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| Abstract

Inhibition of the KeapANrf2 proteinprotein interaction (PPI) is thought to have therapeutic
LROGSYydAlrtf Ay aSOSNIrf RAaSFHaSa AyOfdzRAy 3 ySdzN
tFNJAyazyQas +ta ¢Stf | a @clicNRptidesprodide areresiidg RA & S|
scaffolds that not only display enhanced metabolic stabititit also induce conformational

rigidity that may maximisenteraction with the target. This project aims to develop
peptidomimetic inhibitors of the Keaplirf2 PPl using a portion of the natural binding

sequence of a ligand of Keapl and cyclising with apamtide linker

Chapter 2 discusses the solution phase synthesis of the linear tripeptid&I&ftr and
coupling to three alkyl chain linkers of diffegi lengths. The orthogonal protecting group
strategy used Boc and Bn groups on thé¢erminus and side chains respectively. The
Cterminal protecting group first used was the phenacyl group, however, due to difficulties
in its removal, this was changed the trimethylsilyl group. Following preparation of the
linear peptide, its cyclisation was performed using a variety of conditions, though challenges

with racemisation were encountered.

Chapter 3 details the solid phase synthesis of the linear peptide&R¥Thr-alkyl chain. This

was first attempted with a linker between the resin and the peptide which was then activated
to the labile linker benzotriazole, resulting in cyclisation under basic conditions. However, as
this method failed to yield any cycleptide, the peptide was synthesised on resin and
cyclised in solution. Once again this resulted in the formation of multiple products. Addition
of glycine to theGterminal of the peptide gave P+#BluThrGlylinker. This peptide was
successfully cyclige along with two analogues, and brief molecular modelling and NMR

spectroscopy studies were performed on these compounds.

Chapter 4 discusses the cyclisation of the linear peptide by formation of a variety of
heterocycles. These procedures were all bagpdn literature precedent and included the
preparation of 1,2,3riazolesvia click chemistry, oxidative diyne coupling, formation of a

1,3,4oxadiazole, and 1;8ipolar cycloaddition to give pyrazoles.

Chapter 5 dtails a catalystfree 1,3dipolar cycloddition of alkynes and stabilised diazo
compounds to give pyrazoles. The oxidising reagent TsNIK was used to prepare a variety of
h-diazophosphonateand were used to generate pyrazoles in both inttad intermolecular

cycloadditions, as well as strgimnomoted cycloadditions
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1. Introduction

1.1 Proteins and Their Interactions

Proteins rarely act alone, and their complexes assential forprocesses such as DNA
replication, DNA transcription, translation, signal transduction, ubiquitination, responding to
stimuli, and transportation of molecules. Consequently profaiotein interactions (PPIs)

are essential to cellular functiorDue to the importance of these interactions, many studies
have been conducted that investigate the structural aspects of these surfdtfels can be
classed as eithesbligate or norobligate (Figurel). Obligate or permanent complexes are
tightly bound, with fewer water molecules between the two surfaces, for example RNA
polymerase and haemoglob#iNon-obligate or transient PPIs associate and dissodmté/o

and therefore their lifetine is dependent on physiological conditions and modulators such as
cofactors? Non-obligate interactimsmay be transient or permanentwhereasobligate PPIs

are always permanerdnd are not found astable structures on their owim viva

Protein-Protein
Interactions

Non-Obligate
Transient (weak) Transient (strong) Permanent
Kg~10° M Kq~10° M Kg~10°M

Figurel. Transient and permanent proteiprotein interactiong

Studies have shown that the binding interface between proteins is large, typically
1500300042, compared to the interactions between small molecules and protein targets

that are in the range of 36Q000 &> However, interactions that are important for the

binding of two proteins are not evenly distributed across fitotein surface, instead specific
NBaARdzZSa 2N NBIA2ya RSSYainebdringisdalgbdessQ | NB
through which these hot spots can be investigated. By sequentially mutating the individual
amino acids in a protein to alanine, or alanine to glycine, theceff@ the binding affinity

can be investigated, thereby experimentally indicating the key binding residugss may

NBadzZ &6 Ay aLISOAFAO 1Se& NBaAARdIZSa 2N I Of dzad SN



common amino acids to appear in hot spots are tryptophan, arginine angita® Analysis

by Tsakt al.found that tryptophan and tyrosine were found equally both internally and on
the surface of proteins, and are found more frequently in protein interf&cEsis may be

due to the ability of these proteins to form multiple interactions. For example, tyrosine can
participatS  A-sfacking interactions, hydrophobic interactions, and hydrogen bonding
through the 4hydroxy group. Arginine can also form multiple interactions including a salt
bridge with its positive charge, a number of hydrogen bonds, and the delocalised
guanidnium motif can participate in hydrophobic interactiofsAspartic acid also appears

in hot spds, twice as often as glutamic acid, due to differences in side chain enttopy.

1.2 TargetingProteinProtein Interactions

As proteinprotein interactions play such an essential role in normal physiology, it follows
that disruption of these interactions may lead to the development of diseases, including
cancers and neurodegenerative conditidh€onsequently, PPIs have become an alternative
drug target to enzymes, ion channels and transportér$iowever, proteirprotein
interactions are notoriously difficult to target. The complexity and incomplete structural
knowledge of interactions makes the design of small molecules to inhibit this large surface
area challengig, compounded with the lack of binding pockets or grooves within the
surface®® PPIs are also highly interconnected; participating in a large number of interactions,
including hub proteinshat may have over 100 binding partnéfsThis along with the lack of
naturally occurring smatholecule binding partners results in a lack of natural starting points
for the design of potential modulator.Despite this, a number of inhibitors of PPIs have

recently been reported®?!®

1.3 Identification of PPI Inhibitors

In 1996, Lipinskiet ald NI LJ2 NI S2RF  (TKASD SWINH# KA OK  LINBRA O a
molecular weight greater than 500, more than five hydrogen bond donors, 10 hydrogen bond
acceptors and a calculated logP greater than 5 would have poor permeability and
absorption?° Compared to this, the suitability of small molecule inhibitors for PPIs is an
ongoing debate. Analysis Byvonenet al. of small molecules that bind to PPIs showed a
broad range in molecular weight of 2474 Da, a logP of 1.5, a range between one and

six hydrogen bond acceptors and up to three hydrogen bond doiditse diversity of these

properties indicates that the effectiveness of a modulator of a PPI depends heavily on the



target and the mode of action. Due to this comytg there are a wide variety of strategies

to identify PPI modulators.

1.3.1HighThroughput Screening (HTS)

{AyO0S {(KS S| hfoéghput cateening YHTSK had Kallowed for the rapid
identification of small molecule modulators of traditional driaggets. However, it is often
difficult to identify modulators of proteifprotein interactions in this way as the chemical
space of PPIs may not be significantly covered by these libraries, although is still a useful
technique for identifying starting pois. HTS hits for PPIs are typically active in the tow
sub-micromolar concentrations and are large, complex structures that lack the potential for
optimisation. Nevertheless, HTS has been successful in the identification of PPI inhibitors
with the discwery of nutlins as MDMP53 inhibitors, which led to the development of the
nutlin derivative RG7112]1, (Figure2) as a clinical candidate for the treatment of

leukaemia?®?

Figure2. Structure of thenutlin derivativeRG7112118.2324

By expanding screergnlibraries to include molecules of more complexity may help to
improve the hit rates of HTS for PPMajmudar et al. investigated both commercial
compound libraries and natural product libraries to identify a coactivator of CBP/p300
inhibitors. There wez no hits obtained from the 5000 commercial library, however, three

were identified from the natural product librasy.

1.3.2Fragment Based Drug Design (FBDD)

Fragment screening had been shown to be an effective against targets such as PPIs that were
LINBGA2dzaf e GK2dAKG 2F | a WdzyRNMzZZ3l6fSQ | yR



between the hotspots of a protein and fragment binding sité$’ By screening low
molecular weight fragments the likelihood of find a hit is increased compared to larger
and more complex moleculé&As FBDD produces moderate to weak binders, typicaiis

to 1 uM, a number of highly sensitive technigues have been developed to detect any weak
hits. Nucleamagnetic resonance (NMR), mass spettetry, Xray crystallography, surface
plasmon resonance (SPR) and isothermal calorimetry (ITC) have been used to successfully
validate fragment hité**2FBDD has several advantagesrd¥&S, including a higher hit rate,

but also because fragments can be used to bind to multiple different hot spots and then
linked together to form complete molecules. However, using FBDD to target PPIs does have
some challenges. A relatively large amowfitpure, soluble protein isequired, and the
screening involves expensive equipment. Fragment optimisation often begins with the
experimental determination of the binding mode and so it is difficult to apply to PPIs where
the structure has not been eluatkd, limiting the scope of the technigifélt has also been
shown experimentally that proteins may undergo conformational changes upon binding of a
fragment. Reest al.investigatedhe maximal protein movement from 25 fragment screens.

A maximal protein movement of greater than 5 A was observed for more than half the
fragments screened, emphasising that fragments are capable of causing an induced fit in
proteins3* Optimisation of a fragment from a hit to a lead compound may also cause
deviations in the key binding interactions and so developing suitable linkend Bnsarea

that needs to be investigatetf. Despite these limitations FBDD remains one of the most
promising approaches to targets such as PPIs; one of the most successful applichtions o
FBDD to PPIs was the discovery of navito@afgigure3), a potent inhibitor of Be2 family

proteins in phase Il clinical trials for the treatment of canter.

Figure3. Structure of Mvitoclax,23¢



1.3.3Computational Approaches

Computational screening methods are a high throughput ambsteffective way of
identifying initial hits for druggable targets. Databases are freely available for purchase, with
suitable properties such as good stability and aqueous solubility, absence of toxic or
unwanted groups and can also be focussed on compounds with the desirable functional
groups for interaction with a target. Virtual screening can be divided into two main groups,
ligandbased screening and receptbased screening. Ligandbased screening uses 2D or
3D structures that are kivan active ligands of a target protein to select other compounds of
interest by common substructure or pharmacophore for lead identification and optimisation.
Receptofrbased screening docks a library of compounds into the binding site of a target to

predictprotein-ligand interaction geometries and binding affinity.

1.3.4Rational Design

Due to the problematic nature of small molecules binding to such a large interaction surface,
it follows that medium size inhibitors of molecular weight betwe&902000 Da could be
more effective in targeting PPIs. Of the compounds of this size, peptides are the most widely
a0dzRASR® 5SaAdyAay3a aol F¥2ft Ra GKF{G Meliced O GKS
I -sheets and reverse turns, has been the sgbpf much researcfh -Helices are the largest
class of secondary structures of proteins and have a significant ra#lis. The binding
energy for the interactions of-helices is largely due to hydrophobic residues of the side
chains on one face of d@nhelix, however, once removed from the protein a peptide rarely
retains its biologically relevambnformation3® A number of approaches exist to stabilise or
mimic anh -helix, including helix stabilisation by including hydrogen or electrostatic bonds at
select positions, introduction ¢f >disubstituted amino acids, or covalent approaches such
as introducing la@m or disulfide bridge$** Another strategy to retain helical
conformation is peptide stapling. In 1998, Grubbs published his olefin metathesis catalyst
that allowed crosdinkages betweerO-allyl serine residues, intratting a carbostarbon
constraint into the peptide $chemel). Diene3 was reacted with Grubbs catalyst in
chloroform to yield the 2dnembered macrocycld as a mixture of isomers in 85% yield.
Hydrogenation of compound using 10% Pd/C then gave the saturated macrocydie

excellent yield*



NHBoc NHBoc NHBoc

e 20 mol% Grubbs 10 mol% Pd/C
X0 [(PCy3)2CRU=CHPR] o™~ 1 atm. H, o
CHCl; _ L EtOH _
85% 98% o)
/\/O (@]
5

CO,Me CO,Me CO,Me

Scheme 1Grubbs synthesis of peptide macrocycles

Grubbs faild to show evidence of improving helical stability through this methéetrdine

et al. published the rutheniuntatalysed ring closing metathesis (RCM) of olefin containing
non-natural amino acids across both one and tiwhelical turns®® By screening multiple
configurations of crosslinks which differ in length, point of attachment and stereochemistry
they were able to determine whbh configurations were stabilising and those which
destabilise the helix. This linking of roatural amino acidsanleadto changesn peptide

cellular penetration and affinit§?

Mimics ofi -strands are less common as they typically participate in hydrophilic amide
backbone hydrogen bating interactions that characteristically bind to flat protein surfaces
and are often used to link two hydrophobic hot spots together. These structures also have
high flexibility and so efforts have been put into increasing rigidity by conformational

restraint.

1.4 The KeapANrf2 Signalling System

The PPI targeted in the project is the Kedyri2 interaction. The KeapdNrf2 signalling
pathway is considered one of the most important ways a cell combats oxidative stress
through the negative regulation of thteanscription factor known as nuclear factor erythroid
2-related factor2 (Nrf2)*" Nrf2, often referred to as the master regulator of intracellular
antioxidant responses, controls the expression of multiple detoxification enzymes including
those involved with glutathione production, regeneration and utilisation as well as NADPH
production.*® Upon exposure to oxidative stress, Nrf2 translocates to the nucleus where it
can bind to an antioxidant response element (ARE) which leads to the expressiogrogsnz
involved in the antioxidant response. Under resting conditions, the intracellular levels of Nrf2
are controlled by the protein Keapl that constitutively degrades it uetictive oxygen

speciesRO$interfere with this pathway, resulting in the acoulation of intracellular Nrf2.



1.4.1 Requlation of Nrf2

Keapl, also known as Kelitke ECHassociated protein 1, acts as an adaptor for the
proteasomal degradation of Nrf2 by the E3 ligase @dBcatalyses the formation of a bond

between Nrf2, and biquitin, therefore signalling for its degradatiofigure 4).495°

Figured. Scheme representing the structure of Keap1l (far I&ib)y it dimerises through its BTB
domain and binds to Cul3. The binding of Nrf2 is also represented through its high and low affinity

domains Image used with periasion®!

For Keapl to sequester Nrf2 it must bind to Cul3 as a dimaéts BTB domaif? Although

the full structure of the Keapl protein is yet to be elucidated, the structure canieed

into five main domains: an-&rminal domain (NTD), a Broad complex, Tramtrack and Bric

a-Brac (BTB) domain, an intervening region (IVR), a double glycine repeat and Kelch domain
(DGR), and a-terminal region (CTRY Whilstthe BTB region is involved in the interaction

with Cul3, it is the Kelch domain that binds Nrf2 remvalentlythrough two subunits with

differing affinities®*¢ KS WEXAKA G Q NBIA2Y 2F bNFH -O2y il Ay
TheGlyDf dz 69¢ D90 | yR (KS Wi 2leuQyIDLE)yardiiee twNBE I A 2y
L2 NI A2ya | NB -Relgaldedidn doBténing seveh lysine resid(figured).* It

is these lysine residues that ubiquitin binds to in order to signal for degradation of Nrf2.

The presence of two regis in Nrf2 with different binding affinities has been termed the
WKAY3IS YR fFGOK Y2ZRStQ gKSNBo6e (GKS KAIAK | FF
the Nrf2 protein to Keapl and the low affinity DTG sequence acts as &3aiuis mechanism
demonstrates that although both sites need to bind for ubiquitination of2Np occur,

inhibitors that block binding of the DLG domain are effective enough to prevent degradation

of Nrf2 whilst the ETGE domain remains bo&hd@his allows newly synthesised Nrf2 to

accumulate within the cell.

1.4.2 Crystal Structure of the Binding Site

The crystal structure of the binding site of Keap1l to Nrf2 has been eluciéfatéis domain,
known as the Kelch domain, forms a cylindrical structure comprised of smctliateas of
FyGALI-IN&E S S Sa F-@dpaiiér stractureFigures).5” Each propeller is comprised



of four twisted antiLJ- NJ- {stfadt, with theG and N-terminal ends closing the ring
structure through hydrogen bonding with the neighbouring propeller (Figr®verall the
Kelch domain has a negative charge but the surface and the binding domain at the bottom

of Keap1 is made up of mostly positive chartfes

Figureb. Crystal structure of the Kelalomain of Keapl which has a cylindrical structure made up of
six domains (labelledVI) comprising ofouri -sheets(labelledA-D on blade Y. TheN- andG
terminal ends close the structure through hydrogen bofidbelled N and C respectivelyigands
for Keapl bind to the bottom portion of the Kelch dom&@tDBLUGD) Image usd with

permission®®

bNFH 60AYRa (2 GKS YSI Lm (K N&Raiginconforinatiortttatk H R 2 Y
is stabilised byintramolecular hydrogen bonds. This region is made up of the sequence
Asp77, Glu78, Glu79, Thr80, Gly81 and GIeB2 with three hydrogen bonds that are

between the amino group of GBA and the carbonyl of Asp7, the amino of GW79 and the

carboxyl goup of Asp77, and the amino group of GBR2 and the hydroxyl group of T80.5’

Binding of Nrf2 to Keapl is preserved through a network of hydrogen bonds between the
ETGE and DLG domains of the Nrf2 sequencelenéelch domain. The key amino acids
within the Kelch domain are As382,Arg-380, Set363,Ser602, Sets08,Arg483, Argdls,
GIn530, Tyr334 and Seb55 which form 13 hydrogen bonds with the Neh2 fragment
peptide ETGE domaiifrigure6), whilst the DLGnotif forms nine(Figure7).>” Additionally,

from the crystal structure it can be seen that the ETGE peptide is further embedded into the
binding site than the DLG maotif, with GI® of ETGE sitting much further into the pocket
therefore Sa dzf GAy 3 Ay (GKS &0GNEPRy 3SNPMutagehesis/stidiea T G KS
have shown the two glutamate residues, G and GIeB2 of ETGE, to be essential to
binding to the Kelch domaif? The side chains of these residues form electrostatic
interactions with multiple residues in the binding site including three key amgirésidues.

The remainder of interactions of ETGE with the binding domain are from the backbone

carbonyl and amino groups.
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Figure6. Backbone and side chaiydrogen bondg¢dashed lines) from thETGE region of thérf2
peptide (pink) toKelch domain residues of Keap1 (yell&iv)
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Figure7. Backbone and side chain hydrogen bonds (dashed lines) from the DLG region of the Nrf2
peptide (pink) to Kelch domain residues of Keap1 (yelfw)

1.5 Disrupting the NrfZKeapl Interaction

Numerous natural and synthetic small molecules have been studied for their effect on Nrf2
activation. However, these compounds act indirectly, inhibiting Keapl by reacting with
cysteine residues away from the bindisige, resulting in a covalent modification of Keap1.
The development of direct inhibitors of the protepmotein interaction of Keapl and Nrf2
that circumvent the toxic offarget effects of these indirect inhibitors has progressed rapidly,
with in vitro potencies of lead small molecules showing promising activities for the
progression intoin vivo studies®® However, the development of drdgke PPI inhibitors
remains challenging, making it ever more critical to explore new techniques to improve

therapeutic potential.
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1.5.1 Small Molecule Inhibitors

By using tl data obtained from the crystal structure of the Kelch domain, virtual libraries
can be employed to screen large numbers of compounds before medicinal chemistry analysis
2T Fye WRThénmrbermRaipglids screened can be reduced by the production

of a focus library that uses information collecttdm the Keapl crystal structure, such as
using a species that has the capacity to become negatively charged due to the nature of the
binding site existing as largely positive. Binding of any hits may then be analysed using assays

that have been developeand structureactivity relationship studies may be performed.

Several compounds have come from this method of higbughput screening (Figur@®).
One example is LH60BAvhich had an initial Kgof 3.0 uM®2 Experiments were alscarried
out using glutathione to mimic the cysteine residues of Keapl. During these experiments
there was no decomposition or reaction of the thiol present showing that compound LH601A

was the first small molecule to directly inhibit the Kedpd2 binding interactio.®®

Also generated from assay screening of libraries, compoiradsl 8 (Figure8) were found
to have I1G of 118 uM and 2.7 uM respectively These molecules were confirmed bind
to the central cavity of the Kelch domain through a protpiotein interaction by labelling
nitrogen atoms of the key arginine residues, 4, Argd83 and Are80, and monitoring

changes in their resonance frequency due to a change in ¢teitronic environmen$*
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Figure8. Structures of some small molecule inhibitafsKeap1to come from screening of libraries

of lead compound$§6°

1.5.2 Peptide Inhibitorof Keapl

Nrf2 binds to Keapthrough two domains known as ETGE and DLG. It has been demonstrated
that peptides that mimic these sequences can bind to these domains and inhibit the action
of Keap1®® Peptide sequences that mimic the DLG domain are found to bind with low affinity
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and will therefore dissociate easily and are ineffectivardtibiting Keapl. Peptides that
mimic the ETGE domain have been found to bind Keapl1 with higher affinity within the range
of an 1Gy of 0.2575.38 uM®®

In 2012, Wellgt al. screened a series of peptides based upon proteins that are knoalsdo

bind to KeapZ° Besides Nrf2, Keapl can also interact with other intracellular proteins such
as sequestosomé or p62, andprothymosinh. Prothymosinh and p62 bind to Keapl
through a single bindingjite, and in the case of p62 through its Keaptkracting region (KIR)
which resembles the ETGE motif of Nrf2. Isothermal calorimetry and luciferase reporter
assays showed that sequences derived from p62 may comipetezowith the Nrf2 DLG
motif. A parial peptide sequence of the KIR of p62;BRSTGERQH (residues 34353) was
shown to have an kgof 34.4, which is comparable to that of the DLG motildR (Tablel,
BFGNE MOP a2RATFAOIGAZY 2F dRABQESIp&SeBI & DAY
residue with glutamic acid, significantly improved the binding affinity byf8@f) giving an

IGo of 0.115uM (Table 1Entry 2). Peptides that also showed improved binding from the
original sequence were the phosphoserine derivatiVakle 1Entry 5), and two peptides

that had replaced leucine for more branched side chain amino ataée(1,Entry 3 and 4).
However, these peptides were still less active than the glutamic acid deriv@ia®e 1,
Entry2).

Entry Sequence 1Go+ SE iamol/L)
1 AcDPSTGEDH 34.4+9.4
2 AcDRETGEIOH 0.115+0.013
3 AcDRETGEOH 0.144+ 0.018
4 AcDHRETGE-~OH 0.236+ 0.024
5 AcGDPRS(pTGEOH 3.97+0.47

Table 11Go values for the binding of p62 derived peptides to the Kelch prdi&in.

