
(I) DMF, 65°C CI)
99 122

Scheme 5.2Attempted synthesis of triestet22

Evidently the nucleophilic capacity of the phosphoric aewith DIPEAwas insufficiento succeed
in the substitution. Interestingly literature precedent for thislassificationof coupling reaction
employ a methoxy phosphateester and an in situ generaton of aphosphoric anionthrough a
one-pot, iodide-mediated transesterificationwith chloromethyl pivalatgScheme 532> This
reaction is theorised, b¥eillorand coworkers, to proceed througlodide anion attack of the
methoxy eser and thedisplacement of thephosphoricanion 128 as a reactive intermediate”
Nucleophilic attack of this anionic intermediate 128 towards the chloromethyl pivalate
electrophile completes the transesterificatiorand yieldsproduct 128 which can react with

additional equivalents of reagents to undergo multiple transesterification procésses

( o )
- o~ —a
2 Y L A
/o-FI>-o) 00 ~ 5 o0—b-3
|
O O 129 N
126 128 130
Q Oy_é
5 < o o]
Repeat /0 Repeat n /o
e i e 0-P-0
o—/ oo 0._0._0
%—ﬁ > \< 132
N 131 0
1\ J

Scheme 5: Proposed iodidenediatedPOMtransesterificatiormechanisni™*
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In light of this bette strategy, a new approach wasvised which couldemploy this chemistryo
facilitate a mono iodidenediated transesterification Furthermore, ly also substituting the
dibenzyl groups for diphenyl masks, the synthesis could be completed in fewer Shépsvas
encouraged bythe numerous reported strategies for selectively mehnygdrolysing bisphenyl
phosphateghat could be utilised in place of the previously proposed global deprotection through
hydrogenation'>® Consequently, proceeding through the challenging dichlorid&4would not

be necessary throughout this roytevhich was theorised teemploy more stable itrmediates

The new synthetic routdowards thed4T POMTidewas initiated from commercially available,

diphenyl phosphorochloridat&33 (Scheme 5.1

The synthesis begaty dissolving diphenyl phosphorochloridal&3in a methanol solventvith
stoichiometricsodium methoxide treatment at room temperatur&¢heme %).2*® The reaction
generated a comlex mixtureby TLC analysihat waslikely due to the presence di/tri addition
productswhere phenol had been displace®n this basis, the reaction was repeated at @dC

favour monesubstitution andoroduct 134 wasobtainedin a 99% yield.

Incorporation of the desired methoxy ester substituent then enabled the first attempt of applying
the reportediodide-mediated transesterification for morBOM introduction. Methyl phosphate
134 was refluxed in anhydus acetonitrile with stoichiometric sodium iodide antloromethyl
pivalatefor 24 hours $cheme 5% Gratifyingly, successful moiOM introduction was observed

and the desired triestet35was exclusively synthesised, in excellent yield.

( \
R 8
CI_I::_O_@ NaOMe, methanol _O_I?_O_Q
(0] - o]
0 °C, 2 hours,
133 99% 134
0
o
POMCI, Nal |
_— O_/ (@]
MeCN, reflux,
24 hours, 91%
|\ J

Schemeb.4: Synthesis of methoxybisphenyl phospha&4and POM bisphenyl phosphai@5.

With bisphenylPOM phosphatetriester 135 in hand, efforts to achieve monrlaydrolysis of one
phenol were carried oufThe first strategy waby employing al0%palladium oncarboncatalyst
to mono-selectively hydrogenate one phenatl atmospherigressure withhydrogengas(Scheme
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5.5). This procedure had been reportedtime literature, by Witkoshki and cavorkers,and the
sameconditions were replicated forompound135.**" Unfortunately, in our hands, there was no
sign of anyforward reaction(mono or bisphenyl remova#fter 12 hoursthrough crude®P NMR

experimentsor LCMS experiments

( )

1}
'O_Q Pd/C, H2 F.’
) <o EtOAc coH, ) §
135

12 hours

Scheme 5%: Attempted monaeselective hydrogenation of bispheriy85.

A final attempt of using bisphengB5as the precursqrto generate the target POMTidevas by
directly treatingit with the d4T nucleoside under basic conditions. Objectively, the phenolic
substituent could behavas a leaving group and promote the phosphorylation directly. Choice of
base wouldthus be essentiglas examples likBBuMgC]l could alkylate and decompose the POM
substituent. Resultantly, stericalhindered DBU wadirst chosenas an ideal base and was
employed to facilitate the phosphorylatior6¢heme5.6). Unfortunately, no reaction occurred
after 24 hours which was likely due to the lack of leaving capacity of the phenol under these
conditions. Substitution of DBU tBuMgClwas later trialed to investigate whether any reaction
was occurring buho starting material or productvas identified aftethe 24 hour reaction and
subsequentwork-up. Althoughdegradationproductswere notidentified, the Grignard reagent
was evidenly participatingas more thanjust a baseand facilitatingunwanted side products

which were prohibiting the formation of the desired product.

4 N\

o 0
o—|'3'—0—© ; : 0 B
o~ & d4T, base o I /KO
%—< —X—>
0O @ THF, 24 hours

Scheme %: Attempted phosphorylation ofl4T. Base = DBU 8uMgCl.

The lack of capacity to selectiveliminate one phenol substituent from phosphate35
promoted the concept of using an alternative strategyough employinga monoephenol
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phosphate starting material and proceeding through a momethylation instead.n efforts to

achieve this dropwise teatment of stoichiometric methanol and pyridine to phenyl
dichlorophosphate137, in anhydrous diethyl ether, was carried out at 0 (S&heme 5).**®
Pleasingly, the reaction conditions were sufficient to yield the selective muethylated esér,

product138, ingreatyieldas a racemate

4 N\
CI—IFI>—CI Methanol, pyridine —O—IFI’—CI
| —_— |
0 Diethyl ether, ?
@ 0 °C, 1 hour, @
137 89% 138
\. /

Scheme 5: Synthesis of methyl phosphorochloridat88,

With the desired phosphorochloridaté38 in hand, the compound could either be directly
subjected to the iodidenediate transesterification reaction or useo phosphorylated4T first

and enable a finalising transesterification to complete the synthesis. To establish theabptim
strategy, both routes were to béialed, starting with the direct transesterificatiorChloridate
138was dissolved in acetoniteiland refluxed with sodium iodide amthloromethyl pivalatdfor a
total of 12 hours. Crudé'P NMR experimentwere taken throughout the reaction amtlmerous
phosphorus environments wergenerated alongside the complete consumption of the reagent
peak indicating a complex mixtureRetrospectively, this is perhaps through iodide nucleophilic
attack and substitution of the phosphorochloridate taking preference over attavkatds the

desired methyl group, which may have produced additional phosphateespeci

With the lack of iodide nucleophilic chemoselectivity towards phosphorochloridg8 being
evident, achieving thed4T phosphorylation prior to this reaction, to eliminate the preserared
participation of the phosphorochloridatdunctionality was altenatively investigatedTherefore,
phosphorochloridate138 was reacted with d4T with triethylamine in anhydrous acetonitrile
(Scheme 5.8 The reaction successfully yielded tfesirednucleotice product(139), in moderate

yield, as an approximately equpdir ofdiastereoisomes.

Successful phosphorylation with phosphorochlorida8s, to yield nucleotidel39, permitted the
iodide-mediated transesterification reaction to complete the synthesis and yield POMTitle
Refluxing the nucleotide with sodium iodide antiloromethyl pivalatein anhydrous acetonitrile,
afforded the POMTide final compound2l) in low yield, as a pair dadipproximately equal

diastereoisomes (Scheme 5.8
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Ybog O
d4T, EtsN \ A Nal, POMCI
—_— —_—
MeCN, 12 \_g MeCN, reflux
hours, 45% i 24 hours, 33%

Scheme 5.8Synthesis ofl4Tnucleotidel39and POMTidda.21

Although the POMTide had beamiccessfullysynthesised, the synthetic stratedy achieve this
heavily relied on the iodidenediated transesterification reactiofortunately not participating in

side reactionsFor future POMTide target molecules, refluxing with sodium iodide may degrade
the reactant compound and this strategy would then be undbléacilitate the desired molecule.

To this end, another strategy to synthesise POMTidethat could directly employ a
phosphorochloridate with bothPOM and phenyl components already installadd avoid the
iodide-mediated transesterification reactignwas desirable. With the previous attempts to
synthesise this chloridate fosing on a bisphenyl phosphate achieving malephenylation being
unsuccessful, a new route would revolve around a bisPahiényl phosphate Using the
established chemistry, a dimethphosphate {40) was synthesised in high yields abisPOM

phosphate prodrugrecursor Scheme 5.2

With dimethyl phenyl phosphat&40in hand an iodidemediated transesterification was applied
to achieve the bisPOM phenyl phosphaktowever, with the mechanism for the reaction being
somewhat untested, two different reaction conditis were trialed, in paralle] for closer
evaluation(Scheme 5.9 The first reaction employed phosphé&td0and the classiconditions for
the reaction. The econd approach proceeded wighhosphate140 and commercially available
iodomethyl pivalate (POMI)to investigate whether this was a required intermediate for the

reaction.
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Scheme 5.9Synthesis obismethyl phosphatd40andbisPOM phosphat&21through
POMCI/Nal or POM&) POMCI, Nal, MeCN, reflux, 24 hours, 85PPOMI, MeCN, reflux, 24

hours, 0%.

Using sodium iodide andhloromethyl pivalate the reaction proceeded to yield bisPOM
phosphate 141 in 65% vyield. Interestingly, when using juBOM| no desired product was
identified by TLC.Evidently, the proposed mechanism of iodide attack towards the methyl
substituent was B essentialfirst step for transesterification and not an alternativan situ
Finkelsteirdriven iodination ofchloromethyl pivalateto yield a reactiveiodomethyl pivalate
species™ This was made clear through the reaction only proceeding through a phosphoric anion

(via Nal) and not a methoxy lone pair att4BlOMI)">*

In light of thesupportfor the proposed mechanism, the synthesised bisPOM phenyl phosphate
141 was progressed and investigated for a method of selective nityiolysis of one POM
group, to yield a phosphoric acid which could be chlorindtédUsingliterature precedentfor
mono-POM hydrolysis, usingxcess pipridine and subsequent ion exchange chromatography,
phosphate 141 was likewise stirred in excess piperidine for 12 ho®shéme 5.1p"* The
reaction mixture solvent was removed under reduced pressure and the resultant crude was
subjected toa Dowex 50WXA00 ionexchange column chargesiith HCI*>? Unfortunately, the
eluted product was heavily contaminated with several phosphorus environment{PilNMR

analysisandthe overall reaction provided aciB36in very low yield(7%)
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Scheme 5.Q: Synthesis ophosphoric acid 36using ion exchange.

A final strategy to facilitate phosphoric acid36, the precursor to the desired
phosphorochloridate, involved using one benzyl masking gratnich could be hydrogenated at
the end of the synthesis and yield phosphoric at®6. To this endpreviously synthesised
chloridate 138 was remade and reacted witstoichiometricbenzyl alcohol and triethylamine in
efforts to introduce the benzyhaskirg group Scheme 5.1). Under these conditions, isolatiarf

the resultant phosphate triestemwvas challenging, owing to copious volumesuwfreactedbenzyl
alcohol co-eluting during column chromatographywhich contaminated the fractions This
suggested oml a small proportion of the alcohbld phosphorylated anthe reaction therefore,
required a catalyst to promote the phosphorylation and reduce the problematically large volume

of unreacted benzyl alcohol present.

Using a modified literature precedersheciesl38was treated withbenzyl alcohol and Proton
Sponge, in DCM? PyridineN-oxide was employed to generate a reactive intermediate with the
phosphate, akin to DMAP, to increase élgctrophilicityand suseptibility for alcohol attack>

Theseconditionsnow yielded productl42in amoderate yieldof 52%

With the completeintroduction of the required methyl, phenyl and benzyl groypd?2), efforts to
substitute the methyl substituent to the desired POM group weattempted. Stoichiometric
sodium iodide anathloromethyl pivalatevere refluxed with phosphat&42for 24 hoursin what
was believed to be a predictable introduction of the POM substituBchéme 5.1)1 Only traces

of desred product could be identified, leavingnly starting material andne strangemajor
product. After isolation and purification, by flash column chromatography, the nf@entifiable)
product appearedto be a methyl, phenyl and POM pmhate triester racemate (144).
Consequently, thigpreviously unreportecevidence demonstrated a high reaction preference for

iodide-mediated transesterification dfenzyl substituents over the classically used methyl groups.
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Scheme 5.1: PyridineN-oxide activated synthesis of phosphate triestéi?2 and bdide-mediated

transesterification producté43and144.

Retrospectively, iodide anion attack was evidently preferred at the benzylic positiich is
perhaps rationalised by its increased electrophilic profile, from aromatic electron withdrawal, in
comparison to the methyl positionThis promotes the benzylicarbon as the better iodide
acceptor and overall leaving group, lBsnzyl iodideis more stable than methyl iodidghrough

aromaticity) to yield the desired phosphoric anion to facilitate the POM introduction.

To investigate this furthethe reaction was repeated with two equivalents of sodium iodide and
chloromethyl pivalateo evaluate whether the methyl could noparticipate withinthe reaction
(Schemeb.12). Unsurprisingly, thdisPOM product141) wasobtainedin 85% yieldalongside a
small proportion ofunspentstarting material. This confirmed the methoxy substituent could still

achieve transesterification but was significantly less susceptible thacaimpetingbenzyl group

4 \
N o~ § /©
0-P-Q O0-P-0
(@] L@ POMCI, Nal @) 0] (@)
 ——
MeCN, reflux,

24 hours, 85%

142 141

Scheme 512: lodide-mediated transesterification for bisPOM phospha®l
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Before progressing to the next step in the synthesis, one further question remained with this
reaction which was whether benzyl phosphatd?2 could yield the mond?OM productl44in a
better iodidemediated transegtrification yield than a dimethyl phenyl derivativi40. To
elucidate this, the reaction watrialed using the same conditions on the dimethyl starting
material 140 (Scheme5.13). Although the reaction proceeded to yield the desired product, the
yield wasnotably lower (38% versus 55%). Furthermore, the purification was significantly more
challenging owing to the presence similarly co-eluting minor products, such as the bisPOM
phosphate, through this strategy. Comparing both strategies, proceeding throleg benzyl
triester was more favourable as thipoduced monemethyl phosphatel44in a higher yield and

with easier purification methods.

