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Abstract
Chapter 1

With the pharmaceutical industry becoming more interested in exploiting pretein
protein interactions the techniqueof peptide stapling has become more common.
Current strategiegither exploit the reactivity of naturally occurrirsidechains such
as glutamic acid, lysine araysteinge or employ a ringclosing metathesis adither
functionalised natural amino acids e@mnnatural, unsaturated hydrocarbon amino
acid staplessuch as Fmoa,Jlaced at strategic points in the sequence. However,
functionalisedhydrocarbonamino acid staples aressentially unknownparticularly

those which are fluorinated.
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Fluorination is @ommonly employed strategy for both small molecules and peptides.
Thus combining both peptidestapling, and fluorination could bring a valuable
contribution to the world of peptide ythesisby potentially improving the strength

of proteinprotein interadions and providing a useful method of measuring

interactiors.

The first chapter of thisthesis contains severalroutes for the synthesis of 3;3
difluoro-5-iodopentl-ene (1.140, a key intermediate on the pathway to a

fluorinated Fmoc Sanalogue.
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Threeroutes towards 1.140 are discussed withinwith the most successful route

involving a difluorocyclopropanation andadical induced ringppening reaction as

keysteps.
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Once the desired building block was in hand, attempts at alkylating a nickel(ll) alanine
benzyl proline benzophenone RiaBPB) Schiff base complex were maH&orts

towards optimising this towards the preparation bfl39 are described
Chapter 2

Anew potential therapeutic target, pyrrolinéd-carboxylate reductasé (PYCR1), has
been identified through reported genetic knockout studievitroandin vivg with a
reduction in proliferationof cancer cells and tumoursported. PYCR1 reduces
pyrroline-5-carboxylate (P5C) to proline with the consumption of the reduced form
of nicotinamide adeasire dinucleotide phosphate (NADPHhis process produces
adenosine triphosphate (ATP) andtotinamide adenosine dinucleotide pbphate
(NADP) which contribute to many cellular processes. In certain cancers PYCRL1 is

upregulated which exacerbates this effect and leads to increased cell survival.

A small molecule tool compound was sought to study the effect of inhibiting PYCR1
in vitro. A medium throughput screen of a library of pharmaceutical compounds
(LOPAC) identified pargyline as a hit.

The second chapter of thithesis contains the synthesis of various pargyline
analogues and a structure activity relationship study (SAR)eimthbition of PYCR1
Compound2.07 was found to be the most actiyavith a 20fold increase in Igin

comparison to pargyline and had the best ligand efficiency.



Oy = s

2.01 2.07
IC50 = 198 M ICs0 = 8.8 uM
LE = 0.42 LE = 0.53

2.07was thentaken forward as a lead compound into further pathway relevant cell
based assayandin vivomouse modelgo further validate PYCR1 as an oncology
target. In vitrocell assays identified a reduction in proline in two differeancer cell
lines when incubted with compound.07, which correlated with a reduction in cell
proliferation observedin vivotestingresulted ina statistically significanteduction

in tumour size in a xenograft mouse model which was treated with comp@udd
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1 Chapter 1. The Design and Synthesis of a Novel Fluorinated
Amino AcicHydrocarborStaple

1.1 Introduction
1.1.1 PeptideStapling

1.1.1.1 Proteins and -HelixFormation

Proteins are polymers of amino acids which are arranged in such a i@agxscute

a specific biological procesShese processes are highly varied and can range from
catalytic bond formation (kinases and phosphorylation) and hydrolysipgtnyand
digestion), and transport of materials to cells (haemoglobin and oxygen transport).
Protein structure is complex and consists of four level of organisation: primary,
secondary, tertiary and quaternatyThe primary structure is the amino acid
sequence; the secondary structure is the repetitive arrangement of the primary
aSljdzSy 0SS A yK SifLAF GZhedisyyii@tertiary structure is the overall
three-dimensional shape of the protein and the quaternary is the arrangement of

multiple protein subunits.

h-Helices are highly ordered structures with hydrogen bonding occubetgeen

the carbonyl and Nidf two amino acidsit a distance of i, 4) for I NX Jluix | NJ h
(FigurelY & ( NHzO (i dzNJBeliX¥d.FThe mosi éomihotdrni is the 3613 helix,

where 3.6 is the average number of residues in one turn and 13e number of

atoms present in the ring formed by the hydrogen bdral.2 & helixes tend to be

right harded, this is mainly due to natural amino acids havirgiereochemistry?
However, if a sequence contains a high number of achiral glycine residues it is
possible to have a left handed hefiXhe most common helix stabilising residues tend

to be methionine, alanine, leucine, glutamic acid and lysine, while both proline and

glycine tend to disrupt helicées.
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FigurelY & G NXzO (i dzNIBelib2résidues36i-8silifod RI35W mutant of human Lami(PDB 3V4Q)
Thesecondary structuref a peptide can be measured using circular dichroism §CD).
This technique measures the interaction of a peptide waithmixture ofright-handed
and lefthandedcircularly polarised lightRCPL and-CPL, respectivelpyver the far
UV rangelf the pepide absorbs thedCPL more than the-BPL the CD will be positive
andvice versd ¢ KS | 0 a2 ND I y-Ocdiced i# partic8IaG/ disgnEtivehwith

two minima at 8 nm and222nm as outlined inFigure2.
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CD Spectra of Typical Protein Secondary Structures

random coil

beta sheet

alpha helix

CD (mdeg)

180 190 200 210 220 230 240 250
wavelength (nm)

Figure2: typical CD spectra of protein secondary structures

The helicity of a peptide cahen be determined using the CD measurement at 222
nm using the equations belowEquations 24)%° after converting the units to
ellipticity () (Eguation 1) although most modern instruments arable to

automatically convert to the correct unit§

60 Jo@yc
Equationl: conversion factor between CD and ellipticiy
P& QOQS-0 | — pIT

Equation 2: calculation of the percentage helicityvhere; @ ‘»8is equal to the mean residue ellipticity
OO0Ft Odzf F i SR | & Awsedull thdindagingum anéan ellitRity (oalctlated as in equationt4)

— —joa

Equation3Y O £ Odzf  GA2Y 2F Y S| y,iskB dliptitiyzSotaifidd fromlibé hshramedtat g KSNB T
222 nm; C is the molar concenttian of the peptide and n is the number of residues in the peptfde

— TTINMNQUXp

Equation4: calculation of the maximum mean ellipticity where; T is the temperature in °C; k is the number of
non-hydrogenbonded carbonyls in the peptide and n is the number of residéigs
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h-Helices are the most common type of proteiecendary structure found within

nature and & a result most protettJN2 0 SAY Ay GSNI OGdAzy-a o6ttt L
helices'! Anexample of this is the interaction of 25K (blue) with ubiquitift (Ubb™

-red) Figure3)d | SNt AWE p 60 INB Sy 0 FaRhWérétUbblag t L 4 A
it prepares theUbb**for ligation to a polyubiquitin chain!?

Figure3: Interaction of Ubldl6 NJB R U -helin Qi(dteeh) of E25K (blue). Adapted from structure 3K9P from
the RSCB PDB.

As PPIs can provide accessetss druggable targetthe pharmaceutical industriyas
increased research intshort, synthetic peptidesyhich closely resemble the original
target!3 For theinhibition of a givenPPI to be successfiit,is important that the
peptideadopts the correct secondary structure. Unfortunately, this is not always the
case and most gt fragments less than 20 residues long,are generally
unstructured!* Therefore, it is important to be able to constrain these peptidas
force them to adopt the required structure whilstaintainingthe strength of the PPI.
Thiscan sometimes be achieved bynplycapping both the Nand Gtermini to form

an additional twoamide bonds which are available for hydrogen bonditippwever,
most peptides require an extra interetion which typically mimics the hydgen

bondinginteractionsbetween the i and+4 residues

Severamethods have been developedd G F 0 Af A &S (K Sheli¥csddé | (A 2y

of which are outlinedn section 1.11.2.
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1.1.1.2 Methods of Helix Stabilisation
One of themost wellestablishedmeans2 ¥ & (i | éhaliteid & iogx@oit the
functionality of naturally occurring amino acids such as lysine, glutamic acid, cysteine

and methionine by incorporating theimto the peptide sequence.

Amongthe first reported methods was téorm a salt bridgebetweena lysine(Lys)

residueand eithera glutamic(Glu)or aspartic acidAsp)residueor to lactamis the

same three residuegFigure4).2 KAt S AX O6Abov alfid oNAR3ISE
helix formation, they are less stable to extremes of pH and temperature than the

most commonly used i, i+2

NH; O

Iz

(i) (i+4) (i) (i+4)

FiguredY -Helix stabilisation using glutamic acidnd lysine at i, i+4A salt bridge is illustrated on the left and
a lactam bridge on the right.

A notable example of the use of a lactam bridge as a staple was in the synthesis of an
analogue of parathyroid hormone related protein by Rosenl#atal.in 1991 Here

Lys® and Asp’ were lactamised, resulting in a much stronger PPl between the
receptor and ligand A0 times d@ending on the type of assay used) than the

corresponding nosstapledpeptide.

Another method of peptide stapling is to covalently crelsk two compatible
residueswith an external linkerThere are a number of strategies utilised for this

techniquewhichmainly depend on the amino acids present in the sequence.

In 1997, Phelart. al. proposedthat two glutamine residues in the i, i+7 positions
would provide an acceptable handle for crdsking with a hydrocarbon linker.

However, synthesis of this motif proved diffigudind as an alternative two glutamic
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acid residues were instead amidated by a diamine with5acarbon linker using the

strategy outlined below irschemel.'’

T

0 OFmoc AllO 0 i) 20% piperidine, DMA o NH HN o)
ii) BOP, DIPEA, DCM
HNT ) NH,
i) Pd(PPhs),, 20% piperidine, DMA
(i) (i+7) iv) BOP, DIPEA, DCM (i) (i+7)

Schemel: Crosdinking strategy tilised by Phelan to link two Glu residues in the i, i+7 position.n =1, 2 or 3

The technique was tested on thet€minal helix of apamin (a component of bee
venom) and a helical component of RNAse A 8arbon crossinkers were
incorporated and the higcity measured by circular dichroism (CD). For apamirbthe
carbonlinker was optimal, with 100% helicity being obtained, while for RNAse A, the

4-carbon crosdinker was optimal with 82% helicitpeasured

The sulfur atom of cysteine also lenidiself to crosdinking strategies and is able to
react with a wide variety of functional group%This was exploited by Zhaeg al.in
2007 using the crosinker EYCBS $cheme2) to cover the i, i+11 positions, which
Slidzl 1Sa (2 G KR SlereitleNdd &yst@irk residles are alkylated by

the linker?1®

SO3
=
o o SO,
038
: : =4
EY-CBS (0] o
038
HS SH S S
— \l\f\/\/f
(0) (i+11) Phosphate Buffer, () (i+11)

pH 8.5

Scheme2: Crosdlinking of two cysteine residues in the i, i+11 positions

An 18 residue model peptide (FK11W) was treated using the conditions outlined
above Gcheme2) and the helicity measured as 100 % at 2 °C. The process was
repeated for a longer 32 residue peptide (FK22W) and again showed remarkable helix

stabilisation properties with 100 % helicity sdrvedat 2 °C.
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A similar concept b§pokoynyet. al.used perfluorobenzene as a staple between two
cysteine residues in the i+, iHgbsitions, as a means of introducing fluorine into
peptides in order to usé’F NMR spectroscopy for analy&isdere, in the presence
of tris(hydroxymethyRBaminomethane (TRIS) at room temperature, twonS

reactions occuat both cysteineresiduesas outlined inScheme3.°

F F
SH HS CeFs, TRIS S‘QS
F F

DMF, RT
(i) (i+4) (i) (i+4)

Scheme3:Cross linking of two cysteine residues in theé+4 positiorf?

The reaction was very efficient, with a greatban 90% conversion measured by

LCMS, however, the CD spectrum obtained for the peptide was anomalous. Instead

of the expected minima at 222 nm for a helical peptideahasorbancenaximum was

observed. This was reasoned to be due to the staple and thss aeafirmed by

measuring the CD spectra of compoubhdl (Figure5) by the observation of a

maximum at 222 nm?

MeO,C S S CO,Me

BocHN F F NHBoc
1.01

Figure5: Structure of the model substrate used to determine the presence of an absorbance maximum at 222
nm in a CBpectrunt?

The helicity of the peptide was then estimated to be 53% with the presumption that
the effect on the staple on the peptide was simikar that of 1.01L While this

0§ SOKYAIldzS R2Sa -hdidesStheNdteifezence Gf khé stapid the D h
spectrum is a major disadvantage as the helicity of the peptide cannot be accurately

determined?®
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The use of unnatural amino acids for helix stabilisation is becoming more common
with recent advancements in the chemisttgolbox. In this method the desired
amino acids usually have te independentlysynthesised (some synthetic routes to
amino acids are outlined iBection 1.19. These can be derived from natural amino
acids, such a®-allyl serine or completely unnatural, such as the alkyne and azide

containing residues used in coppaatalysed alkyn@azide cycloadditions (CUAAC)

In 2010, Scrimat. al.utilised CUAA® staple a model peptide based on péateroid
hormone-related peptide which contained one azide containing amino acid residue
and one alkyne containing residue in tfig (i+4) position. A number of combinations

were screened with the best conditions outlined belowSichemes.

N3 N=N
N/
CuS0,.5H,0 (10 equiv.),
ascorbic acid
BUOH/H,0 (1:2, viv)
(i) (i+4) (i) (i+4)

SchemedY { ONA Yl Q& O2yRAGA2YA F2NIKSEtAE adloAfArAaldrzy dzAaAy
This was further exemplified in 2011 when a similar technique was used to produce

B-cell CLL/lymphoma @CL9) mimics for use as a potential cancer treatrfétere
Kawamotoet. al.utilised both single and double CUAAC reactions to great effect with

the greatest helicity obtained being 90% and 99% for single and double CuACC,
respectivelyBoth of the synthesised peptides were also found to be active in a BCL9
competitive fluorescence polarisation binding ass#éyterestingly both peptides

utilised a seéreochemical mismatch utilising th{&-residue on the azide component

and the(R)-residue on the alkyne component as outlined belovrigure6.
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() |
helicity = 90% : helicity = 99%
K, =0.13 uM ; K =0.19 uM

(i+4)

Figure6: mismatched stereochemistry utilised by Kawamoea. al. showing the helicity and binding constant
for the single and dout# CUACC peptides on the left and right hand sides, respectitely.

This proved to be important for both binding and helicity withstereochemical

matched pair being lower for both peptidés

In 1998, Grubbs utilisec@ ringclosing metathesis (RCM)to form the desired
macrocycle between twd-allyl serine reiduesin the (i), (i+4) positions, using
D NHzoFaséd@enerationCatalystD NHz6 6 a Q DScheand®)2'gy A Y

(\ j Kzﬂkl PCys

o o) o} !
7 | K]
Grubbs' G1 (20mol%) ! JRu=\
bt ph
CHCl3, RT _ . ! PC
(i) (i+4) 3 (i) (i+4) ; Vs
E:Z=5:1 i Grubbs' G1

Schemes: RCM peptide stapling as developed by Grubbs

It was thought that the positioning of the two unnatural amino acids would allow
both termini of thealkenemoietyto be close enough to be brought together by the
catalyst. Pleasinglyhis was found to be the case and the reaction proceeded in 85%
yield as a5:1 mixture of E and Z isomers The olefin was then reducedia
hydrogenation and subjected to circular dioilsm and found to benore helical than

the unstapled peptidest

Two years later Verdine delaped a new type of amino acid staple as outlined in
Figure?. In the study it wagstablishedi K I dishbatituted amino acids increased
the helicity ofpeptides and that the length, position and stereochemistry of each

staple was found to be key for the success of the RCEM
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0] 0]

) )

\

HO R HO R X
FmocHN FmocHN
Fmoc S5 Fmoc Sg
(0] 0]
(R) (R)
HO™ /. 7 HO™ /. N
FmocHN ~ FmocHN ~
Fmoc Rs Fmoc Rg

Figure7: New amino acid staples developed by Verdine
It was found that amino acid stapleghich had a mismatch istereochemistry had
reduced success in the RCM reaction whilst RCM was optimal in the (i), (i+4) position
using two matching, Fmoa/8s staples A. Scheme6). For the (i), (i+7) positions it

was found that matching Fmoe/Bs and Fmoc &Rswere optimal(B.in Schemeb).

