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Abstract

Palladium mediated €4 bondactivation has becoreepopular toolusedby many organic
chemists. Whilst theraremany different types of i activationprocesseshemethodsused for
biologically relevant molecules relativelylow, with most catalysis on biological molecules being

on cysteine residudthiol functionalisation), andlysineresiduegaminefunctionalisation)

The work presented in this thesis continues the use of tryptophan as the residue dbchoice
functionalisation Tryptophan contains an indole ritending itselfto C-H bondactivation due to
its intrinsic reactivity A big questiorregardingpeptide and protein modification is whether
modification isfeasible for more complex peptides, where selectivity (site of functionalisation)
becomes a challenge. The aim of the project is to explore the sicopetophan arylation using
Pd catalysis and aryl diazonium sattsdetermine whether the arylation procedure caused any
erosion of the chiral information at tryptophan through racemisation, and to whatdogsrthe

procedure work on peptides and wh#ect it has on the conformation.

The procedure used is typically used otryptophan due to the biological usability, but does the
procedurearylate both enantiome?dJsing chiral HPLC, it can be seen thapditected racemic
tryptophan can barylated and that two peaks will be observed next to each other. Overlaying the
L-enantiomer onto the graph shows that the procedure works for both enantiomers meaning that it
is not enantiomerically selectivEhe procedure worked on peptides and the aondtional

changes were monitored using ROESY NMR spectroscopy.
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Chapter 1: Introduction

1.1. Protein Modification Challenges and Uses

Proteinmodification is found within nature and it increases the diversity of protein structures and
function by up to two orders of magnituti¥.et our ability to mimic nature in regard synthetic
protein modification has been limited due to the available syiottools In addition to limited
chemistry, there are several challenges with protein modification. Clerdaegio site-selectivity

is difficult due tothe presence ad sea of reactive functional groups; carboxylic acids, alcohols,
amides, amines, dnthiols, which makes modification around a single amino acid difficult. The
reaction conditions are another challenge as proteins typically require biologicdignt
conditions (<3”C, pH 68, aqueous solvemnd salt bufférto keep its structure aridnctionality.

Any given reaction shouldideally proceed to near total conversion to generate homogenous

constructs:®

1.2. Classic Methods for Protein Modification

Protein bioconjugation is the formation of a stable covalent bond between two moletidespne

is a biological molecule. This involves using secander reactions that selectively target a
functional group present in the side chains of the proteogenic amin@ atidswo most commonly
modified residues are cysteine and lysifde thid group of cysteine can form mixed disulfides as

well as alkylation with alkyl halides or reacting with,-umsaturated carbonyl compounds to yield
thioethers via Michael additionCysteine is relatively rare as an amino acid meaning it can more
commonlybe used for singlsite modifications, this however can be on the proteins functional site
resulting in loss of functioALysine is a popular target for modification due to the large amounts of
methods to modify primary aminéd.ysine can react with aeiated esters, sulfonyl chlorides,
isocyanates, or isothiocyanates to afford amides, sulfonamides, ureas, or thioureas respectively &

well as with aldehydes to undergo reductive amination.
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Table1l: Modification of cysteine and lysine that have historically been used for protein modifit#tttapted with
permission from Angew. Chem. Int. Ed Eng009,48, 6974 6998. Copyrightf Wiley.

The remaining 18 proteogenic amino acids have not been exploited for resldagve
modification. Tyrosine has been modified through electrophilic aromatic substitution of the phenol
moiety with aryl diazonium salts, iodine, or nitrous acitut@mate and aspartate residues have been
targeted for bioconjugation to form carbodiimides by coupling with amines; although the possibility
of cross linking proteins limits the utility of this method. Histidine residues have also been

successfully modiéid using pyrocarbonatésThrough the use of these methods, conjugation of
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smallmolecule probes; biotin and fluorophores, to proteins has become routine and allows for a wide

variety of products to be made, ranging from soluble polymers to microarras chip

1.3. Modern Methods for protein modification

New methods have been developed for the modification of cysteine, lysine, tyrosine, and tryptophan
especially through metahediated transformatioridcurthermore, thé&-terminus has emerged as a
popular target for protein modification (Table R)ethods for the selective modification of amines

and thiols of cysteine and lysine continue to be developed and optimized. McFarland and Francis
reported a lysinspecific reductie alkylation that proceeds through an iridigatalyzed transfer
hydrogenation. Unlike the classic reaction based on sodium cyanoborohydride, the imiediated
process proceeds in high yield at @H (Table 2, entrit)!! when compared to the originatidic

conditions.

Davis and ceworkers recently developed a tgtep method for cysteine modification (Table 2 entry
2).12 The first step is the transformation of cysteine into dehydroalanine by treatment with O
mesitylenesulfonylhydroxylamine under basanditions which are neideal. The dehydroalanine
residues then undergo a Michael addition with a thiol reagent to yield a thioether linkage. The

Michael addition is not stereospecific resulting in a diastereomeric mixture of modified ptéteins.

The N-terminus of a protein has unique {aldpendent reactivity and is thus an attractive target for
single-site modification as shown by Dixon in 198Hs decreasedia value relative to amino groups

on lysine side chains allows for selective acylation or alkylation. If there are many competing lysine
side chains, it is difficult for this process to be selective. In 1964, Dixon performed a transamination
at room temperate by using glyoxylate, catalytic base, and copper(l), which facilitated imine
formation between th terminus and the glyoxylate group (Table 2 edtry $his.had previously

beenperformedat 100°C by Bonetti and Cavorkers in 19563

Even with thes improvements made by Dixon, the transamination reaction did not receive
considerable attention until Francis andwveorkers reported transamination that proceeds under
ambient conditions without the need for metal or base additives (Table 21entfyThe method
involves condensation of th&l-terminal amine with pyridoxab-phosphate and subsequent

hydrolysis to result in a pyruvamide. The protein can then be further modified through the ketone.
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Extensive screening revealed that the transaminatiatioagproceeded best when Ala, Gly, Asp,

Glu, or Asn occupied th&-terminal position.
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Table 2: Modern bioconjugate reactions for protein modifications involving particularly cysteine, tyrosine and
tryptophan?Adapted withpermission from Angew. Chem. Int. Ed Engl., 2009, 48,168898. Copyright of Wiley.

There has been a lot of focus on the modification of tyrosine and tryptophan residues which often
use transitiormetatmediated processes (see also section 1.4). Thesduagsare relatively
uncommonin proteirs, whilst being present in the majority of proteins, presenting opportunities for
singlesite modifications. Kodadek and -wmrkers reported the first example of metadiated
modification of tyrosine in 2005. Thigvolves oxidative coupling of two phenol rings using a
nickel(ll) catalyst and coxidant to crossink two peptides (Table 2, entry HAdditionally, Antos

and Francis have developed a bioconjugation reaction for tryptophan, in which they usedra rhodiu
carbenoid that was generatiedsitu from [Rhp(OAc)] and a diazo compound (Table 2, ert)y

which functionalised the 2 position on the indole as well as the indole nitrogen atfdi#owever,
18



this reaction requires ac ffattithe stwciunedof domeopnotein ( p

targets.