SE = standard error

This work was continued in 2013 with the development of peptide inhibitors of Keapl with
modified G and N-termini to reduce the overall charge and increase the lipophilicity of the
molecule®® Modifications of the original sequence, BPSTGEDH, included replacement

of N-terminal aspartic acid to asparagine, and replacing@erminal " -carboxylate with a
carboxamide, as well as replacement of B&erminal glutamic acid with glutamine gble

2). The binding of these peptides was studied by fluorescence polarisation (FP) assays where
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the peptides compete with a fluorescein labellecépbide. Changing theGterminal
carboxylate to a carboxamid@dble 2 Entry 2) lowered the binding affinity of the peptide,
and the same occurred upon replacement of tNeerminal aspartic acid to asparagine
(Table 2Entry 3). Combining both modificiains into the peptide reduced the binding affinity
by a further order of magnitudeT@bk 2,Entry 4). Replacement of th€&terminal glutamic
acid, which forms fewer interactions with Keap1, with glutamine also resulted in poor binding
to the Kelch domaikiTable 2 ntry 5). Substituting théN-terminal acetyl group with benzoyl
and stearoyl groups introduced more lipophtljcinto the molecule(Figure9). Addition of
the benzoyl groupTable 2, Btry 6) resulted in retention of activity, and introduction of steric
acid resulted in Sold greater activity than the original peptid&gble 2ntry 7). Performing
the same alterations to the steric acid conjugates decreased the activity of the peptides w
compared to the equivalent acetyl peptide$able 2, Entries 8 and 9). The steric acid
conjugated peptidewerealso able to show micromoland nanomolaactivity in celbased
assays and therefore may be used as kel molecules for the developme of

peptidomimetic inhibitors of Keap{Table2, Entries’-9).

H H
N N_ _CHy(CH,)15sCH3
e T : ke T

Figure9. Structures of the benzoyl (left) and stearoyl (rightterminal groups

Entry Sequence FP 16 £ SE (iM/L)

1 AcDRETGELOH 0.115+0.013
2 AcDPETGENH 0.634+ 0.064
3 AGNPETGEOH 0.875+ 0.082
4 AGNPETGENH 8.33x1.12

5 AGNPETQL-OH 68.9+ 15.2

6 BzDPETGEQH 0.159+ 0.017
7 StDPETGEQH 0.022+ 0.003
8 StNPETGEOH 0.272+ 0.029
9 SENPETGENH 3.71+1.14

Table 2 1Govalues for the binding of p62 derived peptides to the Kelch protein using an FP&ssay.

SE= standard error, St = steroyl group, Bz = benzoylgro

Luet al. have studied the effect of head-tail cyclisation, using the optimised template

peptide AecLDPETGERH®’ A molecular dynamics (MD) simulation was first performed in
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order to direct the synthesis of peptidelstom these studies it was shown that this peptide
adopted a conserved binding pattern similar to those of other Ed@iEaining peptides.
However, direct headio-tail cyclisation of this peptide would have resulted in affected the
conformation of the keyinding residues and so additional residues were required. As the
N-terminal of the peptide was much shorter than titerminal, residues were added to
ensure a consistent length of the two antiparallestrands. A glutamine residue was added,
allowing br the introduction of glycine as a flexible linker, resulting in the cyclic peptide
(c[GQLDPETGEFL]). MD studies of this peptide showed it interacted with Keapl in a similar
manner to the A DPETGERH peptide(Figurel0). The potency of these peptidealong

with the linear AeGQLDPETGEBH peptide, were then tested in an FP assay. The-teead

tail cyclic peptide gave ind{®f 18.31 nM, which was more potent than its linear equivalent
that gave an 1§ of 63.15 nM.Cellular activation of Nrf2 was tested using the Nrf2/ARE
luciferase reporter assay, with the linear peptide showing only weak binding even at the
highest concentration (10uM). In contrast, the cyclic peptide showed a notable
concentrationdependent incease in luciferase activity upon treatment with the peptide,
suggesting that the peptide substantially enhanced the activation of the AR system in

the cellular level.
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FigurelO. Interaction model othe cyclic pefide (c[GQLDPEIEFL]jpink) with Keapl (yellow)

showing it binds in a similar mannertiee native Nrf2¢”

Inorder for these peptides to be tested for their inhibitory effect on the Kebipf2 PPI, they
first needed to be synthesised. In this projebbth solution phase and solid phasethods
were used for peptide synthesisalong with a number of different macrocyclisation

techniques Herein, these synthetic procedures are briefly discussed.

1.6 Chemicabynthesis of Peptides

Amino acids combingia a condensation reaction to form peptides and proteiRgptide
coupling reactions involve the attack of an amino group of one entity to a carbonyl group of
another. In chemical peptide synthesis thisshcommonly occurs from th€terminal end

of the peptide and proceeds towards tieterminal end. However, in living organisms this
occurs in the opposite direction. The formation of a peptide bond involves two steps,
activation of the carboxyl group ohe residue followed by nucleophilic attack of the amino
group of another residue. The activated form of the acid may be stable, such as an active
ester, have intermediate stability, such as an acyl halide, azide or anhydride, or be a transient

intermediate, that immediately reacts with a nucleophile originating from the other
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reactants. The amide bond is formed when the amino group of the amine reacts with the

activated acid.

To activate a carboxylic acid, coupling reagents are used. The choice of coepiiegt is

often critical to the outcome of the reaction, as amides with a wide range of chemical groups
and reactivities ardormed, for example, when building a library for medicinal chemistry.
Another important feature of a coupling reagent needs to thee minimisation of
racemisation during the reaction. This epimerisation usually occurs when the terminal acid is
activated, leading to the formation of an oxdaoe 9 that under basic conditions forms the
conjugated anionic intermediat&0 (Scheme?). The resulting oxazolone then reacts with a
nucleophile leading to the racemisation of the chiral centre. Therefore, peptides are usually

synthesised fronthe N-terminus and mild activation conditions are needed.
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Scheme. Racemisation during amide coupling

1.6.1 Peptide Coupling Reagents

1.6.1.1 Carbodiimides as Coupling Reagents

Among the most widely used coupling reageiotsamide bond drmationare carbodiimides.
Carbodiimides have the core structure 6NRC=NR and were the first coupling reagents to
be synthesised. Dicyclohexylcarbodiimide(DCCFigurell) has been usedince 1955 and

is still widely used for amide and ester formatf®nThe synthesis of an amide using
carbodiimides is relatively simple, howeyseveral side reactions are possible. The first step
involves the formation oO-acylurea from the reaction of DCC and the carboxylic acid, and
this intermediate can react to form several products. The intermediate can react directly with

the amine to fam the amide. The bproduct from this reaction is dicyclohexylurea (DCU)
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that is insoluble in most organic solvents and water and is therefore easily removed by
filtration. The second possible product involves the rearrangement obtheylurea to form

the stableN-acylurea as a main undesired product. The third is the formation of the
carboxylic acid anhydride that may then react with the amine to form the desired amide
product. Since in some cases traces of the DCGPrdguct are difficult to remove, dter
carbodiimide reagents have been developed, including diisopropylcarbodiibifi2iC) and
N-ethyl-b gB-dimethylamino propyl)carbodiimidé6 (EDC), that has a watsoluble urea

by-product that can be removed upon work (@igurell).

N=C=N N=C=N N=C=N CI@
)~ .
NH ®
\
DCC, 14 DIC, 15 EDC, 16

Figurell. Structures of DCC, DIC, EDC

Additives such aN-hydroxy derivates (Fige 12) are used to increase the efficiency of these
reactions. Koenig and Geiger first introduced théytiroxy1H-benzotriazolel7 (HOBt)
additive to improve yields and decrease the amount of epimerisation within reacifons.
HOBt supresses the formation of thdacylurea and also protonates th®-acylisourea
preventing the rearrangement and shifting the reaction towarthe formation of
corresponding active esters that stabilise the approach of the awienbydrogen bonding.

In 1994 a related compoundtydroxy7-azabenzotriazold8 (HOAt) was reported® HOAt
showed improved reaction rates and lower degrees of epimerisation than HOBt due to the
nitrogen atom at the #osition of the benzotriazole. This nitrogen is ¢élen-withdrawing

and therefore provides a better leaving group, improving the reactivity. It was also shown by
Bienertet al. that the neighbouring group effect inHOALt increases the reactivity and
reduces the loss of conformational integrity significantly when compared wiO&t21,
5-HOAt20 and 4HOAt19.™

N

O O O Oy UL
N N N , N__~ ’

’ ’ P4 N

N/ N/ N\ / N\ N\ |
OH OH OH OH

HOBt, 17 HOAt, 18 4-HOAt, 19 5-HOAt, 20 6-HOAt, 21

Figurel2. Structure ofN-hydroxyadditives
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The most recent additive ethicyano2-(hydroxyimino)acetate or Oxyn#? (Figire 13) is

a safe and efficient reagent used in carbodiimide peptide coupfiigsupresses base
catalysed side reactions including racemisation more effectively than both HOBt and HOAt
and also showed improved coupling efficiency.oBaletry studies demonstrated a lower

risk of explosion when compared to the benzotriazole compounds, as both HOBt and HOAt

exhibit explosive propertie&.

Figurel3. Structure of Oxyma

1.6.1.2 Phosphonium and Aminium/Uronium Salts

Uronium 23 and aminium 24 (Figure 14) peptide coupling reagents based on the
benzotriazole additive4d7 and 18 are also commonly used. These include reagents such as
1-[bis(dimethylamino)methylenel H-1,2,3triazolo[4,5b]pyridinium-3-oxid hexafluoro
phosphate (HATU) and  2-(1H-benzotriazoll-yl)-1,1,3,3tetramethyluronium
hexafluorophosphatg HBTU).Coupling reagents based on uronium salts were originally
reported as theO-isomer though it was later determined byray analysis that their true

structure was that of the guanidio salt”

23 24
Figurel4. Structure of the uronium (leftandaminium (right)isomers

These reagents are capable of forming the same active ester as in the carbodiimide reactions
and differ only in the rate of the initial activation step. In these reactions timing of addition
of reagents and the order of addition are crucial as a commoa dction involves the

amine reacting with the coupling reagent to form a guanidiniurplyduct26 (Schemes).
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Scheme8. Formation of the guanidinium bgroduct26

The use of phosphonium salts as coupling reagents was first reported by @aalne 1969
however, they were only widely adopted after studies conducted by Castro and Coste who
introduced (benzotriazold-yloxy)tris(dimethylamino)phosphonium hexafluotugsphate

27 (BOP, Figure 15) and (benzotriazold-yloxy)tris(pyrrolidino)phosphonium
hexafluorophosphate28 (PyBOP, Figuré5) respectively®’® BOP is a commonly used
reagent in peptidesynthesis, however, its coupling liberates hexamethylphosphorotriamide
(HMPA) which is classified as a human carcinogen. This led to the development of PyBOP that

retains the rapid coupling of BOP but results in less harmfglrbgiucts.
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Figurelbs. Structure of BOP and PyBOP

Phosphonium salts react with the carboxylate and therefore a minimum of one equivalent of
base is required. The mechanism of the reaction involving the acyloxyphosphonium salt has
been proposed by several authors including Kim and Patel who reported thst t
intermediate can exist at20 °C when BOP is used in the absence of excess HOBt.
Conversely, Castro and Dormoy suggesteddpéies is unstable even at low temperatures
and immediately undergoes a reaction with carboxylate ions present to form the anhy@ride.
Alongside this Coste and Campagne theorise that this intermediate is highly unstable and
undergoes conversion to the active estétn spite of this, it is widely accepted that when
phosphonium salts containing nucleophilic derivates are used the active species is an ester.
An advantage of phosphonium salts ovéhe aminium/uronium salts is that the

phosphonium does not react with amine preventing guanidylation.
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1.6.1.3 Organophosphorus Reagents

In 1972, Yamada introduced the mixed carboxghosphoric anhydride method to peptide
chemistry using diphenylphosphoryl azid® (DPPA Figure ¥), synthesised from
diphenylphosphorochloridate and sodium azideDPPA is an effective peptide coupling
reagent that shows little racemisation in reactions and is also inactive to the functional
groups present in serine and threonine, asparagine and glutamine, histidine, tryptophan,
methionine, and itroarginine® Consequently, peptide couplings involving these functional
groups proceed without any side reactions. In 1979, Vebet reported a simple procedure
that allows rapid isolation of cyclic peptides using DPAReptides with varying ring sizes
were synthesised in amounts up to 50 g, and subsequently DPPA has been used frequently
for lactamisation & macrocyclic peptided={gure16). The highly potent cyclic hexapeptide
analogue of somatostatirB0 was synthesised using solutigpmase peptide synthesis.
Cyclisation was achieved using DPPA and soljuitogencarbonate as a base afQ in 77%
yield, followed by deprotection to giv@0in >99% purity in batches of 4D g% DPPA was
also used for macrocyclisation of the natural produ&, @R)-antillatoxin31in 63% yield and

the K13 precursoB2in 60% yield8

OH

31

Oan

anN

32

Figurel6. Cyclic peptides obtained by macrolatamisation with DPPA. Bonds in red show the

cyclisation point.
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Modification of DPPA has led to the development of analogues such as diethyl
phosphorocyanidate33 (DEPC) as well as thiophosphityipe coupling reagents including
MPTA34 and MPTQ35 (Figurel7) 88 MPTA is crystalline and stable for long term storage,
yet side reactions associated with azide and DPPA methodigding the formation of
carbamoyl azide and wurea derivatives could not be avoided. Therefore,
3-dimethylphosphinothioy2(3H}oxazolone (MPTO) was syntleesi and successfully

avoidedthe side reactions specific to the azide method.
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Figurel?. Structures oDPPAZ9), DEPC33), MPTA34), MPTOZJ5)

1.6.14 Triazine Coupling Reagents

1,3,5Triazines have also been successfully used as coupling reagents. The highly reactive
2,4 ,6trichloro-1,3,5triazine36 or cyanuric chloride, is produced in the millions of tonnes per
year and is amongst one of the lowest priced reagents. The higttivita of 36 creates
difficulties when used in the synthesis of multifunctional compounds. However, the presence
of three chlorine atoms makes it an interesting template for the attachment of a chiral

auxiliary.

Further studies by Kaminski showed thatbstitution of the chlorine atoms 086 with
methoxy or phenoxy groups changed the reaction with carboxylic 8cRather than the

acyl chloride the reetion gives the intermediate87 that under further treatment with
amines or alcohols gave the corresponding amidesemtels Gchemed). Preliminary results
showed the substituents on the triazine ring affected the acylating ability3%f The
reactiviie RSONBI aSR adl NIAy3I FNRBRY - T /f2 QT

reactive giving esters and amides inJ8% yield.
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Schemet. Substitution of the chlorine atom @&6to control reactivity X - Q I /3 haSZ

The reactive Zhloro-4,6-dimethoxy1,3,5triazine 39 (CDMT) analogue has been widely
used in peptide synthesis and has shown to be a useful reagent in terms of statnikity,
reaction conditions and coshN-Methylmorpholine (NMM) is typically used as the base in
coupling reactions with CDMT, with an inert solvent such as dichloromethane, acetonitrile or
tetrahydrofuran, and under these conditions low levels of racemisafixb%) are typically

observed®

The triazine 44,6-dimethoxy1,3,5triazin-2-yl)-4-methylmorpholinium 40 (DMTMM,
Schene 5) derived fromthe reaction of CDMT and NMM can also be used for the synthesis
of amides®® The advantage of DMTMM is that it enables a -o¢ condensation of
carboxylic acids and amines in protic solvenish as methanol or water as well as a variety

of aprotic organic solvents. The-pyoducts of the reaction are highly watepluble and are
therefore easily removed upon washing with water. Tahil. investigated the levels of
racemisation when DMTMMsiused for the coupling of-dhethoxybenzyloxycarbonyl
(Z(OMe)Gly-L-Ala-OH and H.-Phe OBzl in various solvent$No racemisation was obsved

in ethyl acetate, THF, DMF or acetonitrile and slight racemisation (<2%) was seen in

dimethylsulfoxide, methanol and ethanol.

N&N NMM, THF NK\N
L 100% - L

CDMT, 39 DMTMM, 40
Schemeb. Reaction of£DMT to form DMTMKA

DMTMM 40 has also shown to be the preferable coupling reagent in cases such as for
sterically hindered amines. Shiehal. the use of DMTMM for coupling of sterically hindered
peptidomimetics compared to other coupy reagents such as CDNY, HBTU/HOBt and
BOP! In the reaction showmelow (Schera6) DMTMM gave the desired peptid& in 97%
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yield, with<1% of the diastereomed4 and 2% of theN-arylated product45. In contrast,
CDMT gave only 25% yield of the desired prodiscand 75% o#4 and HBTU/HOBt gave
75% vyield o#43 and 25% of the diastereomdd. BOP, a reagent wekhown for supressing
racemisation with sterically hindered amines gave 1.5% racemisation, comparable to that of
DMTMM, however, a lower yield of desired prodd& of 94% was observed as 4% of an
unidentified byproduct was found. These results were repeated with other sterically

hindered amines demonstrating DMTMM as a versatile reagent.
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Schemeb. Coupling o41 and42 with a variety of coupling reagents to compare racemisatfon

1.7 Solid Phase Peptide Synthesis

Solution phase peptide synthesis saccessful in the synthesis of short chain peptides,
however, as the number of amino acids increasi#$iculties with solubility and purification
becomechallenging. The synthesis of larger and more complex peptides has been made
possible by the evolutio of solid phase peptide synthesis, first introduced by Bruce
Merrifield in 1963% The process works by atthing the first amino acid in a chain to a solid

polymer through a covalent bond, followed by the addition of the subsequent amino acids
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one at a time in a stefvise manner, before removing from the solid support when synthesis
is completed. While the pefute is attached to the insoluble solid polymer it can be filtered
and washed free of any reagents orfoducts, thereby avoiding the large losses which are
normally encountered during isolation and purification of the intermediate peptides. This not
only simplifies the synthesis of long chain peptides but also shortens the amount of time

required to synthesise them.

The strategies that have been developed for solution phase peptide synthesis can be adapted
to solid phaseHowever, it does also present 5@ new challenges. Theterminal of the

first amino acid is attached to a resin and protecting groups are required fdi-teeminal

end as well as any side chain groups. The two most widelyNiseeininal protecting groups

are thetert-butoxycarbonylBoc) group that is removed by acids, such as trifluoroacetic acid,
and the fluorer9-methyloxycarbonyl (Fmoc) group that is removed by bases such as
piperidine. The Fmoc group is the most commonly usdédrminal protecting group used in
solid phase synttas as it can be removed under milder conditions. The Fmoc group can also
be used to monitor the coupling of amino acids by simple UV spectrophotometry analysis.
When deprotected with 20% piperidine in DM& known quantity a dibenzofulvene
piperidine addet 46 (Schemey) is formed that has a unigue UV absorbance at 301 nm. The
loading of the amino may then be calculated using this absorbance and that of the same

piperidine solution used for deprotection.

Scheme 7Fmoc deprotectioimechanism
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Polystyrene is the most common resin used in solid phase synthesis and most of these
supports contain 2% divinylbenzene (DVB) as a cHirdgng reagent. These resins are made

up of small beads of one of two sizes100-200 mesh (78.50 microns) and 26800 mesh
(3575 microns). The swelling of this polystyrene material is key step in solid phase synthesis
as it affects the diffusion and accessibility of the reagents into the core of the polymer,
thereby influencinghe reaction efficiency. The swelling factor is dependent on the type of
resin and the solvent used. The swelling factor of 1% DVB-lin&ss resin is typically-6

times in dichloromethane, THF or toluene, four times in DMF, two times in acetonitrile o
ethanol and no swelling in water. Conversely, 2% DVB-tinkesl resin swells only-2 times

in dichloromethane. Merrifield observed that the swelling was highest in dichloromethane,
however, it is not compatible with piperidine, used for Fmoc deprotestdue to the
formation of piperidine hydrochloride. Therefore, when a polystyrene resin is used,
dichloromethane is typically used at the start of the synthesis and is sometimes used as the
cleavage solvent. DMF is classically the solvent used fordeeptiuplings in solid phase

synthesis®

A resin is composed of this polymeric solid support and also a linker that facilitates the
temporary anchoring of the first amino acid to the solid support. A linker shoeildble to
immobilise the first amino acid in high yield, be stable to the reagents used in synthesis, and
have a high yielding cleavage of the peptide without leading to the formation of unwanted
by-products. Most linkers use acidic conditions for cleavand release the peptide as
Gterminal acids and amides, the most common examples being the Wiangd Rinkamide

48 linkersrespectively (Figuré8).
OH NH;
OMe
Wang Resin, 47 Rink Amide Resin, 48

Figurel8. Structures of linkers

There are several specialised linkers that have been developed that can release the peptides

as esters, thioesters or secondary amines. First introduced by Kenner in 1971, safety catch

linkers are stable to a large range of reacttmmditions and are activated and made labile at

the end of a synthesis, releasing the peptide from the résSy y SN & &G NJ GS38@

N-acylsulfonamidés0 that is stable to acidic and basic conditions. Activatiob®through
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reaction with diazomethanegives anN,N-methylacylsulfonamidésl that can be cleaved
with aminolysis, hydrazinolysis, or saponification to yield primary amides, hydrazones or

carboxylic acideespectively $cheme 8

o
o) 0 \>_R o) >_R
1 Acylate Il Activate 1l
‘S_NHZ —_— S—NH —_— S—N
Il I TN
(e} o

49 50 51

Scheme8Y Sy y SNDa &l #Sde OFGOK tAYy] SN

Another strategy foiGterminal modification is thentroduction of a labile group between
the Gterminusof the peptideand the solid supportdoweve, the reaction scope is limited
by the stability of thislabile group to a variety of conditions. Therefore alternative
approach ighe useof a stable moietybetween the resin and th&terminus that can be
activated to a more labile group at theealvage stepOff-resin activationtechniques are
often plaguedby side-product formation and complicated preparatigmoceduresLuiet al.
developed a methodor synthesising peptide thioesterssing a benzotriazole moiety In
this method,” -aminoanilideis used as a linker in between the peptide and the solid support,
and using standard solid phase conditions a peptide chain can be extendethifsgB8cheme
9). The unprtected peptide ™ -aminoanilidewas then cleaved from the resand activated
to the benzotriazole linker using Naiefore undergoing thiolysis to give the resulting
thioester. Nevertheless this approach requires offresin cyclisation of the
3,4-diaminokenzoic acid linkeand is limited to aqueous buffer conditiomeompatible with

protected peptides.
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Scheme 9Activation of a peptideia™ -aminoanilide®

Onresin functionalisatiorof the Gterminal of peptidesis a moreeffective approach, with
the cleavage andincorporation of a functional group at thé&Gterminus occurring
simultaneously. In 2016, Raj et al. developed a universal method foon-resin
functionalisation®® This technique requires @terminal serine residue that upon activation
gives a cyclicurethane moiety, predisposing the amide backbone tacleophilic
displacement by a variety of nucleophil@esulting in modified acids, esteid;aryl amides,
and alcoholgFgure 19). This method allowslongation of a peptide chain to be carried out
under standard conditionand only activated peptide chains are released from #wdid
support, without racemisation, subsequentlygiving highly pure Gterminally modified

peptides

H o}
N Actlvatlon
Peptide T Peptlde H
“oH

Cycllsatlon Peptlde ; Peptlde

Figurel9. Synthesis o&terminal modified peptide®y nucleophilic displacement of a cyclic

urethane moiety%

1.8 Cyclic Peptides

Cyclic peptides have been extensively studied over the past few decades and have a range of

applications including drug discovery, in the agricultural industry and nanomaterials. They
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can be classed as homodetic cyclic peptides that comprise purely ofahpeaptide bonds,
isopeptides that contain one or more ndncarbon peptide bonds, depsipeptides that
contain a lactone bond in place of an amide bond, and bicyclics that are conneatad

bridging group.