A. —
Grubbs' G1
DCE, RT (i) (i+4)
B N
N
Grubbs' G1
DCE, RT .
’ (1

(i+7)

(i) (i+7)

Scheme6: A. All-hydrocarbon staplingin the i, i+4 positionsas developed by VerdineB. Althydrocarbon
stapling in the i, i+7 pasions as developed by Verdine

This technique was further exemplified in the synthesis of artificial p53 analogues as
a potential treatment for cancers which over express hDM2, an E3 ubiquitin ligase
which targets p53 through a PPI with1& residueh-helix in the transactivation
domain. Thus y | £ 2 3 dzS-Belixavére syrithesisedhusing Fragcand FMoeSs

in the i, i+7 positions. Substitutions to both serine and proline were found to be

optimal for binding to the enzyme with g &f 0.92 nM which was more potent than
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the wild type peptideand a helicity measured at 59%. However, while potenhin
vitro enzyme assays, the peptide was not cell permeable and further modifications,
such as exchanging all glutamic acid residues for glutamingartas acid for
asparagine and lysine for arginine, were made in order to test the peptide in cell
based assayd.he potency of these peptides towards hDMD was reduced to 55 nM,
which was still better than the wild type, and the helicity was improved \8&Po
observed. Most importantly, the peptide was cell permeable and was able to induce

apoptosis in a cancer cell line which overexpressed hDM2.

1.1.2 Amino AcidSynthesis

Due to the reliance of unnatural amino acids on helix stabilisation, there is a need for
efficient means of synthesising the required residues wihhigh degree of
enantiopurity. One of the bettetknown ways of accomplishing this is the &8ti{opf
method, which uses valine to form a chiral auxili#&¥hiscan then be alkylated after
treatment with n-butyl lithium (-BuLi) as outlined below irScheme?, to form the
methyl ester of the desired amino acid in the opposite enantiomer to the starting
valine The stereocontrol is thought to be induced by the steric bulk of the valine
blocking one face of intermediate 08, forcing the alky group to approactom the

least hindered sidé*
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NEt,

~ EtO\n/\NH2

(0]
HO. HN : N L OEt
N ONH, TN
PN o

THF, 40 °C oé/\o 0 CHCl3, -70 - -60 °C

1.02 1.03 1.05

A, PhMe

H
J: j/ n- BuL| J’IN\]/OMS [Me3O][BF4] i T
THF, -70 °C MeO” SN DCM, RT 07N

1.08 1.07 1.06
RX,
THF,
-70°C - RT
J 0.25 N HCI R
Ve MeO 52-89% yield
S 2 e L e A g
o)

1.09 1.10 1.1

Schemer: Scldllkopf auxiliary method of amino acid synthesis

The reaction is moderate to high yielding withe excellent enantiomeric excessd)
required for peptide synthesis on most, bulky substratéswever for less sterically
hindered substrates, thenantiomeric excess lessthan ideal at around only 60%.
The atom economy of the reaction is poor as a full equivalent of valine isrdexta
at the end of the reaction and may also be difficult to separate the desired amino
acid methyl ester from the unwanted valig&?* Furthermore, arester deprotection
step would then be requiretb expose the free amino acid, and the acidic or basic
conditions usually employed to carry out this transfotioa may start to erode the
enantiomeric excesshrough enolisation The auxiliary also requires the use of
phosgene in the first step of the synthesis which is a highly regulated and toxic gas,
however, due to the popularity of this method auxiligkyd7 and its precursod.06

are both commercially availabla both the R and § enantiomers?>?28
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Another method utilises a nickel(Il) Schiff base complex as a chiral auxiliary. Initially
used to synthesise amino acids in 1985, the technique has under@alegree of
evolutionto the present day in order to further optimise the enantioselectivity of the
reaction2%31 The first iteration of the nickel(ll) Schiff base complexes utilised a benzyl
proline amindenzaldehyde (BB based ligand as outlined iigure8 below with

future iterations utilising benzyl proline aminoacetophenone (BPAP) and benzyl
proline aminobenzophenone (BPB allowing for better control of

enantioselectivity??-3°

B N N

o) o) o)
/ Y /
&/ NH Y 7 NH ) 7 NH ) 's
BPBA BPAP BPB

Figure8: different chiral ligands used in the synthesis of Ni&chiff bases

One positiveaspect ofthis technique is the ability to isolate and recycle the chiral
auxiliary which may hel@ddressthe relatively poor atom economy of the process,
although the acidic decomplexation conditionsuti pose a significantisk of
epimerisation | (  U-f¢dBon 6f the proline system which would erode the
stereocontrol of subsequent reactiod$.The stereoselectivity arises from the
pendant benzyl group forming a-stacking interaction with the aryl group directly
bonded to the amideé®? This blocks one face of the complex leaving the less hindered
side open to the electrophile as shownHigure9.32 As a resultthe stereochemistry

for the whole complex and subsequent amino acid is controlled by the
stereochemistry around the proline centre, wit®+4amino acids being generated
from L-proline and R-amino acids fronb-proline, although with high equivalents of
base it is possible tinvert this process, presumably due to epimerisation of the

stereocentre at proliné?

43



Figure9: Crystal structure of Ni(IfAla-BPBP showing the-stacking ineraction between the benzyl group and
the aromatic ring?

The most commonly used complex uses glycine and an example procedure is outlined

belowin SchemeB.3?
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Ni(NO3),. 6H50,
Gly-OH, MeONa,
MeOH, 50 °C

N eve
s
r O
(0]
1.15

SchemeB: General route to Ni(INGly-BPBP Schiff base compRéx

The intermediate nickel compléx15is then able to undergo a variety of subsequent
reactions to install the desired sidechain. To date this has been achieved utilising both
alkylations with alkyl halidesldol reactions with aldehydes and ketonesd many
others, with goodlevels ofstereocontrol being reported for both reactior$-3! The

route is also notlimited to glycine and other amino acids, such as alanine, can be
dza SR (2 & &dsibktifited @mdho AciEF<S13435 Unlike the Sctillkopf
method, upon acidic hydrolysis the free amiacid iseleased meaning that further

reactions are not requiredqotentiallymaking the route more efficient.

h >Disubstitutedamino acids have also been prepareid alkylation of a -keto-
ester using a chiral di¢l.16) to establishthe stereochemistry®38¢ K S NI &dzf G A y 3
disubstitutedi -keto-ester(1.19) can then be converted to axd-acetyth -amino ester

(1.20) using a Schmidt rearrangement as outline®&chemeo.
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/ 147

HO  ©OH OH
o o PTSAH,0 LDA, RX
-0 o o
)H/U\OB benzene, reflux L THF/HMPA, -78 °C - -40 °C
OEt ’ OEt

<R

1.16 1.18 1.19

BF3.Et,0
EtOH/H,0, RT

H Q NaNa, MeSO4H o 0
N ﬁej\oa X COEt

o YR CHCls, 0 °C - reflux TR

1.21 1.20

Scheme9: Asymmetric alkylation ofi -keto-esters with subsequent Schmidt rearrangement to form the
protected amino acid

As with the Sclollkopf method, this reaction forms a protected amino acid and
subsequentmanipulatiors are required to form the free amino acid. Despite these
shortcomings, the reaction relatively high yielding with excellent stereocontrol with
> 90%enantiomericexcessobtained for all substrates. The desired amino acid has
the opposite stereochemistry to thaiol with theinversionin stereochemistry arising

from the change in priority with the introduction of the nitrogen.

In 1850, Strecker reported thgynthesis of alanine when acetaldehyde, hydrogen
cyanide and ammonia were heated under acidic conditi®rEhis process has been
used extensively to produce racemic amino acids and due to its multicomponent

nature, the reaction is extremely atom efficiea$ shown irSchemel0.

O NH HCI Q NH
+ HCN + 3 — 2
H
)J\H A, H,0 ©
1.22 1.23

SchemelO: Strecker multicomponent amino acid synthegisitlining the synthesis of alanine

Since the products of this reaction have no optical purity, metrgtegies have been

developed in order to induce stereocontrol and avoid chiral separatib@me such
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method has been the use of a chiral amino alcohol in order to form a chiral auxiliary

in situas outlined below irSchemel 1.41

KCN,
Ph 1.25
0 N~ O CN Ph i) sat. HCl MeOH w Ho o
Py A Ao —
H 1:1 MeOH/H,0 H i) PTSA, PhMe
0~ o
1.24 1.26 1.27
BnBr,
KoCOs,
DMF
o i) NaOH, MeOH iy NaHMDS, DME/THF, w
ii Bn _78° Bn
\/YJ\OH ii)H,, Pd/C, MeOH N. .Ph 78 °C N_ «Ph
& \H, iii) Dowex R j ii) RBr i j
0~ o 0~ o
1.30 1.29 1.28

Schemell: Asymmetric Strecker reaction using a chiral amino acid éb the stereochemistry

¢KS NBFOGAZ2Y | LIISI NE -disuBstitified @dino adids aftérl £ £ &
recrystallisation, however, nenantiomeric excessese reported. The yields are also

good, however, candepend heavily upon the substrates employes does the

chirality of the final amino acid. The process is also not particularly atom efficient as
the starting amino alcohol is not recoverable at the end of the reaction. The reaction
also relies on potassium cyanide, which may discourage industryddmopting the

process

h >Disubstituted amino acids can also be synthesised from Schiff bases using a chiral

phase transfer catalyst, as discovered by Marouka, shown bel@shpmel2.4?

47



i) 1 mol% cat., allyl bromide,

C'\@y o CsOH.H,0, PhMe, 0 °C
N
Z \HJ\OtBu

1.31

ii) Citric acid, THF

R
R
oo D
+
N
F
SO nee F
R
1.33

Schemel2Y digubstituted amino acid synthesis by Maruoka chiral phase transfer catalysis

cat. =

This reaction uses cheap, readily available starting materials and under mild
O2y RAGAZ2y A 3 aiRuBstitétdd SlfieRydle ag Bbtaingdh which all have
highenantiomeric excessds 90%). Unfortunately, thchiral phase transfer catalyst
employed in ths particulareaction(1.33) isnot commercially available andust be
synthesisedA structurally related catalygFigurel0, 1.34) is available commercially

, however, it is very expensive (£3,633/mmol, Sigma Aldfiohs.the catalyst loading

is very low, this counteracts th&ynthetic effort required for synthesis and the high

cost of the commercial cataly4t.

F
g4
e

N+ Br

FigurelO: Structure of the commercially available Marouka chiral phase transfer catalyst

48



1.1.3 Fluorination

1.1.3.1 Fluorine in Medicinal Chemistry

Fluorinecontainng molecules are becoming more prevalent within the
pharmaceutical industrywith approximately25% of drugs in the market today
containing at least one fluorine ato(figure11).** This is mainly due to the beneficial

effects that the incorporation of fluorine can have.

H
N

o Iy
o
FsC 5 c “/CFy4
I

Fluoxetine Efavirenz
Anti-depressant Anti-HIV

¥l
(o1

NH NH
MeOzsI [ j
N
F
Lapatinib O\#‘\ :\l Aprepitant
Anti-cancer HN= Anti-emetic

Figurell: A selection of fluorinecontaining drug molecule
Fluorine has been shown to enhance the potency of drugs by alteringltggand
pKa andincreasing theimetabolic stability*® This is a benefit as a lower dose of the

drug can be used ich could lead to a reduction side effects.

LogP is defined as the ratio of the concentration of a molecule which is partitioned
between layers of octanol and water and is calculated ukiggation5. Therefore

the higher the logP thenore lipophilic the molecule is

L
ol NUEE Sl
Equation5: Determination of logP
CKA&a Aa AYLRNIFYG Ay LIKFNYIFOSdziA O 02 YL
should ideally have a logP which is less than 5 to allow the drug to be able to pass
through the cell membrané The addition of fluorinecan both increase and
decrease logP depending on where it is incorporatddorine present on aromatic

rings, and next to” -bonds increase lipophilicity as does polyfluorination and
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perfluorination However, counterintuitively, monofluorination and
trifluoromethylation of saturated alkyl chains decreases lipophilicity. Thieamly

due to the high electronegativity of fluime, resulting in the generation of a dipaté

It is thisextremely highelectronegativity which also alters the acidity and basicity of
drugs. Incorporation of fluorine to molecules will almost always increase their
acidity.*’ Thishas been observedith a series 65-HTa receptorantagonists where
adding a single fluorine atom to the piperidine riregluced its basicitas shown in

Figure12.4®

NH NH NH
Foe Fo
DhaW ) ()
N N N
H H F H
1.35 1.35 1.36
K; =0.99 nM K;=0.43 nM K; = 0.06 nM
F% = n.d. F% = 18% F% = 80%
T1/2=n.d. T1/2=2.3h T1/2= 12h
pK, = 9.78° pK, = 9.07° pK, = 9.00°

Figurel2: Effects of fluorine on bioavaliability and halffe of selected 5HTareceptor antagonists@Calculated
by ChemBioDraw

As shown in the example abowke strategic placement dfuorine can also increase
the metabolic stability bypreventing the formation ofkey metabolites in the
pathway.The addition of a single fluorine atom in the6sition of the indole ring in
1.36 prevented oxidation and eventual deactivation of the dallpwing the haHlife
(Ta2) to increase to 12 hours from 2.3 houmghich also increased its bioavailabiftty

A further case study is in the development of flurithromyckig(re 13) as a
treatment for gastritis caused byHelicokacter pylori infections. The parent
compound, erythromycinHigure 13), which is used as an alternatiaatibiotic to
penicillin for patients with arallergy, is not stable in the highly acidic conditions of
the stomach and is therefore not a suitable treatment for this condifitbtHowever,
the incorporation of a single fluorinatom at the C8 positionprevents an E1
elimination of water from the C6 (highlighted in red) in the acidic environment of the

stomach whictensures that the molecules stable enough to have an effe®°
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Erythromycin Flurithromycin

Figurel3: Structures of erythromycin anddrithromycin with hydroxy group which can be eliminated in acidic
conditions highlighted in red

1.1.3.2 Fluorine as &luclear Magnetic Resonan@¢MR Probe

Fluorine exists as a single natural isotoff, which is NMR active. Due to its high
naturalabundancé®F NMR igxtremelysensitive and with the advancement of NMR
technology and available experiments it is quickly becoming a valuable tool for

monitoring reaction progresandelucidating reaction mchanisms?

Another use fof°F NMRs in the determination of binding constants of fluorinated
ligands to a proteipor nonfluorinated ligands to a proteirwhich is modifie with
fluorinated derivatives of natural amino acids such as those shown bel&igure

14.%2

O (o} O O
HzN\L)kOH HZN\;)kOH HZN\;)kOH HZN\Z)kOH

o, G, O, X

4F-Phe 3F-Tyr tfm-Phe 5F-Leu

Figurel4: A selection of commonly used fluorinated amino acids

Due to the high sensitivity 3F NMR it would be possible to detect and quantify any
changes in shift due to a change in environment of the fluorine atoms present e.g. in
I &02dzy Ré | Yy R.Onhalpgrocelathyuleful ndethdd loShighroughput
screening is known as fluorine chemical shift derived anisotropy and exchange for
screening (FAXS). This method can be used to determine binding coefficients for both
fluorinated and norfluorinated substrates when used in the presence of a suitable

fluorinated standardThismethod exploits both the change in chemical shift as well
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as the peak shape of a fluorine signal upon binding and release of a fluorinated

molecule as outlined below iRigurel5.