There are several other modification strategies that can be undertaken, as colfgedeiri: 1)
coppercatalysed azide alkyne cycloaddition (CUAAC); 2) Staudinger reaction; 3) stiaioetbted
azide alkynecycloaddition (SPAAC);and, 4)inverse electron demand DieAlder (IEDDA)
cycloaddition. Whilst each of these reactions allow for protein modification using mild, biologically
friendly, conditions, they each have separate issues. CUAAC requires Cg(lylsigh have a high
toxicity as well as the issue that the terminal alkyne could possible react within a cell, particularly
oxidative enzymes and cysteine residues in the active site of a pgfdfeirhere is an added
limitation of lower stability in biological conditions, this is most likely due to the slightly acidic
alkyne protort/ which can lead to alkyne homocouplitfgLimitations of SPAAC include side
reactions between thiols and the alkyrame as for CUAAC, but with the added issue that the large
size of the strained alkyne is not as suitable for metabolic lab&llifige main limitation of the
Staudinger reaction is that it is relatively slow compared to the other reactions in this saxtitre

synthesis of the components for the IEDDA reactions limits its application in the area.

1) CuAAc 2) Staudinger
0 Ph
N N : R,
NR, PR Ph T RSONTEN
T b
R, Ph” | Ph
Ph
N
v
— — 1
Tll' TR H /N\/)\R2
R/ R;
R
R 2
H,0 : AN
/\ = )\ N R)I\N\'Py
NH, O=PPh; X Ph,
3) SPAAC 4) IEDDA
N | 9
1 N o (ONY _O._0O
IT]+ + |©R2 Copper-free NI\I ORZ E + ﬁ Q/ E]/ — | (0]
R N > et
1 R]

Figure 1: Different methods of adding a tag to a peptide. 1) CUAAC 2) Staudinger Reaction 3) $PIEADA
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1.4: Solid Phase Peptide Synthesis

Solid Phase Peptide Synthesis (SPPS) was pioneered by Robert Merrifield, receiving the Nobel prize
in 1984, which is the method of choice for synthesising peptides. This is a particularly useful method
for peptides which are difficult for bacteria to exggethe incorporation of unnatural amino acids,

peptide backbone modification and the synthesB-pfoteins3*

Resin

I_l

Deprotection

A 4

Peptide
Synthesis Amino Acid
Cycle 2
Cleavage Coupling Activation |

A A

Peptide

Figure2: The process of SPPS

The solid phase support is usually ondlwée resinspolystyrene, polyamider PEGbased. Each
have their own benefits and issues. Polystyr
and is still used today for its versatility, ease of use in automated peptide synthesis and minimum
swelling in DCM. It is made up padgyrene crostinked with 2% divinylbenzene, this produces a
hydrophobic bead that is solvated by a nonpolar solvent such as DCM of*DiMFecent years,

new resins have been designed to be more chemiopaltyor enhance swelling and rigidity. One
exanple is crosdinked (50%) polystyrene, which allows for rapid reactions, better filtration of waste

reagents and increased mechanistic stability.

Polyamide resin is also versatile, but it is known to swell much more than polystyrene making it

unsuitable fo automated synthesis and if the wells are too sth@tie PEGbased resin is a modern
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improvement to the previous resins and allows it to withstand repeated use of TFA during the
deprotection stag®.It also allows for the @erminus to be altered bytmducing additional resins
such as PAM and pMBHA resins. PAM produces -#efninus carboxylic acid whilst pMBHA

produces an amide.

1.4: Palladium Mediated Isolated Protein Modification

The use of palladium in modifying proteins is appealing due tovelstudied palladium catalysis

is, and i versatilityas a catalytic metal. An early example, reported by Kodadek, was oxidative
crosslinking which used palladium(ll)/tetrakig-methylpyridyl)}porphyrin complex (ParMPyP)

with ammonium persulfate (APS) to undergo phadox upon irradiation with visible light. The
reaction occurs due to the electron transferring from the palladium species to APS, acting as ar
electron acceptor, to form a radical which extracts ectedn from tyrosine to form a tyrosine radical
which can couple with electrenich residues such as those foundorotein active sites. This did
however have flaws, cysteine and tryptophan were found to trap tyrosine radicals reducing
crosslinking capabties. The sustainability of this reaction in a cell would be low due to the toxicity

of the palladium catalyst, as well as the fact that making radicals inside a cell would fuel unwanted

side reactions and could be potentially fatal to the?¢ell.

OH +e
Pd(ID)P
Photolyze (>400 nm) (IhPor

in the presence of a

: Nuc
persulfate and a protein
complex Protein 2
Protein 1
OH OH
. H Nuc
- —_—
Nuc -
—_—

Figure3: Reaction scheme for oxidative crosslinking reported by Kodddek
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Work conducted in 2006 by Tilley and Francis, based on the-Tsogit reaction, allowed for site
specific tyrosine modificadin usi ng an -alyll speciesrandpa palladiven cétalyst,
prepared from allylic chloride and carbamate precursors then activated with palladium acetate in the
presence of triphenylphosphine tris(sulfonate) (TPPTS) to aid water solubility. Congeo$ 50

65% were seen in selective incorporation of lipophilic and dye moleétles.

40 uM Pd(OAc),

XW\/OAC - X
> XU JAN
s 0.48 mM TPPTS M Hj\/\

pH 8.5-9 buffer L,Pd*

\

X = L=TPPTS

X MO
' \©\/ i
O NEt, Protein

Figure4: Sites e | ect i v e a lalylpalladitim complexe® i n g

Et,"N

There has been work done modifying cysteine residues by several different groups worth noting.
Buchwald and Pentelute reported cystaimadificaiton with an aryl group in an unprotected peptide
chain?® This was done using an organopalladium catalyst prepared using palladiuitiectvitin an

aryl halide and the -Bicyclohexylphosphine,6-diisopropoxybiphenyl (RuPhos) ligait The
reductive elimination gives a-6 bond which is efficient to form and allows the reaction to be done

at low temperatures. Messaoudi andwmrkers devalped a third generation aminobiphenyl
palladacycle precatalyst which in organic and aqueous solvents, allows cysteine to eavijiigat
either aryl or alkyne halides. This worked in large polypeptides and allowed tags to be attached in
excellent yields (8®9%)2* These two methods require that there is a solegpbsed or single

active residue to allow for the modification to occur in the correct way. When there are multiple
active residues present, a heterogenous mixture is observed making these hasshiad®urable.