Cyclisation rigidifies the backbone of the pelgtilocking it in its active conformation and
reduces the entropy loss upon binding with its target, improving the biological activity
compared to its linear counterparCyclic peptideshave resistance to exopeptidasabat
cleave the terminal or penultimate amino acid residue from a chain, and as their structure is

less flexible, they can also show enhanced resistance to endopeptidases.

1.8.1 Diketopiperazines

2,5-Diketopiperazines (DKPs) represent the smallest @dagyclic peptides and although
often considered a side reaction in peptide synthesis, showed the first example of peptide
bond formation through heating glycine in £6hd HCI gas to give cydBly-Gly]®’ DKPs are
found in numerous natural products both alone and as part of larger, more complex
structures and are often also found as the degradation products of polypeptides. In terms of
drug discovery these small molecules are attractteeting points. They provide constrained,
heterocyclic scaffolds that can mimic peptide conformation without the unfavourable
physical properties or high metabolism of peptides. The ring has potential for six points of
diversity andcontains multiple sp centres which may allow for alternative binding

interactions when compared to planar pharmaceuticals currently on the market.

Due to efforts in drug discovery and natural product synthesethods for the synthesis of
DKR continue to emergelhe most common method for synthesising DKPs usésaamino
acid ester as well as @namino acid with a protected nitrogenr@up to first give the
dipeptide 55 that can then cyclisén situto give the DKP6 (Scleme 10).% In order for
cyclisation to occur the amide bond of the dipeptide must be indiseonformation, and if
this is sterically or electronically unfavourable it may inhibit the yield of élaetion. Heating

in an acidic or basic environment may help to circumvent this.
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Schemd 0. Generalapproach for thdormation of a DKP

In 2006, Luthmaret al. described a general and efficient synthesis of Di€itgy microwave
assisted heating with water as the solvent. The reactimere typically run for only 10
minutes with the product precipitating in the reaction, giving moderate to good yields of
63-97%?%° This method uses microwave irradiation to deprotect the dipeptides to promote
cyclisationto the DKP in an efficient manner and can also be used to give trisubstituted

derivatives or indolyR,5-diketopiperazine analogues without solvent.

An application of DKPs that has gained importance is their use as templates for inducing
defined secondarystructures into peptide sequences. Internatturn mimics include
scaffolds that display side chains that mimic a peptide reverse turn. Golebi@ivsii
designed a bicyclic system using resin bound piperazinic acid as a core fragment to mimic this
I -turn structure (Skkeme 11).1%° Functionalisation of thé -nitrogenvia the Petasigeaction
followed by an amide coupling using DIC led to the incorporation of thend R
substituents. After Fmoc deprotectioB9 was then coupled to aN-Bocprotectedh -amino

acid, and deprotected before cyclative cleavage from the resin. This imteot the
remaining R and R side chains to give the bicyclic produg. Using this protocol
Golebiowsket al. were able to synthesise a library of compounds. They showed #natus
amines (R substituent) could be used successfully, includamjlines, and that most
commercially available boronic acidg éRbstituent) could be used in this synthesis, though
boronic acids bearing a basic nitrogen did not work. TrenR R substituents originate from

the amino acids used and are introducedhe amidation reaction.
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Schemell. Synthesis of A-turn mimict®

Later work from this group also showed the incorporation of tRgRup by developing a
solid phase protocol based on the Ugi reaction between the resin ester 6fMuBoc
diaminopropionic acid? -bromo acid, aldehyde, aniocyanide (Figur20).1°

o

H

~
>_/<z

Figure20. Structure of d -turn mimic using DKF%

1.8.2 Macrocyclisation of Peptides

az2NB (KIFy KIf 7T 28-ThB&OHwkibieptheRat suKaBes dfjprotein
protein interfaces are macrocycles, many of which are generated from natural products. The
diversity found in these cyclic peptide natural products reflects the diversity of their targets,
and so it follows thaany structural similarities between these molecules may provide insight
into the requirements for permeability and even bioavailability. Numerous orally bioavailable
and cell permeable macrocyclic products are polyketides, and many of them show
antimicroldal or immunosuppressive properties. Though there have been a number of

polyketides that have been successful in the clinic, their synthesis provides its own challenge
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and so cyclic peptides provide a more direct route to targeting novel human diselai=d

targets.

Cyclosporin A2 (Figure2l) is a cyclic peptide made up of 11 amino acids first isolated from

the fungusTolypocladium inflatunin 1971. Used as an immunosuppressant medication for

the treatment of diseases such as rheumatoid arthritis A2 Ky Q&4 RA &SI aSx Al
This oral bioavailability is due to the conformational changes cyclosporin undergoes in
different solvent environments, as shown by NMRectroscopyand computational
studies!®?In cyclosporin, seven of its peptide amidéiNre replaced witiN-methyls. In nor

aqueous media the lipophilic-Methylsproject out into the medium and its hydrophilic polar
functionality is buried inside the molecule. When placed in aqueous media, it is the lipophilic

portion of the molecule that is kept within the interior and the hydrophilic polar functionality

wi
¢%&m\

62

that projects out into the media.

Figure2l. Structure ofcyclosporin A

The cyclisatiorio form macrocycles is often a critical step in the synthesis and different
approaches have been developed. Classical methods includetbdai lactamisation,
internal disulfide bond formation, ring closing metathesis (RCM), and cayatelysed azide

alkyne cycloaddition.

Difficulties with backbone cyclisations of peptides include the formation of dimers and
oligomers as well as the longaction times may lead to racemisation of tlEerminus.
Placing a proline or glycine residue at & erminus can overcome this problem, though if
this is not possible, the choice of coupling reagent needs to be investigateminolecular
cyclisations are inherently slow reactions and are favoured in high dilutior’sg(10* M),

avoiding the formation of oligomers. Thakletral. screened combinatorial peptide libraries
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to analyse the cyclisation efficiency of over twolimil peptide sequences to determine the
effect of ring size, peptide sequence, and solvéfitThey found that cyclisation of medium

and large rings (typicall amino acids) cyclised efficiently using their conditions of PyBOP,
HOBt, DIPEA in DMF. However, formation of smaller rings, such as four or five amino acids,
proved tobe more difficult, and significant amounts of dinsation were observed. An
alternative route to these smaller ring sizes may use alternative macrocyclisation methods,

such as RCM or click chemistry.

1.8.3 Ring Closing MetathegRCM)

Olefin metathesidias emerged as a powerful tool for the formation e€E®onds, and also
allows for the replacement of disulfide bridges with more stable dicarba bridges. The most
commonly synthesised rings are between five to seven atoms, however, macrocycles of up
to 90 atoms have been reportet?* Stereoselectivity in these reactions is dependent oa th
catalyst, ring strain and the starting diene, witlisomers predominating in smaller rings to
minimise ring strain, anBisomers often being the more stable product in large macrocycles.
The success of this reaction is due to the high catalytic activity and remarkable functional
group tolerance of the rutheniuralkylidene catalysts used in thiansformation (Figur@2).

These ruthenium catalysts are air stable, tolerant to a wide range of functional groups and
are compatible with a range of solvents, making them an attractive way of ring closing within
highly functionalised peptide structuresarly work by Grubbs on the&ynthesis of amino acid
RSNA DI GAGSE O2yilAyAy3d @I NRX 2 dains iNBnyal cyclich 1| S &
peptides using these cataly$® inspired this research area. However, there were several
transformations that could not be completed using the figeineration Grubbs catalyst,
including the crossnetathesis of sterically hindered or electronically deactivated alkenes,
and so the scondgeneration Grubbs catalyst was developed to tackle this problem. A similar
catalyst was also created by the Hoveyda gf8tmvith the seconejeneration catalyst being

published in the following year (Fige 22)1%.

—~N N~

I\ P(Cy)s Mes T Mes
N

P(Cy)s Mes™

N~Mes e, | ol
‘Ru 2z
— Ru
Cl., | Ph c|,,T Ph 7 -
/’Ru:/ " Ru=" cl c|> CI/|
o
o’ | a’ | 4<
P(Cy)s

Grubbs I, 63 Grubbs II, 64 Hoveyda-Grubbs |, 65 Hoveyda-Grubbs Il, 66

Figure22. Structures of Grubbs catalysts and Hove@labbs catalysts
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The reactions of are often carried out at high dilution of the substrate, typibatlyeen 10

50 uM to prevent polymerisation, heated, and with catalyst loadings of up to 10 mol%. The
mechanism for the reaction was proposed by Chauvin in 1971, and proceeds with the
formation of a metallacyclobutane intermediate through a [2+2] cycloaaldifScheme
12).19%8 |nitiation of the catalytic cycle begins with substitution of the metal catalyst alkene
with the substrate and upon cycloaddition affords the metallacyclobutane intermediate.
Cyclorevesion then results in the formation of ethylene and an alkylidene which undergoes
an intramolecular [2+2] cycloaddition with the second terminal alkene on the same molecule,
giving a new metallacyclobutane. This then undergoes cycloreversion to expel taé me
carbene and a cyclic alkene. The key intermediates are the metallacyclobutane which can go
to either starting materials or products by cycloreversion. However, when the alkenes are

terminal, the entropic drivindorce for the reaction is the formatioof gaseous ethylene

O =
PN
% i
i J

HaC=CH,

/

Vs

/\
v

Scheme 12Reaction mechanism for ring closing metathesis

Ring closing metathesis has shown to be successful in the synthesis of structurally complex
molecules that contain groups such apoxides, ketones, alcohols, esters, amines and
amides. TH and tetrasubstituted alkenes have also been used in the reaction to give
substituted olefinic product$® However, some metathesis reactions are perturbed by
migrationof the newly formed alkene and these side products are often difficult to remove
by standard purification techniques. While the mechanism for this isomerisation is currently
unknown, work by Grubbs in 2004 indicated that a ruthenium hydride sp&8eformed

from the decomposition of the metathesis catalyst, can catalyse the migratiatkehes
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(Stheme13).1%n the study67was monitoed by*'P NMR while heatedt 55°C in benzene

for 72h. During this time a new peak at 34.5 ppm was observed, while the peak
corresponding to the methyliden@7 at{ 38.6 ppm decreased. An orange crystalline solid of
68 precipitated from solution and waisolated in 46% vyield. Following on from this in 2004,
Grubbset al. showed that additives such as hdnzoquinones prevent this isomerisation in

a number of allylic ethers and long chain aliphatic alkenes under ruthenium metathesis

conditions'?

c Ho
55°C

PCy3 N
\Mes
67 68

+ CH4PCys*CI

Schemel3. Formation of ruthenium hydride speci€g!®

1.8.4 AlkyneAzide Cycloaddition

{ KFNLX Saa AYyUiNRBRdAzZOSR (KS GSNYXY WOt A0l OKSYAaAl

yielding, stereospecific, wide in scope, generate minioygdroducts, and can be conducted

in benign solvents in one pét? This 1,3dipolar cycloaddition of an azide and an alkyne to
give a 1,2,3riazole was developed by Huisgemowever, this reaction required elevated
reaction temperatures and results in the formation of two regioisomers when using
unsymmetricalalkynest®® The coppeicatalysed version of this reaction established by
Sharpless gives only the disbmerand can be performed at room temperature under
agueous conditions. The mechanism of the reaction involves a bimetallic structure of
complexation to the -alkynytCu species which increases the reactivity of the alkynyl ligand
by decreasing electron deity on the sp carboatom (Scheme 11 Subsequent azide attack

is followed by the formation of a ®winylidene metallacycle and then ring contraction to a
triazoytCu derivative. This can then be protonated to give the triazole and close the catalytic
cycle. The active Caatalyst can either be generated from'Galts or Clisalts with the use

of sodium ascorbate as the reducing agent, together with a base or amine ligand to inhibit

aerobic oxidation to Clor CJ4.
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Scheme 14Vlechanism of the click reaction

1,2,3Triazoles are found commonly within pharmaceutical and bioactieéecules They
possess similaatom placement and electronic properties to an amide bond, while also
providinggeometry comparable to that ofiaturn.!'* This reaction has been used effectively
numerous times in the cyclisation of peptid€3ne exampleis the synthesis of the potent
tyrosinase inhibito cyclo[L-ProL-TyrL-ProL-Val] 69 that proved difficult by cyclisation
through peptide bondormation (Figure 23). As this peptide was too strained for cyclisation
vialactamisationn Bocket al. usedthe 1,2,3triazolemoiety as an amide bond surrogate and
cyclisation aid*® The target tetrapeptide70 was isolated in 70% yielwy heatingthe linear
peptide with a C(l) catalysunder refluxat 100°C for 16 hdemonstrating theproficiencyof

this reaction where lactamisation failed.

o) o)
N N
HO o) HO
HN HN 74 I’I\l
0 NH o N—N
N‘h/ NW
0 o)

69 70
Figure23. Structure ofcyclo[L-Pro-L-Tyr-L-Pro-L-Val] andits triazoleanalogué®

Lokeyet al. examined the use of the click reactiam the macrocyclisation of resimound
tetra-, penta, hexa and heptapeptides that lacked -turn-promoting structures such as
proline orD-amino acids!®L-Propargyblycine was used at th@terminal of thepeptide and

L-azido leucine waplaced on theN-terminalwith a variety of intermediary amino acid4.
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The cyclisations were performed using stoichiometric amoun@uiBr (1 eq.andan excess
of sodium ascorbatewith DIPEA and 2Jatidine in DMFand were typically complete within
4-6 h (Scheme 1p The reactions resulted in cleaayclomonomer72 and cyclodimer73
products in differing ratiosDue to themild conditions, the reactiotolerates most amino
acid side chains and therefore it would pessible to carry out the cyclisatioins without

any side chain protecting groups.

CuBr, Na ascorbate
DIPEA, 2,6-lutidene

o :>\o
N = N, DMF
o N -
I ) 25°C, 4-6 h
X
71

Y

Scheme 1550lid phase Cu catalysed cyclisation reactins

1.9 Conclusion to Introduction

Development of peptides and peptidomimetics that target specific R&deersupported
by advances in the synthesigd application®f cyclic peptides and organopeptide hybrids.
This, along withchemical strategies for constraining peptide secondary structuas,led to
macrocyclic ligands that are not ordfficaciousbut also showimproved bioavailability and
enhanced physicochendt properties. In order to continuethis advancement inPPI
modulators for potential therapeutic usefforts also need to be made into understanding
the protein target and how itsstructure andcharacteristicscan be used taguide the

development oimore effectivemacrocyclic ligands.
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1.10 ProjectAims and Obijectives

This project aims to develop peptidomimetic inhibitors of the proferotein interaction of
Keapl and Nrf2. There are multiple ligands that bindéapl through the same binding site

as Nrf2, with differing affinities. Of these ligands, this project focuses on p62, which binds to
Keapl through the amino acid sequence BRSTGB54. In this project, a section of¢h

more potent sequencAcDPETGEQHissynthesised and cyclised using Rogptide linkers.

@ F2NXAYy3I GKS 020t A0 LISLI A RérgirsstrudticeSof tfid G dzNJ- £
ligands that bind to Keapl is mimicked and conformational rigidity is also induced which may
help with birding. From the peptide sequence, the tripeptide protaiatamic
acidthreonine (PETWwas chosen as it includes the key interaction of the glutamic acid which
binds to the Kelch domain. Threonine may aid in cyclisation, as it is key in forming
intramolecublr hydrogen bonds with both proline and glutamic acid, and proline with its
distinctive side chain structure induces conformational rigidity and aids in the formation of

I -turns.

Cyclisation of peptidesan beattempted using a variety of techniquéxiuding ringclosing
metathesis and azidalkyne cycloaddition, as well as hetdtail cyclisation of thePET
tripeptide. Other methodsaim to includethe formation of heterocyclessuch as pyrazoles,

as the linketbetween theN- and Gtermini of the pepide.

Analysis othe cyclic compoundwill be conducted byerformingconformational studieby
NMR spectroscopyand also molecularmodelling of the compoundsan be arried outto

assess the potential binding of these compounds to the Keapl protein.
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2. Solution Phase Peptide Synthesis

2.1 Cyclisation by Ring Closing Metathesis

Cyclisation is an effective way to reduce the flexibility of a peptide, stabilising its secondary
structure, which may increase its affinity towards a recepitefirst aim of this projectwas
to synthesise a set of cyclic compounds that had aliphatikets of different lengths that

could be cyclise#liaring-closing metathesisHgure24).

=
= N0 HN . °
BnO (0]
( o ( "0 =
’ HN N AN ( ° 0 o)
0 0 o] "y
OBn
o OH o OBn

Figue 24. Retrosynthetic analysis of cyclic peptides using aliphatic linkers wheren=1, 2, 3

In this approach, instead of using a protecting group onGierminal, an allyl group as
placed on theGterminal, whilstthe N-terminal could still be protected using a Boc group,
allowing for variation at this end of the chain. Allylamitfewas reacted with Bethreonine

74 and isobutyl chloroformate to give compourtb in 90% yieldScheme 1% Isobutyl
chloroformatewasadded to the deprotonated carboxylate salt@fand reacedto form the
mixed anhydride before undergoing aminolysis with the amine to g6/ excellent yield.
Qubsequentlythe Boc group was removed using HCI in dioxane to give the HCI7galt
Coupling of the deprotected threoningé7 to glutamic acid usedtandard amide coupling
conditionsof 1-[bis(dimethylamino)methylenelH-1,2,3triazolo[4,5b] pyridinium 3oxide
hexafluorophospate (HATU) and diisopropylethylamine (DIPEA) in DMF. HATU was chosen
as the coupling reagent due to its high reaction rates, with few side reactions and low
probability of epimerisation of the product peptiddhe resulting compound8 was Boc
deprotectedto 79 and then coupled toproline to give tripeptideB0 in a 39%overall yield.
TheN-terminal of the tripeptide was then deprotected with HCI to g8% allowing for the

N-substituent to be varied.
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Scheme 16Synthesis of tripeptid80

The free amine of proline was reacted wghbveralacids to allow for different carbon chain
lengthsto be installed Tripeptide81 was reacted with acryloyl chloride, vinyl acetic acid and
4-pentenoic acid under different cortitins to give three analogue precurs@3, 83, and84
(Scheme 1Y For each analogue reaction conditions were taken from the literature for
coupling onto proliné'®!®The reaction with acryloyl chloride showed no epimerisation of
any stereocentre, although the yield was low at 38%. This reaction was also trialled using
acrylic acid ané number of differentcoupling reagents including HATU axethyl-N -(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDGL)t each showed lower yigs than

the reaction using acryloyl chloride. HATU, conversely, was used for the coupling of vinyl
acetic acid in moderate 64% yield and isobutyl chloroformate was used for the coupling of 4

pentenoic acid in 70% yiel@&¢heme 17).
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Schene 17. Synthesis of aliphatic linker analogues

The penultimate step in the synthesis of these analogues was ring closing metathesis. This
reaction allows for the synthesis of up to-8tembered cyclic alkenes, with tHeand Z
selectivity dependent on ring strain. For the cyclisation of comps@&183, and 84, two
different catalysts were used Grubbs firstgeneration and Hoveyd&rubbs second
generation. Literature precedent for ring closing metathesis of peptides usedo&iudt a
catalyst loading of 10 mol% in trichloroethylene at 20 uM under refBehemel8)%°,
However, under these conditions eachtbé three peptides82, 83, 84 failed to cyclise and

only starting material was recovered from the reaction. Extending the reaction times up to

72 h also had no effect.

Grubbs | (10 mol%)
Tnchloroethylene
reflux

n \\\J\ o~ O\W

Schemd 8. Ring closing metathesis of tripeptide using Grubbs |
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HoveydaGrubbs Il shows enhanced reactivity compared to that of Grubbs I, including
towards highly electromeficient substrates and initiates at lower temperatureBhe
reactions of the peptides82, 83, 84 using Hoveydd#&rubbs Il wereperformed in
dichloromethane at 4®C with an initial catalyst loading of 10 mol%cliemel9). 1,4
Benzoquinone was also added to the reaction mixture and can be used to prevent the

isomerisation of aliphatic alkenes dugi ring closing metathes#s.

=

Hoveyda-Grubbs Il ( 0

BnO O
= o Benzoquinone n HN
( o) o) CH,Cl,, 40 °C N
n JJ\ H H OBn
<Nj NNV SN > °
H H
o .,
OBn

(o)

Schemél9. Ring closing metathesis using Hoveyalaibbs i

Upon catalyst loading of 10 mol% once again only starting material was isolated from the
reaction mixtureas evident ly both mass spectrometry anthe *H NMR spectruniTable3,

Entry 1, 3, 5). To try and itiate the reaction the catalyst loading for each peptide was
increased. The metathesis of pepti@2 was done using 15 mol% of catalyst anlibnger
reaction time of 48 hTable 3, Btry 2), but only starting material was obtained. For peptides

83 and 84 the catalystlioadingwas increased to 20 mol%4dble 3, Btry 4 and 6) but after

72 h none of the starting material or desired product vgagnafter purification bycolumn

chromatograhy.
Entry Compound HoveydaGrubbs | Reaction Time Yield (%)
loading (mol%)
1 82 10.0 16 h Starting material
2 15.0 48 h Starting material
3 83 10.0 16 h Starting material
4 20.0 72 h Complex mixture
5 84 10.0 16 h Starting material
6 20.0 72 h Complex mixture

Table3. Reaction conditions for ring closing metathesis using How&mgobs 11
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2.2 Peptide Protecting Groups

In synthesis it is often necessary to temporarily mask or protect a functional group to allow
for bond formation elsewhere in the molecul@his concept was originally proposed by
Bergmannet al. who developed the first protecting group, benzyloxycarbonyl (Cbz), that
protects amines and overcomes their inherent nucleophilic propetfieditimately a
protecting group should be easily introduced, stable to a wide range of reaction conditions,
and then simply and reliably removed when required. In peptide synthesis there is often a
high amount of functionality with either thBl- or Gterminal requiringprotection as well as

any side chain functional groups. Therefore, it is often important to have the ability to
remove any protecting group, in any order, in the presence of the others. In 1977, Merrifield
introduced the concept of orthogonality for amiigooups in peptide synthesis. It allowed for
the manipulation of multiple protecting groups that could be removed independently of one

another by a distinct mechanist?

In order to synthesise the tripeptida this projectand be able to alter the terminal ends or
side chains indeperahtly of one another, a orthogonalprotecting group strategy was
needed. A common protecting group combinati@mployedin both solution and solid phase
peptide synthesis ibl-terminal protection usindert-butyloxycarbonyl (Boc) and side chain
protectionusing the benzyiBn)protecting group, as both groups can be remoeegily and
cleanly.N-Bocamino acids tend to be crystalline solids, which are acid labile, with the most
common conditions for Boc deprotection being -28% trifluoroacetic acid (TFAN
dichloromethane. However, they can also be removed using other acids such as hydrochloric
acid, trimethylsilyl chloride and methanesulfonic attf?> The Boc group is stable to
catalytic hydrogenation, bases, and nucleophiles, making it a suitabteqgting group in
conjunction with benzyl groups. Thenzyl groups most commonlyemoved by palladium
catalysed hydrogenlysis However,t can also be removed under harsher conditions such as

strong acids, or oxidising agents such as chromium tricaidieacetic acid, or ozone.