( \
N o— %
0-P-0 O0-P-0
SN POMCI, Nal O SN
e
MeCN, reflux,
24 hours, 38%
140 144
\ J

Scheme 813: lodide-mediated transesterification from phosphaietO.

Having established the preferred strategy to synthesis phosphdt efforts now focused on
removing the methyl substituent to generate the precursor phosphoric acid. Using sodium iodide
in acetonereflux, the methyl substituent was envisioned to be suitgzl to iodide attack and
eliminated through generation of the phosphoric anid?. Using acetone as a solvent should
facilitate the precipitation of the anion to crystallise out of solution as the sodium daft
filtration.'®® This reaction was carried out under reflux and succebsfgielded the phosphoric

acidsalt 145, which wascollected by filtratiorin nearquantitative yield Scheme 514).'%°

To complete the synthesis, sodium sa&l5 was directly chlorinated with oxalylchloride and
catalytic DMF for threehours which generatedacemicphosphorochloridatel25 in 99% yield
(Scheme 514).

Now with asynthetic approacHor obtaining phosphorochloridatel25, which couldcouple to a
nucleoside to generate POMTides, the feasibility of the phosphorylation reactioririakesl on
the known d4T system for comparison. Treatment of a solution @fT, in acetoritrile, with
chloridate 125 and triethylamine successfully facilitated the desirddT POMTide121, with
identical analytical data to the previously synthesigdd POMTide $chemeb.14).
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Scheme 5.14lodide-mediated synthesis of sal#45, chlorination for chloridel25and
phosphorylation otd4Twith for phosphatel21

The success to generate phosphorochloriddi25 and its ability to directly phosphorylate
nucleosides into POMTéd now enabled two separate strategies to synthesise POMTides
(Scheme 5.1p In comparison route one involved phosphorylation of the nucleoside with a
methyl, phenyl phosphorochloridate(139) and then applying the iodidemediated
transesterificationwhich totalled to three steps with an overall yield ofLl3%. The alternative
route two revolved around synthesising phosphorochlorida@b and directly coupling it to the
nucleoside, to yield the POMTide in steps with an overall yield of #4. Additionallyto having a
higher overall yield, routel possessed a significantly shortgynthetic route and washus the

preferredpath for future POMTide developmentinless the use of Nal became problematic

Ve

Scheme 5.15Routes 1 and Bevelopedfor POMTide synthesigitialising from reageni37.
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5.6. Synthesis of 5-FU POMTide Prodrugs

The next objectivewas designing a library of POMTide and ProTide derivatives of a therapeutic
agentto directly evaluate and compare their activity profiles. To achieve this, the anticancer
nucleoside Hluorouridine (5FU),was identified as a suitable nucleoside fianctionalise as
ProTide and POMTide prodrugs faymparativeevaluation.The study would focus on two-BU
POMTIide prodrugs, with a phenol or napthol substituent, Bma ProTide analoguesvhich were

to be synthesised by anotheesearcler, Ashwag AlanaziFigure 54).
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Figure 54: Target POMTide molecules: Rphenol {46), napthol (47). ProTides to be
synthesised by Ashwag' phenol and R=Bn(148), R = phenol and R="Bu(149), R = napthol
and R=Bn(150), R = napthol and R="Bu(151).

To synthesise both POMTide target molecules, the established rout8cheine 5.%) of
employing a methoxy phosphorochloridate, for dirégt~U phosphorylation, and a finalising
iodide-mediated transesterification was firgpberformed This requiredthe resynthesimg of
phosphorochloridate148, with both a methyl and phenyl installedurthermore, the napthol
derivative (52 waslikewise a requisite and wasto be made from resynthesisg the napthol
phosphorodichloridaté4 in Chapter4. Using the samprocedures as with the phenol derivative,
treatment of this dichloridate with metharicand pyridine facilitated the desired mospyoduct
(152) in 73% yieldgcheme 5.15"®

4 \
(0]
i \ 0
Cl—P-—ClI Methanol, O—-P-Cl
('3 pyridine (')
—_—
Diethyl ether,
0 °C, 1 houir,
0,
94 73% 152
|\ J

Scheme 5.16Mono-addition of napthoto synthesig chloridate 152
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With both key phosphorochloridates in hanohé methoxy andone phenol/naptholgroup), their

subsequent phosphorylations &FU were attempted in parallelsing the exactonditions for

the d4T systemof a triethylmine base $cheme 5.1y Unfortunately, neither phosphorylation

reaction was successful and only starting material remaiimethoth instances. Evidently, the

LINSE&A&SyO0S 2F GKS HQ YR 0Q I f O2nkereattionsconditiohSNE 0 |
were requiredto generate the target molecules
4 N\
0
0
\ 1] F
o-p—Cl a,b,c dore o | jt
0 — X Yo-B-o o.N"~o
|
o)
138
HO OH
153
0
F
N | NH
0-P—Ci N A
d 5-FU, EtsN 0-P-0 o.N" 70
0 i
OO THF, 12 hours
152
O =
154

Scheme 5.17Attempted synthesis dPOMTide precursors, phosphat€s3and154. a) 5-FU,
EtN, THF, 12 hour®) 5-FU,EtN, DMF, 12 hours) 5-FU, pyridine, 12 hoursl) 5FU,'BuMgCl,
DMF,-78 °C, 12 houre) 5FU, MeAICI, pyridine, 0 °C, 12 hours.

The keyconsiderations for the reaction failures were tmsolubility of the highly polar nucleoside

FYR GKS 101

2F ydzOf S2LIKAEfAOAGE

2td@s. To thiSeng, Q |

the reaction to synthesise phosphafib3 was trialed again inanhydrousDMF Gcheme 5.1}

Despite DMF dissolving the nucleoside efficaciously, as did THF, the remasamsuccessful

with TLC analysis only showing starting matefile sameesult was observed whemnepeating

the reaction byusingpyridine as a duasolventbase system. As a clear homogeneous solution

was produced in all thialed solvent systems, insolubility of the nucleoside was unlikely.

With insolubility incithg the problems lookindubious efforts were refocussed on improving the

ydzOt S2LKAf AOAGE 2F GKS

p Q

LINKTNUk, N redctiorD @ds 2 €

repeatedin DMFwith a superior'BuMgCl Grignard base to formally deprotonate the alcdfol

This was alsainsuccessful andisplayedno formation of any productéScheme 5.1y
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Having establishethat both solubility and deprotonation were not the principal factors, it was
conceivable that the poor electrophilic character of the phosphorochloridates might be
insufficient for the forward phosphorylation reaction. A method to enterthis capacity for

nucleophilic attack is by employingwis acids to cordinate to the phosphoryl P=0O and modify

the compound® electronicsto promote its overall electrophilicity’

In 2017, Silerman and ceworkers demonstrated thaemployment of the Lewis acid, M&ICI,

could successfullgo-ordinate to a phosphoryl oxygen*®

This interaction dissipates electron
density from the phosphoryl centre towards the Lewis amdreasing electropositivitypwering
the phosphorus LUMO energy level and reducing the energetic barrier requiretuéteophile
attack'®* Employing thisLewis aciemediated phosphorylation, with 0.5 equivalents of MéC

and a pyridine base/solvent wamsuccessfuSchene 5.17."*

5.7. Synthesis of 5-FdU POMTide Prodrugs

As thisstudy did notrequire a specific active nucleotide;FAJ could be exchanged for a more
simple structure with fewer ribosbydroxy groupsTo this end, the Sluoro-H -deoxyuridine(5-
FdU)analoguewas replacedas the new structurgto derive as POMTide and ProTide prodrugs
(Figure 56). It was hypothesised that removing the @ K & RridyR lelp facilitate the

phosphorylationas this substrate containg@wer reactive functional groups.

X
J
s

1]
—p- 2. —p-
0-P-0 N O R>0  HN—P-Q o
OH OH
POMTides 155-156 ProTides 157-160
o J

Figure 56: Newtarget POMTide molecules® R phenol {55), napthol (56). ProTides to be
synthesised by Ashwag' phenol and R="Bu (57), R = phenol and &= Bn 158), R = napthol
and R ="'Bu (159), R = napthol and R= Bn 160).

Both phosphorahloridates, 138 and 152, were thus resyntresisel and treated to S~dU with
NMI at -78 °C'® Both desired nucleotides {61 and 162) were successfully formulated in

moderate yields, as pairs dfastereoisomes (Schemes.18).
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F
\ 0 5-FdU, NMI o) \kaH
O—-P—Cl . \ /&

0-P-Q oN O

D

Q THF, -78 °C, 12 !

R hours, 32% (161), &
138 48% (162).

161 (R=Ph) °N
162 (R = Np)
. 0
F
POMCI, Nal ; : 0 \fLNH
. O—\ W /&

(156) 155 (

MeCN, reflux, |
24 hours, 41% Q
(155), 40% R

Scheme 5.18Phosphorylabn synthesis of nucleotides61and162 Transesterification synthesis

of POMTided55and156.

The POMTide target molecules were obtained on treatment with sodium iodide and chloromethyl
pivalate for 24 hours§cheme 5.1B as racemates, in moderate yields of-40%. Interestingly,
0 KS Takdh@ displ@yed no participation in the reacti@sno side products were identified
in either reaction which again supports the proposed mechanism proceeding through a

phosphoric anion instead of methoxy/hydroxy lone pairs of electrons
5.8. 5-FdU Prodrug Compound Library

Both 5FdU POMTide prodrugs were combined with the foufdd ProTides, synthesised by
AshwagAlanazj to complete the desired library of the six prodrugs for biological comparison
(Figure 57). The four ProTides were synthesised using the established chemistry uSéader

4 that yielded the prodrugs as approximately equal pairdiattereoisomes.

The typically most potent-alanine benzyl ester group was employed for two of the ProTides
(phenol and napthol) to investigate halve POMTides would compaggainst what are regarded
the most active ProTide designs. Tweot-butyl ProTides (phenol and napthol) were also used to
evaluatethe closest -alanineester structural functionality to the POM group. It was anticipated
these would be transiently active. Howevehjgweak activity igeasoned to be due to the slow
metabolism of theert-butyl ester by carboxypeptidase enzymeschasCathepsin Awhich have

beenconsistentlyreported in literature on numerous occasiotf§:*2
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Comparison of theclogP valueqFigure 5.7 demonstratedthat POMTide were considerably
more lipophilic (phenyl POMTidel55 with phenyl/ ‘BuL-alanine ProTide 157 and napthyl
POMTidel56 with napthyl/ '‘BuL-alanineProTide159). This suggestthe POMTides might retain
improved capacity for passive diffusion into the cald with the POMTides being suspected of
requiring one less enzyme, mayso metabolise to theactive drug faster. Ultimately, this may
facilitate improved biadgical activity for the POMTidakrough this potentially faster delivery

system.

The library of compounds wagrogressed for biological testing mplleague Binar Dhianj at
Cardiff University To act as another contrah this study additionally to DMSQ the 5FdU
nucleoside analogugas also added to the library to explore whether the nucleotide prodrugs

were more active than the native nucleoside.

( )

Compound

POMTide 155 | Phenol POM 12% (3 steps] 2.83 | 516.42| 97%
POMTide 156 | Napthol POM 17% (4 steps] 3.83 | 566.48| 96%
ProTide 157 | Phenol L-AlBn - 2.59 | 579.52| >95%
ProTidel58 Phenol L-A-Bu - 1.58 | 529.46| >95%
ProTide 159 | Napthol L-Al-Bn - 3.53 | 613.54| >95%
ProTide 160 | Napthol L-A-Bu - 2.53 | 563.48| >95%

Figure 57: Compound library prior to evaluatiamsing ChemDraw and HPLC for purity.
5.9. Biological Evaluation

Theprodrugswere to be evaluatean their anti-proliferative ability on MCF7 cancer cellsvia a
MTT assay'® The library of compounds as treated to the cells for 24 hours at different
concentrations rangingfrom 0 to 100 pM and cell proliferation was measure#ligure 5.8. The
napthyl POMTide was consistently the most supecmmpoundfor supressing cell proliferation

This initial study demonstrates that POMTides can successfully transport the phosphate
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compound to the cell and metabolise correctly to deliver the acspecieswithin the cytoplasm

and generate dherapeutic effect.

The ProTidesvere all less effectivéhan 5FdU. This is perhaps rationalised by a slow metabolic
delivery and a longer study of 48 hours might be requir€dnversely, tis suggests that the
POMTides deliver the age species much faster than ProTides, perhaps owirbeio improved
passivemembranediffusion capabilities derived from the higher logP valuéswever, another
explanation might be surrounding the enzymes required for metabolising the POMTide being
more abundant than the enzymes used with the ProTilmnetheless, this initial study
demonstrates that the POMTide prodrug design is a viable pgpdtiategy. Further studies are
now being conducted to evaluate how the POMTide prodrug metabolises and whether POMTide

prodrugs are more potent than ProTide prodrugigh other phosphate therapeutics.