In 2016, Davis found a way to bypass this issue by developing a method which binds the catalyst tc
a certain site, in this case aspartic acid, and allowing the nearby cysteine to be successfully modifiec

The catalyst for this method isggrared by using palladium acetate, aryl iodide and-dNnhethyl
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2-amino4,6-dihydroxypyrimidine (DMADHP) as a ligand. The reaction conditions are not as
biologically friendly, 65°C, but with the ability to selectively pick which residue to target, the

berefits are certainly useftil

1)23
N\ — Protein 1. 100 nM Tris
pH 8.5
CH;CN:H,0
(1:2)
5 min
H,N C(O)NH, - — H= HzNJY\C(O)NHz
SH Hs” 2
SAr
1 eq 2eq Ar = 4-tolyl
2)24
I
G;-XantPhos S
(1 mol%) 0 cTTTTTTTTTTTTrT e ,
(1eq.) > )J\ OH E * 1
Et;N (1 eq.) N ! S
N s THF, 5 min O O OMs :
)J\ RT ! & PPhy ;
N OH E H,N ;
H (6] : _-Pd E
: P .
(1.1 eq.) G;-XantPhos g ! PR 'Ph O :
| (2 mol%) 0 | E
EGN (15eq) )J\N oH o E
(1eq.) OO Solvent, time H e}
RT
NaO
_N>_ Pd(OAc)
NMe,|* C)2
4 2
Y (80 eq)
NaQ 2
Ad (500 eq)
35mM TRIS, pH 7.6
5% MeCN or DMF
65°C, 4h
MGS (1.0 mg/mL) Q: DXD metal binding site modified MGS

MW: 47514 MW: 47514 + Am

3)25
Figure5: Palladium mediated modification method with cysteine 3) Reprinted with permissiod figsdilwacher, R.
Raj, S. Mohammed and B. G. Davis, J. Am. Chem. Soc., 2016, 138,888 Copyright 2016 American Chemic
Society.
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In 2017, Buchwald and Pentelute managed to make a water stable palladium catalyst using @
sulfonated biarylphosphénligand and used this to modify an unprotected protein on a cysteine site.
The catalyst activity was compared to other ligand, RuPhos and SPhos, and was found to get a 99¢
yield compared to the 20% from the other ligands. The reaction was completedniut&snat room

temperature in water with a TRIS additit?elhe reaction scheme is belo{Figure 6)

SH Cl{ TRIS (pH: 7.5) S
0 PdL, HO 0
2 .
H,N-Unprotected Peptide—( + - »  H,N-Unprotected Peptlde—<
NH, 5 min, rt NH,
(I'eq.) (2eq.)
Entry Ligand Yield (%)
T N ® ®
' PCy, PCy, PCy,
2 Lo 14 1 iPro ‘ OiPr  MeO O OMe MeO ! OMe
L3 : SO;Na
99 ' RuPhos SPhos sSPhos
Ll L2 L3

Figure6: Pd mediated modification of unprotected peptides using a sSPhos ligand

1.5: Palladium mediated modified peptides within cell structures

Using the methods in the previous section on an isolated peptide/protein is one thing, to be able tc
do this inside a cell brings a whole host of additional problems but would allow for the selective
modulation of cellular processes by modification of enzymes and proteins. The problems of using
palladium species intracellularly include possible toxicity issues, the permeability/solubility of the
palladium complex, a suitable bathogonal handle andedling with the chemicallyich
environment inside the céll:*8 Despite these challenges, there have been studies that have shown

selective modification of site specific proteins.

Davis in 2013 successfully demonstrated the first Sullikaura couplingreaction on the
membrane protein OmpC which required -predification via genetic incorporation of a para

iodophenol group for the selective modification to take pt&dene reaction employed Pd(OAc)
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and ADHP, which labelled the bacteria surf&t&his work prompted other research groups to try
different methodse.g.Chen in 2014 reported NHC/palladium complexes that are efficient catalysts
for SuzukiMiyaura cross couplings and have allowed for two proteins to be labelled with aryl

boronic acid deriviives on mammalian cell surfacés.

Glucose Galactose Mannose

Lens culinaris

Griffonia simplicifolia

Concanavalin A

Figure7: Interaction of fluoresceitectin conjugate with E. coli with labelled boronic aéfReproduced from Ref. 40 with
permission from The Royal Society of Chemistry.
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In 2011, Linsuccessfully conducted a Heck alkynylation using Pd(®@Aaod DM-ADHP, aryl
iodides and alkyneontaining proteins. This was conducted using a modified amino acid with a
propagyl group. The alkyne modified protein is found on the surface of the mamneeli&niThis
was further optimised to allow for specific labelling of the extracelluar domain of the cell, which is

the epidermal growth factor for live mammalian cells.

Naq
=N /
~ (\_\ #—N e Pd{OAC)
e /’ J'}_N :
;-_, e~ /\/ NaO .
W + Ar-l
."'\‘._r NazHPOQ;
sodium ascorbate
37°C

Figure 8: Heck alkynylation as reported by Lin in 20%1Reprinted with permission from N. Li, R. K. V. Lim, S.
Edwardraja and Q. Lin, J. Am. Chem. Soc., 2011, 133, I83319. Copyright 2011 American Chemical Society.

In 2016, Hamachi reported a method for allosteric activation to modify protein function using
palladium complexes with specifically inserted histidine residues. It works by replacing two
specific amino acid in the protein sequence with histidine residues near the binding pocket in
membrane receptor proteins. The histidine acts as a ligand wiBd{h&)2(bipy). When the
palladium binds together to form the complex the protein adopts the required orientation for
enhanced binding. The fact that the allosteric sites are artificially inserted aadhtle#dl chelator

residuein certain positions aren issue?
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1.6: Palladium Mediated Arylation of Tryptophan

0]
OH

H,N ™

Ny 2 g Site of arylation with Pd catalysis

N
H

Figure9: A tryptophan molecule showing the C2 hydrogen atom

Tryptophan is an amino acid which has displayed a high suitability for modification, especially via
arylation. The structure of tryptophan is showirigure 9; with the indole side chain, intermolecular

i nteractions, such as btacking coghanre a lbew,nwiths biolagically a r
relevant molecules. The presence of tryptophan also endows fluorescence on the molecule witt
moadification on the indole ring changing the wavelength of fluorescence of the molecule. With the
use of a fluorescenceetbctor, the modification of tryptophan can be determined whether to be
successful or not by if the fluorescence has changed. By using tryptophan, which has a low abundanc
in natural proteinsestimated roughly at 1.1% in natural proteins and peptisell as tryptophan

having a low abundancabout 90% of proteins contain tryptophan hence making this a viable way
of modifying proteins. In recent years, numerous methodologies have been developed for selective
C2 arylation of tryptophan and tryptophamd i vat i ves whil st in o6free

proteins and peptides.

There are several terms found in literature, thesedarel bond activatiod and &C-H bond
functionalisatio@ Often these terms have been interchangeable but for this révi¢\activation
refers to the formation of an organometallic species faativation of aninitial C-H bond. GH
functionalisation refers to the formation of a functionalise® €pecies from an initial €l species
which proceeds via an organometallic $pecWhilst the idea of direct arylation is promising, it is
not withoutits pitfalls, often the reactions dmthave good green metridable 3compares the work

of the FairlamB?27, Ackerman#® and Albericia® groupsin this area.
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Table3: PdMediated GH bond functionalisation of tryptophan