The protection of the Gterminal carboxylic acid differs between solid and solution phase
peptide synthesis. In solid phase tli&terminal is most commonly bountb the solid
support, with the linker or handle acting as a protecting group, but in solution phase this is
not possible. For the solution synthesis of this peptgeotectinggroupwould be required

that was stable to acid conditionsandwould not affect the integrity of either Boc or benzyl

groups upon removal.
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groups listed for carboxylic acids, 72 of thane esters!?® Methyl or ethyl esters are the

most commonprotecting groups used for acids, however, threguire basic conditions for

their removal, and this may have al&sulted inpartialdeprotection of the benzyl protecting
grouppresent on the side chain of glutamic acithis also excluded any base lakierminal
protecting groups, as the unhindered benzyl ester can be susceptible to both acid and base
hydrolysis. Alternatively he tert-butyl estermay be used to protect thEterminal. Removal

of thetert-butyl estercan be achieved under acidic conditions, usually requiring more forcing
conditions than removal of the Boc group, allowing the Boc group to be removed
independently in the presence of the estddespite this,tert-butyl Gterminal protected
threonine is mt commercially available and its synthesis beproblematic, requiring either

gaseous isobutylene or perchloric acid.

Phenacyl esters are more readily cleaved by nucleophiles than benzyl esters and are also
stable to acid hydrolysis. Consequenitywas decided that the phenacyl (PaEigure25)

group would be a suitabl€&terminal protecting groupThe Pac groujs not only stable to

acid but also basic conditions as well as hydrogenolysis, making it a suitable orthogonal
protecting group. ltcan beremoved by either reduction using zinc in acetic aoid
nucleophiles such as sodium thiophen@aind is also photocleavable with either UV or
visible light. This considerable functional group tolerance and mild deprotection conditions
make it an attradive protecting group for peptide synthesis, and it has been used in biological

studies for more than 50 yeat$’

85
Figure25. Structure of the phenacyl (Pac) group.

However, Paprotected amino acids are more electrophilic than their methyl ester
equivalent. In rare cases this may lead to racemisation during coupiang reversible

cyclisation mechanisni{gure B).
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Figure 26. Racemisation of amino acids with the Pac protecting group

For the synthesis of the tripeptide R@IuThr, commercially available Boc and benzyl
protected threonine, BocThr(OBmOH 74, first needed to be Pac protected on the
Gterminus. Reaction of4with phenacyl bromidé&6and triethylamineat room temperature

for 3 hgave87in 81%yieldafter purification(Scheme0).

OBn
Et3N EtOAc 0
rt., 3h ©
BocHN : BocHN
81%
0
87

Scheme0. Protection of Boelhr(OBmMOH with the phenacyl ester

Initial attempts at Boaleprotection of87 using trifluoroacetic aciTFA)jn dichloromethane
yielded only starting materiah literature search revealed Munekagaal. had used anisole

as a solvent wheBoc deprotecting amino acids using TFA in the presence of the Pac'¢froup.
After 1 h in an ice bath they removed the egs@cidn vacuaallowing them to then triturate

the product in diethyl ether. This was successfully repeated for the deprotecti8iid with

the use of anisole dsoth thetert-butyl scavenger and solverat 0°Ctook the reaction to
completion in 1 h. After concentrating the reaction mixture under reduced pressure, addition
of diethyl ether resulted in the precipitation of the produg8 as a colourless solid in 98%

yield (Scheme 2L

Coupling of the deprotectedhreonine 88 to BocGIlu(OBnOH used thestandard amide
coupling conditionsof HATU and DIPEA in DMBeprotection of the dipeptide89 was
performed using TFA in anisole and amide coupling tedoline was also completed using
HATU to give the fully ptected tripeptide91 in 31% vyield over the two step¥he amino
Boc group was deprotected using hydrochloric acid and isolated as the HCBZalt,

(Schemezl).
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Boc-Glu(OBn)-OH
HATU, DIPEA,

TFA, amsole DMF
BocHN °C 1h rt., 18 h
0,
08% 63%

Boc-Pro-OH
HATU, DIPEA,

TFA anisole DMF
r.t., 40 h
BocHN °C 1h 34%
92%

(0] OBn
HCI dioxane HCl o o
B°° T on il N
Cluant|tat|ve% G H . o)
o M, o
OBn

Scheme 2. Synthesis of the tripeptide PfGluThr

As expected with peptide synthesis using HATU, no epimerisation of any stereocentre
occurred during the synthesis of tripepti@é&. This is demonstrated from tHel NMR spectra

of 91 (Figure27). The NMR spectra shown in Figure 3 displdngs iresence of only one
diastereomer, as can be seen most evidently from the sharp peaks correspondingNe the
GSNXYAYLFE .20 3ANRdzLI I 4 + ™ dygrouplathé sideyhain FKS R 2 ¢
0 KNE 2 y 1.98%pnt. As there was no doubling up of these peaks can be assumed that

no epimerisation oP1 had occurred.
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Figure27. NMR of tripeptie 91

2.3 Removal of the Pac Protecting Group

To synthesise cyclic analogues of the tripeptide sequence, the protecting groups from each
end of the chain needed to be removethe phenacyl group is particularly useful due to the

fact its cleavage conditions are not regularly encountered in deprotestidn 1969,
Hendrikson and Kandall used zinc in glacial or dilute aqueous acetic acid to cleave Pac esters
at room temperature in good yields and often without the need for purificatfS typical
procedure for deprotection was to add several equivalents of zinc dust to the Pac ester or

ether in acetic acid, and after 1 h filteriniget solution to give the product.

However, when applied to this tripeptide sequen@g the yields were much lower than
expected Tabled). Zinc in acetic acidr@ble 4 Entry 1) gave 13% yield, while dilution with
DMF andethyl acetate(Table 4,Entry 2 and 3)for improved solubilityproved to be even
lower yielding at <10%, with varying equivalents of zinc appearing to have no effect. The
highest yield obtained was 22%aple 4Entry 4), using water as the solvent. It was thought
that the zinc powder may be the cause of the low yields due to the formation of zinc
carbonate on the surface by reaction with carbon dioxide in the air, preventing reduction at
the zinc surface. Thereferactivated zinc was made by stirring in dilute hydrochloric acid for

1 h prior to the reaction, then washed with water, ethanol and diethyl ether before rigorous
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drying. This activated zinc was then used in the deprotection reaction with a 90% solution o
acetic acid in waterTable 4 Fntry 5), improving the yield to 38% which was still not ideal for
a deprotection reaction. Another approach was to change acetic acid to a milder acidic

solution such as ammonium chloride in waf@(Table 4 Entry 6);yet, this did not increase

the yield.
Oy_-OBn Oxy-©B"
(e} 0 —_— O (0]
H Boc | H
N \”\B\WN/ o/\[(© @J\}ﬁ( N;HJ\OH
G "o o) © ~iopn
OBn
91 93
Entry Conditions Equivalents Yield93 (%)
1 Zn, AcOH 16.0 13
2 Zn, AcOH, DMF 20.0 <10
3 Zn, AcOH, EtOAc 6.0 <10
4 Zn, AcOH, 1© 6.0 22
5 Activated Zn, AcOH (90%) 15.0 38
6 Zn, NHCI, HO, THF 5.0 17

Table4. Reaction conditions for the deprotection of the Pac group using Zn

Due to the low yields recorded for thdeprotectionof the Pac groupother methods were
investigated Removal of the phenacyl group can hehievedusing nucleophilesThe
mechanism by which nucleophiles attack the phenacyl group is thought to be througl an S
type reaction at the CEHgroup, with stabilisation by the overlappingopbitals of the
transtion state and the ketone (Fige 28).:*!

Figure28. Reaction mechanism of deprotection of the phenacy! group using nucleophiles

Sodium thiophenolate cleaves the alodygen bond of the Pac ester to give the
corresponding sodiumacboxylate. This transformation takes place in inert solvent such as

DMF, at or below room temperaturé? Sodium thiophenolatevas reacted witt91, but only
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starting material was recovered from the reaction mixture with no apparent removal of the
Pac groupTableb, Entry 1). The number ogquivalentsof sodium thiophenolateised were
increased from 5.0 to@0 and the reaction was heated to 30 overnight Table 5fntry 2),

yet again only starting material was recoverdthe nucleophile was changed to lithium
iodide and the reaction was performed at reflux for 1 h in ethyl acetable 5Entry 3).

This cleaved the Pac group and ga®4 in 55% yield, howevememoval of the benzyl

protecting groups on the side chain was also obse(@atheme2?2).

(@) OH
Lithium iodide

EtOAc 0 0

Boc Reflux, 1h Boc Il N

<b;]ﬁ\ N . OH
H
o “,

OH

94

Scheme&2. Removal of the Pac and Bn groups usitingum iodide

TetraN-butylammonium fluoridehas been widely used for the deprotection of silyl ethers
and esters but can also be used for the removal of protecting groups that are labile to hard
bases. The Pac esthas been reported to be cleaved rapidly using TBAF in good ¥i&lds.
When reacted with the tripeptidelegradation of the starting materialas seen byH NMR
spectroscopyTable Sentry 4)

fe) OBn (0] OBn

0] 0 _— o 0
Boc H Boc H
N .\\\‘”\ N N .\\\‘”\ N N ., OH

CTn ° U *
(0] O "
OBn /an
93

Entry Conditions Equivalents Yield93 (%)
1 Sodium thiophenolate, DMF 5.0 Starting material
2 (r.t. then 50°C) 10.0 Starting material
3 Lil, EtOAc (reflux) 15.0 55

Degradation
4 TBAF, DMF 3.0
starting material

Table5. Reaction conditions for the deprotection of the Pac group using nucleophiles
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2.4 NewProtecting Group Strategy

As the previous approacdhad failed to the give deprotected tripeptide in good yiedsh
improved protecting group strategyvas needed The Boc and benzyl protecting groups on
the N-terminal and side chains were ideal as the patégl amino acids are commercially
available and they provide a clean and efficient way of deprotecfidrerefore, a new
protecting group for theGterminal wasnecessaryThetrimethylsilylethyl (TMSE) group was
FANRG NB LIamdkydake protéctighgsbuplin solution synthesis by Sieber in 1877
Theseesterswere shown to besynthesisedn good yielddrom Boc protected amino acids

and 2trimethylsilyl ethanol using dicyclohexylcarbodiimide (DCC) with pyridine aaed
stable to a wide variety ofeaction and work upconditions Deprotection occursupon
treatment with a fluoride sourcemost commonly a quaternary ammonium fluoride in DMF.
The mild conditions also prevent racemisatioom occurring. In 1993 the TMSE ester was
reported as a side chain protecting group in solidgghpeptide synthesis in conjunction with
N-terminal Fmoc protected amino acids. Most resin bound peptide cyclisations that used TFA
labile resin required either allyl based protection that uses air sensitive ER){Rb achieve
deprotection, or tle acid labile dimethoxybenzyl (Dmb) ester, that uses 1% TFA for cleavage.
As a result, there is a need to balance side chain deprotection and cleavage from the resin.
By using the TMSE ester as a side chain protecting group both issues could be avaided, an
it was shown to be an effective protecting group in the solid phase synthesis of cyclic

peptides®

The desiredthreonine TMSE este96 was synthesised from Bethr(OBn)OH 74 and
2-trimethylsilylethanol95 in the presence of triethylamine anddimethylaminopyridine
(DMAP) in 71% yiel&¢heme 2B

HBTU, EtzN, DMAP OBn

0Bn | CH,Cl,, DMF
N - (6]
+ Si ~ g
OH HO/\/ ~N rt., 24 h BocHN S|\
BocHN 71% o |

o
74 95

96

Scheme3. Protection of threonine with the TMSE group

The tripeptide was synthesised using the same conditions previasstjof HATU mediated
coupling with DIPEA in DMF givih@0 in an overall yield of 57%1owever due to the
presence of the TMSE estéeprotection of the Boc groups had to be completed using HCI
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in dioxane rather than trifluoroacetic acid as this would have resulted in the deprotection of
both the Boc and TMSE grouiBchene 24).

OBn

Boc-Glu(OBn)-OH
OBn HATU, DIPEA
HCI, dioxane DMF
O\/\ S — [o) o —
BocHN Sl'\ rt, 1h HoN s rt, 16 h
o 99% HCl o | 92%
26 97

O+__OBn Oxy-0Bn
(6]
H i | - HCI, dioxane H Sli/
N, Si —_ ‘e I VN
BocHN g 0 TN t1h HaN ¢
. 0 1y
'/OBn OBn

99% HCI

Boc-ProOH

HATU, DIPEA Boc |J\ s
L , N o/\/ '

rt., 16 h
63%

Scheme4. Synthesis of tripeptide sequence

As shown in theH NMR(Figue 29), the linear tripeptide 100 showed no epimerisation
during the synthesisOnly single peaksre present in the spectranost evidentlyfor the

N-terminal Boc group and GHroup on the side chain of threonipghowing the presence of
only one diastereomer.
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Figure ®. 'H NMR spectra of the tripeptid00

Deprotection of the TMSE protecting group requires a fluoride source for its removal. In the
literature, the most commommethod for cleavagesiusing tetrabutylammonium fluoride
(TBAF). For tripeptide00, the first depotection conditions attempted used a similar fluoride
source of etrabutylammonium triphenigifluorosilicate (TBATRigure30) in DMF at room
temperature {Table6); however, only starting material was recoverethble 6,Entry 1).
Other sources of fluorine such aexafluorosilicic acigH.Sik) and triethylamineHF Table

6, Entry 2 and 3)gave onlystarting material. A more nucleophilic source of fluorine was
trialled with pyridine-HF Table 6 Entry 4)though this resulted imemoval ofthe Boc group,
leaving the TMSE group in pladéafluoroacetic acidvas then attemptedbut as expectedt

cleavedboth protecting groupsTable 6 Fntry 5).

e ) e )
N A N
s \/\/ @F T ® T £\

\_ _J \ _J

Figure30. Structures of TBAT (left) and TASF (right)
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Tris(dimethylamino)sulfonium difluorotrimethylsilicatd TASF) is an organic source of
fluoride ions with high reactivity and it has the advantage over quaternary ammonium
fluorides in that it is a source of anhydrous fluoride ions (Fig@je It has been shown to
successfully cleave a range of silyl ethéranethylsilyl)ethyl carbamates and esteérf§ TASF
removed the TMSE group in excellent yield over 16 h at room temperafatd(6,Entry 6).

O OBn O OBn

(0] (0] O (0]
Boc |l H | oL H |
N o N N,,' O/\/SI\ » N oy N N/,, O/\/SI\
H H
@ 0 "y @ o “
OBn

100

(6] OBn
Boc i gH i
@JJ\H I N’Jf}\OH
OBn
93
Entry Conditions Equivalents Yield (%)
1 TBAT, DMF 3.0 Starting material
2 H.Sik, MeCN 20.0 Starting material
3 TriethylamineHF, CbCb 3.0 Starting material
4 PyridineHF, CkChb 3.0 101
5 TFA, C¥Chb - 102, 99
6 TASF, DMF 2.0 93,98

Table6. Reaction conditions for the deprotection of TMSE ester

2.5 Synthesis of Analogues

As the Boc/Bn/TMSE protecting group strategy in solution phase was working efficiently the

next step was to synthesise the cyclic analogues. dpgpsoach to making cyclic analogues
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2.5.1 Investigtion of Cyclisation Conditions

Through this method a variety of ring sizes could be synthesised by varying the chain length
of the amino acid derivative, thereby exploring which ring sizes are preferred for this
tripeptide. Thefirst analogue to be syn#sised was théripeptide PreGlu-Thr cyclised with
5-aminovaleric acidl03c 5-Aminovaleric acidlO3cwas firstBocprotected using dtert-

butyl dicarbonateand sodium hydroxid& give104cin 86% yieldScheme?5).

Compound104c was then reacted with the Bodeprotected tripeptide105 in a HATU
mediated amide coupling to give compourid6c in 88% yield. This was then fully
deprotected using trifluoroacetic acid, whicleavedooth the Boc group and the TMSE group

to give the deproteted N- and Gterminal peptide. The next step was cyclisation, first
attempted using HATU and DIPEA in DMF, giving the cyclised peptide in 7%hgéltkl

step for the synthesis of this analogweould be theremoval of the benzyl side chain
protecting goups However, the yield of the cyclisation step was not ideal and there also
appeared to be racemisation of the threonine centre upon cyclisation. This was evident from
both the *H and*C NMR spectra df08casmultiple related compoundsvere observedin

the NMR spectra.

Two remaining analoguel08aand 108b were also synthesised using the same method.
¢KSaS Iyl {2 3dz2@anindlg3alf yisaRasiRobullyfcSicidlo3bas the linkers,
and once again as well as being low yielding, racemisation of threonine was observed upon

cyclisation.
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Boc-anhydride
NaOH, 0 HCI o

HaN OH 0°Ctort., 18 h

n
a,n=181%
b,n=2,75%

103a, b, ¢ c.n =3, 86% 104a, b, c

BnO (0]

HATU, DIPEA o

DMF TFA, CH,Cl

—_— BOCHNM O H 0 | ;»

rt, 16 h TS N, ~SIT rt,5h

a,n=1,59% TN "o S an=1,99%
- H ,n=1,99%
b.n=2 51% ,
“OBn

o)
(@] .
1.4-dioxane, H,0 H JJ\ ~
N W N,, Si
—_— BocHN/\HanOH * G N 7NN
0

- o] b, n =2, 99%
c,n=3,88% c.n=3 09%
106a, b, c
H O OBn
BnO (0]
0 fe) ¢ HN
o) o HATU, DIPEA o
N n Il H DMF N Hf
TFA R N e —— 3
NSy " OH rt, 16 h K :\WN 2
. ) an=17% s />/OBn
“0Bn b,n=2,28% o}
c,n=37% o)
107a, b, c 108a, b, c

OMNH 0
n OH
H,, Pd(OH),/C CN

MeOH - \ HN

OH

109a, b, ¢
Scheme5. Synthesis of cyclic fragmerntf8a, 108 and 108

The racemisation upon cyclisation is most clearly illustrated in the synthesis of compound

108h. Formation of the linear peptide06bproceeded well, with no apparent epimerisation

and was deprotected td07hb, the *H NMR spectra of which is shown in Fig8g This

deprotected peptide shows only one doublet for the side chain @bBup of threonine.

However, after cyclisation with HATU, tH¢ NMR spectra af08b (Figure33) shows two

R2dzof SGax GKS YIF22N G 1+ wmdmy o dfjthBse diggaR isl y 2 (i K ¢
1:3 and this ratio remains the same after debenzylation1@®b (Figure34). The two
diastereomers were unable to be separated by preparative HPLEharréaction was also

low yielding Formation of diastereomers was aksgen with both other analogue)9aand

109c
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Figure34. 'H NMR spectra in DMS@B for thedeprotectedcyclicpeptide 109b

After cyclisation using HATU as the coupling reagent, it was thought that the compounds
observed in the NMR spectrum were diastereomers due to racemisation of the threonine
stereccentre. However, after NMR experiments performed oelated cyclic compounds
synthesised in Chapter & has been inferred Hat the diastereomers present in these
compounds are more likely to be due to cis/trans isomerisation around the proline residue.

Furtherinvestigationinto this proposalis discussed in Chapter 3.

Due to the formation of multiple compunds,a range of coupling reagents were trialled for
the cyclisation step af07cwith 5-aminovaleric acid as the linkeFdble7). Initially, EDCI.HCI
(Table 7Entry 1) and DCCTable 7 ntry 2) were trialled, both of which are carbodiimides
that give water soluble and insoluble-pyoducts respectively. EDCI gave an even lower yield
of <5% for the cyclisation step comparenl HATU and coupling with DCC resulted in no
product being isolated. Diphenylphosphoryl azide (DPRd)e 7,Entry 3) gave a slightly
higher yield than EDCI but the product still contained numerous impurities after column

chromatography.
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HN OBn
O N O O 4
O (0] ’,/
HzNJ\/\& I ))ko ---------------- - [~ )
H 2
© ~ogn _>*OBn
(@]
107c 108c
Entry Reaction Conditions Yield (%)
1 EDCHCI, HOBt, DIPEA, DMF, 1¢ <5
2 DCC, HOBt, {8, CHCL, 16 h No product recovered
3 DPPA, BN, DMF, 16 h Impure

Table7. Reaction conditions for cyclisationd7c

The coupling reagent@,6-dimethoxy1,3,5triazin-2-yl)-4-methyl morpholinium chloride or
DMTMM (Scheme 26) is an organic triazine that is commonly used in amide coupling
reactions but has also been used ynthesise other carboxylic functional groups such as
esters and anhydridg€hapter 1L)For the cyclisation di07c, DMTMM40first needed to be
synthesised from CDM39 (Schene 26). This reaction proceeded well with DMM 40

precipitating from solution after 30 mins to give the colourless solid in 90% vyield.

: () .

)\ 4-Methylmorpholine )\\ cl
L el O
“ rt., 30 mins l _
MeO N OMe 90% Meo)\N)\OMe
CDMT, 39 DMTMM, 40

Scheme&6. Synthesis of DMTMM

The cyclisation of07c was performed under basic conditions in chloroform, following a
procedure previously successful for peptide cyclisation within the groupe(&c27) " No
product was isolated from this reaction after 16 h at room temperature. This may be due to
demethylation at the morpholinium nitrogen to -@,6-dimethoxy-1,3,5triazin-2-yl)
morpholine (DMTM) which has shown to decompose almost completely when placed in
chloroform at room temperature for 3 h. Therefore, the extended reaction times required
for cyclisation were not compatible with using chloroform he solvent. DMTMMan be

stirred in THF for 13 h at room temperature with almost complete recotfadevertheless,
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the linear peptidel07c was shown not tdbe soluble in THF and therefore the cyclisation

conditions were kept to HATU and DIPEA in DMF as these showed to be the most reliable.