8, ppm 5, ppm

Figurel5: Outline of the changes in fluorine signal observed in a FAXS experiment. E is the enzyme, L is the
fluorinated ligand, C is the fluorinated control and S is a ritmorinated enzyme substrateTop, changes in the

19F signal of the ligand upon binding to the enzyme. Bottom, changes in #ftesignal of the ligand upon
displacement from the enzyme

This method is sensitive enough to be used with the typical NdMdRumentation
found within most industrial and academic institutioaad can also be run at low
concentrations in biocompatible solvents, which allows for the study of poorly
soluble substrateslt is also possible to run more than one fragment during th
experiment providedeach chemical shift is distinct from the others and is well
characterised. Thigspecially useful for higthroughput screening ai$ is possible to
identify multiple ligands in a single experiment as well as limits the amoumizgfree

required for study?®

1.1.3.3 Methods of Fluorination
Due to the increasetevel ofincorporation of fluorine into pharmaceutically active
molecules and fluorinated molecules not being widely found in naturebust

syntheticmethods of fluorination had to be developed.
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Traditonallythis was done using anhydrous hydrogen fluoride or fluorinevgaish

is an extremely atom efficient process. It isowever, difficult to control and
incredibly dangerous due the highly toxic and gaseous nature of these reagents.
Therefore specidist equipment and highly trained individuals are required, making
the process expensive. To counteract these disadvantage=asier to handle
fluorinating agents were developed for laboratory use. These can be split into two

main classes electrophilicand nucleophilic®*

Electrophilic fluorinating agents such as Selectfluor®enon difluorideand N-
fluorobenzenesulfonimide (NFSI) Kigure 16), are a source of dormal fluoronium
cation (F). Thesemainly benchstable crystalline solidare typically synthesised

using fluorine gas whiccan make them expensivé

F Cl
(0] ! O N/‘*_ F
W\ ,N\ /7 |
g O 2BF, e
OO0 +N 4 F
F
NFSI Selectfluor® Xenon difluoride
£3.24/mmol £1.71/mmol £25.00/mmol

Figurel6: A selection of electrophilic fluoriation agentsincluding the cost per mmol as sold by Sigma AldpRsh
57

Hedrophilic fluorinating agents areompatible with awide range of substrates from

aryl and heteroaryl Grignard reagefftso sp? hybridised alkyl chain¥®

Origirally aryl Grignard reagentsvere selectively fluorinated with elemental
fluorine.® In 2010 Knochel developed a method which could fluorinaterignard

NEF ISyl O2YLIX SESR 6AGK tAGKAdZY OKf2NARS
The Grignards reacted with a slight excess of NFSI in a mixed solvent system to give
the correspondingrylfluoride as shown below ischemel3. Therequirementfor a
fluorinated co-solvent was proposed to minimise proton abstraction from
dichloromethane (DCM) by a suspected radical intermediate and pleasinglyea ran

of functional groups and heterocycles were toleraféd

53



MgX.LiCl 1.2 equiv. NFSI F

DCM/perfluorodecalin (4:1),
2h, RT

1.38 1.39

Schemel3: Synthesis of aryl fluorides frorturbo Grignard reagentss developed by Knochel

Electrophilic fluorinating agents are also able to fluorinap carbon centres as

shown below irSchemel4.%°

Nx Selectfluor® N
DHQA h o

MeCN/DCM, -80 °C

1.40 1.41
80%
87% ee

Schemel4: Fluorination of g centres using Selectfluor®
The use oflihydroqunidine acetate(DHQA) a Cinchona alkaloidias allowed tle

reaction to proced enantioselectively with up to 91&&being achieved. It is thought
that initially the Selectfluor® fluorinates the alkal@id39) in situas shown below in
Schemeél5and that it is this new, chiral fluorinating aggit40) which is responsible

for the enantioselectivity observed in the products.

1.42 1.43

Schemel5: Proposedmechanism of thereactionoutlined in Scheme 4
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An example of a pharmaceutical whichis synthesised using an ekegphilic
fluorinating agent issolithromycin (1.53), an antibiotic developed by Cempra
Phamaceuticals which is currently in phase Il clinical trials for the treatment of
community acquired bacterial pneumonidhe synthetic route is shown below in
Scleme 16. The synthesis begins with the natural prodalzrithromycinand the

single fluorine atom present in the molecule is added udiF&F?

(0]
N \
_‘OMe NMe, ﬁ

HO, N B NMe,
woHO7 L7 i) B2;0, NEt;, DMAP, EtOAC 0= ~ 0-Bz075
HO= 0=
S ii) CDI, DBU, DMF S
O OMe O OMe
O ﬁOH o wosz
1.44 1.45
1.48
NaN3 N PPhg NH
Br/\/\/Br _— > N3/\/\/ 3 - > Na/\/\/ 2
DMF
1.46 1.47 DBU, DMF
N3 N3
NMe2
. o i) HCI, MeOH
o=< (0] -
iiy DMP
O 150
NH,
NFSI
‘BuOK
THF, DCM
, DC N
|
N N’

i) Cul, DIPEA, MeCN

1.52
NM62 H2N \\

ii) MeOH, A

NMez
zO

)

151 O

Scleme 16: Synthetic route to solithromycir(1.53)%!

Clevuding(1.63) is an antiviral drug which has been approved for the treatment of

chronic hepatitis B in South Korea and the Philippines. The synthetic route, smown
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Schemel7, useghe natural productl-arabinosg1.54) as a starting material and the

key fluorination stepuses Selectfluor® as a fluorinating ag&t

HO. . - AcO,
m i) Ac,0, Pyridine ji\/? i) NaOAc, AcOH (aq) AcO o
HO” > "OH AcO “Br ji;

ii) HBr, Ac,0, AcOH ii) Zn, CuS04.5H,0 ACO

OH OH
1.54 1.55 1.56
Selectfluor®,
MeNOZ, Hzo
HO— O, H,SO4 HOm NaOMe AcOm
OMe
HOL)M MeOH HO” > "OH MeOH AcO” > “OH
F F F
1.59 1.58 1.57
BzCl,
Pyridine

i) HBr, AcOH, DCM
ii) CHCl3,

OTMS

N)j/ N_© N

OMe | 1.61 o o

0o TMSO/k\N o T ) n-BuNH; ° T Y
e ", —_—

BzO/ F iii) H,0 el MeOH ]

BzO BzO “F HO “F

1.60 1.62 1.63

Schemel7: Synthetic route toclevudinel.6362
Nucleophiic fluorinating agents arefarmalsource of a fluoride anion JFThese can
be as simple as a fluoride salt, such as potassium fluoride, to more complex structures

such agdiethylamino)sulfur trifluoride PASTand XtaFluorE® Figurel?).

F\ﬁ/F
/\[}j/\ BFLl'rl}rlW KYE-
SF3
DAST XtalFluor-E® Potassium fluoride
£4.40/mmol £1.42/mmol £0.84/mmol

Figurel7: A selection of nucleophilic fluorinating agentscluding the cost per mmol as sold by Sigma Aldffsh
65
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KF has the advantage of being relatively inexpensarel has been shown to

participate in nucleophilic aromatic substitutions\(SNI | & Sk NI & I &

shown inSchemel18.66

NO, F
cl Cl KF cl Cl
DMF, 150 °C
Cl Cl cl Cl
1.64 1.65

Schemel8: S|Ar using KF
Here simply heating the reaction lead to tfrmation offluorinated aromaticl.65,
with the characteristic formation of brown N@umes indicatindghat it was the nitre

group which had been substitutef.

Another use for nucleophilic fluorinating agents is in deoxyfluorination. In the
presence of DAS®&Jcoholsand ketones arefound to bemono- and difluorinated

respectively as shown iBchemel9.5”

DAST

® o — @& °F

0 DAST F F

Schemel9: Reactions obxygencontainingmolecules with DAST

However, DAST is a difficult to handle liquid, owing to its moisture sensitivity and
propensity to explode wheit undergoes a degradative proceds safer alternative

is XtalFluolE®which is a much more stable, ctgBine solid.It is less reactive than
DASTandtherefore a second fluoride source such as triethylamine trihydrofluoride

(TREAHF) has to be used or the reaction does not proc&ahéme20).58

XtalFluor-E®
® oH - & F
TREAT-HF, DCM
XtalFluor-E®
® oH X - F
DCM L

Scheme20: Reactions of alcohols with XtalFluee
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Deoxyfluorination with DAST is a key step in the synthesis of odanadafily (

Scheme21), an osteoporosis treatment discovered by Merck which is in Phase Il

clinical trials®®

i) CICO,Bu, NaBH,, CO,Bn F
COan
NMM, DME i) MeMgBr, PhMe, THF
BocHN OH HN " HN
ocC i) Ts ,0, pyridine, DCE )/-—o ii) DAST, DCM
o) )0
0 0
1.66 1.67 1.68
Ba(OH),,
EtOH, H,0
i) BuLi, THF Br
F i) TBSCI, DMAP, F
1.71 Br NEts, DCM
Fc SN OTBS i) CF3C(OH)OE, HoN~ !
ii) TBAF, THF 1.70 benzene 1.69
. . NC NH,
CF3 H5l0g, CrOg CF, 1.74 .HCI
OH — OH
N MeCN N HATU, DIPEA, DMF
H H §
Br Br
1.72 1.73

i) PdCl,dppf, Na,CO3, DMF

F
CF4 v /©/B(OH)2 F
N_ _CN 1.76 CF
YK e [
o N N_ _CN
O ii) Hy0,, Na;W0,4.2H,0 H § K
g 1.77 Br

n-BuNHSO,, EtOAC 1.75

77\

(OJN0]

Scheme21: Synthetic route to odanacatilfl.77)%°
Deoxyfluorination is also a key step to synthesise intermedia®d (Scheme22)
which is utilised in the synthesis of the marketdly/ treatment Maraviro€l.89), the

synthesis of which is outlined Bcheme23.70.7%
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R F R F R F

O
DAST NaOH SOCl,
B — B — e — e
DCM THF PhMe
O~ "OEt O~ OEt O~ ©OH o}

Cl
1.78 1.79 1.80 1.81
Scheme22: Synthesis of key building block817°
i) CICO2Bn, NaHCO3,
NH, O DCM BzHN O BH,. THF NHBz
OMe OH — ™~ OH
iy NaOH, H,0 THF
1.82 1.83 1.84

S0O3.Py,
J\ NEt;, DMSO,

%\N NN DCM

HN {:N’
1.86
NHBz NHBz
/4 STAB, PTSA, AcOH
[::]/L\/”\Négi;r\N { [::j/l\//§o

N
1.87 \(LN bCM 1.85
H,, PA(OH),,

MeOH

NH
%\ /< 1.81, Na,CO,
N NN T
< cM
1.88 \«\ D

b4

? Ao A,

Scheme23: Synthetic route to Maravirog1.897:

Another way of incorporating fluorine into small molecules is the utilisation of a
building block approach. Thaecurswhen fluorine atoms are aleely attached to a
carbon source and are incorporat&th a carboncarbon bond formabn as opposed

to a carbonfluorine bond formation’? These building blocks such as
trifluoroethanol, are usually unwanted bgroducts of large scale fluorinations
makingthem relatively inexpensivéor example, trifluoroethanol costs £0.07/mmol
as sold by Sigma Aldri¢h However, due to the popularity of fluorineontaining
moleculesn both the pharmaceuticand agrochemical industriesore specialised

building blocks are becominmore readily availableln a laboratory setting this is
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usually a safer approach as the requirement of highly toxic fluorinating agents are

not required.

An example of the use of trifluoroethanol to buittifluorinated cyclohexenones is

shown inScheme24.

OH i) NaH, THF ODEC LDA . ODEC
- - =
L
FsC ii) EtobNCOCI F3;C THF, -78 °C E I
1.90 1.91 1.92
(@] 1.93
i) )J\/\/ ,0°C
i) TESCI, 15°C
)
OTES
(0]
F Pd(OAc), (10 mol%) AN~ opec
F ODEC E
air, Cul (100 mol%)
MeCN, 70°C =
1.95 1.94

Scheme24: Route to dfluorocyclohexenones

Here trifluoroethanol undergoedehydrofluorination/lithiationto form specied.92,
which is then trapped with an electrophile. The resulting diene is then cross coupled
intramolecularly using a modifieaegusato cyclisationto give the resulting

cyclohexenes in moderate yield$

Fluorinated building blocks are key for the synthesis of the majority of fluorinated
pharmaceuticals. Gefitinifl.106), an anticancer drug developed by Astfeneca
uses compound..106 (£0.13/mmol)® as the final step of an eigistep synthesis to

install the required fluorine§cheme25).”®
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(o)

~

I\/N\/\/CI 1.98
HO:©/§O HCOzNa, HCOzH HO:©/CN K2CO3
MO (HONH3),S0, MeO DMF
1.96 1.97
Na,S;0 H,S04, HNO
2252 K/N\/\/O CN S ’ K/N\/\/O CN
H,0 AcOH
1.100 MeO NO, 1.99 MeO
? ? i HCO,H
k/N\/\/Ojc[CN KOH K/N\/\/O \H 2
2
'Amyl alcohol I :I HCONH,
1.101 MeO NH, mylaicono 1102 Meo NH,
c o 0
Q POCIs, NEts LN~ O NH
N -—
J PhMe 1103 MeO N/)

(0]
K/N\/\/O

1.106 MeO

Scheme25: Synthetic route to Gefitinil(1.106)76

Fluorinated building block.105 can be synthesised using the following protocol

(Scheme26). Here 2aminotoluene 1.107) is converted into 2luorotoluene (.108)

using a Sandmeydike reaction!’

nitrotoluene (1.109)"8 which then undergoes a reduction to give fluorinated building

block1.105.7°

1.108 is then nitrated to give -Huoro-4-
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F
NH, NaNO, F KNO;
HF.Pyridine, RT-85 °C BF;. 2TFE, RT

NO,
1.107 1.108 1.109

Snclz. 2H20,
EtOAc, reflux

NH,

1.105

Scheme26: Synthesis of fluorinated building block 105779

Celebrex(1.114)> t F A 1-sfeMidah antjinfayhmatory drugis also synthesised
usinga fluorinated building block. Here compouddli11 (£0.09/mmolf°is used at
the start of the twastep synthesis to install the requirediftuoromethyl group as

outlined below inScheme27.81
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1.111

(0]
EtO)J\CFg,
O (0]
NaOMe
> CF;
MTBE/MeOH
1.110 1.112
1.113
\\S/p
_NH
H 2
EtOH
\
\\S/,O
~N
N
»—CF,4

1.114

Scheme27: Synthetic route to celebrexl.114)8!

Another important building block is difluorocarbene (FCRhich isprincipallyused
for difluorocyclopropanation. Difluorocarbene #srelatively stable carbene, which
exists in the singlet state. This means that difluorbese has an emptg-orbital and

a lone pair of electronas shown below ischeme28.

F

C :CFZ R
N %

F. !

F ’/\ :CFZ A

Scheme?28: A - structure of difluorocarbene, B- difluorocyclopropanation mechanism, G outcome of
difluorocyclopropanations orcis andtrans- alkenes

1
|
Ral

This structure allows difluorocarbene &xt as both a nucleophile and electrophile
and it is known to react wit alkenesn a concerted2+1]cycloaddition as shown in
Scheme28.82 This is known to be the case as whetrans-alkene is used in the

reaction the resulting cyclopropane hasrans-configurationand vice versa
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Due to its short lifespan, diftrocarbene must be generated situandmanysuitable

reagents have been developed for this purpgBeurels).

0] 0]

Cl B F _TM
¢ o 5 ona S
F F F F F F
NaCDFA NaBDFA Ruppert-Prakash

£0.06/mmol? £2.20/mmol® £3.49/mmol

2P 9 %P 9 - Mo

F %J\OMe F %J\OTMS ’ O
F F F F
MDFA TFDA Seyferth Reagent

£0.89/mmol £1.08/mmol £489/mmol&?

Figurel8: Difluorocarbenesourceswith their associated costs from Sigma Aldrich unless otherwise stait®®p.
aSourced from Fluorocherf ® Sourced from Apollo Scientifi#’, ¢ Sourced from Enaminé 4 Exchange rate
USDGBP 08/05/201%

The firstof this class of reagerib be discovered was sodium chlorodifluoroacetate
(NaCDFAIn 1960 by Haszeldindn this study,NaCDFA was shown to thermally
decompose at high temperatures and react witiiclohexene as shown below in

Scheme29to generate the difluorocyclopropanated product in 22% yR8ld.

Q Fw__F
C|>€J\"— Y — - RUF
. o -CO, (CI -CrI ”

1.115 1.116 1.117
O NaCDFA <><F
diglyme, reflux F
1.118 1.119

Scheme29: Thermal decomposition of NaCDFA (top) and tleaction ofcyclohexene with NaCDF@®ottom)

Sodium bromodifluoroacetate (NaBDFA) was dispedveto be an effective
difluorocarbenesource by Amigt.al.in 2010. It decomposes under heating much like
NaCDFA above, however, it is more reactive than NaCDFA and as a result this allows

the reaction to proceed at lower temperaturés.
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Difluorocyclopropanationfollowed by a vinyl cyclopropane rearrangeméwCPR)
has been used in the formation gemdifluorocyclopentenes as shown 8cheme
30.%2

i) MDFA, KI, TMSCI, TEMPO
“ diglyme, 120°C R F BAIB R F
Ph/\/\OAC X —_— % o
i) K,CO3, MeOH/H20, Ph «,, ~OH DCM, RT bh ‘0, 2
60°C
1.120 1.121 1.122

Ph3P=CHCO,Et

F

Ph,, &5': FF
PhMe, 100°C Ph%""/\cozEt

EtO,C
1.124 1.123

Scheme30: Synthesis ofjem-difluorocyclopropane&?