0] 0]
OR, OR,
Rl Rl
N N'"™
H H
>
N\ H N Ar
N N
H H
Entry Ref. R Groups Cat.* Arylating Conditions Yield -/
agent %
. 1.Ac Pd(OAcy, PhB(OH)2  AcOH, 16h,
6
1 Failambetal® 5"~y cuoacy  5eq. 40°C, air 93
: 1.Ac [MesPhI|OTf EtOAc,16h, 85 (91
7
2 Fairlambet aP > -OMe Pd(OAc) 2 eq. o500 conv.)
1.Ac
3 nggermann et Ala- Pd(OAC) [1P2220Ts g\g?CH, 17 h, 99
2.-O-Et = €d.
Ackermann et —AC [PhI]OTs H.0, 24 h, 23
4 A28 Ala- Pd(OAc) 15e oC ’ ' 70
2-O-Et - €d.
Ackermann et LAC [PhIOTs  H.0, 24 h, 23
5 28 Ala- Pd(OAcy | g CZ ' ' <7 60
2-O-Et = €d.
2-NO2Bz
(1.5 eq.),
. : AgBF4
6 Q:t;igcm/Lavnla %.-A(\)C-Me Pd(OAC) Zk;lq (1 eq). 89
' ' DMF, 5 min,
150°C
MW

*Catalyst loadingvas 5mol% for Pd(OAc) and 10mol% for Cu(OAc)

Whilst there are issues, the advantages are that it removes the need for subsicieatiom and

has moderate to good yields. There are still changes being made to the procedures to make tt
reaction more environmentally friendly and still producedygi®lds.The type of catalyst typically

used is Pd(OAg)although alternatives such as Pd(Me@N)s)» can be used to similar effect (in

the correct solvent). When using Pd(OA®thyl acetate is the solvent of choice, but it should be
noted that the seént does have an effect on the reaction rate as well as if an acid has been used ir
the system or not. The use of tosic and tetrafluoroboric acid reduces the catalyst induction period o

the reaction which indicates that either the acids increase thef fatenation of the active catalyst
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or the mechanism is different from the standard conditions. In a master's thesis from the Fairlamb
group, an investigation into the role of acid additives was &bWé¢hen 5 mol% tosic acid was
employed, a short inducth period was found, which was then followed by a fastrkaction A

similar trend was seen with tetrafluoroboric acid but with a longer induction time. This could be due
to the acids having different pKa values, (Ts&*8, HBFR -0.4) which could meathe acid would

need to 6rm the corresponding anida form the active catalytic compound. Whilst the induction
period changes with the different acids, thes kalue does not change when compared with the
standard conditions which indicates that thevactiatalysts in all these reactions could be the same

or have a similar structuf@The water content is also an important factor as reactions done using

dry conditions had |l ess yield than the react

H,N

Ala-Trp-AlaOH

Ser-Gly-Trp-AlaOH

Figurel0: The peptides which were arylated by the Fairlamb group

Work has been done by the Fairlamb group which involves the arylation of peptides through
palladium acetatanda copper acetate amatalyst at ambient temperature in methanol. The peptide
chains of different sequence and length, showfigare 10, from TrpLys-Leu-Val-Gly-Ala-OH to

AcHN-Ala-Trp-Ala. The reaction of one peptide in particulAc-SerGly-Trp-Ala-OH produced
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the desired arylated product but also similar dihydroxylation byproducts, with a selectivitgfratio
1:1.4. The involvement of the copper(ll) for the oxidation proeesscritical. The experiment was
repeated using diaryliodonium salts andametic acid with no copper(ll) acetate and the desired
arylated product wasolatedin a yield of 65%, meaning that using a diazonium salt negates the need
for copper(ll) in this reaction. This also brought about a byproduct of mesitylated produatiat a r

of 10:1; this ratio is due the sterically hindered mesityl group. Use of more sterically hindered groups
on the iodonium salt resulted in a lower reactivity in the system with a higher ratio of byproduct at
5:1. When using small peptides which contayptophan, a protection/deprotection strategy was
chosen. The use of tié-Ac protecting group previously used on a singular tryptophan molecule
proved difficult to synthesise on the peptide chains, so the uddBot was evaluated. Thid-Boc

group allowed only a trace amount of desired product to be produced along with unreacted starting
material and expected side products from the iodonium salt. The WdEA, TFA protected\
terminus,removed this issue and delivered the desired arylateduct in a isolated yield of 82%

(with 17% of the mesityl product). This procedure of using aryl iodonium salts without copper acetate
was applied to the peptides with terminal alanine residues, which previously afforded
dihydroxylation byproducts, noprovides the desired arylated product, although the solvent for this

reaction was changed from ethyl acetate to isopropanol due to the polar nature of the molecules.

The reactions of indoleda this methodologyusually give the arylated product at the8@osition.

This is due to the nitrogen in the ring directing the aryl group onto the least hindered location. From
work done by Stuart and Fagnou (208Yit, can be seen that the groups present on the indole group
and on the aryl group effect the convensand yield, as well as ratio of products made. The
protecting groups always include an acetate group on the nitrogen but can be anything from a chlorine
atom to an ester group on a carbon on the adjacent benzene ring. The proshetsdinclude
arylaion on the G3 position (major product), 2 position and double arylation (undesired side
product). Due to the fact tryptophan has an R group on the indole which allows for e&sier C
arylation, we do not need to concern ourselves thdse issuebut it should be noted that these
protecting groups pr es entbringabodosiie banefita im simil&ra g n

work in regards to tryptophan.
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Table4:Catalytic Cross Coupling of unactivated aréhes

NO,
©/ CsO-Piv

Ac Ar-H , Cu(OAc), Ac
R, N Pd(OCOCF;), R, N
R; Ry

Ar

R; R> Ar Yleld(%)
H H Ph 87
OMe H Ph 84
H OMe Ph 74

Another interesting study on the subject eBH®ond activation of indoles was reported by Gaint

al (2008%2 which proposed different directing groups for indole arylation, using the directing group
pyrimidine, with the only product formed theZZarylated producihis procedure by Gaunt however
cannot be used in biologically systems due to possible formatitriflic acid from the copper
catalyst which is dangerous in itself and then can racemise to increase téeity, this may not

af fect most of work being done on tryptophan
showed how to arylatedoles at the & position and if this was ever used on tryptophan, there could

be a generation of-€ modification of tryptophaf?

0
1) X 10mol% Cu(OTf), R 10mol% Cu(OT), ,\?/
35°C N 70 °C
) = / ~ 78
+ . + -
Ar—I*-R, TfO Ar—I*-R, TfO
Ar
2)
4 3
5@2 cat [Pd] _ N\
6 : N\ ?\t-BU Ph=B(OH)2 N\ ‘\t_Bu
P=t-Bu Ph _P=tBu
0 (0]

Figure 11: 1) C3 and C2 arylation of unactivated indoi&8) C7arylation of unactivated indolé%

When evaluating catalyst loadings, work reported by Lane and Sames in 2004 showed that the lowe

the catalyst loading for the Pd(OAgc}he higher the product yield is, at the expense of biphenyl
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formation. This study as done using a high temperature, use ogHPWA as solvent and CsOAc
as an additive. The palladium loadinger@from 5mol% to almost trace amounts of catalyst. The
loading with the best product formation was 0.5 mol %. The difference between 0.5narid/b

loading in terms of product was about18% while the biphenyl formation goes up to about 85%.
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1.7: Project Aims

Researchn the field of tryptophan arylatiohas been limitedSo farit hasbeen limited to smaller

peptides The aim for thistudyare therefore as follows:

1) To use the procedure with ajiazonium saltsas used inhe group(T homas Sher i
Thesig®°, to assesH it is possible to modify peptid®f different lengths witlanaryl groups.