BnO_ _0O 0 0
DMTMM, NMM HN OBn
o) CHCl, N 00 —
(0] (6] . N
HzN\/\/\( JJ\ 8 —X—> 7 NH
NSy &= OH rt. 16 h HN
0
“0Bn OBn
o)
107¢ 108¢c

Scheme7. Cyclisation using DMTMM

2.5.2 Reverse Coupling

As thecyclisation using HATU was resulting in the formation of diastereomers a different
approach wasttempted. It was thought that the ring closing step between threonine and
5-aminovaleric acid would be the higher yielding, as the alternative cyclisationpoolioe

involves its secondary amine which is more sterically hindered and less re&itjueeg5s).

o) o
HN OBn
N oo M
E/"—/( NH

HN

o OBn
? H (¢} (¢}
§ /”\\,/A\\//u\
p— o N,
N J\N o N OH
H H
(e} oy
OBn

108¢c 110

OBn

Figure35. Reverse coupling df10

Amine 112 was synthesised from the starting acid Esaminovaleric acidl04c TMSE
protection was achieved using the previous conditions of HBTU, triethylamine and DMAP
(Xhene 28). This gavdllin 86% yield, which was treated with 4 M HCI in dioxane to

remove theBoc protecting group to givel2as the HCI salt in quantitative yield.
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o) HBTU, EtzN, DMAP (0] |

CH,Clp, DMF /\/\)]\ si”
BocHN/\/\)]\OH > BocHN o/\/ ~

rt, 16 h
104¢ 86% .
i |
4 M HCl in dioxane /\/\)]\ si”
P H,N R SN
rt.,2h
quantitative % HCI

12
Scheme&8. Synthesis 0112

The tripeptide100 was TMSE deprotected to give the fr€germinal in 90% yield and
subsequently coupled to the HCI salt of the antid@(Sheme29). Coupling cf12onto the
deprotected tripeptide93 proceeded in moderate 63% yield. Deprotection of the termini was
performed sequentially, first using TASF tpxect the ester, followed by Boc deprotection

using HCI to givé10as the HCI salt and a crystalline solid. The removal of both protecting
groups could also be achieved using TFA, though, the formation of a TFA salt had given an oll

and therefore the HiGsalt was preferred due to the ease of handling.
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Scheme9. Synthesis 0110

Cyclisation of.10was then performed using HATBoheme30). The cyclised produdD8c

was isolated with a lowcrude yield and after column chromatography still contained
impurities. It was therefore concluded that as cyclisation onto proline did not improve the
yield or prevent the formation of diastereomers, thaiupling onto threonine was the more

reliabe route.

(0] OBn fe) 0

S Nl oo
HATU, DIPEA N
(o} o (0] ’ N O O R

H DMF ~ N

N JJ\ N N, N /\/\)J\OH HH NH
H H HN

t., 16 h
o . rt., 16

110 108¢c

OBn OBn

Scheme30. Reverse coupling df10
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2.5.3 Deprotection of the Benzyl Side Chain Protecting Groups

The final step for the synthesis of the cyclic products was the removal of the benzyl protecting
groups on the sié chains. The benzyl group is a robust group for the protection of carboxylic
acids and alcohold he reactivity of the benzylickCbond is comparable to that of an alkene
and this enhanced reactivity can be attributed to a lower bond dissociation energy due to the

stability of the benzyl radical that is stabilised by the aromatic ring.

After synthesising compound$08a 108band 108cit was decided to cleave the remaining
protecting groups and purify the products by preparative HPLC to try and separate out the
diastereomers which were seen after the cyclisation. The most widely Qskzbenzylation
methods used in organic synthesis are either palladium on carbon (Pd/C) or palladium
hydroxide on carbon (Pd(O#f}). The first set of conditions that were attempted to
debenzylate compound08cwere 10 mol% Pd/C in methanol Pla 8, Entry 1). However,

after 16 h only the more labile benzyl ester from glutamic acid had been removed. Addition
of acetic acid Table 8,Entry 2) to try and promote the deprotection reaction also only
resulted in the cleavage of the benzyl ester. Changing the solvent talichlbromethane :
methanol and increasing the reaction time to 20Tialfle 8 Entry 3) also failed to cleave the
benzyl ether on threonineAs increasing the reaction time had no effect for cleaving both the
benzy ester and the benzyl ether bonds, the catalyst loading of Pd/C was increased from 10
mol% to 20 mol% in methanaoldéble 8entry 4). However, this resulted in a complex mixture

of products being formed.

As a range of Pd/C conditions had bdealled and no product was formed cleanly, the
palladium catalyst was changed to Pd(&€)Attempting the reaction in methanor éble 8,

Entry 5) over 16 h, resulted in a mixture of products. Upon preparative HPLC several
compounds were isolated, inaing the monedebenzylated product. A range of solvents for
the reaction were also trialled including dichloromethamfluoroethanol, ethyl acetate

and ethanol However, starting materidlO8cwas insoluble irach of these solvents.
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HN HN
OBn OH
0 o}
108¢ 109¢c
Catalyst
Entry Compound Reaction Conditions Loading Outcome
(mol%)
Only one Bn group
1 108c H,, Pd/C, MeOH 10
removed
Only one Bn group
2 H,, Pd/C, AcOH, MeOH 10
removed
Only one Bn group
3 H,, Pd/C, 1 1 CHCh: MeOH 20
removed
4 H,, Pd/C, MeOH 20 Mixture of products
5 H,, Pd(OH)C,MeOH 30 Mixture of products

Table8. Benzyldeprotection conditiongperformedon cyclic products

The main product of the debenzylation with Pd(&/@)in methanol was compoundi1l5
(Schene 31). The formation of the methyl ester on glutamic acid can be attributed to the
extended reaction times required for the cleavage of the benzyl ether on threonine.
Hydrolysis of the methyl ester using lithidmdroxide would have required an aqueous work
up, and asthe benzyl ether was still proving challenging to cleave, other debenzylation

conditions were trialled.

3 2 OMN 2 o8B
HN OBn  H,, Pd(OH),/C Reel
N 00 > MeOH EN}_f O ¢
- SN\ el ; NH
E/—/( NH rt, 16 h HN
HN
/
OBn ©
0

108¢c 15

Schemes1l. Potentialproduct of the debenzylation df08
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As the cyclisation dfO8 was low yielding there was a limited amount of cyclic compound to
test debenzylation conditions on. Consequently, the following reactions were completed on
the linear tripeptide100. Transfer gdrogenation is the addition of hydrogen to a molecule
without the use of gaseous;tdnd is a powerful and versatile method to access a variety of
hydrogenated compounds. The catalysts used are readily available, and neither air or water
sensitive, and thdéaydrogen donors are inexpensive and easy to handle. For these reasons
transfer hydrogenation is an attractive alternative to direct hydrogenation, particularly for
the removal of protecting groups in peptide synthesis. In 2001, Gavdh employed zinc

as a catalyst with either formic acid or ammonium formate for the reduction of nitro
containing compounds to aminé® Following on from this work i2002, they published an
investigation into other lowcost metals that could be used for catalytic transfer
hydrogenation and developed a system that utilises magnesium as the catalyst and
hydrazinium monoformate as the hydrogen dorétHydrazinium monoformate was pre
formed prior to the reaction from formic acid aritydrazine hydrate, which is miscible in
most organic solvents, including methanol that was used in the debenzylation reaction. In
the paper, Gowda reports the debenzylation of threonine and glutamic acid were complete
within 1 h at room temperature in 90%nd 95% yields respectively. These conditions of Mg
and hydrazinium monoformate in methanol were tested on the tripeptid®. However,

after 15 h under these conditions only starting material was recovered (Tabitéy 1).

The reaction was tried aga this time heating to 50C for 5 h Table 9ntry 2), but again

only starting material was observed.

The use of hydrogen bromide in acetic acid for debenzylation was first demonstrated-by Ben
Ishai and Berger in 1932 They showed that benzyl esters and @batected amines are
cleaved with hydrogen bromide in glacial acetic acid at room temperature within 1 h. This
method was later developed by Merrifield for use in solid phase peptide syntiesis.
However, when a solution of 33% hydrobromic acid in glacial acetic acid was used to
deprotect100, the starting material degraded completely within 4Ttable 9ntry 3). Lewis
acidic reagents including boron trihalides are mild and effective reagents for ether cleavage.
Boeckman showed the use of catechol boron trihalides for the deprotection of benzyl ethers,
as well as methoxymethyl (MOM) and thariethoxyethoxynethyl (MEM) ethers, in good
yields!* In 1993, Wardet al. reported the use of boron trichloride dimethyl sulfide
(BC.SMe) complex to selectively cleave benzyl ethers in the presence of cyclic and silyl
ethers, esters, lactones, alkenes and alkyltés/arious substrates were treated with

BCi.SMe and all deprotection reactions were complete within 4 h without any side
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reactions. They fouwhthat debenzylation typically occurred quicker when dichloromethane
was used as a solvent when compared to diethyl ether. When these conditions were applied
to 100for 4 h debenzylation failed to occur and instead the tripeptide wasdgpeotected

as wa demonstrated byH NMR(Table 9ntry 4).

(e} OBn o OH
(e} (e}

o) o |
B H |/ Boc | H e
Noc \\\\JJ\N N, O/\/Si\ _— @\\J\H N, O/\/Sl\

H
G (@] “u, o ""OH
OBn

Entry Reaction Conditions Outcome

1 Hydrazinium monformate, Mg,

Starting material isolated
MeOH, r.t.,, 1.5 h

2 Hydrazinium monformate, Mg, _ o
Startingmaterial isolated
MeOH, 5CC, 5 h
3 HBr, AcOH, 4 h Degraded starting material
4 BCi-Me.S, ChCh, 4 h Removed Boc group instead of Bn

Table9. Deprotection conditions on linear tripeptide

Attention then returned to using other palladium catalysts to remove liemzyl groups.
Palladium black in methanol cleaved the benzyl ester on glutamic acid after 20 h, leaving the
benzyl ether on threonine in plac&dblel0, Entry 1). Repeating the reaction for 41 Taple

10, Entry 2) resulted in a complex mixture of pnacts. Surprisingly, after 1 h with palladium
chloride as the catalyst the benzyl ether was completely cleaved from threonine and the
product isolated was the methylated glutamic es1dr7in 94% yieldTable 10Entry 3). The
methylation of the ester carbe attributed to the formation of HCI in the deprotection

reaction from methanol and PdCivhich then catalyses the esterificatioBaheme32).

o} O\

H,, PdCl,, ”\ y
Boc MeOH Boc N, S
“\ ))J\ /\/SI rt., 1h 0TI

Scheme32. Debenzylation 0100in methanol
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By changing the solvent dfe reaction from protic methanol to aprotic DMF the formation
of HCI was avoidedTéable 10,Entry 4) and consequently, after removing the solvent,

debenzylatedl16was isolated in 9yield.

O OBn % OH
O O
Boc ] H Boc | H |
J\ N, /\/SI E— <Nj\\“. N No., o/\/SI\
H
o .,
OH

Entry Reaction Conditions Outcome
1 H,, Pd black (30 mol%), MeOH, 20 Cleaved Glu Bn but not Thr Bn grou
2 H., Pd black (30 mol%), MeOH, 41 Mixture of products
3 H,, PAGI(30 mol%), MeOH, 1 h 117, 94% vyield
4 H,, PdGI(30 mol%), DMF, 3 h 116, 93% yield

Tablel0. Deprotection conditions on linear tripeptide. All Pd conditions are at 30mol%

2.6 Conclusion

Ring closing metathesis was an approach to making cyclic compounds. Synthesis of the linear
peptides proceeded well, yet cyclisation often proved unsuccessful mithiple Grubbs

catalysts, as starting material or a complex mixture were isolated.

In the solution phase synthesis of the cyclic peptides, a range of protecting group strategies
has beerinvestigated. The major difficulty arose from the protection af @terminal of the
tripeptide. The phenacyl ester showed promise and the protection reaction occurred in good
yield, along with the synthesis of the linear tripeptide. However, problems developed upon

removal of the group which failed to give yield highean 38%.

The final protecting group strategy employed the TMSE ester onGterminal. After
investigating a variety of deprotection conditions, cleavage occurred in the highest yield with
the fluorine source TASF, in 98%. It was the Boc/Bn/TMSE fingtecoup strategy carried

forward for the remainder of the solution phase peptide synthesis.

Although the protecting group strategy had now been solved, there remained the problem

of the formation of diastereomers in the cyclisation step. Changingdhplmng reagent from
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HATU showed no improvement on yield or in the formation of diastereomers and varying the

point of cyclisation resulted in a massive decrease in yield.

Debenzylation of both cyclic and linear peptide proved problematic. Both transfer
hydrogenation conditions and catalytic hydrogenolysis using gaseauwekt tested,
however, it was removal of the benzyl ether of threonine that was shown to be the hardest
to cleave. After testing a range of palladium catalysts for different reactionstimenultiple

solvents, PdgIn DMF gave clean product in 93% vyield.

However, the problem of the formation of diastereocisomers on cyclisation was still
problematic and therefore another approach was trialled for the synthesis of the tripeptide

and cycliation that involved solid phase peptide synthesis.
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3. Solid Phase Peptide Synthesis

As the solution phase approach to the synthesis of the cyclic peptides proved problematic,
attention turned to solid phase peptide synthesis as a potential solution. While most cyclic
peptides have traditionally been synthesised in solution phase, solasepleaedo-tail

cyclisation offers a number of advantages. Macrocyclisation should proceed with higher
efficiency as there is minimal risk of polymerisation of the peptide, and it provides precise

control over the structure or postynthetic modifications

3.1 Synthesis Using Labile Linkers

In solid phase peptide synthesis, peptides are usually synthesisedGterminus to the
N-terminus, consequently making functionalisation of t@germinal difficult. As briefly
discussed in Chapter 1, linkers omhile group can be placed in between the saigport

and the synthetic peptide. However, labile linkers limit the number of reaction conditions
available for the synthesis. Instead linkers that are stable to a wide range of reaction
conditions and are tbn activated at the cleavage step provide an alternative route that is

more reliable.

The benzotriazole group is compatible with many synthetic conditions and transformations
and has been used as a traceless linker in the synthesis of multiple compduri{xl8,
Selvarajet al reported a method for omesin Gterminal modification of synthetic
peptides!*® This method ses a diaminobenzoic acid derivative as the linker for peptide
elongation and is then activated to the benzotriazole upon treatment with isoamyl nitrite.
This technique can be used with a diverse number of nucleophiles to re@@sminally
modified peptdes from the resin in a short time. The diaminobenzoic acid lidkéris
synthesised fromd-amino-3-nitrobenzoic acidl18 which was first coupled onto the Rink
amide resin using HBTU ®me 33). The nitro group was then reduced using tin chloride to
give119. The first amino acid of the sequence could then be coupled dhgpfollowed by

the remaining sequence, before activationl#0to the benzotriazole.
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DBU, DMF, 6 h, r.t

(0] (0]
ON 1. Rink amide resin, HBTU HAN
2 OH NMM, DMF, 1 h, r.t _ 2 H
2.2.5M SnCl, 2H,0
HoN HoN
119

118

R (e}
Protected amino acid (R) Y o
HBTU, NMM HN
> N
DMF, 1 h, r.t H
HoN
120

Schemes3. Literaturesynthesis of the diaminobenzoic acid linker

The benzotriazole linker has been used imwnber of solidphase syntheses, though
conditions for its preparation are often harsh, and are not compatible with any side chain
protecting groups that may be present in the peptide. Consequently, for activation of the
diaminobenzoic acid linkerl9to the benzotriazolel21, Selvaragt al. trialled both sodium
nitrite and isoamy!| nitrite for cyclisation at tAeaminoanilide. Of the two conditions, isoamyl
nitrite gave better results, with the reaction completing in 90 min to 3 h with98%
convergon. Investigation into the solvents for the reaction showed DMF gave the highest
yield of 99%. The compatibility of this reaction was then assessed by synthesising several
peptides with differingGterminal amino acids attached to the linker. Using theqadure
described above, peptides with ti@terminal amino acid including glutamic acid, histidine,
cysteine, tryptophan and phenylalanine were all synthesised in high purity and yield
(7890%). A variety of side chain protecting groups were also stablinis procedure,
includingtert-butyl, trityl, Boc and 2,2,4,6s@entamethyldihydrobenzofura®-sulfonyl (Pbf)
group (Schme 34).
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2h,rt

o

R OEt
78-90%
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Schemes4. Literature nvestigation into the scope of the reactitf?

R = amino acid residue or peptide chain

Selverajet al. then demonstrated that this method could be used to synthesise the cyclic
peptide sunflower trypsin inhibitel 123 (SFTFIL). SFTL is a potent BowmaiBirk protein
family inhibitor and is made up of 14 amino acidgfe 36). Previous syntheses of ¢hi
compound and its analogues has required elevated temperatures and a long reaction time,
resulting in a 35% vyield after purification. Using the diaminobenzoic acid linker, the linear
peptide was synthesised, followed by removal of Nverminal Fmoc grop and activation
using isoamyl nitrite to give the benzotriazole linker. Narminal amine can then act as a
nucleophile to both cyclise the peptide and subsequently cleave it from the resin. This
cyclisation reaction was shown to be completed in 5dfple deprotecting the amino acid
side chains. This deprotection triggered formation of the intramolecular disulfide bridge to
give SFTL in 42% yield and 94% purity.
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Figure36. Structure of sunflower trypsin inhibitet (SFFL), 123143

Attention then turned to applying this method to the synthesis of the peptide in the current
project. To synthesise the prolirggutamic aciethreonine peptide, the protecting group
strategy of the amino acids was changed to Fmoc foNHerminusand tert-butyl for the

side chains. This eliminated the need for the debenzylation reaction that had been

problematic during solution phase synthesis.

Following the procedure outlined by Selvaetj al. commercially available -dmino-3-
nitrobenzoic acid was colgd onto the Rink Amide MBHA resin. This resin comprises the
modified Rink amide linker attached to the MBHA resin. This coupling was completed using
HBTU as the coupling reagent wilhmethylmorpholine (NMM) as the base in DMF. Coupling
was complete in 2 (Sbieme 35). The next step was to reduce the aromatic nitro group to
the aniline. Tirl{) chloride is widely used as a reducing agent and provides mild conditions
under aqueous acid to reduce nitro groups in the presence of other reducible groups, such
as aldehydes or phenyl groups. However, in 1984 Belkina) developed a general and
inexpensive method for the selective reduction of aromatic nitro compounds iRrawatic

and nonraqueous medid* Using Sn@H,0O in ethanol or ethyl acetate, allowed for the
reduction of a wide vaety of substituted nitrobenzenes in almost quantitative yields.
Reduction of the nitro group dfl8was performed usin§nCliHO and DBU in DMF for 20

before a small amount of resin was removed for cleavage to check the coupling and reduction
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were sucessful. Cleavage was done using TFA for 1 h, and mass spectrometry confirmed the

structure of124.

o) o)
ON 1. Rink amide resin, HBTU HoN
2 oH NMM, DMF, 2h,rt  Hz N
2.2.5 M SnCl, 2H,0
HN DBU, DMF, 20 h, r.t HN

118 119

O
HoN
TFA, 1h, rt NH,
Partial cleavage H,N

124

Scheme35. Preparation of the diaminobenzoic acid linker

The next step was to couple on the first amino acid in the segeieCoupling of Fmec
Thr(OBu)}OH was initially performed using Oxyma and DIC in DMErf&c36). Oxyma, first
introduced in Chapter 1, is a safe and efficient reagent used in carbodiimide peptide coupling
chemistry. The carbodiimide DIC is used as an alternative coupling reagent to DCC in peptide
synthesis. DIC is a liquid, and thereforeasier to handle than the waxy solid of DCC, and
the b Z Hii€opropylurea byproduct formed in the reaction is soluble in most organic
solvents, thereby facilitating the wotlip procedures performed in solid phase synthesis. The
additive Oxyma has been showo outperform both HOBt/DIC, HBTU and PyBOP in terms of
purity and yield, and has consequently become one of the reagents of choice for synthesis of
peptides!®® In this synthesis, four equivalents of Frablar(OBu)}OH, Oxyma and DIC were
used and the reaction was conducted in DMF. The reaction mixture was shaken at room
temperature for 1h before conducting a partial cleavage of the rek26 using a TFA ::B

(95:5) mixture. Once again mass spectrometry was used to confirm the structli2y ahd

that coupling of the first amino acid onto the linker had been successful.
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_
mini cleave
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Schemes6. Loading of the first amino acid, Fmdtr(OBu)}OH onto the linker

Following on from the successful first couplirid6 was Fmoc deprotected using 20%
piperidine in DMF anthen coupled to Fmo6GIlu(OBu)}OH using Oxyma and DIC in DMF,
before Fmoc deprotection once again and the final coupling to FAmodo givel 31 (Scleme

37). At this stage the amount of peptid81bound to the resin was quantified. This method
uses the U\spectrophotometry analysis described in Chapter 1. By using a known quantity
of 20% piperidine in DMF, the loading of the peptide was calculated using the absorbance of
the dibenzofulvenepiperidine adduct compared to that of the same piperidine solutisad

for deprotection. Upon conducting this procedure, the loading of the peptide onto the resin
was much lower than expected, and so partial cleavage of the resin was done to confirm the
structure of the peptide attached to the resin. However, the struetaf 132was not found

by mass spectrometry and so a different approach for the coupling was attempted.
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Scheme37. Solid phase synthesis of the tripeptitieker adducs. 132was not observed

As the synthesis of the peptide using Oxyma and DIC was proving to be problematic, attention
returned to the conditions used in the procedure by Selvatal. (see heme 34). These
conditions were used for the coupling of Frabler(OBU)-OH 125 onto the linker Eheme

38). Once again, a partial cleavage was performed to verify the first coupling was successful.
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Schemes8. Coupling of Fmoe@hr(GBu)OH onto thdinker using HBTU

The remainder of the peptide sequence was then coupled onto the resin using HBTU and
NMM (Steme 39). Fmo&Ilu(OtBuOH and Fmoe®ro-OH were coupled onto the resin to

give compound.31 A capping step was introduced into this synthessmgacetic anhydride

and pyridine and was performed after each coupling before subsequent Fmoc deprotection.
This capping step transfers an acetyl group from acetic anhydride onto any free NH on the
resin, and in so doing acylates any unreacted peptideygnting it from reacting on in the

next coupling step. Consequently, introducing a capping step into the peptide synthesis can
help to prevent any unwanted side reactions. This step was followed by Fmoc deprotection
using 20% piperidine in DMF. After tegnthesis of the tripeptide was complete, a patrtial
cleavage of the peptide from the resin was performed, with the structurg3@fconfirmed

by mass spectrometry.
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Schene 39 Solid phase gnthesis ofpeptide 131, followed by cleavage of pep from resin to give
132

The next step in the synthesis was to couple Faminovaleric acid33onto proline. Once
again this was done using HBTU and NMM, followed by Fmoc deprotection td 3five
(Sheme 40).
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Schene 4Q Solid fhasesynthesis ofl35

Activation of the diaminobenzoic acid linkeasvthen attempted using isoamyl nitrite before

the cyclisation reaction. The frédterminal amine resifboundo-aminoanilidepeptide 135

was activated with isoamyl nitrite (10 equivalents) at room temperature for 90(8theme

41). Alkyl nitrites, suchsaisoamyl nitrite, are inexpensive and mild esters of nitrous acid that
can be easily prepared. Initially used as vasodilators, it was observed that alkyl nitrites were

useful chemical reagents and an efficient source of nitric oxide (NO).

