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ABOUT THE STRUCTURE OF THIS WORK

This work is divided into five sections.

The first section encloses a very brief introduction and general objectives of the
present thesis, which mainly comprises two subjects: depsipeptides and stapled

peptides

The second and third sections describe the development of a robust Fmoc-based
solid-phase strategy for the preparation of complex depsipeptides and a novel
methodology to prepare highly N-methylated stapled peptides, respectively. Both
sections enclose: a comprehensive introduction on the subject, a results and discussion

section, and the corresponding reference collection.

The fourth part comprises the conclusions reached during the intercourse of the
work presented herein. The fifth part is the experimental section and contains all the
necessary information to reproduce the experiments as well as the corresponding

product characterisation.

For clarity, when showing relevant HPLC spectra to the discussion of the obtained
results, the acronym “G20100t9T25” was used to describe the HPLC experiment
conditions. “G20100t9T25” stands for “Linear HPLC gradient from 20%B to 100%B over
9 min at 25 °C, using as elution system A: 0.045%TFA in H,0 and B: 0.036%TFA in ACN.
In the third section, the acronym “HMSP”, which stands for “Highly N-methylated
stapled peptides”, was used throughout the chapter to ease the writing and reading

process.
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A

AA Amino acid

Abs Absorbance

Ac Acetyl

ACN Acetonitrile

AcOH Acetic acid

ADP Adenosine diphosphate

Alloc Allyloxycarbonyl

AM Amino methyl

aq Aqueous

ATP Adenosine triphosphate

B

Boc tert-Butyloxycarbonyl

Bs broad signal

C

CD Circular dichroism

COosy Correlation Spectroscopy

2-CTC 2-Chlorotrityl chloride resin

CuAAc Copper-catalysed azide-alkyne cycloaddition
D

6 Chemical shift

d Doublet

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene

DCC N,N’-Dicyclohexylcarbodiimide

DCM Dichloromethane

Dde 1-(4,4-Dimethyl-2,6-dioxocyclohex-1-ylidene)-3-ethyl
DEAD Diethyl azodicarboxylate

DIAD Diisopropyl azodicarboxylate

DIC N,N’-Diisopropylcarbodiimide

DIEA N,N’-Diisopropylethylamine

DKP Diketopiperazine

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

E

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDT 1,2-Ethanedithiol

eq Equivalents

ESI Electrospray ionization mass spectrometry

EtoN Diethylamine
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EtsN
EtOAc
EtOH
Et.0

Fmoc

G
G20100t9T25

HATU

HFA

HFIP
HMBC
HMSP
HMQC
HOAt
HOBt
HPLC-PDA
HPLC-MS
HRMS
HSQC

Hz

MALDI
MeOH
Mmt
MS
MW

NMR
NOESY

0-NBS

Triethylamine
Ethyl acetate
Ethanol

Diethyl ether

Fluorenylmethyloxycarbonyl

Linear HPLC gradient from 20%B to 100%B over 9 min at 25 °C,
using as elution system A: 0.045%TFA in H,0 and B: 0.036%TFA in
ACN

N-[(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-yI-
methylene)-N-methylmethanaminiumhexafluorophosphate
N-oxide

Hexafluoroacetone

Hexafluoro-2-propanol

Heteronuclear multiple-bond correlation spectroscopy
Highly N-methylated stapled peptides

Heteronuclear multiple-quantum correlation
1-Hydroxy-7-azabenzotriale

Hydroxybenzotriale

High-performance liquid chromatography-photo diode array
High-performance liquid chromatography-mass spectrometry
High-resolution mass spectrometry