2) To monitor if there is a changepeptideconformatiorfollowing arylation, this will be done
using ROESY NMRspectroscopic analysis

3) To develop a purification technique for the modified peptide that wimisvolve prep TLC
or a column

4) Determine whether the kinetics for theptide arydtionsare the same assimpletryptophan

derivative

The work herein attempts smidress thessims to gain an understanding of how this method affects

longerchainpeptides.
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Chapter 2: Resultsand Discussion

2.1 Arylation of Tryptophan and showing non-stereospecificity

To synthesise the starting material for the arylation, tryptophan is pro&stedethyl
esterto givecompound 1 and tharonvertednto an aceteamide to form compound Zhe
protection is done to ensure that théHdGactivationdoes not interact with either of the

amino groups. This was done in two higiklding stepsasshown inFigure 12.

0 1
o. [/
H,N*™ CIH - H,N""
0
N § > A\
N clr’ ol MeOH
H RT, 24hr Iljll
Quant
0 o/ oo [/ ?

ClH‘HzN“‘ \ N

H
~o N
\ )k )K A
N THF
N
H Reflux, 2h H
60%

Figurel2: Protection procedure for tryptophan

Once the tryptophan was-diotected, the use of peynthesised aryl diazonium salts
allowed for the @ selectivaarylation in the presence dd(OAc), in ethyl acetate. This
was shown to give excellent conversion withthteeof the aryldiazonium slts usedas

shown inFigure 13.
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Quant

N Reaction condition: EtOAc, 24 h, RT
Pd(OAc), 30mol%

Figurel3: Different arylated products using different aryl diazonium salts

The synthetic methodology was tested using racemic andngwmerically pure Lk
tryptophanto assessvhether thee was an erosion of enantioselectivityis was tested via

the use of chiral HPLC as it can show whether both enantiomers have been maddied
whether racemization has occurred for macemicstarting materialFrom the data shown

in Figures 14, 15 and 16, both enantiomers were modified for the different aryl groups.
From the HPLC traces, it can be seen that both enantiomers of the tryptophan are arylated
as the peaks are close together and.theantiomer is overlaid to shahatretention times

match.
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Figurel4: Chiral HPLC data fophenyl product 3
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Figurel5: Chiral HPLC data fopara-methoxy product4
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Figurel6: Chiral HPLC data fopara-fluoro producs 6
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2.2 Arylation of peptides

Using the same reagents showrrigure 13, it was applied to tryptophan containing peptiéie,
shown inFigure 17.These peptidewere made using SPP&method discussed the experimental
section.The method was modified to run the reactions in methanol due to solubility issues and to
increase th&d catalyst loading to push the conversion higher. The peptides were choserato cont
different groups, specifically tyrosine, lysine and asparagine due to possible interactions with
palladium, ando test the functional group tolerancehe peptides have faee carboxylic acidC-
terminus tomaintain comparability to other reported synthetic methodologigerikcationto the
methyl ester(reaction solvent) is a potential implication in the context of the current arylation
technology

9
NH,

NH
~ HO
0 - 0 _/go o 0
N N N ‘N
S T TN T N YN Y e
R TR B 0 HoB fu, o Hoo
N “__N 2
o N OH
0 0 0

L-Ala-Trp-Ala NH,
L-Val-Trp-Asn-Asn-Lys-Thr-Ala

7 J\ (0] (0]
H H
N N 0
OH ~ N o = 0o = OH
Q H Q H Q _ NH \©\
N N
)LE \)LI}\{I \;)J\OH 8 OH
0 o °

L-Ser-Gly-Trp-Ala L-Ala-Trp-Ala-Tyr-Ala

Figurel17: Peptides used in this work
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2.3 NMR conformational study of the peptides

The conformation of a protein is an important factor to whether the protein will remain active or not.
To assess this, the peptides modified previously were used with the phenyl diazonium salt to asses
if there were any conformational changes. To discothex conformation, ROESY NMR
spectroscopy was used to see what protons were within 5 angstroms of each other. To confirm th
allocations of the atoms in the molecule, COSY, TOCHBSQC and HIBC NMR spectroscopy

was used. COSY NMR spectroscopy shows inteyas between adjacent protons, whilst TOCSY
shows interactions with all the protons on caogizeatoms, as long as the proton chaindsbroken

the interactions will continue throughout the entire molecule. HSQC NMR spectroscopy shows
which carbon pda corresponds to which proton peak bgrrelatinga *H spectrum with a3C
spectrum. HMBC NMR spectroscopy shows interactions between adjagahswithin a few

bonds on carbon atoms.

The unmodified peptides were analysed first to have something toaceragainst. The tgeptide,
AcNH-Ala-Trp-Ala-OHwas the first peptide looked at due to simplicity of the molecule. Using other
NMR techniques such as COSY, TOCSY, HSQC, HMBC as well as the stantzddnensional

proton and carbon, each atom in the molecule is assigned and shown below.

39



AcNH-Ala-Trp-Ala-OH (6)

5

o
9
Figure18: Molecule ofAcNH Ala-Trp-Ala-OH (6)

NMR spectrum data fod

H NMR (700 MHz, DMSO) J&7.2Hyr, 18)17.98 = 7.2 Ht)
1H), 7.84 (dJ = 8.2 Hz, 1H), 7.58 (d] = 7.9 Hz, 1H), 7.30 (d] = 8.1 Hz, 1H), 7.13 (d]

= 2.1 Hz, 1H), 7.04 () = 7.5 Hz, 1H), 6.96 (t) = 7.3 Hz, 1H), 4.51 (td] = 8.6, 4.4 Hz,
1H), 4.247 4.15 (m, 2H), 3.15 (dd] = 14.8, 4.3 Hz, 1H), 2.95 (dd,= 14.9, 9.0 Hz, 1H),

1.78 (s, 3H), 1.26 (dl = 7.3 Hz, 3H), 1.10 (d] = 7.1 Hz, 3H).

BC NMR (176 MHz, DMSO) U 447186.23,1127.64, 123.9(

121.02, 118.67, 118.39, 111.44, 110.12, 53.13, 48.52, 47.79, 27.61, 22.69, 18.11, 1
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Figure20: '"H NMR spectumof 6, 'H assignmentd e t we e i 4.65 pgm (2MSO, 700 MHz, 300 K)
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Figure22: '"H NMR spectum of 6, 'H assignmentd e t we e ri 0.95 pm (RMSO, 700 MHz, 300 K)
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Figure23: ROESY Spectrum of aromatic regioh6 i examination of the indole regi¢d®MSO, 700 MHz, 300 K)

From the ROES$pectrumthe indole nitrogen proton is close in proximity to th&dproton, which
is to be expected, batso close to the Bbproton, which is interesting due to it being on the a few

bonds away. It can also be seen that the remaining aromatic protons are close to the adjacent proto
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Figure24: ROESY Spectrum o8 i examination of the peptide chain regi@MSO, 700 MHz, 300 K)

Looking at the spectra above, proton 2 onNHerminus alanine is close to the methyl group on

atom 8. This can be explained tmtation aroundC1 and C&llowing the methyl group to be closer

to the amide proton. The amide proton on the tryptophan residue, atom 6, is close to the protons on
either dom 3 or 14. Atom 3 or 14 would be interesting as it is perceived to be further away from

the proton on, it is more likely to be 3 due to the distance away from position 14. The amide proton
on atom 12 can be seen to be close to atom 14 which is expedtatban 10 which is somewhat

unexpected but could be due to the atom at 11 rotating.
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Figure25: ROESY Spectrum ofliphaticregion of6 1 examination of the peptideackbongDMSO, 700 MHz, 300 K)