Subsequently, te onresin N-terminal amine was then reacted witGterminal acid and
cleaved from resin in the presence of DIPEA (4 equivalents) in DMF for 16 h at room

temperature (Scahme 41).
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Schenre 41 Activation and cyclisation attempt of the linker

However, after 16 h the cyclisation reaction failed to yield any cleaved cyclic peptide and so
a Kaiser test was performed. A Kaiser test is typically used taondiné completeness of a
peptide coupling reaction in solid phase synthesis. An intense blue colour is generated from
the reaction of ninhydrin with any free primary aliphatic amine present on the resin after
deprotection. It should be stated that the I€ar test is not applicable in the case of aromatic
amines, and so would not result in a false positive if the activation to the benzotriazole has
not been successful. The results from the Kaiser test indicated there was still peptide
attached to the resirand so part of the resin was cleaved using TFA in water. Using mass
spectrometry, the major compound cleaved from the resin was determined BB¢Hgure

37). This compound had been formed due to the capping steps performed after each coupling
reaction transferring an acetyl group onto the free amine on the diaminobenzoic acid ring.
This acetylation prevented the activation step to the benzotriazole, and therefore cyclisation
of the peptide. In order to stop the acetylation from occurring, the synthes$ithe peptide

was repeated, with the capping steps omitted.
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138
Figure37. Structure of the peptide.38cleaved from the resin

The peptide synthesis proceeded as previously described, with first coupling and reducing
the linker to givel 19, then completing the couplings of Fmdbr(CBu)}OH, FmoeSIu(CBu)
OH, Fmodro-OH and Fmoaminovaleric acid to give35(Sheme 42). Fmoc deotections
were performed using 20% piperidine after each coupling, before washing the resin and

completing the next step.

(e} (e}
ON 1. Rink amide resin, HBTU HoN /‘
2 OH NMM, DMF, 2 h, r.t _ 2 H
2.2.5M SnCl, 2H,0
H,oN HoN

DBU, DMF, 20 h, r.t

118 119

O'Bu

O =
1. Protected amino acid )W/ H “/>

HBTU, NMM, DMF

. \n/\N
1h,rt )\/\/\NHZ
2. 20% Piperidine in DMF o

- HNT o o

',‘ BuO,, -\, 0O
> n, ulé o
HN
N
H
H,N

135

Schemel2. Synthesis o135without any capping steps

Once peptidel35had been synthesised, the activation and cyclisation steps were attempted
(Sheme 43). However, only a minor amount of cyclic pepfi8&was isolated and when the

resin was tested using a Kaiser test, no peptides shown to be present on the resin.
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Schemel3. Activation and cyclisation

As this method yielded an insufficient amount of cyclic peptide, a different solid phase
technique was attempted. This method involved the use of a different resin for the synthesis

of the linear peptide followed by cyclisation in the solution phase.

3.2Solid Phase Synthesis of Cyclic Peptides Using Solution Phase Cyclisation

The chlorotrityl chloride resiti39 (Hgure 3) is one of the most useful resins for solid phase
synthesis of>terminal acid peptides and can be used in the synthesis of both giedeand
unprotected peptides. Cleavage of the chlorotrityl chloride resin can be achieved under mild
acidic conditions when compared to other acid labile resins, by using 0.5% TFA or
hexafluoroisopropanol (HFIP). An advantage of this resin is that ises both the
formation of diketopiperazines and racemisation upon loading of the first amino acid. This is
due to both steric factors, and that no coupling reagents or activation is required for loading

of the first amino acid, it can simply be completgging a base such as DIPEA.
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139
Figure 3. Structure of the chlorotrityl chloride resin

Automated synthesis of the tripeptide in this project usedHhlorotrityl chloride resin as a
solid support to construct the linear peptides by usa &iotage Initiator+ Alstra Synthesiser.
In order to do this, the first amino acid had to be loaded ah®resin manually using DIPEA
in dichloromethane ($®me 44). As difficulties had previously arisen with racemisation of
threonine, the linker chain of Fmeaminovaleric acid33was loaded onto the resin first to

keep any potential racemisation duringetlsynthesis to a minimum.

o] 2-Chlorotrityl chloride resin o
/\/\)]\ DIPEA, CHAClp > /\/\)j\
FmocHN OH - FmocHN (o]

16 h, r.t
133 140

Schere 44 Loading ofl33onto the 2chlorotrityl chloride resin

The remaining coupling steps of Friblar(OBu)}OH, Fmodslu(OBuU)-OH, FmodPro-OH
were completed on theéBiotage Initiator+ Alstra Peptide Synthesiser, followed by cleavage
from the resin using 20% HFIP in dichloromethamhd®e 45). The linear peptideA2was

isolated as a single diastereomer.
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Schene 45 Synthesis 0142 using the 2chlorotrityl chloride resin

Following cleavage from the resin, cyclisation was attempted using solution phase conditions
(Sheme 46). PyBOP was used as the coupling reamshtthe reaction was conducted at
high dilution in DMF. Cyclisatiavas proved successful by mass spectromdigwever, the
formation multiple compounds were once again observed in this reaction and separation of

these compoundsvere unable to be separatelly preparativeHPLC.

b, NH
HNLO 2 2
HN—<_\\O‘BU
NH

t,
BuO o o N o0 0
PyBOP, DIPEA, DMF w

(0] HN
O'Bu 0 16 h, r.t HN

o OH OBu

N
H

142 137

Schene 46 Solution phase cyclisatiaf 142

As the cyclisation step had resulted in the formation of multiple compounds haslidone
previously, modifications were made to the peptide sequence. In the peptide sequences
screened by Wellst al. (Tdle 1, Chapter 1), from which this project identified the tripeptide

sequence Pr@luThr, the amino acid following threonine was @he. The addition of
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glycine onto theGterminal of the peptide, this would result in the cyclisation step being a
coupling between glycine and the linker. As both of these residues are not chiral, the

cyclisation step should proceed without racemisation.

Using the Zhlorotrityl chloride resi, glycine was first loaded onto the resin using DIPEA in
dichloromethane for 16 h to give44 (Schene 47). Automated synthesis, using Oxyma and
DIC for the couplings, was then used for the remainder of the peptide sequence and coupling
of the linker. Thdinear peptide146 was then cleaved from the resin using 20% HFIP in

dichloromethane as a single diastereom8cieme 47).

1. Protected amino acid
Oxyma, DIC, DMF

. . . 2. Ac,0, pyridine
(0] 2-Chlorotrityl chloride resin (0] 3. 20% piperidine in DMF
FmocHN\)J\ DIPEA, CHCl, o FmocHN\)J\ >
O
144

143

\
"V

o

0™ 'NH 07 "NH

OMO‘BU 20% HFIP in CH,Cl, OMO‘BU
. 1h,rt .

Buo™ jNH o o™ El/:NH o}
0 H
R Y
H H

Schenre 47 Automated ynthesis of peptidd 46

Severakyclisation conditions were attempted, followed by side chain deprotection of the
product using TFA (bk 11). Cyclisation performed with PyBOP and DIPEA inTake (11,

Entry 1) showed formation o147 with subsequent TFA deprotection giving the crud
without any discernible racemisation. However, upon purificationl48 by preparative
HPLC, the cyclic product could not be isolated pure.-progiuct of PyBOR49 (Fgure 39)

from the reaction wasshown to be present in the product after purification and after
attempting a number of different gradients on the HPLC, as well as repeating the reaction

and including an aqueous work up, failed to improve the purity of the final product.
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Figue 3. Structure of the PyBOP dpyoduct

The next set of conditions attempted were EDCI and DMAP in DMIE (MaEntry 2), though

after 18 h no product was shown to be formed in the crude reaction mixture. DMTMM was
also tried asa coupling reagent in the cyclisation reaction, followed by TFA deprotection to
give 148 (Table 11 Entry 3). When these conditions were first attempted once again by
products from the DMTMM coupling were present in the final prodi48 However, by
adding in an aqueous work up before the deprotection step, this alloivto be isolated

in 93% purity after purification and in a 5% overall yield. Therefore, these reaction conditions
were taken forward for the synthesis of the two remiaig analogued49aand 149b with

differing linker lengths (Scheme 48).
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148
Entry Reaction Conditions Yield (%)
1 PyBOP, DIPEA, DMF, 16 h Unable to remove PyBOP impurity
2 EDCIPDMAP, DMF, 18 h No product isolated
3 DMTMM, NMM, THF, 16 h 5 (after purification)

Tabk 11 Cyclisation conditionEach set of reaction conditions was followed by TFA deprotection

The remaining analogues included peptides with the linkeasanine and -aminobutyric

acid. These analogues were synthesised following the previous procedinrem&al8).
Fmocglycine was first coupled manually onto the chlorotrityl chloride resin te M, with

the remainder of the linear peptide constructed using automated synthesis. The peptide was
then cleaved from the resin and cyclised using DMTMM over 16 h. At this stage an aqueous
work-up was performed to remove impurities and the resultinggwot was treated with TFA

over 3 h to remove the side chaiert-butyl groups. After purification compourt¥9awas
isolated in 3% yield and compourdd9bwas isolated in 5% yield. The purities of both of

theseanalogues were >90%, as determined by HPLC.
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Scheme 48Synthesis of cyclic analogub$Ga and 14%

3.3 NMR Spectroscopy and Molecular Modelling Studies

After successfully synthesising ¢fer cyclic compound$48, 149 and 14%, conformational
studies by NMR spectroscopy and molecular modelling studies will be carried out to see how

they may differ from one another.

3.3.1 Molecular Modelling

Molecular modelling encompasses all theoretical and computational methods used to mimic
the structure and behaviour of molecules. This can range from small chemical systems to
large biological assemblies including protein folding, enzyme catalysis, and conformational
changes associated with biomolecular function. Performing molecular mogletiudies on

peptides is beneficial as they provide simpler models of larger and more complex proteins. It

can also help to provide rationalisations of their function in terms of structure, dynamics and
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interactions with the environment. Due to the smalkze of peptides, they tend to be more
flexible than proteins and thus dynamics plays a greater role in peptide properties in solution.
Therefore, peptide modelling considers characterisation of a range of possible structures and

predicting their populabns, as well as the rates of interconversion between them.

In this project, the molecular editor and visualiser, Avoggifersionl.2.0)4¢, was used to
construct and view the synthesised peptides in 3D. The structures of the peptides were first
built, and the energy of the molecules minimised. Constraints were added to the peptide
backbone, fixing theidtance between the bonds. The bond distances for the backbone were
synonymous to the peptide backbone in the crystal structure of the phosphorylated
sequence of p62 in complex with Keapl (PDB reference: 3WD@jptimisations were then
performed around these bond constraints and a general AMBER force field (GAFF) was

applied to the system®

The first cyclic structure to be analysed was that of compdu#®{Fgure 40). The proposed

energy minimised 3D structure is shown below.

148

Figure40. Proposed sucture of 148

The possible structure of our peptidel8 (blue) was then compared to the natural binding
sequence of p62ising PyMON2.0and importing the peptide from PD@Bigure 41).14° The
peptide (green) shown below is from the crystal structure of Keaptomplex with
phosphorylated p62 (PDB: 3WDZ). The backbones of each of the peptides were Imed up
eyeas closely as possible. From the three views shown it can be seen that the proline and
glutamic acid residues of our peptidéd8align with the prolineand phosphorylated serine

residue of p62. As the key interaction with Keapl is from the phosphorylated serine to an
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arginine residue in the binding site Keapl, it can be inferred that this key interaction may still
occur in our cyclic peptide. However, tpesition of the threonine residue differs from the

p62 peptide, with the side chain positioned in the opposite direction.

Figure4l. Structure of our peptide (blue) compared with the phosphorylated p62 sequence (green)

Structures aligned by eye in PgNA4°

When both of these peptides are placed in the binding site of Keap1, it can beheselmave
similar binding motifs (Bure 42). The image was created in PyMOL and the backbones of the
two peptides were aligned by eye. Frdiigure 368t can be seen that the glutamic acid
residue of the cyclic peptid®48 extends into a similar space #ee phosphorylated serine
residue of the Wells peptide. This residue may therefore interact favourably witd8gm

the Keapl protein, a key interaction for the binding of similar peptides to Keapl. The proline
residues of each of the peptides are also positioned in a similar space, however, the
threonine residues are not. The threonine residue of the cyclic pedtdBds positioned in

the opposite direction to the p6lke peptide synthesised by Wedlsal.and this is resulting

in a steric clash with the backbone of both A6 and Seb55 in the Keapl proteifThis
unfavourable interaction may result in a loss of bindifigis brief modelling only shoed

one possible conformation of the cyclic pajg 148 but there are many possible
conformations of this peptide in solution, and the conformation of the cyclic pefdd@may

also change upon binding to the protein, and therefore it is not definitive whether this

interaction would result in the cyclic peptidgl8not binding to Keap1.
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Figure42. A. Binding of p62 analogue (green) and cyclic peplidi@(blue) to Keapl (pinkPB. Closer
view of cyclic peptide interactions with Keafidenerated in PyMGand importing the potein
structure from PDB3WDZ).

These studies were also performed on cyclic pepti#3aand 149h The proposed energy
minimised 3D conformation of each of the peptides is shown beldgu@43). These

structures may be more constrained due to the smaller linker lengths whapaed to148.
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HO 6}

149b
Figure43. Proposed structure of peptidb49aand 149b

Comparison of each of thepessible conformations with the natural analogue of p62 (green)
are shown below (Fige 44). In these more constrained rings, it was more difficult to align
the backbones of the peptides with the natural sequence. As was previously seen with
compoundl148, the threonine residue does not lie in the same chemical space as the native
threonine. Also seen within these peptides, were changes in the positioning of the glutamic
acid residue in49band both the proline and glutamic acid residued4®a In bothpeptides

the glutamic acid residue extended into a different region of chemical spapadB4a/b),

and in149bthe proline residue adopted a different conformation entirely (Figd4b).
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a)

b)

Figure44. Cyclic peptide$49a(blue, Figure a) anti49b(blue, Figure b) alignday eyewith a p62
analogue (green)

Both cyclic peptided49aand 149bwere placed in the binding site of Keaflue to the
different conformations of these peptides when comparedl#8, there was an increased
number of potential steric clashes with Keapl, which may inhibit bindfiggire45B shows
the p62like peptide synthesised by Welkt al. (green) and the cyclic peptid&49-b
synthesised in this project (blue) in the binding site of Keapl (pink). This image shows the
conformation of149-b may be markedly different from that of the Welpeptide. The
glutamic acid residue df49-b is located in a different position to that of the phosphorylated
serine of the Wells peptide. As a result of this, the glutamic acid residlié9b is creating
a steric clash with the side chain of Ba5, ather than a favourable interaction with Arg
483. The threonine residues of each peptide are once again located in opposite directions,
however, this time the threonine residue d49b is not resulting in any unfavourable

interactions.
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Figured5. A. Binding of p62 analogue (green) and cyclic peptidieb (blue) to Keapl (pink]B.
Closer view of cyclic peptide interactions with Keapl. Generated in PyMOL and importing the protein

structure from PDB (3WD2Z2).

Figure46 and 4/ show the p62ike peptide synthesised by Wedlsal. (green) and the cyclic
peptide 149-a synthesised in this project (blue) in the binding site of Keapl (pink). The
conformation of 149-a was the most challenging to align to the Wells peptide as the

backbone was the most constrained. Once again, the str#h of the glutamic acid residue
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of 149-a with Tyr525 was observed and the threonine D9-a was also positioned in the

opposite direction but did not appear to result in any unfavourable interactions.

Figure46. A. Binding of p62 analogue (green) and cyclic peptidi@a (blue) to Keapl (pink).
Generated in PyMOL and importing the protein structure from PDB (3WDZ).
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apparent

Figured7. AandB. Closer view of cyclic peptide interactions with Keapl. Generated in PyMOL and
importing the protein structure from PDB (3WD2).

Molecular modelling of the cyclic peptides prepared in this project has provided an insight

into their potential conformations and how they may bind to Keapl. It should be kept in mind

93



that these studies were cursory and consequently a mordepth appro@h would be

needed to generate more accurate results.

3.3.2 NMR Spectroscopy

Analysis of theH NMR and 2D NMR spectratbe cyclic peptides48, 149 and 14%
showed the presence of two related compoundshe HPLC traces for each compound
displayeda shglepeak and the mass spectvgere pure with only the desired produat/z

ion present. As the linear peptide precursors for each of the compounds were a single
diastereomergpimerisation duringyclisationviaan amide coupling betweethe Gterminal
glycine and the linker residue was unlikely. Epimerisation usually occurs when the terminal
acid is activated by the coupling reagent, leading to the formation of an oxazolone, that then
reacts with a nucleophile leading to the racemisation of the chiralreeiowever, as the
terminal acid in this caseasglycine, which does not possess chiraliherefore would not
result in racemisation.However, this does not rule out the presence of conformes.
explanation for the perceived presence of two compounds in the NMR spectra may be due
to restricted rotation aroundhe amide bonds due to the double bond character, leading to
rotamers.One way to investigate this hypothesis is through variabhaperaure (VT)NMR
spectroscopyVT NMR experimentgeat the sample to overcome thigarrier to rotation,
resulting in coalescence of the peaks seen in the NMR spectrum. In thissgpeeiments

were run on a Bruker AVIIIGO0 with a Bruker smart protith compaind 148 at a
concentration 0©9.4 mMin a2% DMSO in a 10%@@in HO solution The temperature was
varied at 5°C increments from 25C to 85°C.The room temperature NMR spectruofi 148
showed the presence of twanagnetically different compoungsvhich @an be seen most

evidently from themethyl group of the threonine residugghlighted inFgure 48.
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Figure48. Partial'H NMR spectrum df48run at 25°C. Thr methyl group iboxed

As the temperature of the NMR experiment was raiieelsignaldoecame broadewith the

two threonine peaksno longerexisting asdistinct doublets Figure 49). This broadening
continuedas the temperature was raised to 86 wherethe two threonine signals became

a broad siglet (Fgure 50). It cannot be said conclusively whether this coalescence was due
to overcoming the rotation barrier of the peptide or simphe broadeningof the ggnals
swamped both doubletsHowever,as the ratio of the two peaks for the threonine methyl
groups did not changas the temperature waslowlyraised, itsuggestedhat the mostlikely

reason for the apparent coalescence whs broadening of the NMR gmals.
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Figure49. 'H NMR spectrum df48run at60°C
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Figure50. 'H NMR spectrum df48run at85°C
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Another explanatiorior the presence of two distinct compounds in the NMR spectay be
cidtransisomerisation of the proline peptide bond. Most peptide bonds typically adopt the
transisomer to minimise steric repulsion, though both-R£o (where AA is any amino acid)
cisandtransisomers are subjected to this repulsion and consequently have a much lower
energy difference. The fraction ofsPro bonds is dependent on the preceding amino acid,

with glycine and aromatic residues resulting in up to 4@8isomer*°

To investigatehis theory several NMR experiments were rifl and 2ENMRexperiments
including NOESY, TOCSY and H&@run ona BrukerAVIII800 spectrometer with a QCI
cryoprobe *HNMR eperimentswere obtainedwith 2048 by 256oints and16 transients
HSQC experiments were obtained with 1024 by 128 pointsBanahsients Data processed
with zero filling and squared shifted sine bell function and base line corrected as appeop
Solvent suppression was achieved usixgitation scydting method.Samples wergun at
25°C in 2% DMSO in a 10%00n HOsolution. Concentration of samples wetd89.4 mM,
149b9.7 mM,149a3.3 mM, dependent on the amount of sample available.

GComplete assignment 0f48 149aand 149bfrom NOESY and TOCSY data is shmmlow.
Each ofl48 149aand 149bhasan assignment table for the major component in the NMR
labelled148-A, 149aA and 149b-A (Tables12, 14, and 16 respectively)and a second table
for the second minor entity that was presernfthe assignments for the minor component are
labelled148-B, 149aB and 149b-B (Tables 13, 15, and17 respectively).
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H o o H
H—H
HO ™Yy,
148-A
Amino Acid NH H H H H,
Pro - 4.38 2.25,1.84 2.00,1.76 3.54, 3.39
Glu 8.30 4.45 2.17, 2.05 2.50, 2.40 -
Thr 8.35 4.06 3.88 1.14 -
8.68 4.02, 3.58 - - -
NH H He Hs He
Linker 7.78 251 1.77 1.62 3.19
Tablel2. Assignment ol48-A
He R o
H Ha \f
o Hl HN 0
H N H H\’//E(OH
h HN
H %H H H
H o o H
H—H
HO™Y
148-B
Amino Acid NH H H H H,
Pro - 4.21 2.22,2.19 2.00,1.84 3.57, 3.56
Glu 8.40 4.19 2.20, 2.15 2.38 2.32 -
Thr 8.19 4.31 4.27 1.09 -
8.44 3.88, 3.71 - - -
NH Ha Ho Hs Ha
Linker 8.20 2.43 1.80 1.70 3.18

Tablel3. Assignment 0148B
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HN 0}
H. 0 HI(OH
H y NHh HHhHN ] H!_h
0, H
HO” o
149b-A
Amino Acid NH H H H H
Pro - 4.24 222,190 | 1.95,1.84 | 3.61,3.50
Glu 8.06 4.30 2.16,2.04 | 2.40,231 -
Thr 8.23 4.14 3.69 1.10 -
8.31 3.87,3.72 - - -
NH H. H Hs
Linker 7.46 3.28 2.55 3.58 -
Tablel4. Assignment o49b-A
o
gfjuHHN 0
H o OH
H C“%(“ HhHNIm
! oH
9, H
HO” o
149b-B
Amino Acid NH H H H H.
Pro - 4.29 217,183 | 2.34,2.10 | 3.52,3.45
Glu 8.61 4.28 2.22,2.11 2.39, 2.30 -
Thr 7.79 4.11 3.94 1.19 -
8.52 3.89,3.75 - - -
NH H. H. Hs
Linker 6.82 2.92 2.45 4.06 -

Tablel5. Assignment 0149b-B
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H oH
%
HO
149a-A
Amino Acid NH Hr H H H.
Pro - 4.29 219,183 | 192,171 | 3.67,355
Glu 7.86 4.52 2.15,1.94 | 232,224 -
Thr 8.04 4.10 3.59 1.10 -
8.66 4.00, 3.59 - - -
NH H. Hz
Linker 7.59 1.54 3.08 - -
Tablel6. Assignment ofi49a-A
HN
H, ~ R HN__O
H b OH
H NHh (H)HhHij
H o H
H
HO
149a-B
Amino Acid NH H: H H H.
Pro - 4.32 224,186 | 2.08,1.73 | 3.65,3.57
Glu 8.38 4.34 2.07,2.00 | 2.37,2.18 -
Thr 7.99 4.12 3.63 1.09 -
8.70 4.01, 3.57 - - -
NH H. Hz
Linker 7.74 1.46 3.11 - -

Tablel7. Assignment oi49a-B
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Comparison of the chemical shift data between the two compounds present in each NMR
spectra is not sufficient evidence to confirm the presenceigfransisomers. There are only
minor differences in chemical shifts between thandB sets of data in edtcase and so this
data proves inconclusive. However, more information can be inferred from the NOESY
spectra(Fgure 51). In a NOSEY spectrum of compoud®there is a crospeak(circledin
green)between the H of proline(circled in redand the H of the linker(circled in yellowpf

the major compoundl48-A, showing them to be close in spattowever, this crospeak is

not present in the minor compounti48-B, indicating that the linker in this compound may

be positioned in the opposite conformation. This may be evidence that the two compounds
present in the NMR spectra for the cyclic compounds#géransisomers around the proline

residue.