In this example,methyl 2,2(difluorosulfonyl)acetate (MDFA) was used as the
difluorocarbene source. MDFA is decomposed bydedwith the loss of carbon
dioxide and sulfur dioxidproviding the driving force for the reactiomMSCls used

to sequester the generated ftwide ionas shown inNScheme31. Thisallowed the

reactions to be run at a slightly lower temperature than those for NaCBFA

-Mel, -CO 0.0 -S0,, -F

/_\ o O\\/p 2 . _\\//\/\ 2 FoF

I~ ~ )%‘(S\F ~ F x
s F

F F
1.125 1.126 1.117

Scheme31: Decomposition of MDFA to difluorocarbene
For the VCPR the presence of timmdifluoro groupfacilitated the reaction, which
was able to beconductedat lower temperatures than for nofluorinated vinyl

cyclopropanes?

A similar motif can be reael through the radical based rimgpening reaction
between difluorocyclopropand.127 and allyltributylstannane1(128) initiated by
azobisisobutyronitrile(AIBN) as shown below Bcheme32.% This furnishedgem-

difluoro-bis-alkene {.121) which then underwent an RCM reaction with 10 mol% of
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DNXz0 6 4Q Dm 0 & $diaineb) tdABish dhegensdifluorogyclopentene
1.130in 97% vyield®

1.128
SnB
N ONBUs R F Grubbs' G1 F
R F AIBN (10 mol%) = (10 mol%) F
BnO B
B nO
Bno\%/,,,/Br Benzene, 80 °C DCM, reflux /\Ii>
1.127 1.129 1.130

Scheme32: Radical ringopening reaction of difluorocyclopropanes followed by an RCM to furnisiyem-
difluorocyclopentene motif3

In this reaction, the difluorocyclopropane was prepared by the reaction of alkene
1.131 with NaCDFA followed by functional group manipulations as outlined in
Scheme33 below.

__ ohe NaCDFA RF K,CO; R F
AcO” NN % %
Dlglyme, 180 °C AcO /,,I/OAC MeOH, RT HO "',/OH

1.131 1.132 1.133
NaH,
BnBr,
DMF,
0°C-RT
R F PPhs, CBry, pyridine R F
Bf\%:,,l/an DCM, RT HO\%',,I/OBH
1.135 1.134

Scheme33: Synthesis of difluorocyclopropane intermediate 135

Like MDFA, the RuppeRrakashreagentrequires decomposition witlan external
anionto furnish difluorocarbeneThere are several methods of accomplishing this,
namely decompositionby tetrabutylammonium triphenyldifluorosilicate(TBAT)
under cryogenic conditionsr by using sodium iodide at elevated temperatuessd
reacts with a variety of alkenes to synthesise the corresponding

difluorocyclopropanes in good to excellent yielsoutlined below irScheme34.
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R TMSCF,, TBAT R P
R /A
THF, -50 °C - RT

R R
1.136 1.137
TMSCF,, Nal F; ;F
R\/\R >
THF, 65 °C R R
1.136 1.137
-TMSI
l/\\s_ (FF . FRL_F
.\ .
"
1.138 1.117

Scheme34: Two methods of difluorocyclopropanation using Ruppdfrakash reagent with the mechanism of
decomposiion for the sodium iodide conditions

1.2Aims

Due to the lack of functionalised amino acid staples and the favourable properties
that fluorine could bring to the moleculsuch as increased potency and metabolic
stability, as well as a functional method of fgmtially measuring the binding constant
with a cognate receptor usinfF NMR, a fluorinated Fmoeg &nalogue Figure19,

1.139 was designed.

FmocHN_ >

HO S N

0] F F
1.139

Figure19: Fluorinated analogue of Fmog S

The Jamieson group had also previously optimisggh#heticroute to Fmoc Swhich
would be used as a starting point for the synthesis of analagd&9 This route
would be investigated taestablishreproducibility before the synthesis df.139
commencedThe retrosynthetic analysis @f139(outlined insectionl1.3.2) finds3,3
difluoro-5-iodo-pent-1-ene(Figure20, 1.140 to bea pivotalintermediate.A building
block strategy was adopted due to the expense, ptitd hazards and poor selectivity

of traditional fluorinating agentsas discussed previously
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F F

1.140
Figure20: Key intermediatel.140
The aim of this investigation was to develop a rotdghe key intermediatel.140
using a building blocapproachand to construct the novel staple.139 With novel
staple1.139in hand, it would then be incorporated into a model peptide and the
RCM optimised in order to compare the heli@tyd other key popertieswith a non

fluorinated analogue.

1.3Results and Discussion

1.3.1 Synthesis dfFmoc §

As stated above,evious work within the Jamieson group has established a robust
synthesis of Fmoc 5S(1.148 using a chiral nicke[ll)}alaninebenzylproline
benzophenone (Ni(HdlaBPB) auxiliargScheme35). Therequirementfor this route

was due to the high costssociated with the amino acidndthe varying degrees of
enantiopurity of the commercial sourcesf 1.14832 The routedeveloped in our
laboratories was found to havegood vyields, but most importantly for peptide
synthesisan excellent degree of en¢iopurity (>98% ee by chiral HPI2EThis was

subsequently reproduced by the author in therrentstudy.
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Bn-CI, KOH, ;
I:)NH ol 1.13, N-Me-imidazole, MsCl N
N /

g _ C Hel y Q
O//'\OH i-PrOH, 0-40 °C, 2 DCM, -5 °C-RT, 17 h g7 NH
Y
1.141 17h o "
1.142 34%
1.143 68%

Ni(NO3), 6H,0,
KOH, DL-Ala-OH,
MeOH, 40-50 °C, 2 h

)) TBAI, t-BuOK
o 1.145

dry THF,
0°C-RT, 17 h

1.146 64%, >98% ee 1144 87%

2M HCI (aq)
MeOH, reflux, 3h

Fmoc-OSu, Na,CO3 O. (o)

1:1 H,O/dioxane, 0 °C-RT, 17 h

1.147 60% - 92% | 1.148 75%, >98% ee

Schemes5: Route toFmoc Susing a chiral Ni(Ikpla-BPB auxiluaras reproduced by the author
To preserve the enantiopurity of the prolinat the core of the synthesis careful
control of temperature and reaction timeof the NirAlaBPB complex1(144)
formation wasfound to bekey.®® This was established upon the generation of an X
ray crystal structure of compountl 146 which indicatedthat both the desired $,$

and R,R enantiomers were present in the final prodi#étThis was subsequently
confirmed by chiral HPLC and the reaction conditions were optimised to those
outlined above inScheme35, where the potassium hydroxide was added as a

solution in methanol in order to facilitatéhe short reaction times required to

preserve the enantiopurity®
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Pleasingly the route was found to be reproducjlitethe current studywith excellent
stereocontrol being achieved anitl was therefore established as #asisfor the

synthesis ofluorinated analogud..139

Later, a similar route was publishég Liet. al.in which the complex was hydrolysed
and the Fmogrotected amino ad isolated without having tdirst isolate the free

amino aid as outlined below iS&cheme36.34

1.13, EDCI CNBOC CNH HCI

OH DMAP HCI/EtOAc

N o] DCM reflux RT
Boc
1.149

1.150 1 151

F
\:@ K2COs,
Br MeCN

1.152 60-70 °C

Ala-OH, Ni(NOs),.6H,0 ( :

KOH
. O/\NH 0
1.445 MeOH, 65 °C
NaOBu O O
DMF,
1.153

o

i) 3M HCI,MeOH, reflux
ii) EDTA-2Na, F OS HOW
ii) -2Na, Fmoc-OSu, FmocHN

H,O/MeCN, RT

1.148

Scheme36: Alternative route to FmocS;, utilising a tandem complex hydrolysis and Fmoc protectias
reported by L#

Moving forward,the route outlined above infScheme35 could be improved by
incorporating the final step dbcheme36in place of the final two stepsf the original
synthesis This would not only be one lestep butwould also avoid therotracted

isolation of the free amino acid (147), which currently utises the cationic exchange
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resin DOWEX@ was found thatthere wasa wide variation on the quality of the

DOWEX® supplied which resultedniconsistencie# yields of1.147.

1.3.2 Retrosynthetic Analysis dfibrinated FmocsS
As shown inrScheme37, the target fluorinated analogueof interest in thecurrert

studycan be broken down into twprincipalfragments:1.144and 1.14Q

E F 0 R F ]
AN
MOH — > OH N—NI
¥ NHFmoc ~ NH, O
1.139 1.156 1.157

QN’N'
\é 1.140

1.144

Scheme37: Retrosynthetic analysis of.139

1.144 can be synthesised directlyom the route described above i8cheme35,
however,1.140is a novel compound aralsuitable route would have to be founéls
stated above, de to the expense, hazards and selectivity issues of traditional

fluorinating agentsit was decided that building block approackould beassessed.

1.3.3 Synthesis of Key Fluorinated BuilditarB1.140

1.3.3.1 Generation 1

The initial routeexaminedstarted from aldehydel.158, which could then undergo

an addition reaction with fluorinated building blodk159 to furnish the secondary
alcohol. Subsequent mesylation followed by hydride substitution and further
functional group manipulations would then furnish the desired fluoroiodoalkene as

outlined inScheme38.
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In(0)

Br
= MsCl, NEts,
1159 F F oH DMAP (cat) OMs
oo~omops T FE Momops - . OTBDPS
DMF, RT, ((( FF Et,0,0°C - RT FF
1.158 1.160 49% 1.161a 78%
LiAIH,,
Et,0,
0°C-RT
_ | I, PPhj3, imidazole / OH TBAF s OTBDPS
w - w . IBAF w
FF THF, 0 °C-RT FF Et,0 FF
1.140 1.163 1.162

Scheme38: Initial route to 1.140from aldehydel.158

tert-Butyldiphenylsilyl TBDPBether was chosen as the protecting group due to its
large molecular weight anthe presence of a chromophoyrenaking purification
more straightforward, in addition tds stability overa variety of reaction conditions
including oxidations and reductioi$ Aldehyde 1.158 was prepared either by
ozonolysis ofl.164 or a monoprotection of ethylene glycol.@65) followed by a

Swern oxidationgcheme39).

_~_0OTBDPS )03, DCM, -78 °C
/’/\/ OA/OTBDPS 40% (ozonolysis)
TBDPSO ii) PPhs, -78 °C-RT 95% (Swern)
1.164 1.158
(COCl),,
DMSO,
NEts,
DCM,
-78 °C-RT
TBDPSCI
HO - s+ HO
" 0H — ~~"0TBDPS
pyridine, RT
1.165 1.166 81%

Scheme39: Routes to key aldehyde starting material 4Y¥ields in blue areepresentative of the ozonolysis
conditions and yields in red are representative of Swern oxidation conditions

Ozonolysis was chosen at first due to the excellent efficiency of the reaastmo
molecules ofl.158 are generatedrom one molecule ofL..164. However, the poor
yields (blue Scheme39), explosion hazards antsues associated witlozore

generatorled to the need for aralternative route t01.158.
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A second route was thetevisedwhich stated from ethylene glycd[l.165), a cheap
and readily available feedstoql€3.19/mol, < £0.01/mmol Sigma Aldrick)The
ethylene glycol was then protectesith TBDP&nd oxidised using Swern atitions
to give aldehydd.158in a much greater yiel(ted, Scheme39).

Once a source of sting materiall.158 wasestablishedthe next step was an indium
mediated addition of fluorinated building block159.%¢ The conditions employed
were already known for the substrates used in this step of the r8Ufhe requisite
substrate 1.159 is commonly used as a component in refrigerants and as such is
readily availablé® Pleasingly the reaction proceededdansistentlygood yield. The
resulting alcohol(1.160) was then mesylated1.161a, Scheme38) to provide a
competentleaving group, which could be reduced using lithium aluminium hydride.
Whilst the mesylation occurred in excellent yields, there were some issues with the
reduction. Analysis bythin layer chranatography(TLQ indicated that thestarting
material had beencompletelyconsumed however the productssolated following
flash chromatography contained ndluorine after analysisby °F NMR 'H NMR
spectroscopyindicatedthat the products were related to TBDPSyhich suggested
that TBDPSvas not stable to these conditiongnd the product had potentially
degraded

An attempt atvaryingthe leaving group from mesyl to togf8cheme40) wasmade
in the hypothesisthat it would be more reactive towards hydridand that the
reaction could be run in a shorter timgotentially allowing the TBDP® be
preserved Unfortunately, this was not found tiee the caseand the same issues as

before were encounteregdwith namely decomposition being observed

OH OTs

TsCl, NEt;, DMAP (cat)
A(K/OTBDPS A(K/OTBDPS
7S DCM, 0°C - RT

FF
1.160 1.161b 97%

Scheme40: Tosylation of alcohol.160

As the conditions using LiAlkvere unsuccessful, alteative reaction conditions
were examined The BartoAM°Combie deoxygenation reaction uses

tributyltinhydride (BuSnH) to reduce the xanthate esters of both primary and
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secondary alcohols when exposed to a radical initiator as outlinedchreme41

below?°

NaH, CS,, Mel,
Imidazole AIBN, BuzSnH
THE. RT- 60°C Benzene, reflux
1.167 1.168 1.169

Scheme41: ExemplaBarton-McCombie deoxygeation condition®
In this reaction, the AIBN is decomposed under high temperature with the release of
nitrogen to generate the initiating radical171 This then homolyticall cleaves an
equivalent of tributyltin hydride, generating tin radicall73 Due to the strong
affinity of tin for sulfur,1.173will form a bond with the thiocarbonyl which forms a
carbon centred radical. The carbon oxygen bond then undergoes homdgdiage
generating thioester speciek177 and a new secondary radical which will abstract
hydrogen from a further equivalent of tributyltin hydride as outline®ithemet 2,190

CN -N2
1.170 1171

x2

@K_H//énBus —_— SnBu3

CN
1171 1172 1173
s~ j\ (J SnBu3
! _SnB
o ey (gengrsmees O
- = N - =
@ @ Fn
1.176 1477
1174 1.175 \
H
SnBU3 +
1173
1178

Scheme42: Mechanism of the BartorMcCombie deoxygenation reaction
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As shown irScheme4l it was possible to carry out thireaction in the presence of
alkenes, which iperhapssurprising as alkenes are usually reactive under radical
conditions and these types of reaction are usually used in the synthesis of polymers
such as polystyren¥! Based on thisit was decided to attempt the Barten
M¢Combie conditions to deoxygenate alcohdl160. Alcohol 1.160 was then
converted to the xanthate estdfl.179) using sodium hydride, carbon disidé and
iodomethane as shown irSscheme43. Xanthate 1.179 was then subjected to
azobisisobutyronitrile  (AIBN) initiated, tributyltin hydridBwsSnH) mediated,

deoxygenation conditionwithout further purification

i) NaH, dry THF, RT S

OH ii) CS,, RT PN
A(K/OTBDPS s 0
£ F iiiy Mel, 0°C - RT MOTBDPS
FF
1.160 1.179 100%

AIBN (cat), BuzSnH
PhMe, 80°C

OTBDPS

FF
1.162

Schemed3: Attempted BartonMcCombie deoxygenation of alcohdl.160

Unfortunately, *H NMRanalysif the crudereaction mixtureshowed that no alkene
peaks were visibleand upon work up and isolation of the produesd analysis by
1%F NMR a complex mixture of fluorinated products was obtain€jure21). This
could be due to the polymerisation of starting matefial79underradical conditions
(Schemed4).
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Figure21: 19 NMR of the Barton KCombiereaction with 1.179showing a complex mixture of fluorinated
products

7Y - /\ I R
R /\ —_— R\/\ /\ _— . —_—
T « | S S —

Schemed4: Potential mechanism of radical polymerisation of 7.9
Due to the difficulty in the deoxygenation of alcoliol60, this route was determined
to be unviable and wasaltedin favour of other approacheshich are discusd in

the subsequent sections.