From the above spectra, the amide proton on atom 2 is close in protiratym 5, this requires

that the molecdis somewhat contorted due to no interaction between the proton on atom 3, which
is adjacent to the amidd positon2 The two di ast er-eatbaneonthec pr ot «
tryptophan residue are coupled togethe Th e pr ot o n-cadbon orathedryptogh&n, t h e
residue is close in proximity to one of the diastereomeric protons but not the other. There is also
coupling between the protons on atoms 3 to 5 and 14 to 16, this was to be expected for adjacent

atoms
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Figure26: TOCSY (Blue) and COSY(Red)spectrum ofiromatic region o6 i examination of nitrogen ring of the indole

(DMSO, 700 MHz, 300 K)

I n the figure above, an interacti opositbomn be s

proton. This is to be expected from adjacent protons.
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Figure27: TOCSY (Blue) and COSY(Red)spectrum ofaromatic region o6 1 examination of the reaming indolegroup

(DMSO, 700 MHz, 300 K)

The NMR spectrum ifrigure 27 contains the overlay of the COSY over the TOCSY. The TOCSY
shows that the aromatic protons are all in series with no breaks in the proton chain. The COSY allows

for the comparison of adjacent protons with the protons connected in the series.
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Figure28 TOCSY (Blue) and COSY(Red)spectrum o6 i examination of the peptide backbdf¥MSO, 700 MHz, 300

K)

The use of the TOCSY and COSY showsphatons in series in certain parts of the molecule. It

can be seen that the ami de paarbon protonatmposifoa $0i t i o
and then to the 2 di-cadhonatrpesitiana&9. Sinsilarlp, the sereesican be n
seen for the amide protons at position 2 and 12 and that the series continues to 5 and 16

respectively.
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Figure29: HSQC and HMBGpectrunof the aromatic regionf 6 - examination of the indole rindPMSO, for1H -700

MHz, for 1°C - 176 MHz,300K)

By using the HMBC ané*C HSQC, the links to nearby carbon atoms can be determined. The
connections show interactions such as positidonghe aromatic ring interacts with positions
347646and $Hon the aromatic ring. The proton at positi@sBows that the interactions can go

past heteroatoms such as nitrogen.
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Figure30: HSQC and HMBGspectrunof the aliphatic region of6 - examination of the peptide backbone (DMSO, for

1H -700MHz, for3C - 176 MHz,300K)

The use of the HMQC and HSBC show distinct differences between diastereomeric protibres and
Ucarbon at positon10 Through this, it can be scareonont hat

the tryptophan residue.
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Figure32: 13C NMR spectrunof 6, 13C assignmentb e t we e 1i 5410 pdnbDMSBO, 176 MHz, 300K)
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AcNH-Ala-Trp-Ala-Tyr-Ala-OH (8)

~£Z
w

@ O

Figure33: Reference molecule for Afarp-Ala-Tyr-Ala (8)

NMR spectrum data fd8

IH NMR (700 MHz, DMSO) & 10.30.1Hs1H),80)d
= 7.0 Hz, 1H), 7.89 (d] = 7.4 Hz, 2H), 7.76 (d] = 8.2 Hz, 1H), 7.55 (d] = 7.9 Hz, 1H), 7.30
(d,J= 8.1 Hz, 1H), 7.12 (s, 1H), 7.03 (dii= 11.5, 8.0 Hz, 3H)6.92 (t,J = 7.4 Hz, 1H), 6.62
(d,J=8.3 Hz, 2H), 4.46 (td] = 8.4, 4.5 Hz, 1H), 4.40 (td,= 8.7, 4.5 Hz, 1H), 4.18 (dp=
14.1, 7.0 Hz, 3H), 3.12 (dd,= 14.9, 4.0 Hz, 1H), 2.982.91 (m, 2H), 2.68 (dd] = 14.0, 9.3

Hz, 1H), 1.91 (s, 1H), 1.78 (s, 3H), 1.27& 9.0 Hz, 4H), 1.11 () = 6.9 Hz, 7H).

¥ NMR (176 MHz, DMSO) U 173. 93, 172. 46
155.73, 136.00, 130.17, 127.72, 127.26, 123.56, 120.75, 118.43, 1MB41841, 111.12,

109.81, 53.84, 53.20, 48.45, 48.33, 47.45, 36.50, 27.13, 22.42, 21.05, 18.00, 17.79, 17.
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Figure34: 'H NMR spectum of 8, showing'H assignmentb e t w e9.41n10.8ppm (DMSO, 700 MHz, 300 K)
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Figure35: 'H NMR spectum of 8, showing'H assignmentb e t w e e in8.16 ppm (D&MSO, 700 MHz, 300 K)
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Figure38 ROESY Spectrum of aromatic regiofi8i examination of the indole region (DMSO, 700 MHz, 300 K)

Looking at the ROESY spectrum Higure 38, the interactions between #rematic protons

become clear. In the indole, there are interactions between pogito & to be expected. As

are the interactions betweetdnd & and Dand & In the tyrosine ring, interactions with the

protons in positions Kand 1dare seenas well as an interaction betweerdad 14 The latter
interaction is more interesting due to the oxygen present in the alcohol group. The bent angle from
the lone pairs on the oxygen could have meant that there were no interactions with the other

protons or interactions with just one.
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Figure39: ROESY Spectrum of aromatic regioh8i examination of the peptide chain region (DMSO, 700 MHz, 300 K)

The spectrum above shows interactions with the amide profmsaion 14 with the methyl

pr ot o n s-camdan attpdsidion b6, which is expected. There is an additional interaction

between 14 and 10 which is slightly unusual due to the perceived distance but if the bond between
10 and 11 rotates, then 14 is ne@r The amide protons at positions 9 and 1 have interactions with
positions 4 and 26 which are several bonds away, this is an indicator that the molecule is bending
and allowing for unusual interactions. There are interactions between positions 2, 15,26 to

and 26 respectively. These interactions are expected. There are 2 sets of diastereomeric protons in
this molecule, one-cleibog amdt hd et rcyripote dhp lwd n t M

interact internally.
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Figure40: ROESY Spectrum of aromatic regiof8i examination of the peptide backbone (DMSO, 700 MHz, 300 K)

From the spectrum above, interactions can be seen between eith@pdsiibn proton on the

indole aromatic ring or the Bposition on the tyrosine aromatic ring with one of the diastereomeric
protons. This is quite unusual due t o-carbore po
proton on the tryptophalue to the sheer size of the indole ring, it would be predicted that the
interaction is with the 1dposition proton on the tyrosine indicating the molecule bending. There

are interactions between the amide protons at position 9 and 19 with one of tisediasric

pr ot ons o ncathdn@rotons, positiog? hbd A respectively. Rotation of the protons
around the nitrogen at position 9 explains the interactions with only one of the diastereomeric

protons.
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Figure41: TOCSY (Blue) and COSY(Red)spectrum oBi examination of the indole ring (DMSO, 700 MHz, 300 K)