( )

120.0

Cell viability (26)

40.0

200

Concentration of drug (UM)
0.0
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 £0.00 90.00 100.00

=g=DMS0 =0=5Fdl==0= 155 =0=156 == 157 =0= |58 === |59 e=f= 10

Figure 5.8 MTT cell proliferation assaysingPromega Technical Bulletin of CellTiter96 Non
Radioactive Cell Proliferation AsstCF7 cells were treated with the various compound

concentrations (M) for 24 hours with a DMSO control.
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5.10.5-FdU POMTide and ProTide Human Serum Stability

With the POMTides displaying successful metabolism and excellent biological activities, their
stability under various conditions warranted investigation for futimevivoapplication.POMTide
155and ProTidel57 were allocated for the experiment, owing to their structural similarithesl
different *'P NMR shiftsTo study the prodrugs stability under physiological conditioBsng of
POMTIidel55(-7.98 ppm)and 3mg of ProTidel57(3.91 and 3.71 ppmyere incubded together
in human serum, at 37 °C, and evaluated*#® NMR experiments hourljor 12 hours Figure
5.9).1* This was to lectly canpare their stabilitieswhichwere resultantlystableup to 12hours,
where new phosphorus environments were beginning to form, indicativelight metabolism
after this time.lIt is unclear from this which of the two prodrugs were metabolising andetvésn
conceivable both weraleteriorating after 12 hoursNonethelessthis study demonstrated that
POMTides are sufficiently stable under human serum conditionsaaedhus viable prodrug

systems to deliver activehosphatedrug molecules

4 )

YM-AM-PT-HS /
12 hour /

1010 | /[“7
/
YM-AM-PT-HS /
6 hour Lo
99 I /'
YM-AM-PT-HS /
5 hour lg
88 I | /
YM-AM-PT-HS /
4 hour [

77 ) 7

YM-AM-PT-HS
3 hour

66 [ [
WWMMM MOV MUAUR A |
YM-AM-PT-HS [
2 hour
55 | L 5
YM-AM-PT-HS /
1 hour : /L,
44
MWmumMM‘* VAN a0 515 ARG 0 (RSN /

YM-AM-PT-HS
‘_30min
g ol Ay BN g, D (Wi n[f‘" l' v AN e ‘/

YM-AM-PT-HS
0 min /
2

22 i /
W |

YM-AM-PT-HS /
o ProTide I POMTide //1

/
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\. /

Figure 5.9 Stacked’P NMRspectrag202 MHz PDMSO/DO) of POMTidel55(-7.98 ppm)and
ProTidel57(3.91 and 3.71 ppm)n human serum &7 °C for hourly intervals.
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5.11.5-FdU POMTidepH 1 and pH 7.4 Stability

Following the successful human serum stability of the POMTide prodrug, its susceptibility to
degradation under acid conditions was then evaluated. As ProTides can be orally administered,
due to good acidic stabilitypH 1), POMTides would also require this capacity if future lead
compounds were to be orally dosed. To this endygpof POMTidd55was incubated witrapH 1
solution (KCI + HCI) for 24 hours, at 25PFigufe 5.19.**" A phosphorus NMRxperimentwas

taken hourly and the results were stackeds seen previously. Pleasingly, the POMTide
diastereoi®mer peaks {8.10 and-8.16 ppm) were completely intact throughout 24 hours in
acidc solution, with no metabolitgghosphorus peaks being observed in any spectra. POMTides
would be stablein stomach acid (pH 2) and couldeoreticallybe used as orally teged drugs.
Alongside the human stability data, it was becomiegnclusive that POMTides were

physiologicallystableprodrugsand could mirror the excellent tolerance that ProTides possess

Ve

24 hr

YM-AM-C265-Acid /
99 ‘

5hr

YM-AM-C265-Acid f"
88 l

YM-AM-C265-Acid
4hr
77 t7

YM-AM-C265-Add /
3hr \ /
J

66

YM-AM-C265-Acid /
2hr
33

1hr

YM-AN-C265-Acid /
44 }

YM-AM-C265-Acid /
30 min /
3

33

YM-AM-C265-Acid f
0 min
12 f2

YM-AM-(265-Add ) ,,
Control -«—— POMTide 155

11 ‘ (-8.10 and -8.16 ppm)

J/

Figure 5.10 Stacked'P NMRspectrag202 MHzPMSO/DO) of POMTidel55(-8.10 and-8.16
ppm) inpH 1 solution (KCI + H@1)25 °C for hourly intervals.

92



Design, Synthesend Evaluation of POMTide Prodrugs Chapter 5

Sability at physiological pH (7.4)as alsoevaluated forPOMTidel55 (-7.97 and-7.99 ppm)in
pH 7.4 Trizma buffesolution for 24 hours, at 25 °€7 3P NMR expementsindicatedcomplete

stability at physiological ptdver the 24 hour period

Collectively between the three sets of stability data, the POMTide prodrug design could
sufficiently tolerate key biological conditiottsat may enable the prodrug tbe a viable approach

as a prospectivenethodto enhance anticancer/antiviral treatmesitThis now presents POMTide
prodrugs as promising novel delivery systetmst couldnow be applied to develop powerful new

therapeuticsand may hopefully end up facilitatingromisingclinical candidatesakin to ProTides.
5.12. Chapter 5 Conclusions

In this chapter the research objective was to identify and develop a phosphate prodrug design
that could transport similar proportions of phosphate compounds into cells as EesIProTics,

but metabolise without a cyclic phosphate intermediat€éhrough a literature search, a
discontinued phosphonate prodrug was highlighted which appearedtdotain a suspected
metabolism that proceeded without a cyclisation step. This formed bHasis of designing

O 2 y O S PIiMiEdd&that¥retain one aryloxy substituent and one methopiyalate promoeity

to mask nucleotide therapeutics.

As thepreviouswork on this design focused on phosphonates, the chemistry for its application to
phosphateswas undeveloped. To this end, the nucleosidd], was nominated to be a core
scaffold to develop POMTide prodrug derivatives. Overall, two separate synthetic approaches
were capable of yielding the desiretiTPOMTide prodrug as racemic mixturd$e fist route
involved synthesising a methyl and phenyl phosphorochloritlaéd can be directly coupled to a
nucleoside. The respective nucleotide product can be tranesterified to introduce the POM
substituent and complete the synthesis in three steps. The second route focused on synthesising a
POMTide phosphorochloridate which coub@ coupled to a nucleoside directly to yield the

POMTIide, in six steps. Both methods had various advantages and a preference is circumstantial.

The chemistry of routene was applied to a known nucleosideF%), to generate a library of two
POMTides to ampare directly against four ProTide derivatives, synthesised by another group
member. With the coupling reaction being troublesome, thEdJ analogue was used instead to
generate the library. The POMTides were yielded in three steps (phenyl) and foar(stgyhyl)

in 12% and 1% overall yields, respectivelithe four ProTides were synthesised by another

student.
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The compounds were given to another member of the research team who evaluated their
activitieson MCF7 cell lines, using an MTT proliferatiossay. Both POMTides displayed very
good activity which demonstrates the successful metabolism of the POMTide prodrug design.
Furthermore, the napthyl POMTide was evidently the most active species out of all prodrugs
tested and was far more potent than afyoTide design. This is perhaps due to faster metabolic
delivery of the active species aralso the slightly higheclogP value which could facilitate
improved passive diffusion across cell membranes. All ProTide prodrugs were less active than the
native rucleoside which is indicative of slow metabolism and a longer incubation would likely be

required for future studies.

POMTIide prodrudg.55 wasfinally evaluated on its stabilityithin human serum at 37 °C, which

was shown to be stable for up to 12 hourfieve small metabolites were being formed. In acid

and physiological pH (7.4uffers, the POMTide prodrug wasmpletely stable for over 24 hours

at 25 °C. Collectively this shows a strong tolerance for POMTide prodrugs and makes them viable

candidates talerivatise phosphate prodrugs to enhance their bioavailability and overall activities.

In conclusion, this work has highlighted POMTides as an exciting novel prodrug delivery system
for phosphoric acids. The prodrug is synthetically accessible, througlséparateapproaches,

and includes a tuamble aryloxy leaving group. From the data so far, the napthyl leaving group
provides the highest potency and fastest metabolic deliveryich exceedghat observed with
ProTides. With the POMTides proving to be higstable under physiological conditions, the
design is being optimised further by other researchers and is an emerging novel phosphate

prodrug strategy.

This researchalongside additional findingsiill be published in the near future.
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Chapter 6: Design, Synthesis and Evaluation of S31-201

Phosphoramid ate Prodrugs

6.1. S31-201 Derivatisation

By previouslydeterminingthe hypothesised improved cellular uptake and increased-8mAT3
activities of ProTic prodrugs, the next phase was to apply the technologynovel STAT3
inhibitor and beginfinding promising hit candidatesMoreover, discovery of the alteative
POMTIide technology could kexjually appliedalongside other phosphate prodrug designs, to
directly evaluate the most potent phosphate prodrug delivery system to dEte. abbreviation

for these novel aryloxy pivaloyloxymethyl phosphopeptidemimetics g A f 0 S  Totthisa ¢ A C
end, a novel STAT3 inhibitor was requiredftmctionaliseas ProTic, POMTand various other

designs, such as the classically used bisPOM phosphate prodrug, fetoHesald comparisons.

In efforts to identify a novel inbitor, the known STAT3 inhibitor, S301 (10), was explored
(discussed ilChapterl) as a base pharmapbore scaffold(Figure 6.).*> Structurally different to
the classical peptidomimetics, the compound was identified by struebased screening by the
Natiomal Cancer Institut@and displayedelective and potent STAT3 inhibition via phosphotyrosine
SH2 binding® With the ability to inducetumour regression in mouse xenograft§31201

provided a goodcaffoldfor developmentand enhancement of activit}®

The salicylic functionality is a knoyhosphate bioisosterand exhibits a god hydrogen bonding
capability within the STAT3 SH2 dom&fiThis motifis suitable forsubstituion for a phosphate
group, whichmayincrease the compaud@ overallhydrogen bonding capacity for the key pY sub
pocket. Moreover, the incorporation of the phosphate group would then enable the various
prodrug designs to béater facilitated. The phosphate bioisostere was to be accommodated into
the S31201 anmnophenolvia substitutionof the salicylic motif(Figure 6.). Onefurther design
questionremained whichwasto decipherthe favoured ring posion for the phosphate groupas

it could beinstalledon either themeta- or para-positiors.

4 N\
0
O OH HO=F—OH
@)
HO 0 /©/ l\\ 0 /©/
O\ O\
N\ - A A0
H H 0’0
S$31-201 (10) Phosphate Derivatives
. J

Figure 6.1S31201 pharmacphore and proposed phosphate derivativ&s
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6.2. S31-201 para-Phosphate

To explorethe preferred positions, docking of the phosphates was undertaken by Dr. Hechami
Kadri (Cardiff University). By usBBER 2 Tli 6 NB ' yR (KS { ¢! ¢oi K2Y3:
=1BG), docking for thegpara-phosphate S3:201 regioisomer]76) and S3201 wasdetermined

(Figure 62).> The tosyl group maintained a similar accommodation into the hydrophobit pY
sub-pocket as expectetf. Critically, thephosphate group interacted with the sankey Arg-609

and Sei611 residuesas the salicylic gup on S32201, resulting in a&core of-5.85kcal/mol. As

the energy score for the S2I01 derivative using this software wak66 kcd/mol, this data was

suggestive that th@ara-phosphoric acid may posseissprovedSTAT3 binding affinity.

( )

A
0
HO-P-0
on :| T |: )
O<
N)j\/ > <
H 0’ "o
p-phosphate $31-201 (163)

B I T,_\. N

Y'}. A Tl \
. e L

pY-1

Figure 6.2A) p-phosphate S3201163. B) Predicted docking of phosphalé&3and S31201 into
GKS { ¢! ¢o { | nhorRogliMdrbbufid to PNA lising FRED software.
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6.3. S31-201 meta-Phosphate

Using the samenethodology for themeta-isomer 77), a similar profile was establisheBigure
6.3). The tosyl substituent appeared to stit accommodate inthe hydrophobic p¥. subpocket
akin to S31201 and thepara-phosphatel176.>* However, themeta-positioning of thephosphate
motif improvedthe pY sulpocketinteractionwith the key Arg609 and Sef11 residues, which

resulted ina superior energy score 68.55 kcal/mol>

This data is therefore ggestive that
substitution of the salicylic group for meta- or para-phosphate improves the binding to the
STAT3 SH2 domain. Furthermore, this study proposes thah#ta-isomer may contain superior

binding to the STAT3 SH2 domain, but as this is praiypidata, thiss only an indication.

4 N\
A 1l
HO—P—OH
CL . T
F 0
m-phosphate S$31-201 (164)
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Figure 6.3A) m-phosphate S3:201164. B) Predicted docking of phosphaié4into the STAT3
{1 H R2YI Agmodinedbbundtd DNK) using FRE&iftware.
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6.4. Aims and Objectives

Without being able taconfidentlyascertain the favoured position to insert the phosphate motif,
synthesising prodrug series of both regioisomémnsparalle] would be the only way to establish
the most active isomer. To this end, tiptanned series of BiTic, POMTi@and various other
designs would be required for each of the regioisomer phosphate compoiids the target
library doublingin sizethrough this decision, only threether prodrug approaches, theOMTi¢

bisPOM and bisethyl, were to be synthesised@mparativedor each isomefFigure 6.4.

The phosphoramidate derivatives were to also tmlesigned,owing to the poor aqueous
solubility observed with the 1SBL0O-Me proof-of-concept prodrugs irChapter4. Introduction of

the napthylgroupwasenvisioned to increase the leaving group preference of the prodrug aryloxy
over the key tyrosine core structure. Whilst this modification wasloubtedly positive for the
correct metabolic delivery of the active spegj the napthol group increased the lipophilicity too
drastically which deterioratedqueous solubility. As a resuthe prodrug was poorly soluble in
agueous solutionwhich is significantly problematic for a drug molecule. To overcome this, the
napthylANB dzLJ Ydzad 06S a4dzoadAddziSR F2N I y2iKSNJ a3
but also retain good aqueous solubility. Out of the numerous candidateéiraphenol was

opted as the leaving group for this library of phosphoramidate prodrugsgtarits significantly

increased polarityRigure 6.3.

To once again evaluate the most potdaalanineester functionality, a library of four different
esters would be synthesised for each regioisomer of a methyl, isoprigstdbutyl and benzyl
ester. The resultant eight phosphoramidate prodrug targets and known phosphate prodrug
designs will be accompanied bye POMTiderivative(pheno) for each regioisomer, bringing the
total library to 14prodrugs §evenfor each regioisorar). For the positive controlghe phosphoric
acids, unphosphorylated phenolic structures and the original-Z31 control would also be

required. This now brings the library fthiis chapterto 19 target moleculesHigure 6.4.

@) @)
R @L I 0 @L I 0
R
NJ]\/O: < NJJ\/O:,\\
H O/ \O H O O

Phosphoramidate Derivatives Phosphate Derivatives
. J

Figure 6.4 Target brary of S31201 regioisomerphosphoramidaterodrugs (R= Me, Pr, ‘Bu or
Bn) and phosphate prodrug = POM or ethyl. R= Phenol, POM or ethyl).
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6.5. S31-201 Phosphate Library Retrosynthetic Analysis

Being the larger components of the target library, the phosphoramidate ProTic prodrugs were to
be synthesised firstin a multistep convergentsynthesis for each regioisomeSdheme 6.1
Startingfrom the commercially availablglycolic acidl65, a Fischeresterification reaction with
ethanol and acidic conditionsvould protect the arboxylic acid motjfin the form of esterl66.

This would therenable a sulphonatignwith tosyl chloride to install the tosyl moiety and yield
tosylate 167. With the tosyl substituent now attachedhe esterprotected carboxylic functional
group could be readily dprotected with sodium hydroxideto obtain compoundl168. Amide
coupling of4-/3-aminophenol, using standard coupling conditions with the carboxylic acidsnoti
would then yield thekey phenolic regioisomerd69-170 as positive controls ands the

phosphorylation precursors.