HOO HOO

148-A, cis 148-B, trans

H of 148B

|
Absence of

crosspeak for
148B

et

—26

Figure51. NOESY spectrum b8
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3.4 Conclusion

Due to the difficulties that had arisen in the solution phase synthesis of the tripeptide Pro
GluThr (Chapter 2) solid phase synthesis was thought to be another viable option. First
attempted was synthesis using-oesin cyclisatiowiathe use of a labile linker in the form of

a benzotriazole, that had been shown to be successful in the cyclisatipeptifies. In the
synthesis of this peptide, the capping steps needed to be omitted due to acylation of the
aniline that prevents the formation of the active benzotriazole. However, even when the
synthesis was repeated, with successful activation, onlyamnamount of the desired cyclic

peptide was formed.

Due to the insufficient amount of peptide synthesised in the previous method, solid phase
synthesis of the linear peptide followed by solution phase cyclisation was attempted. This
method used the Z:hlorotrityl chloride resin and an automated synthesiser to construct the
linear peptide and then several solution phase cyclisation conditions were used. The main
difficulty with this synthesis was not racemisation, but removal eplmducts formed in the
reaction. By using the coupling reagent DMTMM, and subsequent aqueous work up of the
reaction, followed by TFA deprotection and purification, three analogues were isolated all in

>90% purity allowing for studies to be conducted on these compounds.

Molecula modelling studies provided an insight into the potential 3D conformations of these
peptides. Of the studies conducted it can be predicted that compd@&may result in the

most effective binding of the three peptides due to the most favourable biniditggactions

and least steric clashes with Keapl. It was also the peptide that most closely matched the

conformation of the analogue of the native p62 protein.

Full assignment of each peptide including both the major and minor compounds present in
the NMRspectra was completed usirgata form NOESY and TOCSY experim@ithMR
experiments were performed on sampld8 however, the results were inconclusive. Signals

in thespectra broadened as the temperature was raised and it was unclear as to whether the
signals coalescedr not. Comparison of the chemical shiftetween the two compounds
present also was unable to provide information as to where the conformational difference
might lie. However, NOSY spectrum provided an insight into the possible conétions of

the two compounds. A crogseak between the Hof proline and the first Chbf the linker §
present with one of the compounds and not the othehowing that there may beigtrans
isomerisation around the prolineMore work is required to bette establish the

conformational difference.
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4. Macrocyclic Peptides with Heterocyclic Linkers

There are many examples of biologically active structures isolated from nature that consist
of cyclic peptides embedded with heterocyclic structufas example is the natural antibioti
Plantazakin (Figures2). It was first isolated from the bacteriuacillusamyloliqudaciens

in 2011and is currently useds an antibacterial treatment against small number of species
includingBacillusanthracis®! Introduction of heterocycles into peptides not only increases
structural diversity, but also by incorporating linkers that siabisecondary structures, such

as helices, this may lead to improved cellular permeabiltyBy modifying the
intramolecularhydrogen bonding network in cyclic peptides, through incorporation of non
natural residues, this may mask the polar surface area, enhancing passive membrane
permeability and can also lead to the formation of Amovalent interactions that are
important inmolecular recognition. These interactions can be classified as hydrogen bonds,
cation interactions, ionpair interactions and London dispersion forces. Variation of the
heterocyclic moiety can allow for the design of peptides that are selective or lifiniies

for specific anions, allowing for stronger interactions with the targét.

NH
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Figure52. Structure of theantibiotic plantazolicin

4.1 Triazole Linkers

1,2,3Triazoles are an interesting group in peptidomimetics. They are a class of heterocycles
that closely resemble amide bonds, in sizehdtding capability and planarity, while also
being stable to degradatiowia enzymes. The emergence of copjatalysed azide alkyne
cycloaddition (CuAAC) has allowed an improved and selective route tsubisdituted

triazoles, followed by work in 2005 by Fokinal. that used ruthenium catalysis (RUAAC) for
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the synthesis of 1friazoles (Steme 49).1%* The 1,4 and 1,5triazoles synthesised can be

used agransandcispeptide bond mimics respectively.

3
cu(l) NNt
1
— ® Ne R4 5
= . N7
1 - -
R R2 R2 1 2
NN
N 3
L
=
Ru(ll) RS

Schemel9. Synthesis of 1;4and 1,5triazoles using CUAAC and RUAAC

The triazole moiety may be incorporated into the peptide backbone or side chain by the
reaction of an acetylene or azigubstituted amino acid and provides a convenient way to
access cyclic peptinimetics. However, one major drawback of this reaction in cyclic
peptidomimetics is the formation of cycltomodimers, that may account for reported low
yields with this reaction. Regardless of this, CUAAC can be used in the formation of otherwise
challerging products. An example of this is the synthesis of the highly strained tetrapeptide
analoguel54 that cannot be attainedvia lactamisation but can through CuAAC (Suoke
50).1%° Not only was the peptidé54 able to be athined through CUAAC but also proved to

be approximately thredold more potent against mushroom tyrosinase than the natural

product it is derived from, signifying that ttdazoles are useful amide bond mimics.
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153

154

Macrolactamisation

BnO

155
Schemé0. Literature synthesis of tetrapeptided 54 by CuAAE™

To use CUAAC to perform a headtail cyclisation of our tripeptide P¥GIu-Thr, initially the
acetylene and azide substituted peptide needed to be synthesised. W&rsplution phase
conditions in Chapter 2, and the Boc/Bn/TMSE protecting group strategy, pefitieas
successfully synthesised. Removal of the TMSE group froig-tiveninus with TASF gave
compound93, and this was reacted with propargyl alcohol and-eaonyldiimidazole
(CDI) to give estet56in 63% yield ($eme 51). The esterl56 was thenBoc deprotected

using HCl in dioxane to git&7in a quantitative yield.

CDl is predominantly used as a coupling reagent for peptide synthesis; however, it can also
be used to convert carboxylic acids into esters, ureas, and carbadtatess a useful
alternative reagent to highly toxic phosgene as it possesses similar synthetic utility and exists
as a solid. The byroducts produced by a reaction oD CQ@and imidazole, are relatively
benign, and the production of the imidazole anion during the reaction often means that a

base is not required for the reaction.
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Schemé1. Synthesis of estet57

The linker of the pefide was converted into the azide portion of the molecule to react with
the alkyne ofL57. 3-Chloropropionic acid58was reacted with sodium azide in DMF at®80
for 20 h to givel59in 31% vyield ($eme52). The azidd59was then reacted with peptide
157using EDC as the coupling reagent to ggein a 48% vyield.

(0] OBn
HCI JOJ\ ] o
0 H
o NaNg, DMF N N,
, . N , 0
)J\/\ o, HO)J\/\N * G H /\
HO cl 50°C, 20 h 3 0 s
31% OBn
158 159 157
EDC, HOBt
DIPEA, CHZCIZ

°C tort
16 h, 48%

Schemés2. Synthesis 0160
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The coppercatalysed intramolecular azielkyne cycloaddition was then attempted on
substrate160using several different reaction conditions Pl&18). The reaction of copper(l)
bromide and DBU witli60 (Table18, Entry 1) failed to give any desired produb8l The
reaction may have been affected by the purity of the CuBr that has a signiiidhrgnce
over both the reaction rate and completid®’ It has also been shown that the presence of
iodide, bromide, and iodide inhibit CuUAAC, with iodide exerting the most detrimental
effect.*® For this reason the copper catalyst used in the reaction was changed to copper(ll)
sulfate Table 18ntry 2 and 3). The most common conditions used for this reaction are
agueous conditions employing CuSahd areducing agent such as sodium ascorbate. A
CuS@sodium ascorbate systenTéble 18 Entry 2) in dichloromethane/water mixture at
room temperature did result in the formation of desired proddd1l However, multiple
purification methods failed to removellahe copper impurities. Changing the solvent to a
tert-butanol : water (1:2) mixtureT@able 18 Entry 3), improved the yield of the reaction,

though unfortunately the product61was not isolated puré®

N O OBn N o
s H HN OBn

0 N

)y g ‘
J— . R o)
o) 3
N W N, 3
* N & (0]
YT
o .,
OBn (0]

OBn
160 161
Entry Reaction Conditions Outcome
1 CuBr, DBU, PhMe, reflux, 16 h No product formed
2 CuSQ sodium ascorbate, Gk, HO, 16 h Could not removeCu

3 CuSQ@5H:0 sodium ascorbatéBuOH, kD, 16 h Could not removeCu

Table B. Reaction conditions for CUAAC

Following on from the difficulties encountered implementing CuAs@e ring closing step,
a second attempt to synthesise the triazole prodiéiwas to first synthesise the linker and
then perform a heado-tail cyclisation. To do this, two different regioisoméa&7 and 172
were synthesised to mimic the geometrie§ looth cis and trans amide bonds. In 2007,
Pokorsket at. developed a gram scale route to the Bi#bstitution pattern by utilising a ring

constrained Huisgen cycloadditié#. Following the procedure outlined in this work,
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acylation of propargyl amin&63 using bromoaety! chloride162 at -15 °C gave compound
164in 63% yield Gheme 53). The bromoacetamide was then converted into the azide with
sodium azide in a 3% yield, and the subsequent Huisgen cycloaddition heated under reflux
for 20 h gave the bicyclic triazal&6in an 89% yield. All steps proceeded without the need
for purification. The ring opening step conducted under strongly acidic conditions yielded
167, however, due to its insolubility, purification proved challenging pratection of the

amineusing Boc or Fmoc groupssulted in very low yields of desirgdotectedproduct.

O

(0] J]\/
Br
Br\)J\ + DIPEA, CH,Cl, HN NaN3, DMF

Cl HZN/\ —_—_— _
-15°C,1h N rt, 177 h
A

63% 57%

162 163 164

OH

0
o 0
)J\/Ns HN)S %
HN PhMe N, 6 M HCl(aq) HoN N,
\ reflux, 20 h \ N 80°C, 15 h HCI/\[ N
AS

89% N 62% (impure)

Schemés3. Synthesis of the 1;Begioisomerl67

Pokorskiet at. also synthesised of the lrégioisomer using a coppeatalysed Huisgen
cycloaddition'®® Following their procedure, with a modification in protecting groups, benzyl
bromoacetate168 was onverted into the azidel69in excellent yield under the previous
conditions outlined (&heme54). The cycloaddition reaction was performed using copper(ll)
sulfate and sodium ascorbate in a 1:1:1 mixturéeotf-butanol, dichloromethane, and water.
This eaction gave the fully protected triazol&71 in a 96% yield after purification.
Debenzylation ofi71 was conducted using 10% Pd/C and after 18 h da&in excellent
yield.
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Schemé4. Synthesis of the 1;degioisomerl72

After this deprotection of the acid,72 was then coupled to thé&\-terminally deprotected
peptide 105 using HATU (8eme 55). This reaction proceeded with moderate yield before
both the N- and Gtermini of the peptidewere deprotected simultaneously using TFA in
dichloromethane to givd74. The cyclisation step was then attempted using HATU and after
16 h at room temperature, product was seen by both NMR spectroscopy and mass
spectrometry. However, ad75 was an extremly polar molecule standard column
chromatography conditions were not effective in purification, and so reverse phase
preparative HPLC was attempted on the compouRegrettably, from this only 27% yield

of impure cyclic compoundlL75 was obtained with unidentified impurities failed to be

removed by both column chromatography and preparative HPLC.
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Schemé5. Coupling ofL72to the peptide and subsequent deprotection

4.2 Cyclisabn Through Formation of a Diyne

The most common methods used for peptide macrocyclisation are through the formation of
disulfide bridges, lactamisation, risedpsing metathesis or azieldkyne cycloaddition, all of
which have been shown to be highly effective methods in the literaturen o, there is still

a need for methods that afford macrocyclisation under mild conditions and allow for further
functionalisation of the introduced macrocyclic tether. Oxidative alksthgne coupling
introduces a 1,3liyne unit that can be used for psyclisation modifications in the peptide.
One potential modification is the introduction of peptidomimetic macrocycles, resulting in a
variety of cyclic peptides, with potentially differing conformations, from one parent

compound.

Glaser reported the fst synthesis of symmetrical diynes in 1869, where it was observed that

copper(l) phenylacetylidd77 when exposed to air dimerised to diphenyldiacetylehés
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(Stheme56).1%1 The Glaser coupling was applied tcagiety of terminal alkynes and gave the
corresponding diynes in moderate yields. Aromatic ethynyl compounds resulted in good

yields, though aliphatic alkynes gave unsatisfactory yields.

CuCl

NH,OH, EtOH
/N — 4 > @%Cu

176 177

0O,
worgon, { Y—=—=—vi )
—_—

Schemés6. Glaser couplinty*

In order to improve this, several modifications to the Glaser coupling were carried out. In
1956, Eglinton and Galbraith found that the use of excess Cu{@®Anethanolic pyridine
accelerated the dimerisation of alkyn&8.This was followed by Hay in 1962, who showed
the certain amines, such &N,b @ fetramethylethylenediaminel79 (TMEDA, Bure 53),

were better ligands for the dimerisatiofi®In this procedure, only a catalytiowunt of CuCl

was required to achieve good yields of diynes, as better solubility of the-TMHEPA

complex was believed to improve the reaction rate.

|
N~
|
179

Figure53. Structure of TMEDA

Alkynealkyne coupling reactions have been used to construct macrocyclic rings in peptidic
applications. Malleket al. reported the synthesis of cyclic peptides using a Giasgginton
reaction between two eitheiG or N-propargylglycine residues, leaditg cyclic hexaand
octa-peptides constrained with a butadiyne brid§é.The reactions were performed on a
solid support and under microwave activation for each peptide, and then the three
dimensional structure of the peptides were analysed by NMR spectpgsand molecular
mechanics. In this study, it was shown that-biBadiene cyclisation expands the range of
constrained peptides and can be successfully incorporated into peptides to stabilise

secondary structures.
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In 2015, Verlindenet al. used GlaseHay diyne coupling to synthesise a variety of
tetrapeptide-based macrocyclic 1.dynes from O-propargylated serine and tyrosine
residues'® After trialling over 50 reaction conditions, the most effective cyclisation
conditions were shown to use Cu(OAd)O and NiGlas a cecatalyst which improved yields
and reduced reactiotimes. In addition, triethylamine was used as a base (3 equiv.) and
pyridine as a ligand (5 equiv.) at 8D under an @atmosphere (Schae 57). Tetrapeptides
synthesised includedN-methylated amino acids and less hydrophobic residues such as
glutamic acid and lysin€orresponding macrocycles were obtained efficiently witv to

moderate yields

Cu(OAc),.H,0 (1 equiv.)
NiCl, (1 equiv.) H

o
H Et3N (3 equiv.) N
N . o pyridine (5 equiv.) T
(o) \\\‘ H . (0]
// o NH, 60°C, O, J P
4 ( solvent (2 mM) l\\/o NH,

\{o
ZT
7~
7/
5;‘2
P
zZ o°
I
(@]
//\\
=
:2\'«;0
Zz hl
1
1
M 3
Pyl

Y

4-68%

Schemé7. Oxidative diynanacrocyclisatiotf®

Following on from this work, Verlindest al. then successfully showed that the 4Bne

could be used as a handle to introduce heterocycles into the macrocyclic strit&wWarious
heterocycles were synthesised using this method including thiophene, furan, pyrazole, and
isoxazole, under mild conditions. The -tlignes were transformed into various heterocycles
through nucleophilic attack upon treatment with NaHS e®Hb yield thiophenes and furans

or use of hydrazines and hydroxylamine gave rise to pyrazole and isoxazokrad S8
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Schemé8. Synthesis of heterocycled/hen using hydrazines and hydroxylamines, a mixture of

regioisomers was obtained®® =D-Pro,D-Ala,L-Pro, L-Alatt®

To apply this method to the peptide used in this project, both @end N-termini of the
peptide were propargylated. Initial techniques to add an alkyne residue taCtieeminus
involved coupling of gentyn-1-ol 180to the Gterminally deprotected tripeptidé3 using
DCC and DMAP in dichloromethane in a Steglich esterificatioani®&9).'” The addition
of DMAP in catalytic amounts helps to reduce the amountNeafcylurea formation by
creating an acyl pyridinium species that is incapable of intramoleculprdguct formation.
However purification of181 proved difficult as traces of the dicyclohexylureadrgduct of
DCC were still present after both fidtion of the reaction mixture and column

chromatography.

HO/\/\ 180

Os__0Bn
o o) o)

Boc ”\ H DCC, DMAP, CH,Cl, . jJ\ “
N N, > Y 0T
. N . OH 18hrt H X

H e} .,
“, ‘OBn
181

Schemés9. Synthesis 0181

The reaction was repeated using EDC in place of D®& (P Entry 1). EDC and its by
product are watersoluble andtherefore removed during the aqueous weup, though in
this case the esterification proved to be low yielding. Addition of HD&blé 19 Entry 2),
which is once again used to supress the formatioi-aicylurea, improved the yield of the

reaction sliglly, but not to a desirable level.
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© ~opn “oen
93 181
Entry Reaction Conditions Outcome
1 180, EDCI, DMAP, &}, 0°C to r.t <3% yield
2 180, EDCI, HOBt, DMAP,,CH 0°C to r.t <5% vyield

Tablel9. Conditions for esterification &3

Following on from the issues encountered when using carbodiimides for the esterification
reaction, alkylation of the peptide using-chloro-1-pentyne 182 was then attempted
(Xheme 60). However, only a small amount of prodd@1was isolated from the reaction

with the majority of the material recovered being starting mateal

20 hrt
o ‘OBn

o OBn (0] OBn
CI/\/\ 182
(0] (0]
O O H
Eoc ”\ H K,CO3, DMF EOC \\\\”\N N, O/\/\\
R\ ’ > ' ‘
N " OH
G H G Ho 5 N
“/0Bn

93 181

Schemes0. Synthesis 0181

Changing hie alkylating reagent to-6romo-1-pentyne 183 increased the reactivity of the
alkylating reagent from the chloro compou82, though183first needed to be synthesised
from 4-pentyn1-ol 180 (Sheme 61). Using triphenylphosphine and carbon tetrabromide,
180was converted into the alkyl bromidE83in an Appel reaction®® This compound was
then reacted with the peptid®3 under basic conditions, and gat8lin a 39% yield, and
subsequent Boc deprotection using HCI in dioxane allowed for coupling dx-tdseninal
(Shieme 61). Reaction of $entynoicacid 185 with the peptide184 using HATU gave the
diyne compoundL86in 62% vyield.
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Schemes 1. Synthesis of the diyne compouri®6

The peptidel86 was then subjected to the Glasklay diyne coupling conditions used by
Verlindenet al. (Schene 62). DMF was used as the solvent for the reaction as opposed to
ethanol due to the solubility of the peptide and the reaction was conducted at a 2 mM
concentrdaion. However, after 20 h heating to 68C, no product was isolated and
significantly, no starting material was isolated, suggesting possible degradation of the

starting material may have occurred during the reaction.
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Schemes2. GlaserHay diyne coupling

Due to this possible degradation, the corresponding amide analogue of the ¥tavas
then synthesised. ®entynl-amine hydrochloridel88 was reacted with peptid®3 in a
HATU coupling reaction, followed by Boc deprotection and subsequent coupling to

4-pentynoic acidl85to give peptidel91in a 27% yield over the three stepii@me 63).
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Schemes3. Synthesis of the amide analogiel

The cyclisation reaction was then attempted %1 (Stheme 64). The reaction was shown to
be successful by mass spectrometry, although purification of the cyclic compound proved

difficult. Upon attempting purification with both column chromatography gmwéparative
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HPLC, copper salts from the reaction mixturestited with the highly polar diyne tethered
cyclic peptidel92. A chelating agent, trisodium phosphate §R@&), was used by Verlinden
et al. to remove the copper salts prior to purification, etialy isolation of their peptides as
white solids'®® However, when these conditions were used to improve purityl®®, a
number of unidentified impurities still remainedafter purification by column
chromatography resulting in arudeyield of 11%Although the*C NMR of.92 contained
impurities,disappearance of the terminal alkyne Gidups was seen in the crude speabfa
the product indicatinglack of starting material91and the possibldormation of the cyclic

diyne.The mass ion of the produt®2was also seen in the mass spectr.

/
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— .
== Cu(OAc),.H,0, NiCl, N o OBn
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W , 0,
N N ‘, N/\/\\ 60 °C, O,
H J H A 24 h
“0OBn 11% (Impure)
OBn
191 o

Schemes4. Cyclisation oil91using GlaseHay coupling conditions

Due to low yields and difficulties with purification in the diyne reaction, attention was

focused on other methods of cyclisation.

4.3 Cyclisation Through Formation of an Oxadiazole

Oxadiazoles are a class of heterocyclic compounds that have been wégelynuthe search
for new therapeutics. Of the four possible isomers, the k@ddiazole most frequently
appears in drug molecules and has shown a wide range of properties including antibacterial,

antimalarial and antinflammatory characteristics igftire 54).6%171

(o]

0

Figureb4. Structure of 1,3,dxadiazole

There have been a number of methods reported in the literature for the synthesis of
1,3,40xadiazoles, however, the majority of these methods are ratép and often require

harsh reaction condition¥2'3In 2010, Ramazait al. reported an efficient synthesis of
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2,5disubstituted 1,3,40xadiazole derivatives usinfj-{socyanimino)triphaylphosphorane
196, a secondary amine, a carboxylic acid, and aromatic aldehyde, without the need for
catalyst or activation (Seime65).1"4(N-Isocyanimino)phosphoranes, suchl®s, are bench
stable reagents that incorporate both a nucleophilic amino group and an isocyanide into a

single species and are important reagents in synthetic chemistry.

o Ph  Ph
.0
Ph N th
CH,CI Ph N—N
193 194 T2 e NN I N+ PhP=O
2h,rt (o) Ph
o) ®_© Pl o7 198
N—N=
+ )J\ + /
Ph”” “OH PhsP
195 196

Schemess. Synthesis of 2 8lisubstituted 1,3,40xadiaple derivative$’™

This synthesis of 1,3@xadiazoles by a multicomponent reaction is followed bgzamWittig
cyclisation, generating several derivatives in both high yield and purity. The proposed
mechanism proceedsia the formation of an intermediate iminium 0202 from the
condensation of benzaldehyd#99, secondary amin€00, and the carboxylic aci@01
(Scleme 66). Nucleophilic addition ofN-isocyanimino)triphenylphosphoran£96 to 202
gives the nitrilium intermediat04, that may be attacked by the conjugatase of201to
give adduct205. This then undergoes an intramolecubaWittig cyclisation to giv07

with removal of triphenylphosphine oxide as the-pduct.
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Schemes6. Potential mechanism for formation of 1,3gkadiazole derivativég*

Due to the neutral ring closing conditions and variety of potential reagents this approach has
been used in the synthesis of various-gjSubstituted 1,3,40xadiazole derivatives. In 2016,
Frostet al. used N-isocyanmino)triphenylphosphoranéd.96in reactions of linear peptides

and aldehydes to form peptide macrocycleis generation of a 1,3;/xadiazole in the
peptide backboné’® One example of these reactionmsvolves the reaction of the linear
pentapeptide PreGlyLeuGlyPhe 208 with propionaldehyde 209 and (\-
isocyanimindyiphenylphosphorane in a 1:1 mixture of dichloroethane and acetonitrile
(Schene 67). This solvent mixture was shown to be most suitable for solubility of each of the
three components. Completion of the reaction occurred after 3 h at room temperature and
the target macrocycl210was isolated in a 2:1 mixture of diastereomers and were separated
by reversephase chromatography. The substrate scope of this reaction was then expanded
to include a variety of amino acids without the presence of proline ahHerminus, as well

as different sequence lengths containing four, six and seven residues. The aldehyde
component of the reaction was also varied to include phenylacetaldehyde and

isovaleraldehyde to mimic the side chain of amino acids. Therefore, thid poténtially be
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used to improve engagement with a biological target, in comparable yields to that of

propionaldehyde.