Heteronuclear single quantum coherence

Hertz

Coupling constant

Multiplet

Matrix-assisted laser desorption/ionization
Methanol

Monomethoxytrityl

Mass spectrometry

Molecular weight

Nuclear magnetic resonance
Nuclear overhauser enhancement spectroscopy

o-Nitrobenzenesulfonyl
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P

PBS Phosphate buffered saline

PG Protecting group

PPhs Triphenylphosphine

ppm Parts per million

PPIs Protein-Protein Interactions

p-TsOH p-Toluenesulfonic acid

PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate

PyBrop Bromotripyrrolidinophosphonium hexafluorophosphate

Q

q Quartet

qt Quintuplet/Quintet

R

RCM Ring-closing metathesis

RM Reaction mixture

ROESY Rotational nuclear overhauser spectroscopy

S

s Singlet

SARs Structure-activity relationship studies

SM Starting material

SPPS Solid-phase peptide synthesis

T

t triplet

TBAF Tetrabutylammonium fluoride

TBDMS tert-Butyldimethylsilyl

TBDPS tert-Butyldiphenylsilyl

'Bu tert-Butyl

TFA Trifluoroacetic acid

TFE Trifluoroethanol

THF Tetrahydrofuran

THP Tetrahydropyranyl

TIS Triisopropylsilane

TLC Thin layer chromatography

TOCSY Total correlated spectroscopy

tr Retention time

Trt Trityl

U

uv Ultraviolet



Annex Il. Natural amino acids

Annex Il. Natural amino acids

Amino acid Code Structure
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Annex VI. Polymeric supports
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Structure

2-Chlorotrityl 2-CTC
chloride resin

Fmoc-Rink Amide Rink AM
Aminomethyl resin
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Introduction

Peptides and proteins are essential substances for living organisms, as they can
be found in every cell and tissue and are involved in many biological and physiological
processes.2l Generally, peptides are selective and efficacious molecules that function
as cell membrane transporters, hormones, enzyme inhibitors, growth
promoters/inhibitors, neurotransmitters, among many other functions.>3! Given their
intrinsic properties and their attractive pharmacological profile, peptides and proteins
have emerged as potential tools for drug discovery. However, in vivo instability due to
protease degradation and poor bioavailability are the main drawbacks that have
hampered their exploitation as therapeutic agents.>8! Nevertheless, there are nearly
200 peptide-based drugs currently in the market® and great advances have been made
in the peptide-therapeutics field. Particularly, many drug discovery tools, new platforms
and chemical modifications have been developed to tackle these hurdles and optimise

their pharmacokinetic profile.

Peptide backbone modifications often result in improved pharmacological
properties, such as greater stability and bioavailability, enhanced cell permeability and

lower toxicity.[221% Among the most relevant types of bioactive backbone-modified

3
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peptide families, cyclic peptidesi*!, N-alkylated peptides,[*?l depsipeptides(*3],
lantabiotics™* and stapled peptides™ are included . Due to their growing interest in the
pharmacological field, depsipeptides and stapled peptides have been the focus of the

work presented herein, and therefore are reviewed in the following pages.
i Depsipeptides

Depsipeptides are biomolecules commonly found in nature that are
characterised by the presence of at least one ester bond within the peptide backbone
(Figure 1).[06-211 Naturally-occurring depsipeptides hold a complex structure and often
present a head-to-side-chain cyclic arrangement and a high content of N-methylated
residues. These features are responsible for their exceptional pharmacological
properties and result in increased stability against proteases.[!3:21726] Although there is
growing interest in their exploitation as therapeutic agents, the difficulties encountered
during the isolation and purification of large quantities from natural sources, as well as

their challenging chemical synthesis, have hampered their growth in the drug market.

BB

Peptide Depsipeptide

B Unmodified peptide backbone
Depsipeptide ester linkage
N-alkylation peptide backbone modification

Figure I. Comparison between peptide and depsipeptide backbones.

Up to date, the most general and effective strategy for the preparation of
complex cyclodepsipeptides combines solid-phase synthesis and solution chemistry
approaches. A general synthetic strategy can be outlined as follows. First, whereas
common residues are assembled through amide bonds to the resin, the depsipeptide
parts are prepared in solution as a peptide building blocks containing the ester moieties,
followed by their incorporation to the polymeric support. Lastly, cyclisation, via,
preferably, amide, or alternatively, ester bond formation, is carried out.[27-3% Although

numerous depsipeptides have been prepared using combined chemistry approaches
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(solid-phase and solution chemistry), this method presents some disadvantages. For
instance, the synthetic route must be designed and optimised for each particular case,
and therefore a versatile general synthetic method cannot be outlined. Additionally,
preparation of the depsipeptide building blocks in solution often demands an isolation
or purification step after each reaction, which limits the rapid preparation of synthetic

analogues.

Development of a robust full solid-phase methodology would become a valuable
chemical tool for both the preparation of naturally-occurring cyclodepsipeptides and the
rapid generation of synthetic analogues. Unfortunately, this has been hindered by
prevalent drawbacks encountered during solid-phase depsipeptide synthesis including:
(i) DKP formation;31-371 (ii) ester linkage instability upon basic and acid conditions; 383
(ii) formation of undesired a,B-elimination side-products during Fmoc removal after
ester bond formation,*®* among others. Additionally, depsipeptides of natural
occurrence often hold multiple ester linkages, which results in extra synthetic

complexity.