1.3.3.2 Generation 2

The next route evaluated wathe alkylation of abenzyl ester,synthesised from
difluoroacetic acid, by organohalide182a. This would bdollowed by acontrolled
reduction using diisobutylaluminium hydride (DIBA)YLto generate the aldehyde
required for aWittig reaction tofurnish alkenel.185 which could undergo further
functional group manipulation to give the desiratkenemotif as outlined irScheme
45,
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1.182a
CoCl3 6H,0, o

o o)
BnOH ~_-OTHP
F Br OTHP
HO)'H/F —_— O)S/ X O)’S(\/
F F Base, Solvent, F F
1.180 1.181 83% Temperature 1.183
| DIBAL-H
¥
Amberlyst 15 Wittig OTHP
7 OH ey .. ~ otHP . 7T i
F F F F F F
1.163 1.185 1.184

FF
1.140

Scheme45: Second generation route to intermediate. 140
A benzyl ester functional grouypas chosen due tas high molecular weghtand UV
handle allowing for easier mification. Initially a copp€gll) catalysed coupling with
benzyl alcohol using dicyclohexylcarbodiimide was attempféchowever, the
reaction failed. A new method was theaught and a literature search highlighted a

cobalt catalysed esterification of trifluoroacetic aaisl outlined inScheme46.1%3

OH 5 mol% CoCl,. 6H,0 )k
O~ "CF,
TFA, 60 °C

1.186 1.187 95%

Scheme46: Cobalt catalysed esterification of THEA&

This reaction was attractive due to the high yielfsst reaction timesand simple
work-up, with both the excess acid and the cobalt catalyst being easily washed out of
the crude reaction mixtureThe reaction ibelievedto be promotedvia Lewis acid

catalysis as outlined below Bcheme4?.

o)
J P FsC~ ~O FsC~ "O
FsC” "OH F,C~ “OH -Col,
1.188 1.189 1.190 1.187

Schemed7: Reported mechanism of the cobalt catalysed esterification
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As this process worked equally as well with acetic acid and TFA, it was reasoned that
the same reaction conditions could be employed in the synthesis of 24i@t. Thus,
the reaction conditions were repeated with difluoroacetic acid and the corresponding

ester1.181 was obtained in 83% vyield.

The electrophile of the reactiori (182a) was also synthesised fromt2omoethanol

as outlined below irBcheme48.1% Here the tetrahydropyran (THP) protecting group
was chosen due to its inertness to the basic conditions employed during the
alkylation. Pleasingly, the ret@an proceeded smoothly, with an 85% yieldloi82a

isolated after purification.

PTSA (cat)
Br/\/OH + |l .~ Br/\/OTHP
9 DCM, 0 °C - RT
1.191 1.192 1.182a 85%

Scheme48: Conditions employed in the THP protection ofl 91104

With a reasonable quantity of the estand alkyl haliden hand, arange of alkylation

conditions were screeneds outlined inTablel.

Tablel: Attempted alkylation conditions

1.182a
O)OK(F g >OTHP O)OS(\/OTHP
[ j F Base, Solvent, [ j FF
1.181 Temperature 1.183
Entry Base Solvent Temperature (°C) % Yieldl.183

1 LDA THF -718-RT 0
2 KCQ acetone Reflux 0
3 NaOMe MeOH 0-RT 0
4 KOBu THF RT 0
5 NE& THF RT 0
6 DBU THF RT 0
7 NaH THF 0-RT 0
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Unfortunately,formation of 1.183 was not observed in any cas€his could be due

to the enolate secondensingScheme49) before the electrophile is added and a
spot corresponding to benzyl alcohol was observed by TLC which strongly indicated
that this was the cse. Whenlithium diisopropyl amine (DA was used as a base
(Tablel, entry1) the 1°F NMR of the crude reaction mixture showed that there was

a complex mixture of fluorinated produc(Bigure22).

1.193

Scheme49: Proposed mechanism for setfbondensation of compound 181with LDA

il

T T T T T T T

T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm

Figure22: 1% NMRof the crude reactiormixture used to prepare 1.155

Inan effortto lower the reactivity of the enolate, the Weinreb amide was considered.
Here the cation of the enolate would be expected to coordinate to the oxygen atom
of the Weinrebamideas outlined below ifrigure23. This woulgotentially stabilise

the enolate andune the reactivity towards the electrophile.
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/O‘N)ﬁ/':
| F
1.195

Figure23: Stabilised enolate of Weinreb amide 196
AccordinglyWeinreb amidel.195was synthesised in good yield from difluoroacetic
acid andN,Ohydroxylamine hydrochloride using carbonyldiimidazole (CDI) as a

coupling agen{Schemes0).

1.182
2 i) CDI, 2-MeTHF, 60 °C Q . OTHP 0
HOJ\(F /O\N)K(F R /O\N)S(\/OTHP
F ii) MeONHMe.HCI, 60 °C - Base, solvent, RT | FF
X=Br, a
1.180 1.196 78% X=Lb 1.197

Scheme50: Modified second generation route td..140

lodo 1.182b was also examined as a nucleophile as the iodide should be a better
leaving group than the bromide and may help improve the reactivity towards the
modified enolate Thus,1.182 was synthesised from bromidé&.182a using a
Finkelstein reaction as outlined i8cheme51. Pleasingly, this reaction also ran

smoothly with an isolategiield of 79%.

Kl
Br/\/OTHP I/\/OTHP
acetone, reflux

1.182a 1.182b 79%

Scheme51: Finkelstein conditions employed in the synthesis ol&2b
With all of the requisite starting materials in hgra range of alkylation conditions
were attempted using eithe THP protected bromoethanol or THP protected

iodoethanolas outlined inTable2.

Table2: Attempted alkylationconditions for Weinreb amide

1.182
o w~~OTHP O
| £ Base, solvent, RT | £
X=Br, a
1.196 X=1b 1.197
Entry X Base Solvent % Yieldl.197
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1 Br NaOMe MeOH 0
2 Br DBU THF 0
3 Br NE& THF 0
4 Br KOBuU THF 0
5 I DBU THF 0
6 I NE& THF 0
7 I KOBuU THF 0

The bases used in this study were those which gave the least evidence -of self
condensation in the ester studieds with the conditions screened ifiable 1, no
conversion tol.197 was observed and instead polymerisationlof96 was believed
to have taken place due to the observation of a spot in TLC which had the same R
benzyl alcoholln the cases with potassiutert-butoxide {Table2, entries4 and7)
an E2elimination (Scheme52) of the alkylhalidewas observeds an alkene species
was evident in &H NMR of the crude reaction mixtu(gigure24).

BuOK

THF
1.182 1.198

THP
X/\/O

X OTHP

Schemeb2: Potential E2 elimination of 1.82
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Figure24: IH NMRof the crudereaction mixture, highlightingalkene specieq.198(dd) and the presence of a
CRH unit (t)

Since nalkylationwas observedn eitherof the approaches examinethis method

of synthesisind..140was quickljhalted and alternative approachesvaluated

1.3.3.3 Generation 3
Through a literature search it wastablishedthat a radical induced deoxygenation
of a gemdifluorocyclopropanewas capable of opening th&memberedring and

forming thecorrespondingalkeneas outlined irSchemes3.1%5

FF AIBN (cat)

—\ BuzSnH N
o__NN FF
T Benzene, reflux
S
1.199 1.200 83%

Schemes3: An example deoxygenation and tandem ring opening reaction

The reaction is thought tafm an unstable primary radical, which can then open the
distal carboncarbon bond to form a more stable secondary radical amdlice
homolytic cleavage ofin equivalent of tributyltin hydride. This is shown below in

Schemehb4.
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HfSnBu3

RF R F
Bu3Sn') (,
S0 —_— A —_— = > =
Y (e FF FF
R
1.199 1.201 1.202 1.200

Schemeb4: Proposed mechanism fahe reaction shown in Schemgl

Thefirst route evaluated for the synthesf key building blocl.140was based on
this established procedurand is outlined below inScheme56. Due to previous
experience indifluorocyclopropanaton of vinyl pinacol boronate ester systems
these were chosen as the initialibstrate and we planned to employa Matteson
homologation and oxidation to install the necessary hydroxyl grasiputlined in
Schemeb5.1% This reaction has previously been examined using cycloprop208

as outlined below irBchemes5. The reaction proceeded in yields of 67% over two
steps and the similarities in structure to difluorocyclopropdn®2l1 suggestedhat
the reaction conditions should be transferable to thelubirocyclopropane system.
The mechanism of the key rearrangement step is also shovBtleme55. After
forming the boronate with the lithiated specigbere is a migration of the alkyl group
onto the chloromethylene group with the expulsion of chloride to furnish
homologated pinacol boronate estdr207, which can then be oxidised using basic

hydrogen peroxide.

i) LICH,CI, -78 °C, THF OH
0 BPin 0
)FO ii) 30% Ag H,0,, 3M NaOH )FO

1.203 1.204 67%
cl
LiCH,CI kko -Licl
2 S —— 9
< “="0 <
B0 R . R By
1.205 1.206 1.207

Schemeb55; Reaction conditions for the tandem Matteson homologation and oxidation of a cyclopropyl
pinacolboronate ester (top) and the mechanism of the key rearrangement (bott&f§#y”

Returning to thecurrent study propargyl alohol was protected as the acetate
derivative where it wasthen hydroborated using catalytic Schwartz reagent and
pinacol borane® Unfortunaely, vinyl BPin derivative 1.210a was not stable on

silica, making purification difficuland negatively impacting the isolated yield of
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1.210a Nevertheless, a sufficient quantity was isolatdd attempt the
difluorocyclopropamtion. For this sodium bopmodifluoacetate (NaBDFA) was
chosen as the difluorocarbene source as it is slightly more reatttareNaCDFA!
However, NaBDFA is more expensive than NaCa#hAa batch was synthesised
following a literature proceduré®using 3bromo-3,3-difluoroacetic acid and sodium

hydroxide.

& ZrCp,HClI,
\\/ Ac,0 / HBPin 0
X _OH — _— o B
Oy © xR P
*f 60 °C r N0
o}

1.208 1.209a 59% 1.210a 17%
NaBDFA
Diglyme, 150/180 °C
£ i) CH,CIBr, n-Buli, F
F THF, -78 °C - rt. F OAc
------- R
TCDI, 3 HO OAc II) Hzoz, NaOH PinB
DCM, . 1.212a 1.211a

\
F
F AIBN, BuzSnH
AL P T
N§/N_<O OAc Benzene, reflux F F ‘

1.213a 1.214 K,COg,
! MeOH, RT
Y
l,,PPh3, Imidazole
= I 4__2 _____ 3_ ____________ A(\/OH
F F DCM 0 °C F F
1.140 1.163

Scheme56: Third gereration route to intermediate1.140
Unfortunately, vinyl BPinderivative 1.210afailed toform 1.211a and appeared to

decompose undethe reaction conditionss itwas no longer visible in thtH NMR

spectrumatfter 1 hout

Exchanginghe protecting group from acetate totart-butyldimethylsilyl (TBS) eg¢n
(1.21b), did not help improve the stability of the vinyl BPin to silicand
unfortunately, the difluorocyclopropanation conditionsising the cheaper,

commercially available NaCDE&lo failed.

Therefore, an alternative starting material was required. A further literature search

revealed thata similar substrate to thalkenestarting materialof interest to the
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current study {.215 had been synthesised previously as shown belo@Bdheme
57_110

j/VOAC NaCDFA Vi
TBSO Diglyme, 190 °C TBSO\>K\/OAC
1.215 1.216 75%

Schemé57: Difluorocyclopropanation conditions from the literature reactic#

In this eport, a vast excess of NaCDFA €tjuivalents) was mguired for the reaction
to proceed as well as the requiremerfor a controlleddropwise addition over the
course of one bur, with an additional 15 minutes heating after the addition was

complete

With a potential alternative difluorocyclopropanation procedure identifictie
original third generation routeSchemes6) was modified as shown below 8ctheme
58.

NaH, Ac,0, NEts,
/’/\/ TBDPSCI = OTBDPS DMAP (cat) /K\/OTBDPS
- 5
THF ( dry HO DCM (dry),
1.217 1.218 91% 1.219 98%
NaCDFA,
Diglyme,
190 °C
F F
N= R F
Q\/N o] oteops - <2 KoCOs \/K\/OTBDPS
hd DCM. HO OTBDPS ™~ M OH.
s Reflux
1.222a 95% 1.221 85% 1.220 94%
AIBN,
BuzSnH
Benzene, reflux
TBAF I5,PPh3, Imidazole
A(\/OTBDPS 777777777777 N A(\/OH 2Ty TEEATE N A(\/'
FF Et,O F F DCM 0 °C FF
1.162 1.163 1.140

Schemes8: Modified third generation route to intermediatel.140

The first two steps of the reaction involved the protection aié-butene-1,4-diol
(1.217) with TBDPS and acetatespectively. AgainTBDPS was chosen for liigh

molecubr weight, stability and UVchromophorewhich was anticipated tomake
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purification easier. Acetate was chosen as the second protecting graupasfacile
to remove using mild conditions at a later point in the synthesisl it isreportedto
be stablein the presence of difluorocarberf8 With multi-gram quantities of the
requisite alkene in handhe next step was the difluorocyclopropanation. A repefat
the literature conditions described aboveddo a 2:1 ratio of difluorocyclopropane

1.220to alkenel.219as determinediy *H NMR(Figure25).

/ 1.2_20 1.219 \ G.ZZO | 1.219\

I T T T T T T T T T T 1 T T
46 45 44 43 42 41 40 39 38 ppm 210 205 2.00 ppm

]

b4 - o~ -

3 ~ ~ == |22
~ - ~ o lev |3

‘l Aot L bon
T T T T

r T T T T | T T T T T T

T 1
8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 0.5 ppm

Figure25: *H NMR of crude reaction mixture showing a 2:1 mixturelo20to 1.219
Unfortunately,1.219and 1.220were inseparable by TLC asiticachromatograply.
Encouragedby thisresult, the reaction was optimised by increasiting addition time
to 2 hours with an additional.5 hoursof heating after the addition was complete.
Pleasinglythese conditions proved to be successful with full conversioh.219to
1.220being achieved. This al$éed to a visual indication of complete conversivia
TLC. Despite both compounds having the samalkenel.219stains blue in vanillin

while difluorocyclopropanel.220does notstain in vanillin

The poor solubility of NaCDFA in diglyme led to difficulties on the scale up of the
reaction.Large volumes of the NaCDFA solution were required to be added dropwise

using a syringe pumg hisled to an initial limit of 3 mmol of reactani..219. The use
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of standard gaug@eedles coupled with poor solubility also led to frequent needle
blockages due the precipitation of NaCDFA at the needleWhile these were
disadvantagesdifluorocyclopropand.219wasstable in solutiorandit waspossible

to run numeroussmallerbatchesfor a collective work up procedur&ubsequently
employinga peristalticoump and a wide bore needle, it was possible to scale up the
reaction toin exces®f 25 mmol, withfewer needle blockages and still maintaining
the complete conversion 01.219 to 1.220, providedthe NaCDFA reservoir was

maintained under a positive nitgen atmosphere.

Further difficulties also lay with the hydroscopic nature of NaCDFA, with older bottles
of reagent having absorbed enough water to completely stop the reaction with
alkene 1.219. Thus, careful drying of NaCDFA at 50 °C under high vacuum was
employed to renove water and residual -2hloro-2,2-difluoroacetic acidbefore

subjecting it to the difluorocyclopropanation conditions.

The acetate deprotection was carried out using potassium carbonatea i3:1
methanoland water mixat room temperature While this proedure worked well on
smaller scales with 85% isolated yield, on larger scales the highly basic conditions
resulted in the removal athe TBDPS protecting group. Initially, it was thought that
this was happening upon removing the methanol after the reacti@s neutralised

with 2M HCI (aq) as TBDPS protected methanol was isolated during purification.
However, upon inverting both steps of the wotkp procedure, the isolated yield of

the product was still low and the silandly-product was isolated In order ©
overcome this issue, the reaction conditions were changed to those outlined in
Schemeb9.