To complete the synthesifyur phosphorehloridates would bdormulated, using the previously
established chemistry for their napthyl analogues and directly coupled to both phenols
Phosphorylation of each phosphorochloridate to both phenols should facilitate all eight desired
ProTic prodrugs adiastereoisomerpairs. Furthermore, the sameiethodologycould then be
appliedto yield the two remaining phosphoric acid80OMTicprodrugs, bisPOM prodrugs and
diethyl prodrugs from the key phenolic core structure89 and 170. This would complete the

required library of comounds which could then be progressed for biological evaluation.

HO,

Phosphorylation ©\NH

©\NH O\/©/ : O/,%@/

P

[T e
0%+>0 Target Structures
Amidification 0 /@/ Hydrolysis 0 /@/
O« O<
Lo > Ao
O/ \O O O
168 167
Sulphonation o Esterfication o
Ao o
166 165

Scheme 6.1Retrosynthetic analysisf S31201 ProTicregioisomes (R= Me,'Pr, 'Bu or Bn)
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6.6. Synthesis of S31-201

The proposedetrosynthetic route wadirst investigatedon the S31201 pharmacphore. From
glycolic acidl65, a Fischer esterification with concentrated sulphuric acid and ethanol facilitated

ester166in modest yield $cheme 6.2

Unfortunately, the high volatility of the productused
evaporation of large quanigs of the compound during rotary evaporatiomediated solvent
removal which subsequently eroded theoverall yield to 44%Nonetheless, wh the acid
functionality protected as an ethyl estethe tosyl substituent could bgafelyinstalled via aS,2
nucleophilic substitution with 4oluenesulfonyl chloride, under basic conditioas 0°C Scheme

6.2) to producetosylate167in ayield of 81%.

p
OH H,S0O,, EtOH o TsCl, Et;N o™
)\/0H - > )\/OH — ON
o Reflux, 6 hours, ©O Diethyl ether, 0°C, O 25
165 44% 166 12 hours, 81% 167 O O
5% NaOH, EtOH 0 SOCl,, reflux
e D G s
2 hours, 86% HO N 1 hour, >99%
168 O O
4- Am|nosaI|cyI|c
L | Sy
o)
CI)]\/ >s¢ Et3N THF, J\/O/ -
171 O O 12 hours, 69% 10 O "0
(. J

Sheme 6.2 Synthesis 0831201 (0).

Treatment ofester 167 with 5% sodium hydroxide soluticend stirringfor two hours Echeme
6.2) gave theacid168in an 86% yield®™ Topromote the amidation, acid68was converted to an
acyl chloride through a reflux with excess thionyl chloride whyadlded chloride171 in

166

quantitative yield $cheme 6.2
triethylamine to furnish the desired S2D1 (0) in 69% yield and with an overajield of 226

4-Aminosalicylic acid was therobupledto product 171 with

(five steps).

6.7. Synthesis of meta-S31-201 ProTic Prodrugs

With the S31201 positive control now synthesised, efforts weelirected to generating the
eight phosphoramidate prodrugs. Acyl chloritiél provided a good intermediate to install either
the 3/4-amino phenol substituenisto afford both phenolic regioismers To this end,acid

chloride 171 was scaledup andseparatelytreated with 3-aminophenolor 4-aminophenol in THF
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(Scheme 6.3 using tiethylamineand stirring forl2 hours. The desiredmeta-phenol (59) and

para-phenol (60) productswere obtained in good yields.

p
HO
3/4-Aminosalicylic 0
o acid @\ J\/O\ /©/
- S5 EtsN, THF, o0
) 0 °C, 12 hours 169 (m, 61%),
171 170 (p, 85%)

L J

Scheme 6.3Synthesis afneta-phenol product 169) andpara-phenol product 170).

Now, with both phenolic core structures in hand, the four phosphorochloridate components were
required to directly phosphorylate and complete the synthedithe S31201 ProTic derivatives.
As a test system, just tHealaninemethyl ester derivative was togbsynthesised and reacted with

the meta-phenol 69 to investigate the scopand feasibilityof the phosphorylation reaction.

By employing the same chemistry that was optimisecirapter4, phosphoryl chlorid®3 was
dissolved in anhydrous diethyl ethand cooled to-78 °C, topromote a moncaddition of 4
nitrophenol via dropwisdreatment of triethylaming to give the dichloridatel72 in 98% yield
(Scheme 6.31'° A second moneaddition reaction to install thdinalisingL-alaninemethyl ester
group, using the same conditiongelded the desired phosphorochloridat&?3) as equal pairs of
diastereoisomes in good yield The same chemistry wathen employed to formulate the
remaining three phosphoramidates. The isoprodyf4, 64%).tert-butyl (175, 52%) and benzyl

(176, 69%)chloridateswere all synthesised as diastereoisomeric mixtu(sheme 6.1

p A
O
o .HCI
i i
Cl—P—Cl I—P=N
4-Nitrophenol, I R\O NHz T e
o 0 R
I EtsN
Cl—P—ClI — -
Cl Dle(;)thyl ether, EtsN, DCM, -78 °C,
93 -78°C, 2 hours, 3 hours
98% _No - N -
0%+°0 0”+70
172 173-176
J/

Scheme 6.4Synthesis of phosphorodichloridat&d 2 crude and.-alanineester
phosphorochloridatesl(73R = Me (58%),74R =Pr (644),175R =Bu (526) andl76R = Bn

(69%)).
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The moncaddition yields for synthesising-rtrophenolderived phosphorochloridates were
consistently lower than their napthyl counterparts reported in Chapter 4. This is perhaps
rationalised by the <4itrophenol substituentcontaininga weaker capacity talissipate electron
density from the phosphorus centre thanrapthol substituent which maysupress the overall

electrophilic capacity and reactivity of the phosphorochloridate towards nucleophiles.

The meta-phenol core {69 was treated withtwo equivalents of chloridatel73 with
triethylamine and stirred for 12 hours to produce the first &811 ProTic prodrug, compound
177, in low yield as an equal pair of diasterecisomésheme 6.5 Large proportions of the
phenaolic starting material remained unspent throughout the reactidespite a further addition
of two equivalents of phosphorochloridat&73 and triethylamine. Nonetheless, the correct
product was synthesisedin eight steps, wih an overall yield of @ axd with the remaining

unreactedstarting materiabeingrecychblefor future use.

( N\
o 3
N O
OH $ \ 1 //O
173-176 R-O  HN—P-0 N+
0 —> 0 o)
EtzN, THF,12
A os i o
20 ours
H 0% M _o.
169 177-180 ” 7%
\. J

Scheme 6.5Synthesis afmeta-S31201 ProTic prodrugd {7 R =Me, 19%178R =Pr, 11%.179R
='Bu, 12%180R = Bn, 25%

The three remaininghloridates werdghen individuallyreacted withmeta-phenol compoundL69,
using the established conditiomseviouslyemployed which successfullgroducedthe remaining
meta-S31201 ProTic prodrugsS€heme 6.» The prodrugs 78180) were all synthesised as
diastereoisomeic pairs andwere low yielding (1125%). The comparatively low overall ygfdr
this prodrug library, in regards to that observed@hapter4, that employed similar chemistry,
was suggestive that the substitution of the napthlsdvinggroup for the 4nitrophenolderivative

also affected yield as well as logP values.
6.8. Synthesis of para-S31-201 ProTic Prodrugs

The now established chemistry used s$ynthesise themeta-derivatives was employetb the

para-derivative, phenoll70, in efforts to complete the library component of eight ProTic prodrugs

(Scheme 6.5 However, thisdirect synthetic applicationtowards the para-analogues failed to

replicate the succes®rmerly discussed. For both isoprop{d82) and tert-butyl (183) L-alanine
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ester derivatives, the phosphorylation reactions welde toproduceboth desiredpara-S31201

ProTic podrugs in similarly low yields of 16% and 12%, retsypsy.

For the benzyl ester, compourkB4, isolation of the desired product was extremely challenging.
This was due to several -@uting species contaminating the product fractions during flash
column chromatography. Despite investigating different elusystems, reaction conditions and
starting material batches, the purification of the compound was not sufficient. Consequently, only
a 2% yield of the ProTic prodrug could be isolatgich was still heavily contaminated. As HPLC
purification was not aailable at the time, the compound was put aside until such a facility was

accessible t@nable purification of the compound to abo®&% purity, as required for evaluation.

( )

0 O s

CI—IIZI’—I\}ﬁ_«O >_\

&
| / o
i ) O\R " (FI; O\©\ i /©/
170, Et;N 0
”J]\/ ~

— > e
THF, 12 hours, 0O
0-16%
_No -
07+ 0 _N_ -
0+ 0
175177 181-184
\_ J

Scheme 6.6Synthesis of remaininuara-S31201 ProTic prodrugd81R = Me, 0%182R =Pr,
16%.183R =Bu, 12%184R = Bn, %).

With the synthesisof seven albeit one impure,out of the eight S31201 phosphoramidate
prodrugs completethe remaining derivative was thgaraS31201 methyl ester ProTic prodrug
(181). Using the exact same conditions that furnished the previous seven other analdbises
surprisingly failed to produce this compouréchene 6.6. Instead, what was eviderafter work-
up and column chromatographyas large quantities of unreacted starting materigl0 and one

new species thabore resemblance to the desired molecul81

The sideproduct contained thgara-substitutedphosphoramidatdragmentthat wasattached to
a phenolglycol coreHowever, this molecule did not possess a tosyl substituent and through NMR
and LCMS analysis, the species in question was indeed the phosphorylation grodwdth the
tosyl group appanatly hydrolysedwhich exclusively generated alcoHd@5, in 20% yield§cheme

6.7).
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4 N\
0]
\/ /< @) S
Cl Iil) NH O j :\ 9
CI) / O\ HN—FI>—O o
170, Et;N \©\
I _on
THF, 12 hours, H
20%
_N_ -
4> _N_ -
0™+ 0 0%+>0
175 185
O, 3
0
O HN-P-0O
\ 5 O
EtsN or DBU Jl\/o\
— > ” 5%
TsCl, THF, 24
hours
_N_ -
0”+ 0
181
. J

Scheme 6.7Synthesis gbara-S31201 methyl ester ProTic prodrug side prodi86and
attempted tosylation to synthesise prodrd@l

As the tosyl group was paramount for the reported &BTIAT3 activity, a simple tosylation
reaction with 4-toluenesulfonyl chloride and triethylamine was envisioned to regenerate the
target molecule $cleme 6.7). Unfortunately, the reaction was completely unsuccessful after 24
hours and only starting material was present by TLC analysis. The reaction was repeated with a
stronger baseDBU, whiclalso proved unsuccessfwith only starting materiabeingapparentby

TLC and NMR analysisce again.

With a direct tosylation reaction, using the conditions that were previously successful, being
unable to formulate thefinal prodrug from alcoholl85, the original phosphorylation was re
repeated using a new bah of starting materialin case the problem waseagent related
Unfortunately, the samelcohol product (185 was producedand no compoundl81 could be
identified prior to or postwork-up and purification.Without a rationalisation to ascertaithis
strange phenomenorof tosyl hydrolysisand with the same result being observed with new
reagents, the prodrug was revoked from the library in efforts to prioritise the synthesis of the
numerous other prodrugs required for the series. Consequently, the ns€3@1201 ProTic

prodrugs were progressed for biological evaluation.
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6.9. Synthesis of S31-201 Diethyl Phosphate Prodrugs

To complement the seven phosphoramidate prodrugs, botigioisomer diethyl phosphate
prodrugs were required for further comparison. Using the two phenolic caré9 ¢nd 170), it

was envisioned that a direct phosphorylation with triethylamine and diethyl chlorophosphate,
would furnish both prodrugs. In a palel| this was carried out using the same conditions as those
used for the phosphoramidate$S¢heme 6.8 Gratifyingly both reactions successfully produced
the S31201 diethyl phosphatemeta-prodrug 186 and the paraprodrug 187, in 19% and 18%
yields, respctively. These yields were identical to those displayed for ghesphoramidate
phosphorylation which indicatethat the rationale for the low yields is derived from poor

nucleophilicity of the phenolss varying the chloridate seems to be maladifference.

( N\
— 9
O—?—O
HO Diethyl 0
@ /@/ chlorophosphate 0 /@/
O<
,, % Et;N, THF, 12 NJ\/ S
hours H o 0
169 (m), 186 (m, 19%),
170 (p) 187 (p, 18%)
. J

Scheme 6.8Synthesis afneta-S31201 diethyl phosphaté86 and para-phosphatel87.
6.10. Synthesis of S31-201 Phosphoric Acids

To synthesise both phosphoric acid positive controls, the chemistry employ€thapter4 to
produce the 1IS810-Me phosphoric acigwas appliedo both regioisomer phenols in an attempt
to replicate its succes$.THF solutions of compoundss9 and 170 were each reacted with
N,N,N;N-tetramethylphosphorodiamidic chloridecatalytic DMAP and DBU for 12 housstfeme

6.9). In either case, thigvas unsuccessful and only starting material was evident by TLC analysis.

4 \
\N IS’ N/
\ i N
HO _| —Cl / CI) \
NJj\/O:/ S )j\/o/ S
H 0”0 DMAP, DBU, H o’ Yo
169 (m), THF, 12 hours, 188 (m),
170 (p) 189 (p)
. J

Schemeb.9: Attempted synthesis of diamidatd88and 189.
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The evidently poor nucleophilicity dfoth regioisomer phenolic hydroxy substituents widely
exacerbated by the poor electrophilic capacity bfN,N',Ntetramethylphosphorodiamidic
chloride owing to I+ stabilisation To overcome this, a more electrafib bis-protected
phosphorochloridate was required to promote the reacti@amd with sterics nobeingconsidered
an issue on either regioisomer systemlectrophilic dibenzyl phosphorochloridated10 was
identified as a potentially more reactive substitut€onsequentlymeta-S31201 phenoll69was
reacted with dibenzyl phosphorochloridatel0 and triethylamine $cheme 6.1 Sadly, the

reaction was also deemed unsuccessfid TLCanalysis.

In efforts to force the forward phosphorylation, the reaction was repeated with a stronger base,
DBU, to investigate whether insufficient phenol deprotonation was instigating the outcome
(Scheme 6.1 A parallel reation with triethylamine, alsofailed to afford the desired product
after 12 hours, with only starting material beinfgpserved A final attempt focused on repeating
the reaction with catalytic DMAPR~vhich was demonstrated ilChapter4 to be essential for

promoting the reaction Unfortunately, this approach was also ugsassful and no new species

wasgenerated.
4 N\
OH :\< O >/:
O-P-0
0 a,borc |
Mo, R—>
169 190 J\/O\
N 7N
H o” o
. J

Scheme 6.10Attempted synthesis aibenzyl phosphat&90. a) 110, EgN, THF, 12 hour$) 110,
DBU, THF, 12 houi§.110, DBU, DMAP, THH38 °C12 hours.