Hence, further research is needed to address the issues mentioned above and to
open the door to the establishment of a general method. With that purpose, the first
part of this thesis was focused on the development of a robust Fmoc-based solid-phase
methodology for the preparation of complex depsipeptides that are composed of [3-

branched residues and present multiple and consecutive ester bonds.
ii. Stapled peptides

The last years have witnessed increasing discoveries of naturally occurring
peptide macrocycles with new structures and biological activities. The discovery and
development of novel cyclic constrained peptides which are likely to combine the
advantages of therapeutic proteins with those of small molecules is a topic of special
interest. According to Arora et al., over 60% of the protein-protein complexes in the
Protein Data Bank possess a-helical interfaces.[*? In nature, a-helices are stabilised by
intramolecular hydrogen bonds between the carbonyl oxygen and the amine proton at

positions i,i+3, i,i+4 and i,i+7. Mimicking these a-helices has become an appealing
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approach to disrupt or promote protein-protein interactions. Short peptides, however,
have little secondary structure in solution. Thus, it is not surprising that several
methodologies have appeared over the years to favour or to stabilise a-helices on short

synthetic peptides.*3!

The concept “stapled peptide”, which is based on the peptide backbone
modification by introduction of a chemical brace between positions i,i+4, i,i+4 or i,i+7,
was introduced at the 80’s of the XX century (Figure 11).[4¥ In 2000, Verdine et al. coined
the term of stapled peptide for C-C bridge helix stabilisation. Nowadays this term is

commonly used for all kind of chemical bridges that favour the a-helix conformation.*>!

Figure Il. Peptide backbone modification by insertion of a chemical staple to promote the
helical conformation.

Verdine developed a molecular scaffold that contained functionalised amino acid
side-chains at specific stapling positions (Figure 1lI-A).[*] The peptide side-chains were
cross-linked by using the well-established ruthenium-catalysed Ring-closing metathesis
(RCM), being the a-helix conformation induced (Figure IlI-B). This type of molecular
architectures became exceptional drug candidates, since target recognition was
improved (compared to the backbone unmodified peptide) whilst minimising protease
degradation. In the past decades, several chemical approaches have been developed
towards the generation of new a-helix protein mimics including-, thiol-, lactam-,
triazole-based cross-links, among many others.[*652 Although extensive research has
been carried out in the peptide stapling field, a single universal stapling technique
cannot be established, since selection of the most suitable cross-linking approach highly

depends on the nature of the PPl to be addressed.



Introduction

A)

Grubbs |
R ——

R4, Ro: Peptides

Stapled peptide

Figure lll. A) Amino acid for RCM; B) Synthesis of a stapled peptide by formation of an a-
methylated hydrocarbon cross-link via RCM.

Nevertheless, the ability of stapled peptides to cross the cell membrane, increase
in vivo stability and exhibit improved biological activity, has gained raising interest over
the past years. It is well known, that backbone N-modified peptides exhibit greater
lipophilicity, which ultimately results in enhanced cell internalisation. Additionally, N-
modified peptides present higher resistance against proteolytic degradation.[!2>3]
Taking into account the benefits conferred by peptide backbone N-modification, we
envisioned that insertion of N-methyl-rich peptide bridges as “staple entities” would be
a good approach to develop peptides with an enhanced pharmacokinetic profile. In this
context, the second part of this thesis was focused on the development of a synthetic

methodology to access highly N-methylated stapled peptides.
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Objectives

Objectives
The two main objectives of the present thesis were:

1. Development of a robust solid-phase methodology for the preparation of
synthetically challenging cyclodepsipeptides that are composed of f3-
branched residues and present multiple and consecutive ester bonds.
Evaluation of the fully stepwise strategy efficiency by comparison with
traditional combinatorial solid-phase and solution chemistry approaches.

2. Development of a synthetic methodology to prepare highly N-methylated
stapled peptides by insertion of short N-methyl-rich peptide bridges to the

peptide linear sequence.