O O
N N N (0] H >
H H H
(0] (0] (0] O ®
208

C=N—N=PPh,
> 210a
1:1 C,H,Cl, : MeCN

rt,3h / N—N
: k/ ©

Schemé7. Cyclisation of PGL@B8with propionaldehyde20917

These reaction conditions were then used to attempt to cyclise our tripeptidedRed hr.
The tripeide 100was first deprotected using trifluoroacetic acid to gh@ and cyclisation
was performed with propionaldehyde andN-{socyanimino)triphenylphosphorane in
dichloroethane and acetonitrile mixture (Szhe 68). No product was formed after 16 h so
the reaction was heated to 5, howeverpnce again no desired produ2zilwas observed

by mass spectrometry or NMR spectroscopy
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Schemes8. Attempted cyclisation to forn211

Cyclisation of the tripeptid&02failed to result in any desired product possibly because the
ring being formed was too constrained, thus disfavouring the cyclisation. The smallest amino
acid sequence successfully cyclised with these conditions bydfraktwas a tetrapeptide.
Therefae, the same conditions were trialled on the tetrapeptide ¥ Thr-Gly, through
the addition of glycine on to th€&terminal, as it is the next amino acid in the native peptide
sequence of p62. G§'Bu was coupled to the tripeptid®3 using HATU givinghe
tetrapeptide 212 in a 42% yield (Beme 69). This peptide was then deprotected using
trifluoroacetic acid in dichloromethane, washed with a sodiwydrogencarbonate solution

to remove the TFA salt and reacted on using the previous conditions to giggdigproduct
214in moderate crude yielddowever, removal of the triphenylphosphine oxidefrpduct
proved difficult and so the cyclic pepti@di4was nd isolated pure. Formation of product

failed upon repetition of this reaction and so other related reaction conditions were trialled.
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Scheme9. Tetrapeptide cyclisation

As well as using propionaldehyde in the cyclisatib the tetrapeptide213, 1,3,5trioxane
was also used. 1,3;brioxane215 provides an anhydrous source of formaldehyde, and so
under these conditions would introduce formaldehyde into the peptide, avoiding the
formation of another chiral centre in the nfecule. Unfortunately, when these conditions by

Frostet al. were attempted no product was isolated from the reaction (&cie 70).

N—N
O/\O /\
BnO () O
L) 215 {
o HN
(¢}
2 G)C_Clirl) N=PPh
H jJ\ = P NH HN
. H (0] OBn
o 1:1 CoH4Cly : MeCN N o
50°C, 24 h
BnO
213 214
(¢}

Schemé& 0. Cyclisation oR13using 1,3,8rioxane
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4.4 Pyrazole Linkers

Pyrazoles are aromatic heterocycles consisting of anfigembered ring with two adjacent
nitrogen atoms. The first pyrazole isolated from nature was8yt1H-pyrazole216 from

the plant Houttuynia cordatafound in tropical Asia (fire 55). Though pyrzoles are not
widespread in nature, a large number of pyrazoles have been synthesised and approved for

use not only in drug molecules, but also food colouring and agrochemigals.

H3C(H2C)s

B

N\
H
216

Figure55. Structure of 3nonyl1H-pyrazole

In this project, the pyrazole analogue of the cyclic peptide aimed to be comparable to the
triazole linker previously discussed. The synthesis of this linker was based on work published
in the group in 2014, using the oxidising reagliFibdo p-toluenesulbnamide (TsNIK) that

was shown to successfully generate diazo compounds from hydraz6riesese diazo
compounds are then used in B3-dipolar cycloaddition onto alkyne® yield pyrazoles

(Sheme 71). Detail on this approach for the synthesis of pyrazoles is discussed in Chapter

o 0 HzN\N
OEt
. i J_ PEt NHoNH, H;0 I et
—
Rl - RUPS RO
Et0” TOEt /7 SOEt  AcOH, EtOH P~
o) & TOE
N, 3 R H
N
TsNIK OEt R A
P .
> R1JJ\P/\ . % | /N
KOH, THF /7 “OEt R? R2
1h o 3
R

Schemé& 1. Synthesis of pyrazoles

In this approach, the initial starting material used for synthesis of a hydrazone was@ynoc
143 The commercially available adid3was converted into the acid chloride using oxalyl
chloride, DMF and pyridine in tiiloromethane at 0°C (Sheme 72). Completion of the
reaction was monitored by IR spectroscopy for disappearance of the OH peak of the acid, and
after 3 h, the acid chlorid217 was reacted on without purification. Addition of triethyl
phosphite to217wasfirst attempted as a solvertee reaction. However, insolubility @7

and the requirement of the addition of one equivalent of triethyl phosphite to prevent
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formation of the bisphosphonate, meant that the reaction was repeated with the addition of
anhydous dichloromethane. The formation of theketophosphonate was followed by mass
spectrometry and after completion of the reaction, it was added to a solution containing

hydrazine hydrate. The hydrazo@&8was isolated after purification as a colourlesgid in
a 64% yield.

O
(COCI),, DMF 1. P(OEt)3, CH,Cl, |IDI,OEt
pyridine, CH,Cl, cl rt, 4 h Z
FmocHN OH  — = S FmocHN/\n/ —_ FmocHN/\ﬁ OEt
0°C,3h 2. NH,NH;, H,O N
0 o AcOH, EtOH “NH,
143 217 rt, 16 h, 64% 218

Scheme&’2. Synthesis of hydrazorizl8

Oxidation of the hydrazon218to the diazo compoun@19was then attempted using the
reagent TsNIK (Beme 73). However, the reaction failed to yield any diazo compound or
isolate any starting material. This unsuccessful oxidation may be due to the use of KOH in the

reaction. The presence of this base may have cleaved the Fmoc group from glycine, resulting

in degadation of the free amine molecule.

0

o)
p-OEt TsNIK p-OEt
~
FmocHN/\ﬁ OBt — S¢ 3 FmocHN/\n/ Sogt
N. KOH, THF N
NH; rt, 1h :
218 219

Schemér 3. Attempted oxidation oR18to its diazo compound

A second method of oxidation was trialled 2b8using MnQand MgS®@in dichloromethane

(Schene 74).1® Once again, no product or starting material were isolated from the reaction

mixture.
o o)
g/OEt MnO,, MgSO,4 Il_OEt
FmocHN/\ﬁ OBt NS¢ e FmOCHN/\n/P\OEt
N. CH,Cl, N
NH, rt,5h 2

218 219

Schemé& 4. Attempted oxidation oR18using MnQ

Another strategy was to change both the protecting group and the starting material. The Cbz
group is a base stable protecting group and is typically removed using hydrogenolysis. In this
case,' -aminobutyric acidl03b was used as the starting material amchs Cbz protected

under basic conditions with benzyl chloroformate to g8 in 31% yield ($eme 75). The
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acid chloride221 was then synthesised using oxalyl chloride, before reacting on with
triethylphosphite, followed by hydrazine hydrate to give thagrazone222 However, upon
work-up of the reaction, no product or starting material was isolated. The acid chloride
reaction was monitored by IR and so this reaction was thought to have reached completion,
and generation of thenass ion for thé -ketophcsphonate was also shown to Ipeesentin

the mass spectim. Nevertheless, the reaction to form the hydrazd@2#2 was ineffective.

o Cbz-Cl, NaHCO; o (COCI),, DMF o
HZN\/\)]\ 1,4-dioxane, H,0O CszN\/\)J\ pyridine, CH,Cl, CszN\/\)J\CI
OH ., 16 h OH 0°C,1h
0,
103b 31% 220 221
1. P(OEt)3, CHoCly _NH,
rt, 17 h NI
» CszN\/\)\ _OEt
2. NHyNH, H,0 oKt
AcOH, EtOH o
rt, 18 h 222

Schemér5. Synthesis 0222

Due to issues encountered while using the Fmoc and Cbz protecting groups, it was decided
to change the protecting group on the nitrogen to a phthaloyl group. Particularly in peptide
synthesis, phthaloyl groups are beneficial as they block both hydrogethg gmimary amine

and can therefore be effective in preventing racemisation. In this case it would improve
stability of the linker. Phthalylglycyl chlori@@3is a commercially available reagent used in
the synthesis of the pyrazole linker. Phthalylglyckiloride 223 was first reacted with
triethylphosphite and was then used to form the hydrazd2®l (Stheme 76). However,
difficulties with solubility of the starting materia223 hindered the formation of the
h-ketophosphonate, thereby also preventing fieation of the hydrazone. Addition of
toluene to the initial reaction was shown to improve solubility of phthalylglycyl chloride and
consequently production of the intermediary-ketophosphonate-’® In spite of this,
formation of the hydrazon@24also proved problematic. The use of hydrazine is one of the
major methods through which phthaloyl groups are removed and so in thisatssded to

deprotection of the primary amine, and subsequent degradation of material.

NH;
0 o 1. P(OEt);, PhMe O N OFt
rt., 4 h N\
4}—0 . J—ﬁ—OEt
N N o}
2. NH,NH, H,0
EtOH, AcOH
o rt, 17 h 0

223 224

Schemé6. Synthesis using the phthaloyl group
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In 2013, Caet al. developed a method for the synthesisefliazophosphonyl compouts
derived from amino acid$°A nunber of amino acids were used as examples in this synthesis
includingL-alanine (8heme 77). The first step in the synthesis was condensatioralainine

225 with phthalic anhydride226 in acetic acid and heated under reflux, proceeded by
formation of the corresponding acid chloride using thionyl chloride. The Arbuzov reaction
followed, forming the h-ketophosphonate 229 that was then converted to the
tosylhydrazone phosphonat230 usingp-toluene sulfonohydrazide at room temperature.
Formation of the desiretl-diazophosphonyl compoun231was performedvia elimination

from 230using triethylamine in an overall reported 42% yi€ft.

0
O 226 o 0
SOCl,
OH e} - N PhMe, reflux - N
HaN AcOH, reflux OH Cl
o} v 4 0O O
225 227 228
o 0
N 0 TsNHNH,, HCI N Q
P(OEt)s I THF, rt P—OEt
CHClp,rt IID—OEt > S N/ I
> OFEt
0 O \
OEt NH
229 230 1/
0
EtsN, CH,Cl, N Q
r.t - I?—OEt
o O N, OFt

231

Schem&7. Synthesis of -diazophosphonytompounds®

Using phthalylglycyl débride 223 as the starting point with the conditions demonstrated by
Caiet al, formation of232 at room temperature in dichloromethane was shown to be
successful by mass spectrometry (&obk 78). Synthesis of the tosylhydrazone phosphonate
233also proceded well, and was once again reacted on without purification to give the diazo
compound 234, which was then immediately reacted on with methyl propiolate in
dichloromethane, heated to reflux for 5 h. Formation of the phosphorylated pyre28te
was shownby mass spectrometry, and so to hydrolyse this compoun@36 NaOH in
agueous methanol was used. However, upon hydrolysis none of the pyrazole congéind

was isolated. The phthaloyl group may have also been removed under the basic hydrolysis
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conditions though, the pyrazole should have been stable enough to avoid degradation, even
with removal of the phthaloyl group. Synthesis of thdiazophosphonyl compour234was

attempted on a larger scale, but formation and isolatior28# could notbe repeated.

P(OEt)s, CHCl TsNHNH , HCI
_>70| 2 2 _>7P OFEt THF -

rt,4h rt, 19 h

232

0
Cry e e onse, (L 1,0 =,
P—OEt
1o rt, 17 h ' CH,Cl,
O Nz OEt reflux, 5 h
233 TS 234
o
EtO\ ,, NaOH. MEOH, H0 ©:§
/N rt, 3h :,}j\
~
ZN N CO,Me
MeO,C

236

Schemé&’8. Attempted s/nthesis of the -diazophosphonyl compoun234and subsequent pyrazole

formation

As difficulties occurred in the formation of the glycine analogue of the conditions introduced
by Caiet al., synthesis of the alanine equivalent that was shown to be successful in their
publication was then attempted. ThB-terminal of L-alanine was firstprotected using
phthalic anhydride226 under reflux for 2 {Scheme 79)The acid chloride was synthesised
using thionyl chloride again under reflux for 2 h, before using triethylphosphite in
dichloromethane to form thebh-ketophosphonate 229. p-Toluene sulfonohydrazide
converted229into the tosylhydrazone phosphona®30 after 16 h at room temperature,
before forming the diazo compour231 after 16 h. All reactions were performed without
any purification steps and monitored by both TLC and nsssctrometry, however,
formation of the tosylhydrazone phosphonate compowz®@D failed and therefore was not

isolated.
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Schem& 9. Synthesis of the alanine analogue230

As the hydrazon€30 was not synthesised, the redon mixture was analysetly mass
spectrometry and the major component was shown to be the bisphosphonate compound
237 (Figue 56). Formation of this compound prevented reaction @ktoluene
sulfonohydrazide, and consequently synthesis of the del88dDue to time constraints on

this project, repetition of this reaction and investigation into the formation of the
bisphosphonate was not conducted and provides future work that needs to be undertaken

on the formation of this linker.

0O

N OH
O
O\\ P//—OEt
o P AN

N OEt
/
EtO OEt

237
Figure56. Structure of the bisphosphonate

4.5 Conclusion

In this Chapter a number of different heterocyclic rings were shown as potential linkers for
the cyclic peptide Pr&luThr and all syntheses were based on literat precedent.
Synthetic peptides that include heterocycles provide several advantages over peptide drugs
alone, including improved pharmacological properties, metabolic stability, oral

bioavailability, and permeability.

Performing a coppecatalysed aziel alkyne cycloaddition to simultaneously ring close and

form a 1,2,3triazole proved challenging and so the triazole linker was first synthesised and
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then used to cyclise the peptide. The triazole was formed using literature conditions, and
subsequently dprotected before coupling to the linear peptide. Cyclisation proved
successful, though difficulties were encountered upon removal of copper salts from the

reaction mixture and so the cyclic compound was unable to be isolated pure.

Cyclisation through thdormation of a diyne as demonstrated by Verlindehal. used
GlaserHay diyne coupling to synthesise a variety of tetrapepbdsed macrocyclic
1,3-diynes!®® Using these conditions on tie- and Gpropargylatedester of the tripeptide

was attempted to be cyclised, though degradation of the starting material occurred.
Therefore, the more stable amide analogue was then synthesised and successfully cyclised,
though difficult purification and low yields meant thahi$ method was no longer

investigated.

Another cyclisation method that was attempted was through the formation of a
2,5-disubstituted 1,3,4oxadiazole. Cyclisation using this method on the tripeptide failed due
to the potential high amount of ringtrain generated upon cyclisation. Therefore, the

reaction conditions were attempted once again, this time on a tetrapeptide with the addition
of glycine to the tripeptide. Cyclisatiamathis approach was shown to be successful by mass

spectrometry, though theesults could not be replicated upon repetition of the reaction.

The final method used a pyrazole linker, in which the background of the chemistry is
discussed in detail in Chapter 5. The protecting groups used in this synthesis proved to be
problematic,with both Fmoc and Cbz groups failing to enable the generation of the diazo
compound required for thel,3-dipolar cycloaddition onto alkyneto yield pyrazoles.
Converting the protecting group to a phthaloyl group created problems upon formation of
the hydazone, and using conditions developed by @aial for the synthesis of
h-diazophosphonyl compounds that utilispeoluene sulfonohydrazide yielded the desired
diazo compound, though reaction to form the pyrazole was unsuccessful. Repetition of this
reaction was ineffective, and so the alanine analogue was attempted to be synthesised but
unfortunately time constraints on this project did not allow for this method to be fully

studied.
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5. Synthesis of Pyrazoles Through Catalyste Cycloaddition of Diazo Compounds to

Alkynes

5.1 Introduction

Pyrazole is a firmembered ring consisting of three carbon atoms and two adjacent nitrogen

atoms. It is a weak base that was firsported by Ludwig Knorr in 1883! The nitrogen

FG2Ya Ay LBNIT2tS8Sa8 KIFEIFSS RAFTFSNAYy3I NBI-OGADAG)
fA1SQ da Ada dzyakKlk NBER St SO0 NE yigure57)NIe dingry 2 dz3 | G
YAGNRBISY |G2Y o0buO M3 8RbtEbGEdNGSI DR elecion WihHe NA RA y
aromatic™ -system and has a basic lone pair of electrons in tR@dptal in the plane of the

ring. Consequently, pyrazoles react with both acids and bases.

sp? lone pair
Figure57. Structure of pyrazoles showing the difference between N1 (red) and N2 (blue)

Pyrazoles have been greatly studied and consequently a large number of syntheses and
analogues have been reportetihey possess a diverse range of applicataproperties,
including ati-inflammatory, kinase inhibitors, antibacterial, analgesic and anticonvulsant
agentst®*18 The pyrazole core is also present in numerous leading drugs. Examples include
the antrinflammatory drug Celebre238and the histamine kHreceptor agonist Betazol239

(Figure 58).

FsC

P4

N NH,

0=8=0 239
238
Figure58. Structure of the drug€elebrex238(left) and Betazol@39(right)

Derivatives of pyrazoles, including aminopyrazoles, can be used as a building block for more

complex moieties. Novel-8minopyrazole inhibitors of the MK kinase were successfully
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developed through a scaffoldopping strategy®’ These compounds showed potent

inhibition of MK2 activity as well as cellular activity.

5.1.1 Classical Methods for the Synthesis of Pyrazoles

5.1.1.1 Cyclocondensation of Hydrazine with Carbonyl Compounds

Due to the interesting and varied activities of pyr&splconsiderable attention has been
focussed on their synthesis. Classical methods involve approaches based on cyclo
condensations of hydrazine with ¢icarbonyl compounds or 1@electrophiles such as
the Knorr synthesis. The mechanism of the Knorrapgle synthesis begins with imine
formation, with attack occurring on either of the carbonyls ok80). The second nitrogen
of hydrazine then attacks the other carbonyl group to form a second imine, resulting in a

diimine that is deprotonated and givéise pyrazole product.
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—_— _— —_
1 3
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R2 ( 4 R4 /R
R3 [ ® ! N
NE N/ O@ H™ transfer N~ N (‘OH —>-H20 N R3

AN — > N > 7

R N | 3
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| R 1 R
: R1 R R2

R? r2 H

Scheme30. Mechanism for the Knorr pyrazole synthesis

The Knorr synthesis was typically performed under reflux using polar protic solvents such as
methanol, ethanol or isopropanol and addition of acid or using acetic acid as a solvent in the
reaction was commonly used to help decrease the reaction times.stibstituent on the
hydrazine can be widely varied to include alkylhydrazines, arylhydrazines, and
acylhydrazines, and when reacting with symmetrical dicarbonyl compounds result in a single
isomer, or unsymmetrically substituted dicarbonyls, a mixture af tegioisomers. Several
steric and experimental factors influence the preferential formation of one isomer over
another. Singhet al. reported factors that that affect the regiochemical outcome in the
synthesis of 1,38risubstituted pyrazole$® Simple reaction of the dicarbong#Owith the

HCI salt of the arylhydrazirggl2gave regioisomers in a 52:48 ratio. Addition of triethylaeni
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to the reaction resulted in the sole formation of compou®d3, and the same result was
seen when using the free arylhydrazipé2 (SSheme 81). This outcome might be due to the
preferred enol form241that the arylhydrazine attacks the ketone under nelitconditions

to regioselectively generate pyrazo®3 The HCI salt of arylhydrazi@2 may be in
equilibrium between the free and protonated forms, leading to fluctuating nucleophilicity of

the NH, giving poor regiaontrol.

O (0] OH O
/©)‘\)J\n-C3H7 - /@)\/u\n_cal_h
MeO MeO
240 241
NHNH, MeO,S
242
HOH,C
CH,0H
SO,Me N"{‘
> N
MeO n-CHyz

243
Scheme31. Regioselectivity when usingzStor the free arylhydrazin®

Another highly selective modification to the reaction was reported by Gossteditt®® In this
publication it was found that cyclocondensations of arylhydrazine hydrochlorides and
1,3diketones gave excellent regioselectivities in aprotic solvents with strong dipole
moments and dielectric constants, such das > difdethylacetamide, DMF, or
N-methylpyrrolidinone (NMP)Conversely, when the solvent was changed to a polar protic

solvent, such as Banol, the same reaction resulted in poor regioselectivity.

The use of 18licarbonyl surrogates can also help to improve the regioselectivity in the
synthesis of pyrazoles, and of theseenaminones are the most commonly employed.
However, only a handfuf precedents have been reported for their synthesis. In 200®tKo
al. developed a broad and general route for the regioselective synthesiploédyl pyrazoles
246fromi -enaminoketoesterg45prepared by tandem Blaisacylation!® It was reported

that the Blaise reaction intermediate, the zinc bromide complexés-@haminoketoesters,
could be activated by the addition afBuLiin situto result in chemoselective G&ylation

and consequently provide variousenaminoketoesters tat were then used in the synthesis

of pyrazoles (S&@me82). This method was broad in substrate scope and included a mixture

of aryl, alkyl, diaryl and dialkyl substituents.
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then n-BuLi cat. TsSOH, EtOH CO,Et
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244 245

Scheme32. Tandem Blaisacylation and regiosettive synthesis of-phenyl pyrazole's°

Reaction of thel -enaminoketoester247 with benzylamine resulted in isolation of the

Michael addition produc48in 64% yield (Geme83). This supported the mechanism that

Michael addition of the unsubstituted nitrogen of the phenyl hydrazine atithmarbon

carrying the electronegative amine group is followed by intramolecular cyclocondensation

(Sheme83).19°

N

NH, O Ph
x PhCH,NH
Ph Me 7
EtOH, rt
0% OoEt
247
PhNHNHZl—NH3
Ph
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HN™ O
-H,0
N T .
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07 OoEt
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NH O

Ph)j‘\Me

OEt

248

Ph

Me

CO,Et

250

Schemes3. Proposed pathway for regioselective pyrazole formatién

5.1.1.2 Multicomponent Reactions

Pyrazoles may also be synthesised through multicomponent reactions. A multicomponent

reaction (MCR) ist@action comprised of three or more starting materials that react to form

a single product. Most or all the atoms present in the starting materials are also present in

the formed product. These types of reactions offer significant advantages over binaslecul

reactions. They allow for the synthesis of complex molecules by forming multiple bonds in a

single step from simple starting materials, without the need for isolation of intermediates.

Using MCRs in solvefree conditions presents an almost benign pessin this regard

In 2014, Harigaet al. reported a method for the synthesis of 3jsubstituted pyrazoles in

one pot by treatment of terminal alkynes with aromatic aldehydes, molecular iodine, and
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