With the catalysed and ucatalysed coupling of phosphorochloridate reagents proving
challenging, the more reactive phosphoryl chloride species was hypothesised to react more
favourably with thesubstratephenol. Furthemore, a subsequénhydrolysis with stoichiometric
water would also furnish the desired phosphoric acid direatlyone pot This strategy was thus
attempted on compoundl69with a triethylamine basat -78 °C but afterthe 12 hour reaction
several new species wespparent by TLC analysBcfeme 6.1 Despite numerous attempts to
isolate and purify these species, their high polarity proteal difficult to achieve thiswithout
reversephasechromatography opreparativeHPLCConsequentlyno product compound codl

be identified or isolated and another strategy to synthesise the phosphoric acid positive controls
was required.
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1]
OH HO—P-OH
i) POCls, Et5N, S
O THF
NJI\/O\ —K > ©\ 0 /©/
) ii) H,0 O.
H 'oNe) ) 2 NJI\/ >SS
169 164 H O
.

Scheme 6.11Attempted synthesis of phosphoric adi@i4.

With both N,N,N',N'tetramethylphosphorodiamidic chloridand dibenzyl phosphorochloridate
lacking the electrophilic profile to facilitate the desired phosphate product, another masked
phosphorochloridate wasdnvestigated the diphenyl phosphorochloridateThe coupling was

attempted with DIPEAScheme 6.1Pbut was evidently unsuccessfat no phosphatd91 was
identifiable

N
0
, Ot
Diphenyl !
) chlorophosphate
NJ\/O\ /©/ X Q
H O’/ \\O DIPEA, THF NJI\/O\
7
169 191 H o)
.

Scheme 6.12Attemptedsynthesis ofliphenyl phosphatd 91

A literature search for alternativapproacheshighlighted a powerful phosphorylatioreaction
known as the AthertofTodd phosphorylation &£heme 6.13. This reaction employa generic
dialkylphosphitethat when treated with a hindered base, such as triethylamine, genereades
deprotonated reactive intermediatel93*°” The unstable nature of this speciggsomotes a
nucleophilic attack to carbon tetrachloride, producing reactive chloridk®d in situ'®’ The

reaction is completed by a subsequent attack by the delsmecleophileto furnish thephosphate

product*®’

Vs

R\ (I?) /R R\ ? ’R R\ 9 ’R R\ 9 ’R
o-P-d — 5 O-PO0 — 5 O0-P-d 5 O0-p-C
9 \ cLee E™N——— Nu
\_/. NEt3 \/ 3
192 193 194 195
\_

Scheme 6.3: AthertonTodd phosphorylation mechanistf.R= alkylNu = nucleophile.
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The numerous reports of literature success with thétherton-Todd reaction warranted its
investigation on our systemJnfortunately, as the carbon tetrachloride reagent required was
prohibited under University regulationsl-chloro succinimide was substituted in as tmurce of
electrophilic chloridé®” Using dibenzyl phosphitéy-chloro succinimide and DIPEA, the reaction
was carried out$cheme 6.4). Despite these conditions being reported in literature for similar

phenolic structures, no products were detectable by TLC or LCMS analysis.

A second approach was by empluy carbon tetrabromide as an alternative to carbon
tetrachloride which produced some interesting resulf§. Aithough no product190 was
identifiable, **P NMR analysisof the crude was now displaying the presence of new phosphorus
environments, indicative of successful phosphorylatidioreover, TLC analysis demonstrated the
consumption of starting materidl69anda series of more polar species. Attemptsgolate these
species was unsuccessful but LCMS analysis of the mishawed large proportions of the
phosphorylated product without a tosyl group being presahan m/z of 428.44 [M's+H]. This
was suggestive that the reaction was successful but someheecondary detosylation occurred,

perhaps by bromidenediatedattack.

4 \

OH o
0-P-0
e} aorb (I)
—X >
(AN O
169 190 NJ\/O: -
H 4 \O
. J

Scheme 6.4: Attempted synthesis of dibenzyl phosphdi@0. a) Dibenzyl phosphiteDIPEAN-
chloro succinimide, MeCI) Dibenzyl phosphitdDIPEAc¢arbon tetrabromide MeCN.

To explorewhether the issue of detosylation was culpable for the failure of producing phosphate
190, a new strategywould investigate whether conveying the Athertdiodd phosphorylation
before installing the tosyl group would sidestep the probleGthi{eme6.15). To this end, the
glycolic acid alcohol required a suitable protecting group, to enable the amidation of acid motif
with the aminophenol and then proceed with the Athertdiodd phosphorylation. With this stage
complete, removal of the protecting grpufollowed by a tosylation reactioghould facilitate the
core structure200. A finalising palladiumatalysed hydrogen would then remove both benzyl
masking groups and yield the desired phosphoric acil characteristically reported quantitative
yield. If successfulor the meta-phosphoric acidl64, this approach could then be applied to the
remaining regioisomer to complete the synthesis of both phosphoric acid positive controls.

108



Design, Synthesis and Evaluatiors8t201 Phospbramidate Prodrugs Chapter 6

: Ovi
HO—==OH o-bB-3

!
O

0 Hydrogenation Tosylatlon
R —
©\N)J\/OTS @\ )J\/OTS
H
O~ O
O-P-0 O- IIZI’ -0

(') De- protectlon CI) Phosphorylatlon
@L )J\/OH @L )J\/o i,
OH
O Amidation o Protection 0
O«

S — N NN — .

197 196 165
\ J

Scheme 6.15Retrosynthetic analysis ofeta-S31201 phosphatel64. PG = protecting group.

To protect the alcohol position, solution of ethyl estell68in DCM was treated with TBDMSCI
and imidazole at 0 SGvhich facilitatedmono-silylation product 201 in a moderate48% vyield
(Scheme 6.1p5'%°

De-protection of the ethyl ester was ampted by employing one equivalent of potassium
hydroxide, at 0 °C, to hydrolyse the est&clheme 6.16 Disappointingly the deprotected
product could not be identified anlhrgeamounts oftert-butyldimethylsilanolwere present after
the work-up. Thisis likely due to the acidic (pH 8)ork-up required to protonate the acidor
extraction hydrolysing the silyl ethelhework-up was performedwithout the acidic conditions

but isolation of the pre product was unsuccessful.

4 \
N 0
o) TBDMSCI KOH, EtOH J<
)\/OH )\/0 J< K HOJ\/O\Si
O Imidazole, 0 °C, 0°C VRN
166 pcM, 12 hours, 48% 201 202
\\ J

Scheme 6.16Synthesis of estét01and attempted synthesis of ackD2
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An interesting literature strategy to complete this series of reactions was reported by Wissner and
Grudzinskas in 1978%"* The published work demonstrates hdvis-silylatedhydroxy acids can

be directly transformed ird acyl chlorides with the silyl ether group intact via treatment of oxalyl
chloride and catalytic DMF! Mechanistcally, oxalyl chlorideand DMF generate the typical
VismelerHaack reagent206 that is susceptible to additiorfrom the silyl ester carbonyl
functionality, in the form of intermediate 208 (Scheme 6.1¥'"" Fragmentation of this

intermediate then generates the desired acyl chlorideg).!

4 N\
(e) O O0=C=0
N /ér’—‘;?) ol | Of‘ f Te=o”
N O -
/\" e j/u\nal\(n /+N§/C| + Cl
203 H 204 clr O 205 206 54

203 H

0 | |
Cl N >
R 0" '\ oy CI Si—-Cl N (@]
N Si‘C| _— RJ\CI + | + 7 Y
| 208 210

Scheme 6.17Mechanism foichemospecific chlorination difis-silylatedhydroxy acidsR =

alkyl 1™

In light of this new avenue to synthesise an acyl chloride silyl ether, glycolid&®idas once
again reacted with TBDMSCI anddazole but this time with 2.2 equivalents to ensutiee global
bis-silylation (Scheme 6.18""? Compound 211 was then treated with oxalyl chlorideising the
literature conditionsto give highly reactive specie®12, which was reacted with either 3
aminophenol or 4aminophenol, under basic conditions, to yield both regioisomer-gilytected

phenolic amidesQ13and214) in good yield*

Generation of both phenolic amide regioisomers, with the glycols protected, enabled the
Atherton-Todd phosphorylation. Each regioisomer was reacted with dibenzyl phosphite, carbon
tetrabromide and triethylamine, which successfully yielded both phosphate isongmise(ne
6.18).1%8

Both regioisomers were treated with one equivalent of TBAF to remove the TBDMS groups
(Scheme 618). For thepararegioisomer 218) the reaction proceeded to produce the-ddylated
product in a low 51%wyhich was surprising as this type of reaction is s@sthblished to produce

nearquantitative yields.
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165 12 hours, 95% 21 >99%
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213 (m, 53%),
214 (p, 54%)
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Scheme 6.18Synthesis of alcoho&l7and 218 a) TBAF, THF, 0 °C, 2 ho@&s/(m, = 0%),218,
p, 51%)b) TFA, kO, THF, 0 °C, 3 houl{, m, = 56%),Z18, p, 67%).

With the meta-isomer, the desired product was not formeshd, instead, a series of side products
was produced Inspection of the major side product revealed it contained the core structure of
compound 216, but with the silyl functionality removed. However, this species now &ad
additional phosphate environment with double the proton integrations expected for retaining
two benzyl masking groups. Evidently, after thesilglation reaction had occurred, the molecule
had then incorporated an additional dibenzyl phosphate gra2q®). This theory was confirmed
when LCMS analysis of this compound identified the hypothesised parent adducts at T &f
[M+NaJ and 688.2 [M+H]

To try and rationalise this reaction outcome, two key considerations were needed. The first
question wa how this phosphorylation event occurred and then, why this was more pronounced
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for the meta-isomer and not in thearaisomer? Mechanistically, the glycolic alcohol could only
participate after the desilylation reaction had occurred, as this positionsvaeviously protected.
After the removal of the silyl motif, the alcohol formed would be formally deprotonated and
could act as potent nucleophil&s¢heme 6.19 It is likely this alkoxy anion participated in an
intramolecular phosphorylation reaction thugh attacking the phosphoryl position of another
molecule of phosphat@16 (or 218) and expelling the reasonably good leaving group, that is the
phenolic core. Resultantly, this would theoretically generate one molecule of side prad@ct
and one molecule of the dephosphorylated and-gliylated product, diol220. This is made
evident by the yield of this product (46%&)s the molecule itself is a reagent in this secondary

reaction

( )

~ A
H 0
218 NJ\/OH 220 219

Scheme 6.19Proposed mechanism for formation of side prodRt®.

It is conceivable that this additional participation occurred for both regioisomelnsch would

help rationalise the poor yield fahe parasisomer desilylation reaction. However, the additional
stability of the PO bond in thepararisoform (frompara-directing I+ stabilisation from the amine)
would decrease the electrophilic profile of the phosphate and enhance its resistance to this side
reaction, which may ascertain why this reaction was overall successful. Fondteeisoform,

there is nopara-directing I+ stabilisation and the phosphasethusmore susceptible to cleavage

Going forward, @ eliminate the theoretical formation of anionic specEE3that was reasoned to
initiate the secondary phosphorylation reaction, thieoride-mediatedde-silylation reactionwvas
substituted forone usingacidic conditions?® Accordingly both regioisomers215and 216) were
reacted with TFA/waterat O °Cfor three hours whictsuccessfully yieldeloth alcohol products

(217and218) ingoodyield, with no bisphosphate bgroducts identified cheme 6.1
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Each isomer was treated witl-toluenesulfonyl chloride, under basic conditions at’®©, to
introduce the tosybubstituents(Scheme 6.2)) Tosylate221 (meta) and tosylate222 (para) were
synthesised inB7% and 90% yiedd respectively.Using a 1:1 polar protic solvent mixture of
ethanol and ethyl acetate with catalytic 10% palladium on carbon and hydrogen gas, both
phosphoric aids regioisomersl{6 and 177) were produced in 99% yieldS¢heme 6.28"’ The
synthesis of both phosphoric acid positive controls was now complete, which required a total of
seven synthetic steps each, with the oaklyields for themeta-acid (L64) being 15% and 20% for

the para-acid (63

.
C S C : o—('s—o C
0-P—d .

Q TsCl, EtzN 0
Ol o omamn o

DCM, 6 hours O«
A on HJV
H

7N

(@)
217 (m), 218 (p) 221 (m, 87%), 222 (p, 90%)
W
HO—£—OH

Pd/C, H, Q o
—_—
EtOAc, EtOH, @\NJ\/O\ /©/

2 hours H e}

164 (m, 99%), 163 (p, 99%)

Scheme 6.20Synthesis of phosphoric acié3and 164.
6.11. Synthesis of S31-201 POMTic Prodrugs

The next targes were both regioisomer POMTjrodrugs223 and 224 which could employ the
chemistry from either of the two strategies developed @hapter5 (Scheme 6.2 The first
approach investigatedisingthe shorter set of synthetic sequenc#sat involvedresynthesising
methyl phenyl phosphorochloridat&38 and coupling it directly tgegiasomers169and 170. A
finalising iodidemediated transesterification should compde the synthesis of both POMTic
prodrugs.However with both fluoride Scheme 6.18and bromide $cheme 6.1¢ionspreviously
displaying tle ability to incite detosylation, this employment of iodide ions was risky. The larger
steric size andubstantiallyweaker charge density of iodide igria comparison to fluorides and

bromides,couldconversely help supress this from occurring which aated investigation.
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Scheme 6.21Retrosyntletic analysis of S3201 POMTiprodrugs223and224.

This risky strategy westtempted on the meta-isomer 169, where phosphorochloridaté38 was
treated with triethylamine $cheme 6.2p to givephosphate225with a similarly low yield as the

previous phosphorylations.

The iodide-mediate trangsterification was attempted using the previously establishewflux
conditions with POMCI and Na{Scheme 6.2 Unfortunately, no POMTiproduct could be
identified or isolated after 24 hours despite full consumption of the starting material by TLC
analysis. Although this was unconfirmed, it is likely that the iodidéns facilitated detosylation

that decomposed the starting material.