15






CHAPTER 1 . DEVELOPMENT OF A ROBUST FMOC-
BASED SOLID-PHASE METHODOLOGY FOR THE

PREPARATION OF COMPLEX DEPSIPEPTIDES






Chapter 1. Introduction

1.1 Introduction

1.1.1 Biological importance of naturally-occurring depsipeptides

Depsipeptides are biomolecules that incorporate at least one ester bond within
the peptide backbone. Many naturally-occurring depsipeptides can be found in
bacterialll, fungil?, plants34, algael], sponges!®, and other marine organisms!7-1% and
have emerged as potential therapeutic agents. Depsipeptides readily found in nature
present a complex structure and often display uncommon residues. These features are
responsible for their outstanding biological properties including anticancer, antiviral,
antimicrobial, anti-inflammatory, antimalarial, insecticidal, among other properties!®1°-
151 Substitution of amide bonds by ester bonds and the high content of N-methylated
residues present within their structure account for increased stability against
proteases.[3! Nevertheless, exploitation of natural bioactive depsipeptides has been
limited by their synthetic complexity and the difficulties associated with the isolation

and purification of large quantities from natural sources.
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Kahalalides are a relevant family of depsipeptides that can be found in the green
alga Bryopsis sp. and the molluscs Elysia rufescens and Spisula polynyma.'*®! Among the
natural members of the Kahalalide family are included linear, head-to-tail and head-to-
side-chain depsipeptides. Additionally, all members of the Kahalalide family carry an
aliphatic acid, mainly contain amino acids of common occurrence and are acetylated at
the N-terminus. Kahalalides F and G hold the unusual dehydroaminobutyric acid residue
within their sequence.l!®'7) Although 24 linear and cyclic Kahalalides have been
described, only seven members of the Kahalalide family exhibit exceptional biological
activitiespotential therapeutic activities, including anti-tumoural, anti-microbial, anti-
leishmanial and immunosuppressive properties.['¥! Among the described Kahalalides,
Kahalalide F shows the most interesting biological profile (Figure 1.1), and therefore it

has been extensively studied over the past decades.

H
HN—

i

v&

‘>—NH o} HN'- 0
Oﬂ NH HN
/ HN NH o} o
OH NH O HN
o)
o)
——HN NH2
Kahalalide F

Figure 1.1. Structure of Kalalalide F.

Kahalalide F exhibits anticancer properties and shows relatively low toxicity to
non-tumour cells compared to solid tumours, including prostate, breast and colon
carcinomas, neuroblastomas, chondrosarcomas and osteosarcomas. Apart from its
anticancer properties, Kahalalide F also presents antiviral activity against HSV II;
antifungal activity against Candida albicans, C. neoformans and Aspergillus fumigatus;
immunosuppressive activity; and anti-leishmanial activity against Leishmania donovani

and L. pifanoi.l*?!
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Winiski and Foster first isolated HUN-7293 from a fungal broth during a screening
for potent inhibitors of inducible cell adhesion molecule expression.[?? In parallel,
another research group was able to isolate the depsipeptide from a different fungal
specie.l?l HUN-7293 is a head-to-tail cyclodepsipeptide containing a total number of six
L-amino acids and a D-a-hydroxy acid within its structure (Figure 1.2). The natural
compound exhibits great biological activity against autoimmune diseases and anti-
inflammatory disorders. Boger and co-workers reported the first total synthesis of the
natural product and prepared a library of analogues consisting of an alanine scan and a
N-methyl deletion of each residue.l?l Unfortunately, all synthetic analogues exhibited

lower biological activity compared to their natural counterpart.

CN
0
N  HN
%go “NTo

\ \ HN\”/j\

I
-0 | O

HUN-7293

Figure 1.2. Structure of HUN-7293.

It is worth mentioning the importance of PF 1022A in the biomedical field. In
1992, Sasaki and collaborators first isolated this compound from the plant Camellia
japonica.??! PF 1022A is also a secondary metabolite of the fungus imperfectus Mycelia
sterilia (Rosellinia sp.). This family of head-to-tail cyclooctadepsipeptides hold four
alternating residues of 2-hydroxy-(R)-carboxylic acids, two D-phenyllactic acids and two
D-lactic acids, and four N-methyl-(S)-amino acid residues. The eight residues are bound
together in a regular pattern (Figure 1.3).12223 The cyclooctadepsipeptide became a lead
structure in the search for novel anthelmintic agents due to its broad biological activity,
since it presents great anthelmintic properties and low toxicity in animals. Peptide
synthetase PFSYN, the enzyme responsible for PF 1022A’s biosynthesis, was isolated and
found capable of synthesising all the natural analogues of PF 10022. In this regard,
several PF 1022A natural analogues have been isolated from the same culture.[?42
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PF1022A’s most relevant synthetic analogue, the so-called Emodepside, shows
extraordinary anthelmintic properties, and was introduced in the drug market
(Profender® and Procox®) in 2008 (Figure 1.3). Over the past decades, several
synthetical analogues have been prepared and structure-activity relationship studies
(SARs) carried out, which evidenced that the symmetric conformation of this family of

depsipeptides plays an important role in its biological function.[?!