R F K2CO3 (cat) R F

AcO\/ﬁ\/OTBDPS MeOH. -5 °C HO\/K\/OTBDPS

1.220 1.221 96%

Schemeb9: Alternative acetate deprotection conditions used for large scale reactions
In these conditions thetoichiometryof potasium carbonatevasreduced from 1.5
equivalents to 0.5 equivalents and the reaction temperature was cooledl t€. The

reaction progress was monitored by TLC and found to be complete after 30 minutes.
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The workup procedure was also altered and the 2M Was exchanged for saturated
ammonium chloride solution. Pleasingly, this resulted in trace anmsofwnwanted

by-products andl.221was isolated in 96% vyield.

Following the procedure for the deoxygenation outlined above&ahemes8, the
thiocarbonylimidazolide derivativ&.222a was chosen as a direct comparison with
the literaturel® It was synthesised simply by refluxidg221 with an excess of
thiocarbonyldiimidazole (TCDI) in DCM until the reaction was complete with analysis
by TLC. e reactionproceededsmoothly with a 95% yield being obtained. However,
1.222a was not bench stable and quicldipangedfrom apale-yellow gumto a dark
brown gum when standing at room temperatusnd, to allow it to be used for
multiple reactionsit wasnecessary to stord in a foil covered flaskin the freezer
andunder an atmosphere of argon. The initial BaddACombie conditiongrom the
literature proceduré (Table3, entry 1) resulted in only a trace of desired product
1.162 which was visible in bottH NMR and®F NMR(Figure26). While this result
was disappointing it did provide the proof of concept required and the reaction was

then optimisedby screening alternative conditions

1.162 1.222a 1.222a
| lt . l h
i [ {
iy "1, \ | |
Mot Mt e, e win "'\\hl ﬂ"'ff"l o it ""‘M
T - T - Y
ppm -124.5 Ppm PpPm
r T T T T T T T T T T T T T T T
-85 -90 -95  -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 -155 ppm

1.00

2

Figure26: 1% NMR of crude reaction mixturter the deoxygenation and ringopening of 1222a
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As well as the original thiocarbonylimidazolifle222a), xanthatel.222b and iodo
1.222c were also synthesised as shown belovchemes0. The xanthatederivative
1.222b was found to be bench stable, however, it did requesdensive purification
to obtainsufficientlypure material for the next step of the reaction. lod@®222c was
also found to be bench stabland the modified Appel reaction proceeded smoothly

in excellent yieldas shown irschemes0.

R F
RF NaH, CS,, Mel \/ﬁ\/
TBDPSO\/K\/OH THF 0°C - RT TBOPSO OTS\
S
1.221 1.222b 50%
R F PPhg, pyridine, I, R F
TBDPSO\/K\/OH THF 0°C - RT TBDPSO\/K\/I
1.221 1.222¢ quant.

Schemes0: Synthesis of alternative substrates for radical induced rogening
While changing the substrate was oagproach tooptimisating the reactionanother
method was to alter the hydrogen donor. Originally tripitin hydride was used
however, there has also been some literature precedence with
tris(trimethylsilyl)silang((TMS}SiH)!1%5114 (TMS)SiH is a much safalternative to
the hichly toxic tributyltin hydride traditionally used in the BartelM‘Combie
reaction!'® The bond dissociation energy of the-tBibond of (TMSPiH is
approximately equal to that of the 8A bond of BeSnH, making it an ideal
modification!'® Furthermore, the bond dissociation energy of theSSbond(617
kJ/mol)is higher than that of the S8 bond(467 kJ/molwhich provides a strorey

driving forcefor the reaction'16

Thus a range of conditions were screened asTable 3 whilst keeping the solvent

concentrationand temperature consistent

Table3: Conditions screened for radical induced riogening

R F AIBN, H-Donor
A(\/OTBDPS
X OTBDPS Benzene, reflux F F

1.222 1.162
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Entry X H-Donor 1.2221.1622

1 OC(S)Im BwSnH 5:1
2 OC(S)Im (TMS3SiH 2:5
3 OC(S)SMe BusSnH 5:3
4 OC(S)SMe (TMS3SiH 2:3
5 I BwSnH 2:3
6 I (TMS3SiH 0:100

a ¢ determined by!°F NMR

Theconditionsexaminedshowed that (TMSPiH was superior toibutyltin hydride

in all cases antherefore, it was decided to switch to this reagent as the hydrogen
donor. This also improved the safety of the reaction significantly as highly toxic
organotin reagents do not have to be usdd.terms of the substratethe iodo
derivative 1.222c performed the best, giving complete consumption of starting
material.Based on all the modifications shown abotres route shown irSchemes1

wasimplemented

NaH ACzO, NEt3,
/’/\/OH TBDPSCI = OTBDPS DMAP (cat) Z OTBDPS
_ _ =
HO THF (dry), RT HO DCM (dry), RT ACO
1.217 1.218 89% 1.219 95%
NaCDFA,
Diglyme,
190 °C
R F PPhs, Pyridine, I, R F K,COj R F
- -
I\/K\/OTBDPS THF, 0 °C - RT HO OTBDPS MeOH, AcO OTBDPS
-5°C -RT
1.222¢ quant. 1.221 96% 1.220 95%
AIBN,
(TMS)3SiH,
Benzene, reflux
OTBDPS TBAF OH I2,PPhg, Imidazole |
A(\/ ,,,,,,,,,,,, - A(\/ ,,,,,,,,,,,,,,,,,,,, > =
F F Et,0 F F DCM 0 °C FF
1.162 quant. 1.163 1.140

Schemebl: Revisedhird generationroute to compound1.140
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Due to the nature of the silyl bgroducts generated, it was difficult tobtain a pure
sample of theTBDPS protected alcohbll62 on the scale the reaction was initially
carried out onThusthe conditions from entr in Table3were scaled um an effort

to makeisolation more facileUnfortunately, this was not the case ahd62was still
contaminated by a minor bgroduct which could be minimised using carefully
controlled flash column chromatography utilising a petroleum ether and
dichloromethane eluent systemDespite these difficulties,the yields of 1.162

remained very good with yields generally being greater than 95%.

The next step in the reaction involdehe removal of the TBDPS gradpitially it was
thought thatsolid supported tetrabutylammonium fluorid@ BAFould be used in
order to aid withisolation as alcoholl.163 was likely to be volatilas well as being
potentially miscible with the aqueous kmions employed during workp.
Unfortunately, thisapproachwas unsuccessful and TLC analysis after 16 hours
showed no reaction hadccurred. Alternative conditions weltherefore examined

utilising catalytic quantities of HCI in methari8chemes2).11’

AcCl (15 mol%
( o) _ OH

P\ OTBDPS

FF dry MeOH, RT FF

1.162 1.163 Quant. conv.

Schemes2: Qonditions utilisedin the acidic TBDPS deprotection

Pleasingly these conditionsesulted in the full conversion 01.162. However,
attempts to isolate the free alcohol we unsuccessful, mainly due to the volatility
and thermal instability ofl.163. Attempts to isolate the free alcohol using flash
column chromatographwith 40-60 °C petleum ether and diethyl etheresulted in

the loss ofl1.163 during solventremovaland efforts to use Kugelrohr distillation at
atmospheric pressure resulted the degradation ol.163 as shown irFigure27. As

this distillation was carried out in the presence of air it is likely that the alcohol was

oxidising to the acid
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Figure27: 1H NMR spectrum dahe alkene regim of 1.163 after attempted Kugelrhor distillation.Two sets of
alkene peaks are now visible, indicating the product was degrading under thermal conditions

At this stage theonceptof converting the crudelaohol directly to the tosylatevas
assessed athe increased mass of the tosylate group wolikely result in aess
volatile product, thus being more facile to isolatiean the free alcoholHowever, to
prevent the preferential formation of methyl tosylate, the amount of methanol
employed in the firststep of the reactionmust be minimised or more ideally,
removed beforecommencingthe tosylation step.Due to the lengthy synthesis of
1.162, it wasthen decided toexaminea model substratedbased onpentenol as

outlined below inSchemes3to attempt to optimise the deprotection step.

AcCl (40 - 100 mol%)
MOTBDPS MOH
Et,O0/MeOH (0-5 equiv.)
1.223 1.224

Schemeb3: general conditions employed in the model substrate to optimise the TBDPS deprotection

Changes to the concentration of methanol and quantities of acid were anafysid

the conversion monitored by TLC

Unfortunately, none of the conditions screenedsudted in the full conversion of

1.223to pentenol by TLGChanging the concentration of acid did not seem to affect
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the reaction pathway witlsimilarly lowlevels of conversion seen with 40 mol% and
100 mol%. There was, however, a correlation observed with the concentration of
methanol, with more pentenol forming with higher concentrations of methanol.
Since removing the quantity of methanol employed in thaction did not appear to

be feasible, an attempt to distil the methanol from the original reaction conditions
was made Unfortunately, it was difficult to remove all the methanol and the only

product observed after employing tosylation conditions was imyetosylate.

With the above route unsuccessful, conditions using TBAFemove the TBDPS
groupwere nextemployed. A procedure wadentified from the examination of the
literature which allowed for the direct conversion tdi-deuteriotosylate 1.227

without isolating the intermediate alcohals outlined inSchemes4 below.*8

1M TBAF in THF TsCl, DMAP, NEt;

DD THF, 0°C - RT DD DCM, 0 °C - RT DD
1.225 1.226 1.227

Scheme64: TBDPS deprotection and tosylation conditions from literature. Tosylat22¥.was not isolated in
this study and was used as crude in a further modification

In this study, the tosyderivativewas not isolated and was used as crude in a further
modification. Nevertheless, it proved that it was possible to isolate a structurally
related substrate which was likely to have the same issues with volatility and aqueous
solubility as the fluorinated compounds of interest iretsurrentstudy. Thusthe
reaction conditions were replicated using TBDPS protected aldobh@ as outlined

in Schemesb.

1M TBAF in THF TsCl, DMAP, NEt,
FF THF, 0°C - RT FF DCM, 0 °C - RT FF
1.162 1.162 1.228 26%

Schemes5: TBDPS deprotection conditions using TBAF

Unfortunately, in our hands, these conditions resulted in the reactiwt reaching

completion with the addition of further portions of tosyl chloride atrilethylamine

resulting in no further conversioof alcohol1.162to tosyl1.228 This resulted in an

overall yietl of 26% over both stefsr the tosylate
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Based on this, ivas then decided that isolation of intermediate alcoidl63would
facilitate the reactionas using clean pentena@s a model substrateesulted in
quantitative yields of the corresponding tdate. Hash column chromatography
utilising pentane and diethyl ethgthe most volatile solvensystem available in gu
laboratory) yielded alcoholl1.163 which wasconcentratedto partial dryness to
minimise loss to the rotary evaporatomhiswasthen sibjected tothe tosylation
conditions outlined above. Pleasingtiiere was full conversion of alcohbl163 to
tosylate 1.228 which was isolated iM2% yieldover the two steps The initial
deprotection waghought to be the limiting step due to th@herentvolatility of the
alcohol. The reaction was initialgonductedat room temperature overnightand
these conditions were thought be a potential cause of loss of the alcohat. dffart

to improve the yield, the reaction washonitored by TLGnd was found to be
complete within an hour Sibsequent isolatiorof the alcoholgave a 61% vyield of
alcohol1.163 (determinedby 'H NMR) as a 30% w/w solution in diethyl ether and
pentane with this being converted in quantitative yields to the corresponding

tosylate

Having enabled a robust roaito the target tosylatel.228 the final step was a

Finkelstein reaction as shown below3Schemes6.

A(\/OTS Nal A(\/l
F F Acetone, reflux F F
1.228 1.140 56%

Schemes6: Finkelstein reaction conditions employed in the synthesis af40
Pleasingly, this reactigoroceededsmoothly with full conversion obtaine¢iowever,
again due to the volatility of resulting iodal.14Q the yields obtained were
comparatively lonat 56% Nevertheless, sufficient material was obtained to attempt
to alkylate the Ni(IlAlaBPBcomplexon route to the target amino acidThe final
overall route that was enabledo deliver the target fluorinated building block is

shown below irSchemes7.
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NaH, ACQO NEt3

J/V TBDPSC| _~_OTBDPS  DMAP (cat) /’/\/OTBDPS
-
THF ( dry) RT HO DCM (dry),

1.217 1.218 89% 1.219 95%
NaCDFA,
Diglyme,
190 °C
F F PPhj, Pyridine, I, R F Ko,CO3
- -
I\/&/OTBDPS THF, 0°C - RT HO\AOTBDPS MeOH, AcO OTBDPS
RT
1.222¢ Quant. 1.221 96% 1.220 95%
AIBN,
(TMS)3SiH,
Benzene, reflux
i) 1M TBAF,
THF 0°C
A(\/OTBDPS A(\/OTS Nal = |
F F ii) TsCI, DMAP, F F Acetone, reflux F F
1.162 Quant. NEt;, DCM, 0°C - RT 1.228 61% 1.140 58%

Scheme67: Final modified thirdgeneration route to inermediate 1.140

1.3.4 Alkylation of nickel compléx144with 1.140and isolation of Fmoc amino acid
1.139

Using the conditiongreviously developed in our laboratofyom the synthesis of

Ni(ll}S-BPBas shown below iSchemes8, only a6 % yieldf alkylated produci.141

was isolated.

TBAI, '‘BUOK, 1.140

THF, 0°C - RT

1.144 1.157 6%

Scheme68: Standard conditions used to alkylate.144

While disappointing that the yields did nodmpare favourably with thosef the non
fluorinated substrate, it provided the proof of concept ththe reaction could

proceed,and that further optimisation would baecessary

95



Unfortunately, as iodal.140is a novel compound there are no direct literature
comparisons for this reaction. However, alkylations with polyfluoroiodo alkanes with

malonate ae known and are outlined below faBchemes9.119

1.230
FF

F F
I/\)<CF3 o o I/\)<CF3 o o
o o NaH EtO OFEt ‘BUONa EtO OEt
EtOMOEt THF, reflux, 24 h THF, reflux, 48 h F.C CF
F 7 cr s F F *
E 3 F F
1.229 1.231 70% 1.232 20%

Schemeb9: polyfluoroalkylation of malonaté®

In this set of reactions, the second alkylation mostambles the auxiliary alkylation
conditionsdescribed abovas this reaction also forms a quaternary carbon centre.
The harsh conditiongyrotracted reaction timesand poor yields suggest that this
second alkylation is difficult. This, and the observatbpoor yields for the synthesis
of the alkylated auxiliary suggest that the alkylation ofANtBPBL1.144is also likely

to be equally challenging

Fortunately, sufficient quantities of iodb.140were isolated to carry out docused

array of reaction coditions as outlined below ifmable4.

Table4: Optimisation conditions utilised in the attempted alkylation df.144with 1.140

TBAI, Base, 1.140

THF, temperature, time

1.144 1.157 6%
. Reaction Concentration Temperature Base Average
ntry
Time (hr) (M) (°C) (equiv.) Conversiof (%)
KOBuU
1 72 0.1 O-RT 5.8+£0.4
(2.5)
KOBuU
2 24 0.1 0-40 16.9+ 0.5
(2.5)
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KOBu

3 24 1 O-RT 3.3+ 0.3
(2.5)
KOBu

4 24 0.1 O-RT 215+ 04
(1.1)

NaHMDS

5 24 0.1 O-RT 0.9+ 0.05
(2.5)
DBU

6 24 0.1 O-RT 0
(2.5)
BEMP

7 24 0.1 O-RT 0
(2.5)

a Conversion measureih triplicate by HPLC using caffeine as imternal standard

The reactions were monitored triplicate by HPLC using caffeine as aternal

standard.

As the standard conditions showed poor conversiand small amounts 01.140
were isolated during flash column chromatography, it was reasoned that the reaction
could be slower than that with the nefluorinated derivative 1.145). Thus, the first
attempt at exploring alternativereaction conditions increased the time of the
reaction threefold. Unfortunatelythere was no difference between the conversion,
with an average of 5.8% conversion across three samplabl€ 4, entry 1). The
second set of conditionexaminedincreasing the reaction temperaturel éble 5
entry 2). In this casethe base was added at 0 °C and allowed to return to room
temperature. Upon reaching this temperature, it was then heated to 40 °C overnight.
Pleasingly, this resulted in an increase in the average conversion to 16.9%. However,
this method is likely to epierise the proline centre df.144but unfortunately there

was notsufficientmaterialavailableto synthesise the opposite enantiomer in order

to determine the enantiomeric excess bghiral HPLCThe next attempt at
optimisationfocused orincreasing theeaction concentratior{Table4, entry3). The
reaction concentration was increasé@-fold, from 0.1 M to 1 M and run overnight.
Unfortunately, the aveage conversion was much lower than the standard conditions
at only 3.3%perhaps owing to the small reaction volume employed resulting in poor

solubility and inefficient stirringOn a larger scale this may be easier to control and
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may havemprovedresuls. Table4, entry4, involved modifying the stoichiometry of
potassiumtert-butoxide employed in the reaction; reducing the equivalenitbase
from 2.5 to 1.1 in order to prevent any potential elimination reactions occurring with

the electrophile as outlingin Schemer0 below.