( \
0
OH —O—P—O
138 S
0O —_—
. Jl\/o\ EtsN, THF,
H O/’ \\O 12 hours, 19% J\/o
g0
169
(@)
o
\—0-P-0
POMCI, Nal (')
—X—
MeCN, reflux, 0 /©/
24 hours
ON
NJI\/

7N

223 H

Schemes.22: Attempted synthesis afnetaPOMTide223.
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Owing to the sensitivity othe tosylate starting materiato halides the second synthetic
approach, which employed the POM phenyl phosphorochlorid2&and directly coupling it with
each phenolic regioisomer, was investigatddiF solutions ofach isomer 69 and 170) were

treated with chloridate 125 and triethylamine $cheme 6.28 For themeta-isomer, the reaction

successfully yielded the racemmeta-POMTIi223in a low 11% vyield.

In regards to theparaisomer, the reaction appeared to have been successgfbkre a heavily
contaminated mixture of the product was isolated after column chromatography. The purification
of this mixture was very @llenging and without HPLC facilities to assist in its isolation, the

product was deemed inseparable after numer@eparationmethods were unsuccessful.

Ve

= §
o = o
HO e}
L i
. J\/o\ Et;N, THF, 24 Jj\/o
H O,’ \\O hours
169 (m), 170 (p) 223 (m, 11%), 224 (p, 0%)
\

Scheme 6.3: Synthesis ometa-POMTi@223and attempted synthesis gfaraPOMTIQ24.

A new attempt focused oremployinga DCe&atalysed esterification of phendl70 and the
previously synthesised POM phenyl phosphoric acid1gdt This approach wahen attempted
using iterature procedures for similar systems of using 1.1 equivalents of DCC and a pyridine
base/solvent systemScheme 6.24'"* However, this ultimately ended in failuras after 24

hours TLC analysis deemed that no reaction had taken place and only starting material remained

Ve

QL

170

/©/ DCC, pyridine,

” o 24 hours N
224 H

O

L.

7N

o O

N

Scheme 6.2: Attempted synthesis gbaraPOMTi224.

To overcomehis problem, the synthetic route that successfully yielded both-&RIl phosphoric
acids was investigatefor this paraPOMTIicAs this approach applies the tosylation reaction after
the problematic phosphorylation step, the iodidmediated transesterification should not
degrade the starting material and could be used once again to substitute a methyl phosphate into
a POM phosphateln light of this, a new synthetic route was devised that initiafean the
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previously synthesisedilyl ether 214 (Scheme 6.2b Phosphorochloridatel 38 could then be
coupledto yield methyl phosphate227. To eliminate ptential degradation, the silyl group would
be removed first with acid, as established previously, and then subjected to the iodidated
transesterification to formulate POM phospha29. A final tosylation reaction of thefree

alcohol should complete the shresisof POMTi@24.

( N\

:§vo 'ID O Tosylation
OO Q —

o\ i oo 8 .
O=§v O—FI’—O Esterification O—F:—O Acidification
0] (@]
L J > L J >
NJ]\/OH NJ\/OH
228 H

(@) o Phosphorylation \©\
O<
\©\NJI\/O\SiJ< Jj\/ SI

Scheme 6.25New retrosyntletic analysis of S3201 POMTiprodrug224.

dlyl ether 214 was treatedwith phosphorochloridatel38 and triethylamine, which produced
phosphate227in alow yield of 10% $cheme 6.25 Addition of catalytidMAP to promote the
reaction increased the yield edcemicphosphate227to a moremanageablel2%.Deprotection

of 227, with TFAand water in THFor two hours gavealcohol228in excellent yield

The iodidemediated transesterification reflux reaction witthloromethyl pivalate and sodium
iodide suwccessfully generated the POMTrecursor 229 in moderate yield which was
subsequently tosylatetb furnish POMTIi@24 in 88% yield$cheme 6.2p6 This now finalisethe
synthesis of both POMTprodrugs wheraneta-POMTi223was syntlesised in an overall yield of
1% (11 steps) and thparaPOMTide224 was synthesisg in an overall yield of % (8 steps).
Comparing both strategies, the alternative method used to preparepiduwa-isomer was three

steps shorter and also 7% more efficient and is now the preferential approach.
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Scheme 6.8: Synthesis oparaPOMTIi224. a) 138 EtN, MeCN, 24 hours, 10%) 138 DMAP,
EtN, MeCN, 24 hours, 42%.

6.12. Synthesis of S31-201 BisPOM Prodrugs

The final phosphate prodrugs to synthesise were th&PBM regioisomers which empldlye
design most commonly used for phosphotyrosménetic prodrugs. The typical literature
approach for facilitating these prodrugs is via generation of a bisPOM phosphorochloridate and
coupling it directly tothe target molecule analogousto the chemisty used for the
phosphoramidates® To generate thikey phosphorochloridate, there we@number of different

reported methods.

Dueto still containingreasonably large quantities of bisPOM phepliosphatel41 (Chapter5),

the compound was considered to be an interesting starting material. Cleavage of the phenyl

group would formulate a bisPOM phosphoric acid which could be directly chlorinated using

literature procedures?® To this end a reported strategy oémploying a powerful hydrogenation

LX | GAydzY 2EARS™ the rRactiowas O (

carried out in the same 1:1 solvent mixture of ethanol and E#oetate as used previously, with

reaction Ol (i t eaSR o0&

catalytic platinum oxide and a hydrogen atmosphe®ehieme 6.2). After 48 hours the reaction
only produced small quantities of produ280in 8% yield which was not sufficiefdr what was

required.
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Scheme 6.27Synthesis obisSPOM phosphoric ackB0. a) PtO,, H,, EtOH, EtOAe8 hours, 8%b)
NaOH, MeOH, 0 ?0%.

Hydrolysis 80 °C,using NaOHn methano| was attempted butno phenol was present in the
mixture and the starting material had fully degraded. With LCMS analysis further confirming this,

it is presumed that the hydroxide ions hydrolysed the POM gringisad

Another routeinvestigatedwas based on generating the phosphoric acid sodium salt akin to the
chemistry used for the POMTide precursor fragma#b. As refluxing this with sodium iodide in
acetone exclusively hydrolysed the methoxy group and kept the POM substituent intact, the

guestion was raised whether this approach couldeneployedfor a bisPOM methyl phosphate.

Trimethyl phosphate231 was refluxed with two equivalents of chloromethyl pivalate and sodium
iodide Scheme 6.28" The bissubstituted product232was isolated from a mixture of the tris
and monae side products.Phosphate232 wasthen refluxed withexcesssodium iodide in efforts

to form the phosphoric acid salhowever, after 48 hours of reflux onkeactant232was present.

Ve

O- P O POMCI Nal '

e %

o -P- ;':
| MeCN, reflux, O Acetone, reflux -
24 hours, 50% [ 0" Na
231 232 233
G /

Scheme 6.28Synthesis of phospha32and attempted synthesis of phosphoric a2i@i.

The piperidine/HGDowex method described in Chapter vigas explored by first subjecting
trimethyl phosphate 233 to a tristransesterification reaction with three equivalents of
chloromethyl pivalate and sodium iodide in acetonitriie givetrisPOM234in 66% yieldScheme
6.29. This was the maximumyield obtained despite prolongng the reactiontime or using
additional equivalents of both reagents.
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To selectively remove one POM group, trisSP@84 was reacted with excess piperidine for 24
hours which yielded the piperidine salt of compou@84.">?In order to chlorinate thg@hosphoric
acid, the salt needed to be removedwhich is typically achieved by i@xchange
chromatography. At the time, this methodology was not available and an alternative method o
an acid extraction, using MA\6HCI, wagarried out to givehe phosphoric aci®43in 60% yield.
Chlorination of the acidising excess oxalyl chloride and catalytic DjdiFethe desired bisPOM

chloridate248in 75% jeld, which was taken forward asude, dueto its highreactivity.'>*

4 N\
0
NI %—« %
0-p-0 POMCI, Nal § o Piperidine, HCI
o _— o P-0 _—
N\ MeCN, reflux, O 0 24 hours, 60%
N
24 hours, 66%
231 234 o
0 0
->F-{ }L-<% COQZ,DMF _;+_{ BL-<%
O—\ /—O
O— P O DCM7§0/hours O P o
230  OH ° & 235
|\ J

Scheme 6.29Synthesis ophosphorochloridate?35.

The crude chloridate was directly treated to THF solutions of each phenolic regioistéfemnd
170) with triethylamine as a bases¢heme 6.3)) which was unsuccessfulater attempts to
catalyse these phosphorylatisnwith reagentssuch asDMAP orMe,AIC| appeared topromote

detosylationviaLCMS analysispthis approach was abandong¢8cheme 6.2p

( )

o\ % /@
o=i§<7-o P~d }——{%—
HO
@\ O aborc

H o/’ \\o // \\

169 (m), 170 (p) 236 (m), 237 (p)

Schemes.30; Attempted synthesis of bisPOM phosphate prodr@88and237. a) 235, EgN, THF.
b) 235, DBU, DMAP, THgE}.235, DBUMe,AIC| THF.

Reexamining the chemistry used throughothiis chapter one unexplored strategy presented
itself as a possible solutidhat revolved around theoveldiscovery of preferredodide-mediated
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transesterificationof benzyl groups over methyl group$he idea was postulated that using
previously synthesised dibenzyl phosphate compou2d§ and 218 which were used to
synthesise the phosphoric acidss starting materialsnight permit a novel bistransesterification

to formulate the bisPOMhosphates If successful, a tosylation would complete the synthesis.
Accordingly solutions of both regioisomers wereach refluxed with two equivalents of
chloromethyl pivalate and sodium itk to givethe two bisPOM product$238and 239) in good
yield (Scheme 6.3)L This route now provides a unreported method for bisPOM phosphate

instalmentfor inert phenolic substrates.

To complete the synthesis, each isomer was subjected to a tosylation reaction using the standard
conditions Gcheme 6.3l In each case, both reactions led to the successful yield of the target
bisPOM prodrug236 and 237 in 92% and 90% vyields, respectively. This now finalised the two
remaining prodrugs in a total of seven gteand with overall yields of8 36) and 126 @37).

217 (m), 218 (o)

O

—_—
DCM, 12

=\ §
(0] O—IID—O
TsCl, Et;N

—

( N\
o o\ § /O
" O O_FI)_O
0-P-0

5 Nal, POMCI 0 © 5

.
Q M
eCN, reflux, N OH
NJ\/OH 24 hours H

238 (m, 54%), 239 (p, 57%)

e

e} O
Db
0

0
236 (m, 92%), 237 (p, 90%)

hours

Scheme 6.31Synthesis of bisPOM phosphate prodr2géand237.
6.13. Synthesis of S31-201 Sulphonamide Derivatives

With all the controls and various prodrugs now being synthesised and ready for biological
investigation, one more addition was conjectured for the series. There had been literature reports
that S31201 can be alkylated tahe STAT3 proteithrough expulsion of the tosyl motifyhich

could be problemati¢’® In 2007, Gunning and esorkersdemonstratedthat the S31201 tosyl
substituent was susceptible t&2 nucleophilicattack by several cysteine residues within the

STA3 proteinthat induces itsalkylation to the proteinand loss of activity’® To overcome this,
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Fletcher and cavorkers reported modifying the tos@#OTs bond for a noefabile GNHT's bond in
the form of sulphonamidethat was proven to increase resistance to alkylatialbeit at the cost

of someactivity "’

To explore whether this tradeff of alkylation resistancand activity was required for oduture
compounds, three sulphonamide derivatives of the regioisomer phenols and2®3tontrol
were to be synthesised and compared in the study to evaluate the ramifications of this
modification. The synthesis of theseompounds began from treating glycine with sodium
hydroxide and4-toluenesulfonyl chlorideto produce the sulphonamide241 in a 60% yield
(Scleme 6.32. The acid was theghlorinatedusing oxalyl chloride and catalytic DMF to afford

acyl chloride242in 99%yield. The reaction was then subsequently scalpdor the final steps™

4 \
0 TsCl, NaOH J\/ (COCI),, DMF j\/H /©/
HOJ]\/NH2 N Cl N\
Water, 24 o’ X Reflux, 2 a
hours, 60% hours, 99%
240 241 242
. J

Scheme 6.32Synthesis of sulphonamid&iland acyl chlorid@42

The large batch of acid chlori@2was separated into three flasks and treated to THF solutions
of 3-aminophenol, 4aminophenol or 4aminosalicylic acid. Triethylamine was added to each flask
and then all stirred for 12 hours, to successfully yield the three desired sulphonamides irlidw yi
(Scheme 6.3). The low yield was accounted for by large quantities of the aminophenol analogues
proving to be unreactive towards chlorid&#2 Nonetheless, the sulphonamides weobtained

with overall yields of 1% @43), 21% @44and 136 @45).

( N\

3/4-Aminophenol, HO@\ 0 /©/
Et,N, THF, 12 H
, THF, N.
v / e
O O
. 243 (m, 32%)
’ 244 (p, 35%)
N
C|)j\/ S

242 00
4- Amlnosahcyllc J\/N
’/ \\

acid, Et3N, THF, 12
hours, 25%

245

Scheme 6.33Synthesis of sulphonamid@43, 244and245.
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6.14. Compound Library

0
R R3-P—R*
R2 5
0 /©/ 0
NJ\/X; \ )l\/o\ /O/
H o’ "o H N
o O
Phenol derivatives Phosphate derivatives
Phenol‘ X ‘ R ‘ R Overall Yield cLogP M.W. Purity
10 O | OH| CQDH| 21% (5steps)| 2.37 | 365.36| 99%
169 O |OH| H 19% (5steps)| 1.95 | 321.35| 97%
170 O| H OH | 26% (5steps)| 1.98 | 321.35| 99%
243 |NH|OH| H 19% (3 steps] 2.12 | 320.06| 9%
244 | NH| H OH | 21% (3 steps] 2.15 | 320.06| 99%%
245 | NH| OH| CQDH| 15% (3 steps] 2.53 | 354.37| 9%

Phosphate‘ m/p‘ R Overall Yield cLogP‘ M.W. ‘Purity
164 m OH OH | 15% (7steps)| 2.66 | 516.42| 97%
177 m | 4-Nitrophenol | L-A-Me | 2% (8steps) | 3.41 | 607.53| 97%
178 m | 4-Nitrophenol | L-AFPr | 1% (8steps) | 4.15 | 635.58| 97%
179 m | 4-Nitrophenol | L-AFBu | 1% (8steps) | 4.59 | 649.61| 96%
180 m | 4-Nitrophenol| L-Al-Bn | 3% (8steps) | 5.00 | 683.62| 9%
186 m Ethanol Ethanol | 4% (6steps) | 2.51 | 457.43| 97%
223 m Phenol POM | 1% (11steps)| 5.01 | 591.57| 95%
236 m POM POM | 9% (7steps) | 4.86 | 629.61| 95%
163 p OH OH | 20% (7steps)| 1.23 | 516.42| 96%
182 p | 4-Nitrophenol| L-AFPr | 3% (8steps) | 4.17 | 635.58| 95%
183 p | 4-Nitrophenol | L-AFBu | 2% (8steps) | 4.62 | 649.61| 9%
184 p | 4-Nitrophenol | L-AlBn | 1% (8steps) | 5.03 | 683.62| 80%
187 p Ethanol Ethanol | 5% (6steps) | 2.53 | 457.43| 95%
224 p Phenol POM [ 8% (8steps) | 5.03 [ 591.57 92%
237 p POM POM | 12% (7 steps] 4.89 | 629.61| 92%

Figure 6.5Compound library prior to evaluatiamsingMolinspirationand HPLC for purity
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With the chemical library of 21 compounds successfully synthesised, each was then evaluated by
analytical HPLC on its purity, to confirm they were above the 95% requirgdré 6.3. For the
overwhelming majority, the compounds were above the 95% threshold and were all proceeded

for biological evaluationespite three being gjhtly under.