PF 1022A Emopside N/\
o

Figure 1.3. Structure of PF1022A and Emopside.

The so-called Romidepsin, also known as FK228, FR901228, NSC-630176, is a
bicyclic depsipeptide present in the fermentation broth of Chromabacterium violaceum
(Figure 1.4). Romidepsin is known to mediate growth arrest and apoptosis in lung cancer
cells, and therefore it exhibits great anticancer properties. It can also act as a histone
deacetylase (HDAC) inhibitor.”-2°1 Several synthetic analogues of Romidepsin,
consisting of simpler synthetic analogues containing a modification in the synthetically
challenging unit: (3S,4E)-3-hydroxy-7-mercaptoheptenoic acid, also show great

anticancer activity on various cancer cells.
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Figure 1.4. Structure of Romidepsin.

Isaridine and isariins, head-to-tail cyclodepsipeptides, are secondary metabolites
that can be found in the Isaria strains. Members of the isaridine subgroup are extracted
from the fungi Isaria sp. and Nigrosabulum globosum.3%3% Their structure features one
a-hydroxy acid, four a-amino acids and one B-amino acid, as well as a high content of N-
alkylated residues. Depsipeptides comprised within the isariin subgroup inhibit
insecticidal properties and display one B-hydroxy fatty acid and five a-amino acids in
their structure. Isaridin A and Isariin B are capable of affecting malarial parasites without

causing lysis of the erythrocytes (Figure 1.5).

ﬂo
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WO o N J Y\H )
‘1,
_N (0] o (0] > /I/i
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| /&O
. NH
Isaridine A Isariin B

Figure 1.5. Structure of Isaridine A and Isariin B.

Destruxins can be found in fungus Metarhizium anisoplae and consist of head-
to-tail cyclic hexadepsipeptides holding one a-hydroxy acid and five amino acid residues
(Figure 1.6). Within the destruxins family, several modifications in the hydroxy acid are
observed, as well as different patterns in the a-substituent and the N-methylation of the
amino acid residues.3Zl Remarkably, the presence of the ester moiety is crucial to
preserve the biological activity, which include insecticidal and antiproliferative

properties as well as cytotoxicity activity against mammalian cancer cells.33
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Destruxin A

Figure 1.6. Structure of Destruxin A.

Symplocamide A is a depsipeptide of great interest and belongs to the Ahp (3-
amino-6-hydroxy-2-piperidone)-containing class depsipeptide family. The core structure
of this head-to-tail cyclodepsipeptide consists of a 19-membered ring containing six
different amino acids, in which cyclisation takes place through the alcohol functionality
of a threonine derivative (Figure 1.7). It presents uncommon residues within its
structure such as the citrulline residue and the N,0-dimethyl-3-bromotyrosine moiety.
The biological properties of Symplocamide A include inhibition of serine proteases and

anticancer activity against H-460 lung cancer cells and neuro-2a neuroblastoma cells.?%

\_>*NH
o) Wo
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HIN Oi 0 NH,
Br N

H

< >N NH O

:H “H
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Symplocamide A

Figure 1.7. Structure of Symplocamide A.

The outstanding biological properties of some depsipeptides generate growing
interest in the discovery and development of novel potential therapeutic agents based
on depsipeptides. Thus, more efforts towards the development of efficient

methodologies to access large quantities are necessary.
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1.1.2 Chemical synthesis of depsipeptides

In the 60s, Merrifield introduced a novel methodology to efficiently synthesise
peptides, nucleotides and oligosaccharides, which consists of the stepwise
incorporation of monomer units onto a polymeric support.’3> The Merrifield method is
not effective for ester bond formation, and therefore solid-phase synthesis of
depsipeptides is by far not as established as it is for peptides. Development of solid-
phase methodologies for depsipeptide synthesis has been hampered by prevalent
drawbacks encountered during solid-phase depsipeptide synthesis including: (i) DKP
formation;1342l (ii) ester linkage instability upon basic and acid conditions;3#4 (i)
formation of undesired a,B-elimination side-products during Fmoc removal after ester
bond formation,*>#% among others. Moreover, the use of large excesses of hydroxy
acids in coupling reactions is hindered by their high prices and limited availability

compared to proteogenic amino acids.