If
7 b BUOK NS
FF -HI FF
1.140 1.233

Schemer0: Potential elimination reaction with1.140

As with the temperature study, this resulted in a greater average conversion to
product 1.157. However, this was at the expense ether starting material or
productdegradation as both TLC and HRb@&lysis of the reaction mixtuiadicated
significant amounts of a more polar{pyoduct at a retention time of 5.5 minutess
shown in Figure 28. This was also observed a much greaterextent in the

temperature study

SM
Unknown 1 144
mAU o @ 9 )
4 3 ,19“\ 2 @9
w & T &
Ivse?' IYSQP'
1 \
400+ |
1 ‘ Product
1157 A
)
| | o B
Q;'
300 8
‘ ‘ |
200 [ |
Caffeine & ‘
& | | [
1 g 5 \ | \
100 ';l\]qﬁ | |
| |
| | \ ]
“ . J ‘ ‘ ‘ |
I \
o] L A A A S U _ — "
T T T T ¥ T T T T
0 4 6 8 10 12 14 16 min

Figure28: HPLC trace of the base equivalent study showing a large peak of an unknowgtanpbtentially
related to starting materiall.144 at 5.5 minutes

In order to determine whether or not the peak was related to the starting material
or the product it would be necessary to isolate sufficient quantities of thproguct
for analysis by°F NMR. Should n'8F signal be observed it could then be determined

that the nonfluorinated starting material .144) was being degraded in some
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manner. A literature search did not yield any further insight into the identity of this
unexpected byproduct and thus, its formation would have to be investigated in

future studies.

The finalscreening experiments examin@&avolved substituting the potassiutert-
butoxide for sodium hexamethyldisilazide (NaHMOS};Diazabicyclo[5.4.0]Jundec
7-ene (DBU) or Zert-butylimino-2-diethylamincl,3-dimethylperhydrel,3,2
diazaphosphoringBEMP), respectivelgTable 4, entries 5-7). These bases were
chosen as they had range ofpkss (29.5, 12.5 and 9.0, respectively}?° NaHMDS
showed negligableonversion tal.157 with an averagesolution yieldof 0.9% Table

4, entry 5). However, like the temperature and base equivalents study there was
significant degradation agither the starting materiabr the product Both DBU and

BEMP showedo productformation.

For DBU this could be explained by the base not being strong enough to deprotonate
the starting material The pKof related glycineeomplex1.15 has been calculated to

be 18.8 and it would be reasonable to assume that thegilComplexl.144would

be similart? However, it would be expected that BEMP would be strong enough to
deprotonate and it was surprising that no productl57 was observed. This served

to establish the importance of the alkoxide base to the reaction.

Through combining entrie$, 2, and 4 in the optimisation study above, sufficient
guantity of the alkylated complex was obtained in ordeattempt to synthesise the
Fmoc amino acid as outlined below$theme71. This would provide encouraging
proof of concept that the target amino acid could be accessed, albeit in small

quantities given the issues associated with the alkylation of the auxiliary.

i) 2M HCI, MeOH, reflux o R F
HO =
ii) Na,EDTA, Na,CO3, Fmoc-OSu, NHFmos

H,O/MeCN, -10 °C - RT

1.139 69%

Schemer1: Conditions used to isolate amino acid139
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The initial hydrolysis step resulted in full conversioridb7 to the free amino acid

as evidenced byLC. The reaction mixture was thelashedwith DCM to remove
ligand1.14 and the aqueous layer evaporated. The residue was then taken up in an
agueous solution of sodium carbonatatil the pH of the solution reached 9.
Disodium ethylenediaminetehacetate was then added to sequester the nidaits
following the earlier reported protocct The reaction was then cooled #40 °C and
FmoecOSu was then added dropwise as a solution in an equal volume of acetonitrile.
The reaction appeared to run smoothly with full conversioth® fluorinated amino
acid1.139observed by TLC. Unfortunately, there was an overlapping spot on the TLC
which stained differently with ninhydrin, suggesting that what appeared to be a single
product under UWisualisationwas in fact two different compounds. Fm@Su is
known to underg a base catalysed Lossen rearrangement to produce #Fmoc

alanine as outlined below iSchemer2.122

(0]

g §
—>£ &)W !T )W
O. 1235 1.236

1.234 Base

O 0 o}
Oy e w“

1.238 1.237
o o} o} o} 0
Ox
o~ _ _ A -
jN/\)kO - = HO)kN/\)kO . O)kN/\)kO
HO H H
1.239 1.240 1.241 -CO,
o Fmoc-OSu Q Q
FmocHN/\)LOH D HzN/\)kOH HN/\)kOH
1.244 1.243 1.242

Schemer2: Mechanism of the Lossen rearrangement of FrA@8u to form Fmo¢ -alaninet?2
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Thisunwanted side reactiorwould potentially account for the bgroduct observed

in the 'H NMR spetcum (Figure29).

Figure29: 1 H NMR spectrum of 1.39after purification, showing minor contaminatiorpotentially by Fmogi -
alanine

Nonetheless, upon purification withreparative TLG3 small quantity (9 mg) of the
target Fmoc amino acid.139was isolated in 69% yielith a purity of 73% as

determined by LCMS analysis.

1.4Conclusions

In conclusiona fluorinated analogue of Fme&-OH (1.139 hasbeen synthesised,

albeit currently on small scaleThe retrosynthetic route towards the amino acid
identified 1.140to be a key intermediate and thorough investigation into the

synthesisvas made with d@otal of three main routesexamined

Thefirst-generaton route towards 1.140 included an indiunnmediated addition to
an aldehyde This route was deemed unsuitable due to the failure ahe
deoxygenation of thegenerated f O2 K 2 f gemdifludo gibépThesecond

generationalkylation strategy failed due to the inability to control the reactivity of
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the difluorinated enolate,as it either selfcondensedbefore reacting with the

electrophile ordid not react with the electrophile

The third generationdifluorocyclopropanationroute, which exploited the highly
strained, and reactive, nature of theyclopropanering system in a tandem
dehalogenation and ringpening reactionwas the most successfulhe initial vinyl
pinacol boronate estesystemswere quickly eliminatediue to their instability and
poor reactivityand replaced with the much more stalies-protected alkenel.219.
Both the difluorocyclopropanation and the radical induced +opgning reactios
were initially low yielding and were optimisedhe resulting TBDRI8protection and
iodination was quickly substituted for a twsiep deprotection and tosylation
strategy due to the highly volatile nature of the resulting alcohol. Tosyl228was
then iodinated using a Finkelstein reaction to give the requftedrinated building

block in 56% yield, an overall yield2®oover 9 steps

Sufficient quantities of iodofluoroalkene 1.140 were isolated to attempt the
alkylation ofthe BPB auxiliar§.144on route to the amino acidUnfortunately, this
occurred in only trace amounts and requdréurther work to optimise the reaction
conditions Attempts to optimise the reaction with the limited amountioido 1.140
available showed an improvement in conversion by HPLC when the reaction
temperature wasncreased to 40 °@nd when the equivalents of base was reduced
from 2.5 equivalents to 1.1 equivalents. Unfortunately, there was also significant
starting material or product degradation observed in both cases. Altering the
concentration was worse than ¢hstandard conditionspotentially due to poor
stirring, while altering the time resulted in naverallchange in conversion. Changing
the basefrom potassiuntert-butoxide to ether NaHMDS DBU or BEMResulted in

little to no reaction, highlighting themportance of the alkoxide base to tlseiccess

of thereaction.

1.5Future Work
The titure work of this project willprimarily focus on optimising thalkylation of
1.144 with iodo 1.140 as outlined below inScheme73. The brief optimisation

campaigremployed in the current studglid not examine lernative solvents; this is

102



important to consideras solubility could be a factor in the poor yiel8isrther base
screeningwould also be attempted. Literatureeports havehighlighted the use of
sodiumtert-butoxide as giving superior yields to potassitert-butoxide due to the
smaller size of the catioff.Thus, it may be of benefit to test both the lithium and the
sodium salts to assedbeir reactivity in this reaction Also, of importance is the
enantiomeric excessf the reaction and the optimised conditions should produce

1.157 with anenantiomeric excess 95%.

0
N—Ni—N

\

S

I
(0]

Optimised Conditions

1.144

Optimised
Conditions

0 FF

HO Z

< NHFmoc
1.139
Schemer3: Future work with the NiAla-BPB Schiff base route
The number of variables present in the reaction could also allow fDesagn of
Experiments analysi&? This should help to find the optimal conditions faster by
minimising the number of reactions that would have to be run. It also allows for the
simultaneousanalysis of multiple parameters amdnidentify which paameters are

most important, allowing for a morefficientscreen.

Shouldalkylatingl.144 prove unsuccessful, alternative starting materials may also be
considered, for example, adopting the $tkopf auxiliary as outlined below in

Schemer4.124
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/&N OMe i) n-BuLi, THF, -70°C /&N OMe /=
D e e > N
F
MeO \NL ii) 1.140 THF, -70°C - RT \NK F
1.245 1246

Schemer4: Potential Scbllkopf conditions

Once the reaction has been optimised, for both yield andntiomeric excessvork

to optimise the tandem hydrolysis and=moc protedon would commence As
product 1.139 did coelute with an unknown amine which was Fmoc protected
(proposed to bé=mod -alanine) the reaction would be optimised to minimise side
product formation Here the equivalents of Fm@Su, pHreaction temperature ad

time could be examined in order to minimise the formation of the unwanted-side
product. Alternative Fmoc protecting agents, such as FAowx(1.196), could also

be examined?® Here the succinimide has been replaced, which should stop the

formation of Fmoé -alanine.

(o]

yo\ /CN

o N/S]/NHz
T~

1.247

Figure30: Structure of FmogAmox2>

Finally, 1.139 would be incorporated nto peptides using solid phase peptide
synthesis (SPP&)d then staplecdby anRCM initiallydz(i A £ A & A Yy JSchi2iNé&zo 6 & Q
76). This process may also require optimisation to find the best catalyst system for

the reaction, although there is literature precedence in small molecules for the
successful RCM of the requitallybRA Ff dz2NB | £ { Sy S Yahdi A F dz&
D NHzo6 6.% This B2ehnique has been used to constrdiftuorocyclgpentenes as

described previously ifection 1.1.3.3 In the same report, the group also used RCM

to construct difluorocycloheptenes and difluorocyclooctenes as sho@tiemers.

104



50 / Grubbs' G2 RS
n (10 mol%) BnO
oOH ——  ° 5
DCM, reflux
| HO
1.248 1.249 91%
F F
BnO = Grubbs' G2 N
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Scheme75: Construction of mediurrsized rings containing gemtdifluoro groupvia RCM

The peptides would then be analysed dycular dichroisnto assess the helicitipr
compaison withthe nonfluorinated analogueslhe peptides could then be assessed
by 1°F NMRo determine their suitability as tool compoundisr determining binding

to a cognate receptor in a protejprotein interaction

e FF

HO™
<~ NHFmoc

1.139

Schemer6: Future work with Fmoc protected amino acid139
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2 Chapter 2. The Design and Synthesis of Molecular Tools to
Study the Role of PYCR1 in Oncology

2.1 Introduction

2.1.1 Cancerin Society

Cancer is the general name for a group of diseases which can be chieeattey
uncontroliable cell growth and proliferatiak?® It can affect any organ or tissue and
people of all ages, races and genders without discriminatiéithe condition is
caused when DNA becomes damaged, such as with exposure to carcinogens or UV
light, andthe celllosescontrol of regulation'?® Cells with DNA damage are usually
prevented from dividing in order to attempt to repair the DRFAIf the DNA is unable

to be repaired, the cell will be signalled to undergo apopté$iddowever, with
cancerous cells mutations developed during the repair process suppress this
mechanism and thy continue to grow and divide in an abnormal fashion, eventually

forming tumours as summarised figure31.128

Abnormal Cell
DNA damaged

Healthy Cell ‘ DNA Damage (

Normal growth
)

Successful DNA Repal\ A Cycle Arrest
\

o J

(‘

¢ \ Arrested Cell
\ / *  Growth stopped for DNA repair
Unsustainable DNA Damzy DNA Repair with Harmful Mutation
2 QD )
& Qe .’
N\
& /  §
%@ \ ) 9
Q@é Ny
Apoptosis Cancer Cell
Programmed cell death * Abnormal growth and division

Figure31: Cell cycle upon detection of DNA damdge
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For a cell to be classed as cancerous it must extibi six hallmarks of cancét?
These arethe ability to divde in the absence of cell growtfactors, the ability to
divide in the presence of tumour suppressants, the ability to avoid apoptosis, the
ability to maintain the length of its telomeres through repeated cell division, the
ability to undergo angiogenesis and the ability to invade sumdbng tissue and
metastasisé3® As a result, there are wide range of mutations possible Wit the
cellsandseveral potential targets are applicablehe mutations usually fall into two
categories of geneproto-oncogenes and tumour suppressor gefgst32Mutations

in proto-oncogenes code for proteins which are usually involved in the acceleration
of the growth and proliferation of cancer cel, whilst mutations in tumour
suppressor genes usually render the resulting proteins ineffective at inhibiting cell
growth 132 Notable genes involkin breast cancer are the oncogene auoglifor
human epidermal growth factor recept& (HER2) and the tumour suppressor gene

coding for lveast cancer type 1 susceptibility protlBCRA1})3%:133

HER2 is a membrane boungrowth factor receptor which containstgrosine protein
kinase!34In same breast cancerslER2 is overexpressedand thissignals the cell to
undergo extensive proliferatiarBCRAL is a protein thought to be involved with DNA
repair and can act as a checkpoint protein for DNA dam&gm certain breast
cancers, the gene is downregulated and as such the protein is not detectable. This
allows cells with damaged DNA to continue to grow and proliferate. Spontaneous

mutationsin BCRA1 are rare and are usgyahherited from one or both parents.

As a variety of gene mutations are usually present within a single cancer cell, there
are many biological targets available for potential treatmerdad this can make
treatments complex3® Treatmentscan range from chentherapy, which uses a
small molecule to slow cell growth through the targetethibition of proteins
associated with cell survival such as F2E&S outlined abovesadiotherapy,which
directs ionising radiation to the tumour, damaging the DNA and fordiegcells to
undergo apoptosisimmunotherapy which programmed G KS LI G A Sy (G Q&
system to target the cancerous cells and destroy thand surgical excision of the

tumour, where the cancerous tissue is completely removed from the pafi@nt.
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Usuallycarcer treatments use combination of one or more of the formé# The
stage and location of the cancer also plays an important role in the treatment plan as

some tumours may be inoperable or at too late a stage for it to be effeétfve.

In 2015, there were 2.5 million people in the UK living with cancer and 2016 saw
around 360,000 people diagnosed with cant&rin 2008 this equated to a cost of
£18.33 billion to the Uldndthe costis expected to rise t&€24.72 billion in 202638

The number of people living withancerhas been increasing every year and by 2030

it is expected that the number of people in the UK living with cancer will rise to 4
million.*3” This equates to a 50% chance that a person in the UK will develop
cancert®?As such, there is a pressing clinical need for new treatmerntsrplement

the current existing therapies, some of which are outlined beloWwigure32.