Comparing theclogP values for the various phosphate prodrugs, it became evident that the
subditution for the 4-nitrophenol aryloxy leaving group was not as drastically increasing the
ProTicclogP value from the native phosphate as the previously used napthyl group. This was
encouraging, as it meant agueous solubility in this ProTic series westbkbe improved whilst

still benefiting from a potent leaving group that should disfavour cleavage of the phenolic core.

Interestingly,both bisPOM prodrugs and POMpiodrugscontainedlargerclogPvalues than the
ProTic prodrugs, suggestinghey may display enhanced passive diffusion over the
phosphoramidates. However, the rate of prodrug metabolism is equally as essential and the
ProTic prodrugs may deliver the active drug faster. As the first study of its kind, the results from

this headto-head anti-STAT3 prodrug evaluation were very unpredictable.
6.15. S31-201 POMTic Human Serum Stability

To investigate the stability profile of the 5301 phosphate prodruglerivatives, one prodrugvas
evaluated forits stability in humarserum, as previouslgescribed. POMTi224 was evaluated by
3P NMR experiments hourly, for 12 houEsgure 6.6.*” Over the course of the first 10 hours, no
new phosphorus environments were detedt@nd it is reasoned the POMTi@s stable for this

periodunder these conditions

At the 12 hour mark, small neenvironments werebeginningat similar chemical shifts ake
original parent peals, which is indicative of slight metabolisnfurthermore, the larger
diastereoisomer peak atl5.56 ppm appeared to lose intensitis this onlyoccurs at 12 hours,

the POMTigrodrug is still sufficiently stabi@ human serumup to this point and wasonsidered
acceptable. Overall, this study further showcadbat the stability of POMTicqas well as
POMTIide}y are sufficiently stable under physiological conditions and dreleed viable drug
delivery strategiesHowever, as discued in Chapter 4, the large quantities of DMSO used for this
study may be interfering with the enzymes present within the serum and may produce
inconclusive results. Further investigations into this hypothesis are required before any

conclusions are drawn.
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Figure 6.6 Stacked’P NMR spectra@02 MHzPDMSO/DO) of POMTi@24(-15.25 and-15.56

ppm) in human serum &7 °C for hourly intervals.
6.16. S31-201 Library Immunoblotting

As apreliminary investigation, seven compounds were given to a collaborator, Binar Dhiani
(Cardiff University)who evaluated them in a STAf@peractivatedcancercell line (MCF7) to
establish their activityThepioneeringstudy includedS3%201 (L0) as a control a& single dose of
100 uM with both phenols, phosphoric acids and diethyl phosphate prodiatggrying dosages
(0.330 uM) Activity profiles were drawn from the ability to supress the Survivin;xBcand
Cyclin D1 STATS tatggenes

Survivin signalin the untreated control lanes &re not visible which made conclusions based on
Survivin inconclusive, although all six compounds displayed-degendent suppression of

Survivin. For both phenol isomers, degependent inhibition of Cyclin D1 was evident at 10 uM
(169 and 30 puM 170), but with no effect on BcixL. The two phosphoric acids surprisingly still
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retained notable activity despite being highly impermeable, with ddspendent suppression of
Cyclin D1 still being apparent at 10 uM concentrations. The diethyl phosphate prodrugs displayed
a beter potency than the phosphoric acids, as expectetiereby Cyclin D1 was nearly fully

supressed at 3 uM for each isomer and suppression etlBgB6) was even occurring at 30 pM.

From this preliminary datédyoth regioisomers of the novel phosphoric aderivative of S3201
displayed the ability to supress STAWperactivated genes, where thmeta-isomer appeared to

be the more potent isomer. The diethyl phosphate prodrug variants of these phosphoric acids
further improved the antiSTAT3 activity, whic coincides with the research hypothesis of
improved cellular uptake of the compounds through increased lipophilicity. For nucleotide
therapeutics Prolide prodrugs were significantly more potent than diethyl phosphate prodrugs
and this is anticipated todthe same withthe untestedProTicsthat were synthesised for this
series'®®'%Currently, the remaining compounds are soon to be evaluatetfull study after the

controls have been optimised twrrectly show Survivin signals.
6.17. Chapter 6 Conclusions

Inthis chapter the aim wado identify anddevelop a novel phosphateontainingSTAT3 inhibitor

and derivatise the molecule as a series of differinggutate prodrugs (ProTic, POMTic, bisPOM
and diethyl) for direct comparison. The known a8iTAT3pharmacophore S31201, was
nominated to be the core and salicylic functionality was substituted for the phosphate bioisostere
in hopes to facilitatémprovedinteractions wih the STAT SH2 pY spbicket which may increase
activity. Problenatically, computational studiesoud not elucidate the favoured ring positipgo

both regioisomer series were to be synthesised in parallel to ascertain the best position.

The positive controls of the S2D1 parent and both regioisomer phenol derivatives were first
synthesised in five eps e&h. Each phenolic core structure wiagn used to attempt to generate

eight phosphoramidate (ProTic) prodrugs witmifrophenol andL-alaninealkyl esters (Me, iPr,

Bn or'Bu). Unfortunately, thepara-isomer methyl ester derivative could not be syasised, so

only seven phosphoramidate prodrugs were completed (eight steps each) and progressed. Two

diethyl phosphate prodrugs were also synthesised in a total of six steps, from the phenol isomers.

When synthesising the POMTpeodrugs, two differentsynthetic methods were used owing to

purification issues for thearaisomer, but were nonethelessboth successful with theneta-

isomer being synthesised in 11 steps and thwaraiisomer in eight steps. For the bisPOM

prodrugs, a novel iodidenediated trangsterification of a dibenzyl phosphate substrate was first

reported and usedo synthesise both desired B#©M prodrugs in seven stepBo complete the

series, three sulphonamide derivatives of the tosylate positive controls-Z8B8land both
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phenols) weresynthesised d investigate the possibility oh vitro cysteinealkylation of the drug
molecules. These compounds were facilitated in three steps amed anticipated toresist

alkylation.

One POMTiprodrug, compoun®24, was evaluated foits stability h human serum for 12 hours,
at 37 °C, by"'P NMR analysis It was evident that the compound was stable, with only small
metabolites forming at 12 houyrswvhich was deemedis an acceptable stability profile fom
prodrug. However, the use of large quantitie¥ DMSO does need further investigation on

whether this affects the contents of the serum.

So far, seven compounds have been biologically evaluated on theHSBAII'3 capacitthat
includes S3201, para- and meta-phenols para- and meta-phosphoric acids angara- and meta-
diethyl phosphate prodrugs. Thpreliminary results demonstrate that the phosphoric acid
regioisomers can supress STAReractivated genes and may be acting as STAT3 inhibitors
Furthermore, the most active isomappears to be the meta-substituted compoundsAs the
control lanes did not show correct levelstafget geneexpressionparticularly Survivinthis study
needs to be repeatednd this data is only provisiondlhewhole library is soon to be tested with

these controls correctedto establish the lead compound of the series.

When the results are back, optimisation of the lead design can betiich will first consider the
most active regioisomer and then whether inclusion of the tosyl or sulphonamide limkaoiie
favourable. With both of these answers ascertained, the compound can progresittes a
POMTior a ProTic prodrugwhich willdependon the most active prodrug design from this study.
A further investigation to prove this prodrug is correctly tafmlising to the phosphoric acid

compound is also required.

With these parameters decided, construction from the amide motif, as-petlal design, can

begin to introduce functionalities to interact with the additional STAT3 SH2 domaipcsaket

that is currently not interacting with our active species. This has been reportdekiliterature to
significantly increase the STAT3 SH2 domain binding affinity and by extension, increase the overall

activity of the STAT3 inhibitor speciés.
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Chapter 7: Design, Synthesis and Evaluation of Stafib-1

Phosphoramidate Prodrugs

7.1. Stafib-1

The success of developing novel phosphoramidate prodrugs df3SinAibiting phosphotyrosine
mimetic inhibitorssuggestedhat the technology could also be applied to othewerexpressed
proteins, such as STATE&mprising of two key isoforms, STAT5a and STAT5b, STAT5 proteins play
essential roles in-lymphocyteproduction and immune responsé'°This role is emphasised in
several cancers, where overexpression of STAT5bbhas shownto lead to the release of
cancerrelated transcription factors®® To combat this, the STAT5b phosphotyrosine SH2 binding
domain has been targeted dnphosphotyrosinenimetics havebeen developed to bind and
inhibit the overexpressed proteinin chemotherapeutic attemp'® In addition to their similar
binding preferences and chemical nature, a series of small mlelec8H2 binding
phosphotyrosinemimics have been able to selectively bind to the SH2 docking domaime of

STAT5b isoform over STAT5a.

Most interesting of these inhibitors is Staflpa diphosphatephosphotyrosine mimeticwith an
extremely impressive; Kalue for the STAT5b SH2 of 0.044 (@igure 7.).°° Whilst displaying a;K

of 2.42 uM, for STAT5a, the drug species demonstrates exceptionfdldbGelectivity for
STAT5B® Based on a first generation compound, Fosfo@89), Elumalai and cevorkers
exchanged the carboxylic acid moiety for a secaneta-phosphate, which moderately increased

the binding affinity for theSTAT5b SH2 domaft®* Further modifications of Fosfosal with
hydrophobic groups, to interact with the STAT5b SH2 hydrbighgocket, led to the
incorporation of a napthylic side chain. Optimisation of this chain, with the incorporatidy of
phenyl carboxamide moiety, generated the resMXOK I NP dzLJQ&a & StéfiBly°R 3 &
Unfortunately, the duaphosphate maotif is anionic under physiological conditignsvhich

manifests into abysmal cell membrane permeability
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Figure 7.1:Fosfosa(246) and Stafibl (247).%°
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7.2. Aims and Objectives

It was postulated that Pro@iderivatisation of these two phosphates would drastically increase
the lipophilicity of the compound to a didient level to promote full incorporation intéhe
cellular domain as demonstratedpreviously with the STAT3 inhibitorsStafibl wasto be

derivatised into a novel phosphoramidate prodr@${) in efforts to investigate thidgure 7.2.

As the target molecule was novery lipophilic clogP= 6.5, the classically used phenol leaving
groups were to be employeds groups like napthol were feared to two hydrophobic(clogP =
8.60) This consequently meant that the leaving group cayadfi the prodrug aryloxy groupvas
no longer favoured and the molecule inheriteghatential risk of incorrect metabolismith this
possibility in mind, only one ProTic analogue of Sthfitas to be initially synthesised which was
nominated to be the methyl ester derivativ@®l). If the synthesis was successful and the
subsequent biological results supportive, a further library of SthfsoTic and POMTprodrugs

wasplanned to be latesynthesisedo widen the investigation.

( \

Stafib-1 ProTic (248)

Figure 7.2Proposed Stafitd ProTic Prodrug48.

The synthesis of prodrugd8was envisioned to be challengingwing to the requirement of bis
phosphorylating a notoriously inert catechol syst&thFurthermore, the large steric congestion

generated from the introduction of theséarge phosphate motifs could be problematic and

attaining the second phosphorylation may be exceedingly more challenging than the first. When a

suitable strategy had been developed, the prodrug would be generated as a set of four
diastereoisomers which may metalise at significantly different rates arwbuld require chiral

resolution.
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7.3. Stafib-1 ProTic Retrosynthetic Analysis

Napthylic acid249was selectedasthe starting scaffoldwith protection of the acid moietyvith
benzyl bromideenablingchemospecifisubstitutionat the hydroy position to produce ethe51
(Scheme 7.1 With the glycolic etheicomponent fully installedhe benzylprotecting group could

be readily deprotected in a palladiuntatalysed hydrogenation reaction to yield carboxylic acid
252 Thisfree carboxylic substituent then suitable for a peptide couplg reaction with aniline to
obtain amide 253. Hydrolysis of the ethyl ester moiety would reveal another acid motif, in the
form of compound254, with a peptide coupling reactioto finish the construction othe Stafibl
core. From this catechol derivav 255, a dualphosphorylation with the designated

phosphoramidateshould furnishdiastereoisomeic STATSEProTidnhibitor 248,
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Scheme 7.1:Stafibl ProTi48retrosynthetic analysis.
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7.4. Synthesis of Stafib-1 Phosphoramidate Prodrug

Napthylic acid249 was deprotonatedwith treating caesium carbonatand thecaesium acid salt
was reacted with benzyl bromide(Scheme 7.2 The reaction proceeded to chemoseleetiv
produce ester250in a low yield(31%),which could not be increased despirepetition with

excess reagents.

As this was the first reaction in the synthesis, a higher yielding route was required to generate the
necessary quantities of compourgb0. A second approach involved refluxing reage4t9 with
KHC@and benzyl bromide for eigtitours,whichyielded the desired product in an improved 86%
yield, with complete chemospecificity over ether formatiofScheme 7.2*® However, his

significant increase is likely due to the harsh DMF refluxing conditions.

KHCG®wasthen exchanged for the stronger baseQ, to account for the increased irteess of
napthol hydroxyls over carboxylic acidsllowed by reaction of the potassium alkoxide salt with

ethyl bromoacetate to give compourgb1in good yield (84%%f

Debenzylation of compoun@51was achieved with a palladivoatalysed hydrogenation reaction
(Scheme?.2). After a four hour reaction time, using the previously established conditions for
hydrogenation (Chapter 6), carboxylic a2l was prodwed in quantitative yield. However, the
product was difficult to isolate from the toluene {pyoducts generated in the reaction and

numerous attempts of azeotropic evaporation with methanol was required for liberation.