Although a general methodology for depsipeptide synthesis has not hitherto
been established, several synthetic approaches can be considered when designing the
total synthesis of a depsipeptide. The selection of the most suitable approach for each
depsipeptide highly depends on the nature of the residues and the synthetic complexity
of the target molecule, and among the described synthetic strategies are included (i)
total solution strategies, (ii) fully solid-phase approaches, and (iii) combined chemistry

approaches.

Other relevant parameters in depsipeptide synthesis are selection of the
methodology to generate ester bonds and selection of the protecting groups for

hydroxyl functionalities.
1.1.2.1 Synthetic approaches to prepare depsipeptides

1.1.2.1.1 Total solution strategies

Many examples can be found in the literature describing the total synthesis of
complex depsipeptides using a total solution strategy. Cyclodepsipeptide HUN-7293 was

fully prepared in solution. A Mitsunobu reaction was used to incorporate the ester
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linkage in a late stage of the synthesis.[?!] A series of HUN-7293 analogues consisting of
an alanine scan and a N-methyl delation of each residue were also prepared applying

the same approach.!”]

Six analogues of natural cyclodepsipeptide PF 1022A were synthesised
employing a solution chemistry approach. A Steglich esterification using the DCC/DMAP

system was used for the ester bond formation.!8!

Many other total syntheses of naturally-occurring cyclodepsipeptides using a
total solution strategy have been reported in the literature, including the synthesis of

Destruins!33, Enniatin B[*?, (-)-Tamandarin B, among others.

Although many naturally-occurring depsipeptides have been prepared using a
total solution strategy, this approach presents some limitations. The synthetic route
must be designed and optimised for each particular case, and therefore a versatile
general synthetic strategy cannot be outlined. Additionally, the rapid preparation of
synthetic analogues is hampered by the required isolation or purification step after each
reaction. Note that this is not the case for solid-phase peptide synthesis, where excess

of reagents can be washed away by simple suction.

1.1.2.1.2 Full solid-phase strategies

Many groups have put great efforts into the development of a full solid-phase
depsipeptide methodology.1>4 This approach is based on incorporation and

deprotection iterative cycles, which allows stepwise addition of each residue.

Davies and co-workers prepared a series of analogues of a relatively small cyclic
pentadepsipeptide by using a fully solid-phase synthesis. Davies proposed a
combination of TBDMS and Fmoc protecting groups for the hydroxy and amino
functionalities, respectively. This approach mainly consisted of the stepwise
incorporation of residues (Fmoc-amino acids and TBDMS-hydroxy acids) through amide
or ester bond linkages, followed by the corresponding protecting group removal and
subsequent chain elongation. Nevertheless, the obtained vyields (52%) were rather

moderate for the preparation of such a relatively small substrate, which contained two
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standard peptide bonds and two ester bonds. Thus, the use of this strategy for the

synthesis of longer depsipeptide chains might not be useful.>*

Later on, Kuisle reported the total synthesis of depsides and depsipeptides by
stepwise incorporation of THP-hydroxy acids through an amide/ester bond formation,
and subsequent THP removal. In this case, the widely used Steglich esterification with
the DIC/DMAP system successfully allowed the formation of ester moieties. This
methodology became a versatile tool for the preparation of depsipeptides, however, it

is limited to the use of a-hydroxy acids and a-amino acids.!°!

Spengler and co-workers published a detailed protocol for automated
depsipeptide synthesis in a peptide synthesiser using THP-hydroxy acid monomers.
Iterative cycles consisting of insertion of THP-hydroxy acid monomers and subsequent
THP removal, furnished the target molecule. DCC/DMAP was the coupling system of
choice to form ester linkages. The highest yields (30%) of the final product were seen
with one or two ester substitutions on a sequence of 26 residues, while substitutions of

six esters gave relatively low yields (7%).53!

Albericio et al. reported the total synthesis of Kahalalide F using a fully solid-
phase approach based on the well-known Fmoc/'Bu strategy. The cyclodepsipeptide
presents a head-to-side-chain arrangement and contains an ester bond between two j3-
branched amino acids. A Thr residue was incorporated with the unprotected hydroxyl
group via an amidation reaction. Subsequent on-resin Steglich esterification with
DIC/DMAP afforded the ester bond product. Unfortunately, a low esterification yield

was obtained (30 %).5¢!