AcO O OH
/i Ph o
Ph HMO“ e
HO o
Ph

Paclitaxel
tubulin stabiliser
prevents cell division

S
N
HiN,  .Cl N
T Sl y
H3N/ e N N

cis-Platin Mercaptopurine
DNA binder metabolite inhibition
prevents DNA replication prevents DNA synthesis and repair

Figure32: Commonly used chemotherapy drugs and their mechanisms of act&#43
Mercaptopurine(6MP)is used to treat acute lymphoblastic leukaenttéalt is itself a
prodrug and it igmetabolised into the active inhibitathioinosine monoplosphate
(TIMR Figure33) by the action of hypoxanthine guanine phosphoribosyl transferase
(HGPRTY®
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Figure33: Structure of TIMP!6

From here the mechanism of action becomes complex as more than one pathway is
involved in cytotoxicity as outlined ifrigure 34 below!4®> TIMP can then be
methylated by thiopurine methyl transferase (TPM®)form methytthioinosine
monophosphate (MeTIMPWhich can then inhibit phosphordsyl pyrophosphate
amidotransferase (PPATY.

6MP TIMP TXMP TGMP

Purine
Synthesis

Figure34: Metabolic fate and mechanism of actioof 6MP. Pale blue boxes are metabolites of 6MP, blue boxes
are materials required forde novopurine synthesis, green ovals are active enzymes, the pink enzyme is an
inhibited enzyme, purple boxes are end products, red box and red cross are the effecBN# and RNA
incorporation and the effects of enzyme inhibition on purine synthelfs

PPAT is involved in the synthesis gffsphoribosylamine (PRA) frorpphosoD-
ribose 1-pyrophospha¢ (PRPP), which is in turn synthesised from ridese
phosphate (F5-P) by the action of phosphoribosyl pyrophosphate synthetase 1
(PRPS1LY>PRA is an important feedstock for purine nutide synthesis and as PPAT

is inhibited, the cell is unable to synthesise guanine and adenine through this
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pathway!* TIMP can also be convertéy inosine monophospdte dehydrogenase
(IMPDH) to thioxanthine monophospha{&XMP)which in turn is transformed by
guanosine monophosphate synthetase (GMPS) to thioguanosine monophosphate
(TGMP)#*> TGMP is the phosphorylated to thioguanosine diphosphate (TGDP)
which then diverges into the DNA and RNA guanine nucle¢@id&TP and TGTP,
respectively). As the synthesis of normal purine bases is downregulated by the action
of MeTIMP, TdGTP is incorporated intoADWhich causes irreparable DNA damage.

As both healthy cells and cancer cells use these mechanisms to survive, and the drug
is given orally, it is difficult to target only the cancer cells. As a resalcaptopurine

has numerous side effects, which rarfgem nausea to liver damagé’

Cisplatin is a platinu(i) complex used in the treatment of various cangexgch as
bladder, headand neck, and lungCisplatin is hydrolysed within the body to this-

hydroxylatedspecies as outlined below Bcheme77.148

H
HsN._ _Cl H20 HaN._ .OH DNA -
N, C 2 N O HaN._ N

HsN™ Cl HsN™~ "OH HsN™ "N—
H

Schemer7: Activation of cisplatin and itsnechanism of actionBlueboxes represent DNA basé8

After hydrolysis, the activatedsplatin can then react with theurine DNAbases,
causing crosslinkintf? This damage is usually irreparable, which forces the cell to
undergo apoptosis®® Like mercaptopurine, it igifficult to achieve selectivity
between healthy and cancerous cells as almost all cells contain DNA and as a result
there are usually severe side effects including organ damage (liver, kidney and heart)

and hearing los$!

Paclitaxel is a natural prodycterived from thebark of the Rcific yew tregwhichis
used in the treatment of aggressive breast and ovarian cariééltstargetsi -tubulin,
a protein which forms microtubules which are esserftimaintaining cell structure

and forming spindle fibres which are present during mitd3is
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Figure35: Structure of paclitaxel bound to tubulin as generated by electron microsc&DB: 3J683

When bound to -tubulin, paclitaxel preventmicrotubuledisassembly and can stop
the mitotic spindle fibres from attaching to the centrosomes of the chromaifiéis.
The cell then fails the mitotic checkpoiahd enter mitotic arrest which causes
apoptosist®2As most cells will continue to divide throughout their lifetime, paclitaxel
is not selectivao only cancer cellsHowever, as cancer celhave a higher rate of
division it is most likely that these cells will be targeted preferenti&lfclitaxel also
has several reported side effects such as fatigue, muscle and joint pain and

neuropathy>*

With the aforementioned chemotherapy treatments all targeting raancer specific
pathways, the pharmaceutical industry has extensivstydied the effects of
targeting cancer specific pathway8.This has been facilitated by the ahement
of genetic modificatioriools which can be usead analysehe functions ofgenes and
their corresponding proteingand identify if theyare implicated in the diseasas well
as generating new animal disease modétdt was initially thought that by targeting
these cancespecific proteins, it would redie the side effects that commonly
accompany the less specific treatmentsowever, all of the treatments described

below havesome side effects.
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One of the first targeted treatments developed was imatitifigure 36) which is a

tyrosine kinase inhibito#>®

o} NT™
O Q*g*%
LN S

Imatinib
tyrosine kinase inhibitor
interferes with cell signalling

Figure36: Structure of imatinib and its mechanism afctionts”

In particular, it inhibits specifically th8CRABL kinase which arises from the
expression of an oncogene created by the translocation of chromosomes 9 and 22.
This particulamutation is found irmost cases ofhronic myelogenous leukaemizf
Imatinib binds to the ATP binding sigend this prevents the phosphorylation of
signalling proteins which lead to cell proliferation, which in tueduces ell

growth >’

Similarly, gefitinib and erlotiniqFigure 37) are also marketed tyrosine kinase
inhibitors, which are specific to the epidermal growth factor receptor (EGERSIN
some cances, such as nossmall cell lung canceEGFR isverexpressed, which leads
to increased cell proliferatio®? Like imatinib, both drugs block the ATP binding site

and stop signalling through this receptor which slows cell proliferati®tf°

N o} N
(\N/\/\O Z _ \/\O _ P
O\) HN \©:C| HN\©//
F
Gefitinib Erlotinib
tyrosine kinase inhibitor tyrosine kinase inhibitor
interferes with cell signalling interferes with cell signalling

Figure37: Structures of gefitinib and erlotinib and their meamism of actior>°.160

Another way to achieveselectivity for cancer cells over healthy cells is in the use of
monoclonal antibodied®! Here an antibody specific ®mmembrane bound receptor

is administered. An example of this is trastuzumab, which targets-24£2RAs
discussed above, HERis overexpressed in many breast canc¢étswWhen the
antibody identifies HER, it binds with it and blocks the receptor frodimerising

upon the binding of growth factor'®3 Thisin turn prevents downstream signalling
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pathways and slows cell proliferation. Trastuzumab also has a secondary action by

inducing immune cells to kill the canoeells'®3

While these treatments are effective, eventually the cancer cedis develop
resistance to the drug¥4%% This can be in the form of over expressing efflux
transporters, wich pump the drug out of the cell before it can have an effecty
mutating the targeted protein, which may reduce the ability of the drug to interact
with the target'®® As such, it is important to discover rehtargets in order to adapt

to the evolution of cancersand to potentially find a targeted mechanism to which

the cancer cells cannot develop resistance.

2.1.2 PYCRL1 and its Role in Cancer

Amino acid deficiencies within the tumour are known to be caused imyma
cancerst®%189 Many cancers, such as acute lymphoblastic leukaemia, are highly
sensitive to reductions in asparagine (Asn) and treatments, sudkaaparaginae

(an enzyme which degrades Asn) have been developed to exploifthisorder to
discover new amino acids vulnerabilities implicated in cancersAtieami group at

the Netherlands Cancer Institute (NKI) developed a technique known as differential
ribosome codon reading (diricoré®® This technique cauts the number of codons
present on ribosome protected messenger RNA and associates them with their
corresponding amino acid. As protein synthesis is halted when there is a deficiency
in an amino acid, the greater the number of codons would indicate thatet is a

deficiency in that particular amino acffligure38).17*
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Figure38: Simplified mechanism of ribosomal protein synthesis in the absence (top) and presence (bottom) of
proline deficiency™®

This technique was used to confirm that treatment of cancer cellsdtbparaginase
caused a shortage afsparaginewithin the cance cells. In response, it was found
that the cells began to overexpress asggine synthetase, the enzyme which
synthesises asparagini order toovercomethe deficiency:%® With the technique
having beenvalidated NKI then sought to discover new amino acids which were
deficient in different cancers and could potentially be exploited in order to develop
novel treatments. Canceus tissue samples obtained from an excised kidney which
were screened usinipe diricoretechniquefound both methionine (Met) and proline
(Pro) to be deficient within the tumou#® This was coupled with an increase in
& dzy O K Ipieilm&rBnsfer RNARigure39) which again suggested that proline was

unavailable for protein synthesis.

@) Q
tRNA charged with proline uncharged tRNA

Figure39: Transfer RNA in the charged and uncharged stdte
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Like with theasparagineshortage, the cancer cells had increased éxpression of
pyrroline-5-carboxylate reductase 1 (PYCRMg enzyme required in the final step of
proline biosynthesisto surmountthe deficiency to Pro, as shown belowFigure

40,168

.G Low Proline Environment b .g . Increased intracellular proline
. (3 .
¢ > (9 (3 . Improved cell survival
cter
[ P
Cancer Cell with normal PYCR1 expression Cancer Cell with upregulated PYCR1 expression

Figure40: Cell adaptations todw proline environments showing the increased expression of PY&R1

Thus,it was proposed thainhibition of PYCR1 could potigilly reduceintracellular

levels of proline andrrest or retard the growth of cancer cells

PYCRI1s the first member of the PYCR famikhich is expressedwithin the
mitochondriaand exists asa characteristic ringf five dimersas outlined inFigure

41172

Figure41: Biological assembly of PYCR1 showing the characteristic pentamer of dimers (PDB:BUAV)
As mentioned aboveRYCRIk the final enzyme involved in proline biosynthe<gtdt
reduces pyrrolineés-carboxylate (P5C) to proline with the aid of nicotinamide adenine

dinucleotide phosphate (NADPH) as afactor as outlined below ischemer78.
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Schemer8: Proline biosynthetic pathway from glutamic acid and ornithifé

Theoverallprocess follows two distizt pathways beginning with either glutamic acid
(Glu) or ornithine (Orn). In the glutamic acid pathway, Glu is phosphorylated by
glutamateb-kinase (G5K) with the consumption of one unit of adenosine
triphosphate (ATP). The phosphorylated Glu is then r8dgc -@létamyl phosphate

NB R dzO GGPR)S again' using NADPH as dactor, to furnish glutamate -
semialdehyde, which spontaneously cyclises to P5C. The Orn pathway directly
converges on that of the Glu pathway by the formation of glutamate sddehyde

by the action of ornithine aminotransferase (OAT). This then forms P5C which is

reduced to proline by PYCRL1 as discussed abféve.

The active site of DR1 lies between both members of the dimer as outlined below

in Figure42.172
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Figure42: Active site of PYCR1 showing the interaction of RBH (blue) and P5C mimi¢iFA(green) Image
generated from PDB: SUAY?

NADPH lies within a Rossmann fold, which is a highly conserved structure in protein
which bindnucleotides and formshydrogen bonding interactionsith the following
amino acid residued-(gure43, top righd: Ala8, GIr10,Leull, Asp36, Asrb6, Val

70 and Al7. All but As¥b6 form hydrogen bonds with the ribose or phosphate
groups of NADPH, while A86 bonds with a nitrogen atom of adenine. There is also
an ionic interaction between the negatively charged oxygen atora phosphate

group and Ly§1172
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Figure43: 2D interaction map for NADPH (top left) and THFA (bottom right) generated in Disgd®tidio 2017
using PDB: 5UAN?

As shown irFigure42, the P5C mimit-tetrahydro-2-furoic acid(THFA) lies directly
below the nicotinamide portion of NADPH, a position where it is possible for hydride
transfer between the NADPH and P5C. The THFA forms hydrogen bonding
interactions between the carboxylate and &83 and Th283. Thf283 alsoforms
another hydrogen bond between the ethereal oxygen in THRgu(e43, bottom
right).172

Prdine hasseveralimportant roles within cells. It is essential for protein synthesis
and in turn influences the secondary structure of proteins, where it disrupts helicity
and produces kinks and turns. This is duelie tigidity of the Smembered ring
system!’3Prdineand its derivatives, such as hydroxyproline, are also the main amino
acids found in collagen, which is the most abundant strtadtprotein found within

the body. It also helps to maintain the redox balance of the cell in a process known

as the proline cycle which is outlined belowFigure44.17417
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Figure44: The proline cycle and the pentose phosphate pathway. The structures of the sugars are outlined in
Appendix 1

During this cycle, prolindehydrogenaséPRODH oxidises proline back to P5C in the
mitochondria, releasing a molecule of ATP in the process, which can go on to provide
energy for other cell processes. P5C then enters the cytosol, where it is then reduced
back to proline by PYCRa& cytosolic variant of PYCR™he proline is then taken up

by the mitochondria and the cycle begins again. The NAW&duced by the
reduction of proline can then be used as afaotor in the pentose phosphate
pathway where gluase6-phosphate (@-P) is converted to fructosé-phosphate
(F6-P), which is the starting material required for glycolysis. Ri#agskosphate (R

5-P) is an intermediate along this pathway and is essential for nucleotide syntffesis.
Furthermore, thigegenerates NADPH which can then be used in other cell processes.

All of the above processes contribute to cell survival.
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In healthy cells, these processe® dighly regulated and essential for maintaining
normal function. However, astatedabove, in many cancers the expression of PYCR1
has been found to be upregulated, which increases the amount of Pro available to
the cell and exacerbates these effeét&!1’&8|ndependent PYCR1 knock out studies

in both in vitro human prostate andung cancer as well as vivoxenograft human
breast cancer models indicated that removing PYCR1 results in phenotypic changes

within the cel|168178.181

In the prostate cancer cell studies, genetic knockout of PY@Rlachievedn two
prostate cancer cell linePC3 and DU145yvhich over expressed PYCHhe cell
lines were then incubated and the proliferation of the cells in comparisonnto a
unmodifiedcontrol group was measured by absorbance using an MTT &84ayhis
assay the tetrazolium salt is reduced by viablesdellthe formazan which absorbs

light at 595 nm as outlined below Figure45.182

)
J\ viable cells

Detectable Product
Absorbance = 595 nm

MTT MTT-formazan

Figure45: Format of the MTT assay showing the detectable prodgét
As shown irFigure46, the cells wheh were PYCR1 negative had lower absorbance
values which indicated that less cells were present in the well, suggesting that the

lack of PYCR1 was affecting cell proliferatiovitro.1’8
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Figure46: Cell proliferation data for both DU145 and FCprostate cancer cell lineshowing reduced cell
proliferation was present in the cell lines where PYCR1 was knocked®ut

This result was corroborated in a similar experiment from an independent group
using two lung cancer cell lines (SRCand H1703) which were also found to over
express PYCR%. Again PYCR1 was knocked out and the cell proliferation measured

by absorbance at 450 nm using a similar Y8SEsayprotocol as outlined below in

Figure47.183

NO,

N/N viable cells
\ Na* R
+ ‘N : 2 OMe HN °N Detectable Product
/CL /@,NcNJt@\ Absorbance = 450 nm
O;N

‘038 SO5

WST-8 WST-8-formazan

Figure47: Format of the WS®B assay showing the detectable produé

Like the prostate cancer proliferation studies, the lung cancer cells where PYCR1 was
knocked out showe lower absorbance than the control cellBidure 48), again
indicating that there were less cells present in the well and that PYCR1 was

responsible for the reduced cell proliferation.
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Figure 48: Cell proliferation @ta for both SPEA1l and H1703 lung cancer cell lines showing reduced cell
proliferation was present in the cell lines where PYCR1 was knockedbut

This observation was also replicatednirvivoxenograft breast cancer mouse models
in the SUM159-PT breast cancer cell line which was found to over express P¥CR1.
In this experimentPYCR1 wasocked out usingRISPRas 9 anthe cellsmplanted

into immunocompromised micé® The tumour volume was then measuredery 3

5 days. As shown Figure49below, the tumours comprising of the PYCR1 knock out
cells did not appear tancrease in size in comparison to the control grdéipAgain,
this suggested that the absence of PYCR1 was, in this casentmgube cells from

proliferatingin viva

Figure49: Data from thein vivoPYCR1 knock out tumour growth studies showing a reduction in tumour growth
in the cells where PYCR1 was knocked&¥t

With three independent studies indicating that knocking out PYCR1 reduced the
growth and proliferation of five different types of cancer cells this strosglyests

that inhibition of PYCR#&ould bea new oncology target
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