Following its previous demonstration @ffficacious amidification, the coupling reagent PyBOP
DMF with triethylaminavasagainselected to activatend facilitatethe coupling reaction of acid

252and anilingto furnish peptide253in high yieldSchemer.2).

The glycoliccarboxylic acidvas de-protected with sodium hydroxide in TH&d the carboxylic
acid product254 was isolated and codicted by acid extraction, in neguantitative yields

(Scheme 7.2

The Stafibl core drug structure was completed itw an amide coufing of 3,4
dihydroxybenzylaminend PyBOPScheme 7.2 These conditions successfully yielded catechol
255, albeit in anunexpectedly low yieldf 56% whichwas due to experimental error when
crystallisingthe diol out withDCM. Compoun@55 was thenresynthesised on a suitable scale

prior to the phosphorylation reaction.
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Scheme 7.2Synthesi®f catechol55. a) CsCQ, MeOH, BnBr, DMF, 12 hours, 31KHCE)
BnBr, DMF, reflux, 8 hours, 86%.

With the core now completed, phosphorylation could commence to complete the Rrpiiodrug
Sterics were a very important consideration for developing these-phasphorylatedprodrugs

as the diol substituents are in close proximity and could suffer from steric stog®y the bulky
phosphoramidate motifTo minimise this, the initial target w&s be the methyl ester and phenol
derivative The methyl substituent would provide the smallest issue of steric hindrance, making it
idealto start with. This issue could lexacerbatedy the inertness of the catechdlols thathave

proven difficult to overcome in previous reactioasd were anticipated to be troublesom&®
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Nevertheless, synthesis of the phosphoramidate was achieved in parallel with previoussProTi
Commercially avhible, dichlorophenyl phosphat#37 was treated withL-alaninemethyl ester

underbasic conditions af78 T to attainphosphorochloridate56in 84%yield (Scheme 7.3
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I ester.HCI O\ HN=P=CI a-i
O —_— o)  —
Et;N, DCM,
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O O=|I3—NH o—
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OO \)LN/\©:
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o) O=P-NH O—
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Stafib-1 ProTic (248)

Scheme 7.3Synthesi®f chloridate256 and attempted synthesis of ProT2d8. a) 255, EgN,
MeCN 0%.b) 255, 'BuMgCIMeCN 0% c) 255, pyridine, 0%d) 255, 'BuMgCl, MeCN, reflug%.
e) 255, 'BuMgCl, DMF, reflux, 09255, Et,N, DMAP, MeCN, 1%) 255, EtN, tetrazole, MeCN,

0%.h) 255, ELN, DMAP, MeCN, reflux, <1§255, tBuMgCI, DMARVeCN, reflux, <1%.

Owing to previous success with this method on other systems, it was theorised that coupling diol
255 with phosphorochloridate256 with triethylamine would furnish RTic 248 Therefore, two
equivalents of phosphoramida@56 were addedin acetonitrile, to ensure complete homogeneity

of the solution, to the diol in a first approa¢Bcheme 7.8 However, TLC analysis concluded that

the coupling had not commenced, with ordiarting materiakspots being visible.

The reaction wasrialed again with the far stronger bas®uMgCl, in order to establish if it was a
deprotonation issue. As with using triethylamine, TLC analysis confirmed that the reaction had not
proceeded with only the starting materials being present after 72 hours. Wiiheremono- nor
di-phosphorylation being observed, the conventional Pe@inthesis was not sufficient. As with

the S31201phenok, a similar level of inertness was evidently apparent with the catechol.
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To investigate the possibility of solubility beiag issue, a third attempt explored using excess
pyridine as a solvent/base syste#ifter 72 hours the reaction was likewise deemed unsuccessful
by TLC analysis, with only catecB8b and chloridate256 being visible despite formation of a
fully homogeneas solution. This was indicative deprotonation and solubility were thet

principal factors for the failure of the bghosphorylationsattempts thus far

A fourth approach investigated the potential role temperature might play in the reacton.
acetontrile solution of catechoR55, chloridate 256 and '‘BuMgClwas refluxedfor 72 hours.

Unfortunately, after this time period no new species were identifiable by TLC analysis.

As the boiling point of acetonitrile is only 82 °C, refluxing in DMF (153 °*@mwiafoned to more
favourably promote the reactigwhichjustified investigation After refluxing the reaction in DMF
for 72 hours, no new lipophilic products were accountable through TLC andlsid'P NMR
spectrumdid display several newp-field singlet phosphorusenvironmentsthat were indicative

of thermal decomposition of the phosphorochloridate under the aggressively high temperatures.

At this point the two remaining possibilities that were controlling the reaction outcome were
poor nucleophiDA i & 2F (GKS OF(iSOK2t KeRNRE&Qa | yRk2)
nucleophilicity, a method of generating a more reactive electrophilic phosphorus species was
attempted by treatment of catalytic DMAP. Amazingly, when employing DMAP andytegetine

base, the ProTic produ248was indeed isolated in a 1% yielthe four singlephosphorugpeaks

(two for eachdiastereoisomesset) being observed af..5,-1.6,-1.8 and-1.9 ppm in the’’P NMR
spectrum. hie parent M+Na]+mass being identifiedof m/z at 947.2440validated this

Problematically, the yields for the reaction were extremely poor and insufficient quantities of the
compound were isolated for full analytical profilindespite several repeats at larger scales. To
this end, other calytic compounds werdrialed to explore the scope of this catalysed reaction
and using the same conditions previously, tetrazole was employed as an alternative to'BMAP.

Sadly, this failed to produce the product as observed with the Digba&lysed phosphorylation.

With catalytic DMAP being the only method of attaining the target molecule, optimisation of the
reaction was conveyed to ascertain a better approach for increasing the overall yield. It was
hypothesised that refluxing the reaction mixture may help promote the phosphorylation reaction
with triethylamine or'BuMgCl Unfortunately, this seemed to make mtifference to the overall
yield andtrace quantities of the product werasolated fromboth mixtures. Furthermore, no
mono-phosphorylated product had been identified in either case which was suggestive that steric
hindrance wasot prohibiting the reaction as if this was the case, large quantities of the mono
phosphate would be formed and isolatabtather than just the bigroduct, as observed.
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Entry Base Solvent| Catalyst Temperature {C) Time (hrs) Yield

a EtN MeCN - 20 24 0%
b | 'BuMgCIl[ MeCN - 20 72 0%
c Pyridine| Pyridine - 20 72 0%
d |'BuMgCI[ MeCN - 82 72 0%
e ‘BuMgCI| DMF - 153 72 0%
f EtN MeCN DMAP 20 72 1%
g EgN MeCN [ Tetrazole 20 72 0%
h EtN MeCN DMAP 82 72 <1%
[ ‘BuMgCI| MeCN DMAP 82 72 <1%

Table 7.1 Attempted conditions to synthesis target ProZ4s8.

As large quantities of the catechol precursor had now been consumed aitéraptsto facilitate
the phosphorylation reaction, catech@b7was used as test system to conserve matd@aheme
7.4). Different equivalents of the reagents wetgaled on the system but the original conditions
of 4 equivalents of DMAPR56 proved to be the highest yielding, at 16%. Higpesportions of
either reagent did not succeed this 16% threshold for the test sysiel% for prodrug55.
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HO ~ OH 256 >\ (o S
E—— 1]
DMAP, Et;N, o HN-F-O
MeCN, 12 hours, O
257 16%
258
. J

Scheme 7.4Synthesi®f bisphosphoramidate258.

Despite successfully yielding some product, the chemistry used so far was unable to produce
enough compound for full characterisation or biological testiimylight of this phosphoruslli
chemistry was revisited, owing to its increaseactivity with phenolic hydroxgroups'®? It was
hypothesised that synthesising novel phosphorochlori@®®, and coupling it witlthe catechol

under basic conditions, calilgenerate dphosphoramidite260 where a subsequent oxidation

with mCPBA would furniskarget 248 (Scheme 7. As steric hindrance of two neighbouring
phosphoramidates wabelieved tobe possiblydetrimental to phosphorylationthis strategywas
deemed a viable solution as the substituents were now considerably sraaffiemore reactivé®
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Therefore, starting from e equivalent phenol and refluxing with excess;RsPloridite 259 was
isolated as a crude mixturéScheme7.5).®® Reaction confirmation was observed by thall

conversiorof the phenolic spot to a greater lipophilic spot in TLC analysis, indicative of success.

Qrude dichloridite 259 was directly added to astirring solution of L-alanine methyl ester
hydrochloride and refluxed for 12 hours. Regrettabtyie presence omultiple new phosphorus
environments in the®P NMR spectrum meant the compound would require a form of
chromatography to purify which would be exceedingly challengiagng to the compoun@ high
susceptibility to hydrolysis. Therefore, vacuum distillation wsedto isolate the producbut was

deemed unsuccessful after several attempts.

( \
_ o -
OH CI\P’Cl L-Alanine methyl \O
PCls, reflux S ester.HCI o N
—_— + \Pz
16 hours, DCM, reflux, 12 (')
>99% hours
58 260
L 259 _
. J

Scheme 7.5Attempted synthesis of phosphorochloridig®.
7.5. Stafib-1 Phosphonamidate Derivatis ation

This failure initiated the planning af radicallydifferent syntheticapproach With the formation

of the phosphate RO bondbeing challengindo achieve in the laboratory, it was postulated
whether forming an alternative -2 bond phosphonate deritime might sufficethrough using
different chemistry However, as stated previously, phosphates and phosphonates behave
differently at physiological conditions. The second adpnation pKa of phosphates (§.% vastly
more acidic than that of a phosphotga(7-8), resulting in only partiah vivodeprotonation with

phosphonatecontainingdrug molecules™

The dianionic phosphate and moranionic phosphoate thereby have different degrees of
solubility and affinity for the targ@® active sit¢!> To overcome thisand to ensure the
phosphonate can mimic the chemical nature of a phosphate, the bridging ,C¢an be
difluoronated. This modification would also increase the resistance to phosphatesbated
dephosphorylation and ensure the correct delivery duritg metabolic cyclisation stef?
Derivatising thephosphatetarget as thisbis-difluorophosphonate analogue was investigatedaas

plausible substituteKigure 7.3.
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Figure 7.3Proposed Staf#d phosphonate and difluorophosphonate ProTics.

A wide range of synthetic strategies currently exist for direct generation of difluorophosphonate
P-C bonds. Howeve for facilitating this formation with aromatic rings as required for the

catechol moiety, documented accountse rare'®

A reaction system of particular interest,
developed in 1996 by Weiming Qiu and Donald J. Burton, involvesojy@erpromoted cross
coupling of aryl iodides with diethoxyphosphinyldifluoromethylcadmium reag2s3 in the

presence of CuCl to yield the desired difluorophosphoiiraexcellent yieldgcheme 753418

Owing to its potent reactivity, the diethoxyphospkldifluoromethylcadmium pronucleophil263

is preparedn situvia coordination of acidvashed cadmium powder to difluorobromide reagent
264 in DMF (Scheme 7.5'® ' Incorporation of the anticipated aryl iodid265 and strictly
stoichiometricequivalents of CuCl, to avoid decomposition of read¥g readily mediates cross
O2dzLJ Ay 3 (2 -diffudzdblyehzilik phasghSnatB6Bin reportedly excellent yields and

with good toleration foboth electron withdrawing and donating aryl ringtsstituents®®
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Scheme 7.6Coppermediated cross couplingiechanisnfor b 2difluoro benzylic phosphonate

synthesisR = Elecbn withdrawing/donating moiety"®®

The reaction was consequenttsialed on iodobenzened65) as a test system, using literature
precedent (Scheme7.7).!® Addition of cadmium to bromide€64 in DMF, exhibited by TLC
analysisto have generated intermediat@63, allowing for a cannula transfer of the reaction
solution to a separate flask of iodobenzene and CuCl in DMF. Subsequenupvakd
purification by colmmn chromatography isolated theroduct267in a moderate39% yield.

Interestingly, the 3P NMRspectrum displayeda triplet peak at 6.39 ppm. Triplet splitting is
generated though equivalentd.r coupling of the spiractive equivalent’®F atoms with the

phosphorus'® Theperformed*F NMRspectrumalsoshoweda doublet {Jp) at-108.48 ppn2®

Ve
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Vot i) cadmium, DMF o-b-d
E F ii) CuCl, iodobenzene F F
—_—
Br 48 hours, 39%
264 267
\. J

Scheme 7.7Synthesis of difluorophosphonag67.

With the coppermediated cross coupling successfully producihgdifluoro benzylic
phosphonats from aryl iodides, the chemistry was envisioned to be applicable to synthesise the
new target molecule262 By using a diiodide analogue of catec28b, this reaction could
possibly facilitate a bisross coupling to install the two diethyl phosphonate matiifshe Stafibl

core. The diethyl protecting groupsan bereadily deprotected with bromotrimethylsilaneand
oxalyl chloride to yield dichlorophosphorat which could then be selectively treated with phenol
and L-alaninemethyl ester in efforts to complete the synthesis of the target ProTic. If the mono

additions were problematic, proceedingiaa diamidateprodrugwas considered hackup
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7.6. (3,4-Diio dophenyl)methanamine Retrosynthetic Analysis

To obtainthe required diiodo derivative of catech@b5, (3,4-diiodophenyl)methanaming268)
was required to be coupled with carboxylic a@84 (Scheme 7.8 This was envisioned to be
achieved using the same conditions, of PyBOP and triethylamihdortunately, diiodo
compound268was not commercially available aadshorthnumber of reactions were required to

synthesig it from known starting materials, intatal of six synthetic steps

From 4-aminobenzoic aci@69, treatment with stoichiometric iodine and silver sulphate induces
monc-iodination regioselectively to yield amin270. A subsquent Sandmeyer iodination
reaction, with Kl, k6Q, and KNg would furnish the diiodo functionality with compour¥L

With the iodinations complete, the carboxylic acid moiety could be reduced with borane to
generate alcohoR72 Being a classical matth of forming an amine from a primary alcohol,
compound272 could be substituted with mesyl chloride to yield sulphonf&3. Reacting this
compound with sodium azide may substitute with the mesyl group give azide274 To
complete thesynthesis a Staudinger reduction of the azide motif, with BRImd water,should

yieldthe diiodo fragmen268.

Scheme B: (3,4-diiodophenyl)methanamin@68retrosynthetic analysis.
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