From the spectrum above, it can be seen that there is an interaction betweenlpfotorsn d 2 6

which is to be expected.
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Figure42: TOCSY (Blue) and COSY(Red)spectrum oB i examination of the aromatic rings (DMSO, 700 MHz, 300 K)

Through the TOCSY and COSY, it can be seen that there are 2 difiepemtic rings present.
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Figure43: TOCSY (Blue) and COSY(Red)spectrum oB 1 examination of the peptide backbone (DMSO, 700 MHz, 300

K)

Through thespectrum abovdt can be seen that the amide protons at 9 and 19 are in series with the
di aster eomer i-carbpns af thetnymophamand tyrosinefresidues. This indicates that

the assignment of the protons is correct.
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Figure45: HSQC and HMBGspectrunof the aliphatic region o8 - examination of the aromatic region (DMSO, 1ot
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Figure47: 3C NMR spectrunof 8, 13C assignmentb e t we e ni 174.0lppnmDMSO, 176 MHz, 300K)
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Figure48: 3C NMR spectrunof 8, 13C assignments e t we e ni 157.0lpgn(DMBO, 176 MHz, 300K)
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AcNH-Ser-Gly-Trp-Ala-OH (7)
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Figure50: Reference molecule for S@ly-Trp-Ala 7

NMR spectrum data for

IH NMR (700 MHz, DMSO) & 12. 487.1Hz,1H)I8H)
(t, J=5.5 Hz, 1H), 7.97 (dd] = 12.5, 8.0 Hz, 2H), 7.61 (d,= 7.9 Hz, 1H), 7.32 (d] =
8.0 Hz, 1H), 7.14 (s, 1H), 7.06 &= 7.5 Hz, 1H), 6.98 () = 7.4 Hz, 1H)4.98 (s, 1H),
456 (td,J=9.0, 4.1 Hz, 1H), 4.21 (dd,= 13.6, 6.7 Hz, 2H), 3.71 (dd= 16.8, 5.9 Hz,
1H), 3.62i 3.53 (m, 3H), 3.15 (dd] = 14.7, 3.7 Hz, 1H), 2.90 (dd= 14.7, 9.7 Hz, 1H),

1.86 (s, 3H), 1.30 (d] = 7.3 Hz, 3H).

3C NMR (176MHz, DMSO) 4o 173.95, 171.27, 17
123.67, 120.72, 118.30, 118.16, 111.23, 110.00, 61.63, 55.40, 52.97, 47.55, 42.12,

22.53, 17.05.
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Figure51: 'H NMR spectum of 7, showing'H assignmentb e t we e i 1217 panO(DMSO, 700 MHz, 300 K)
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Figure52: 'H NMR spectum of 7, showing'H assignmentb e t w e e in8.3ppnB(DMBO, 700 MHz, 300 K)
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Figure53: 'H NMR spectum of 7, showing'H assignmentb e t w e e in5.0(ppnB(DMSO, 700 MHz, 300 K)
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Figure54: '"H NMR spectum of 7, showing'H assignments e t we e i 3.1i6 pgm (BMSO, 700 MHz, 300 K)
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Figure55: 'H NMR spectum of 7, showing'H assignmentb e t we e ri 1.6 pprh (DRISO, 700 MHz, 300 K)
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Figure56: ROESY Spectrum of aromatic regiofi7 i examination of the indole region (DMSO, 7Bz, 300 K)

From the spectra iRigure 56, the usual interactions between the aromatic protons can be seen with
additional interaction between the indole nitrogen proton and the posiimnt8n on the aromatic

ring, which is the same as Alarp-Ala butnot Ala-Trp-Ala-Tyr-Ala, this could be due to low steric

bulk of the other amino acids in the peptide compared to the Tyrosine. Another unusual set of
interactions involving the amide protqrise position 12 proton has an interaction with position 15
andposition 9 has an interaction with position 3. From the molecule, it can be assumed that the
molecule isbendingwhich causes the molecule to fold back in on itself. If this is the case, it can be

assumed that proton 9 interacts with 3 and 12 interadislit
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Figure57: ROESY Spectrum of i examination of the peptide backbone (DMSO, 700 MHz, 300 K

There are several interesting interactions insgpectrum above, the amide proton at position 9
interacts with the diastereomeric protons at position 10 but so does the proton at position 12 or 3,
but with the closer proximity of 12, it is assumed to be proton 12 which is close to both the
diastereomeriprotons. The amide proton at position 3 is close to the methyl proton at position 1,
which is to be expected. Proton 15 is close to the protons at position 17 which is expected. The
amide proton at position 3 or 12 is close to one of the diastereomaionipion atom 21. This is

unusual but can be explained by the molecule curving on itself therefore it is likely to be the

position 12 proton.
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Figure58: TOCSY (Blue) and COSY(Red)spectrum of7 i examination of the indole ring on the nitrogen (DMSO, 700

MHz, 300 K)
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Figure60: TOCSY (Blue)and COSY(Red)spectrum of7 i examination of the peptide backbone (DMSO, 700 MHz, 300

K)

74



A
20170922 I'urrllw]l _SCW 16 ers\david Documents Masters NMR . E
¥ |2
(I:.'l
T
@ Srererererre . !gu.we -
Y SN 'Q-g
4 0 I
[T S F S e |
sﬂ [
) ‘ .............. eg. ...... e enmenm e nnrnm et nn e naa ,ﬂ
i i
R S é 4 .

5 4 3 2 F2 [ppm]

Figure61: TOCSY (Blue) and COSY(Red)spectrum of7 i examination of the aliphatic region (DMSO, 700 MHz, 300

K)

There are several positions that overlap therefore theyquesdiflying. Position 6 is overlapped
with 10b. Through the spectrum above, it b&seen that proton 7 is interacting with position 6

and proton 6 interacts with position 5.
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Figure62: HSQC and HMBGspectrunof the aromatic region af - examination of the indole ring (DMSO, faH -700

MHz, for 13C - 176 MHz,300K)

76



ool

lzmmsn_rumbuu_scw 13 1 ClUsers\david\Documents\Masters\NMR : E
=1
R \ 1417 “
: g
I
— ! 1 | A
1 ! L
1
— P 21b g ¢ 21a I -
Lo Lo e
1 - L
L y o 21213 17-16
) I| l| 16-17 : : I . |
] b 21b-13} ! . E [
— 1321, | A &
— | 1 10a ®e10b) ! |
1 1 [ !
I 1 1 1
— ‘I d 16 1 1 é
| : : -2
i
136 i 4
iP5
1 L
: 5-6 3
—t ' 06
é tll 5 é F2 [;:pm]
7
4 OH Indole 20
o 6 o 21ab o
9 15
5 H 13 H
2 8 N " 14 N 16~ 18
1 II\{I 10a,b ﬁ OH g
3 12
Y 0 17

Figure63: HSQC and HMBGspectrumof the aromatic region of - examination of the aliphatic region (DMSO, fiid