Another reported strategy describes the assembly of Fmoc-protected y-amino-
B-hydroxy acids and THP-protected syn-B-hydroxy acids units to obtain depsipeptide
chains. This approach allowed the synthesis of a series of Hapalosin analogues,

however, preparation of the protected amino acid residues was rather lengthy.[>”]

Albericio and co-workers developed a convenient methodology by using
recoverable and reusable a-hydroxy acid building blocks. The a-hydroxy acid units were

protected with hexafluoroacetone (HFA) to afford the corresponding lactone, which is a
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protected and activated specie that allows efficient solid-phase ester bond formation.

This useful methodology is limited to the use of a-hydroxy acids.?

Extensive research towards the development of a general solid-phase
depsipeptide methodology for the synthesis of depsipeptides has been carried out in the
past decades. However, up to date there is not a robust and versatile methodology to
prepare complex depsipeptides in a systematic manner. The use of commercially
available protected residues would be extremely useful for the preparation of complex
depsipeptides as well as for the rapid generation of numerous synthetic analogues for

SARs.

1.1.2.1.3 Combined solid-phase and solution chemistry strategies

Combined chemistry approaches are generally applied to depsipeptide
synthesis.>*1 These approaches mainly consist of the preparation of building blocks
containing uncommon residues in solution, which often hold the depsipeptide moiety,

followed by their incorporation onto the solid support.

For instance, Nguyen et al. applied this strategy to the synthesis of a family of
depsipeptides presenting alternating ester and amide bonds. They used unique Fmoc-
depsipeptide building blocks that were prepared in solution prior to its solid-phase

assembly.[61

Numerous depsipeptides have been prepared using combined chemistry
approaches. However, this method presents some disadvantages. Preparation of the
depsipeptide building blocks in solution often involves several synthetic steps, which are
accompanied of their corresponding isolation or purification process. That, hinders the
rapid generation of synthetic analogues, since preparation of numerous depsipeptide
building blocks is rather time-consuming and laborious. In addition, segment
condensation of depsipeptide building blocks onto the polymeric support is not as
straightforward as assembly of single monomer units. In some cases, segment
condensation might require strong coupling conditions, which can lead to side-reactions

such as racemisation or ester linkage fragmentation.
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1.1.2.2 Ester bond formation methodologies

Several esterification procedures have been reported in the literature for
depsipeptide synthesis including the Steglich esterification, the Boc-AA N-
hydroxysuccinimide ester bond formation method, the Mitsunobu esterification and the

Yamaguchi esterification.

1.1.2.2.1 Steglich esterification

The so-called Steglich esterification or carbodiimide/DMAP coupling method is
the most commonly used strategy for depsipeptide synthesis, since it usually performs
properly and has a relative low cost.’»>] The amino acid is activated with a
carbodiimide, often with DIC, via the traditional O-acylurea mechanism (AA/DIC ratio
1:1) or the symmetrical anhydride formation mechanism (AA/DIC ratio 2:1) (Scheme
1.1). The activated specie reacts with the free alcohol in the presence of catalytic DMAP,

being the corresponding ester product formed.[?

The extensive use of aminium and phosphonium-salt based coupling reagents to
activate amino acids in classic peptide synthesis led Riguera et al. to consider the effect
of these reagents on the efficiency of ester bond formation. In an attempt to evaluate
the best conditions, DIC, HBTU, HATU and PyBrop were tested (i) with no auxiliary, (ii) in
the presence of HOBt and (iii) in combination with catalytic DMAP and different 2,4,6-
trimethylpyridine (collidine) equivalents in relation to the phosphonium salt.
Surprisingly, Riguera demonstrated that the best results were obtained with DIC/DMAP,
being the highest conversion rates achieved within the first two hours.! Nowadays,
the DIC/DMAP system is widely used for both solid-phase and solution chemistry

approaches to form ester bonds, leading in most cases to exceptional conversion

rates.[46.63,64]
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Scheme 1.1. Steglich esterification mechanism through the O-acylurea and the symmetrical
anhydride intermediates. ¢

1.1.2.2.2 The Boc-AA N-hydroxysuccinimide ester bond formation method

Katakai and coworkers reported a solution phase method for the preparation of
Boc-protected depsipeptides by reaction of an a-hydroxy acid with a Boc-amino acid N-
hydroxysuccinimide ester (Boc-AA-ONSu). Boc-AA-ONSu, a commercially available
reagent commonly used in peptide synthesis, serves as the activated amino acid specie
that reacts with the hydroxyl functionality of a fully unprotected a-hydroxy acid in the

presence of catalytic amounts of DMAP to afford the corresponding Boc protected
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depsipeptide (Scheme 1.2).[%] Once the Boc protected didepsipeptide is formed, further
chain elongation can be achieved by Boc removal upon treatment with hydrochloric acid
in dioxane, followed by reaction with a Boc-AA-ONSu unit under basic conditions.
Moreover, the non-aqueous organic solvent media prevents hydrolysis of the Boc-AA-
ONSu building block, and therefore the Boc-AA N-hydroxysuccinimide ester bond

formation method becomes a good approach to prepare depsipeptides in solution.