-700MHz, for 1°C - 176 MHz,300K)
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Figure66: 13C NMR spectrunof 7, 13C assignmentb e t w e eir65 gpm(DNBSO, 176 MHz, 300K)
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AcNH-Val-Trp-Asn-Asn-Lys-Thr -Ala-OH (9)
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Figure67: One half of the Vallrp-Asn-Asn-Lys-Thr-Ala molecule(9)
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Figure68: The other half ofhe VatTrp-Asn-AsnLys-Thr-Ala molecule(9)
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NMR spectrum data fa@

IH NMR (700 MHz, DMSO) Ja8.6lHz, 2H)77.98 (d] = 7.4H1,)2H),
7.93 (d,J= 7.0 Hz, 1H), 7.82 (d] = 8.5 Hz, 1H), 7.67 (d] = 8.4 Hz, 1H), 7.62 7.55 (m, 4H),
7.45 (d,J=14.3 Hz, 2H), 7.31 (dl = 8.1 Hz, 1H), 7.11 (s, 1H), 7.04 {t= 7.5 Hz, 1H), 6.96
(dd,J=14.1, 6.6 Hz, 3H), 4.76 (s, 1H), 4.53 (i 13.7, 6.5 Hz, 3H), 4.26 (dd= 13.3, 8.7
Hz, 1H), 4.21i 4.15 (, 2H), 4.09 (t) = 7.7 Hz, 1H), 3.98 3.92 (m, 1H), 3.12 (dd] = 14.8,
4.2 Hz, 1H), 2.94 (dd] = 14.9, 9.4 Hz, 1H), 2.76 (dl,= 21.2, 10.6 Hz, 2H), 2.59 (dd= 15.6,
6.9 Hz, 1H), 2.46 2.37 (m, 1H), 1.91 (s, 2H), 1.88 (dii= 13.6, 6.8 Hz, 1H)1.84 (s, 3H),
1.74 (d,J= 7.2 Hz, 1H), 1.63 1.56 (m, 1H), 1.51 (td] = 14.9, 7.3 Hz, 3H), 1.381.29 (m,

3H), 1.27 (dJ = 7.3 Hz, 4H), 1.06 (d] = 6.3 Hz, 4H), 0.76 (dd] = 6.6, 3.1 Hz, 7H).

¥ NMR (176 MHz, DMSO) 0 1,7181.1G, 070.951170164,7 7 ,
170.53, 169.40, 169.32, 135.76, 127.04, 123.28, 120.61, 118.14, 117.95, 110.98, 109.69
57.86, 57.80, 52.95, 52.33, 49.62, 49.46, 47.31, 38.52, 36.68, 36.37, 30.45, 29.89, 27.12

22.24,21.80, 20.82, 19.48, 18.98,84 17.05.
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Figure69: 'H NMR spectum of 9, showing'H assignmentb e t w el@ 701 11.80 ppm(DMSO, 700 MHz, 300 K)
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Figure70: 'H NMR spectum of 9, showing'H assignmentd e t we e 11 8.1i6 pgm (BMSO, 700 MHz, 300 K)
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Figure71: 'H NMR spectum of 9, showing'H assignmentb e t we e i 7.46 ppm (BMSO, 700 MHz, 300 K)
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Figure72: *H NMR spectum of 9, showing'H assignmentb e t we e 1i 4.80 pgm (BMSO, 700 MHz, 300 K)

30 15a | 21b
13b 13a , ﬂ;‘
N (¥
I 1
I " l“.l |‘

i [\, \ | |
L vy r | "I LA | il
TIAl hol il | f
W L | | AR . | ]
‘l‘l‘ n“-;"!.". | ‘Iw-.u Y | U

T T T -

‘15 3.‘10 3.&)5 3.60 2.‘95 2.I90 l.éS 2.‘80 2.I75 2.‘70 2.‘65 l.ISO 2.‘55 2.‘50 2.I45 2.‘40
f1 (ppm)
Figure73:

IH NMR spectum of 9, showing'H assignmentb e t w e e in3.1& ppé (DMSO, 700 MHz, 300 K)
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Figure74: 'H NMR spectrum of 9, showing'H assignmentb e t we e ri 1.60 pdm (RMSO, 700 MHz, 300 K)
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Figure75: 'H NMR spectrunof 9, showing'H assignmentb e t we e ri 1.08 ppm (BMSO, 700 MHz, 300 K)
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Figure76: ROESY Spectrum of aromatic regioh9 1 examination of the indole region (DMSO, 700 MHz, 300 K)

Thespectra above show the usual interactions of the aromatic protons but with the additional
interaction of the indole nitrogen proton and positiépi®ton, similar to the interactions seen in
Ala-Trp-Ala and SeiGly-Trp-Ala. Similar to SeiGly-Trp-Ala, thae are interactions between

several of the amide protons, mainly 25 to 39 and 25 to 33 or 9. These interactions are unusual due
to the distance between the atoms but this indicates that there is a folding effect in molecule. There

is an interaction betweéhor 33 to 19 or 12 , in regards to this the interaction must be between 9

and 12.
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Figure77: ROESY Spectrum of aromatic regioh9 i examination of the peptide chain (DMSO, 700 MHz, 300 K)

The interactions in this molecule are plentiful, there are interadbieivgeen position 19 and 20

and 12 and 14, this is to be expected from adjacent atoms. The amide proton at position 9 is
interacting with the diastereomeric protons on the tryptophan residue at position 13 but only with
one of the protons. The remainingdrdactions are between adjacent atoms which you would expect

to see.
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Figure78 ROESY Spectrum of aromatic regioh9i examination of the peptide backbone (DMSO, 700 MHz, 300 K)
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Figure79: ROESY Spectrum of aromatic regioh9i examination of the pe?)tide backbone 2 (DMSO, 700 MHz, 300 K)
There is an interaction between the proton at position 10 and ¢ine diistereomeric protons on

the tryptophan residue, 13. There is also an interaction between 14 and one of the diastereomeric
protons on the asparagine residue, 15, and one between 20 and one of the diastereomeric protons
21. The proton at positionliks to the protons at position 6 and 7 as well as position 4. The

di astereomeric protons at position 27 intera
carbon of the lysine at position 26. There is also interaction between 27, 28, 29vanidt80

indicates a contorted lysine residue. The amide protons at position 19 and 12 interact with both of
the diastereomeric protons on position 15 and 21. There is an interaction with 21 and 23 which is
unusual due to the positions. The proton at pos8#is close to the protons at 35 and 34, this is
expected but the lack of interaction between position 37 with any other proton is interesting, with

possible hydrogen bonding between the proton and the carboxyl group at 32.
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Figure80: TOCSY (Blue) and COSY(Red)spectrum 0B i examination of the indole ring on the nitrogen (DMSO, 700

MHz, 300 K)
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Figure81: TOCSY (Blue)and COSY(Red)spectrum oB i examination of the indole group (DMSO, 700 MHz, 300 K)
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Figure82 TOCSY (Blue) and COSY(Red)spectrum oB i examination of the peptide chain (DMSO, 700 MHz, 300 K)
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Figure83: TOCSY (Blue) and COSY(Red)spectrum oB 1 examination of thaliphatic regionfDMSO, 700 MHz, 300

K)
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Figure84: HSQC and HMBGspectrunmof the aromatic region o® - examination of the indole group (DMSO, fbi -

700MHz, for 13C - 176 MHz,300K)
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