1) Boc-AA-ONSu

R H
Boc. >\H/O N;j

RiH RoH o)
B 2) DMAP : HCl/Dioxane
OH — > Boc. 0] —_—
HO Pyridine/THF N -~ OH
o) O HRy
Free hydroxy acid Boc protected didepsipeptide
R3 H O
Boc.. )‘"\WO—N
N
= o Boc-AA- 0NSu >
H,N %J\OH Pyridine/NNM % %OH
O HRqy H R3 O HRy

Scheme 1.2. General scheme of the Boc-AA N-hydroxysuccinimide esterification method.!®®!

1.1.2.2.3 Mitsunobu esterification

Oyo Mitsunobu first reported the reaction between an alcohol and a carboxylic
acid in the presence of the redox system DEAD/PPhs to form ester bonds with complete
Walden inversion of the alcohol component (Scheme 1.3).167.68] |n addition to DEAD, the
Mitsunobu esterification can also be performed with DIAD, leading to equivalent
conversion rates. The versatility of the reaction allows its application to both solution

chemistry and solid-phase synthesis.

o DEAD or DIAD o

R‘ '
B S S S
R OH HO R" R @) R"

Scheme 1.3. General scheme of the Mitsunobu esterification method. %67
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The Mitsunobu esterification mechanism gives an insight on how the inversion
of the alcohol configuration occurs (Scheme 1.4). The initial stage is the activation of
DEAD/DIAD with triphenylphosphine, followed by the caption of the carboxylic acid
proton. Treatment with alcohols leads to the formation of alkoxyphosphonium and
dialkoxyphosphorane species. Both species are involved intermediates in the
esterification reaction and are in equilibrium with each other. The acid exerts a catalytic
effect on the alkoxyphosphonium and dialkoxyphosphorane equilibrium rates, being the

equilibrium shifted to the alkoxyphosphonium species.

Et0” SN Et0” N |
¢ )
0 PPh; O PPhs O
DEAD *
(6]
ROH )J\ H OEt
EtO N~ \n/
H
(6]
.o O
—as o) :
R=2 1) OJ\R - R'OH ph QR
——= Phgj — R™ N0:N | =——= Ph—P—Ph
. U Ph—P—Ph 2")| RcooH -
PhsP-0" "R S + g OR
R PhsP-O-R
(Acyloxy)phosphonium (Acyloxy)- Alkoxyphosphonium salt Dialkoxy-
salt alkoxyphosphorane l phosphorane
O
g+ PhgP=0
R O

Scheme 1.4. Mitsunobu esterification mechanism. 6%

(Acyloxy)alkoxyphosphoranes are also intermediates involved in the Mitsunobu
reaction and are in equilibrium with the corresponding (acyloxy)phosphonium salt.
Nevertheless, the key intermediate that leads to inversion of the alcohol component
configuration is the alkoxyphosphonium species. Hence, the favoured SN displacement

at a primary carbon atom accounts for the regioselectivity of the Mitsunobu reaction. [

The Mitsunobu esterification applicability to depsipeptide synthesis was first
reported by Boger et al., who successfully applied this reaction to the total synthesis of
cyclodepsipeptide HUN-7293.1211 Grab and collaborators also demonstrated that the

Mitsunobu reaction was an efficient tool for the preparation of large depsipeptides, and
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they observed that considerably better yields where obtained when performing the
esterification reaction at initial stages of the synthesis rather than at the final assembly

step.[®7]

1.1.2.2.4 Yamaguchi esterification

Yamaguchi et al. described the rapid and mild esterification reaction between an
aliphatic acid and an alcohol using 2,4,6-trichlorobenzoyl chloride, namely the
Yamaguchi reagent, as activating agent. The reaction requires the presence of DMAP

and basic conditions (Scheme 1.5A).70
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Scheme 1.5. A) General scheme of the Yamaguchi esterification method; B) Yamaguchi
esterification mechanism.l"®

The first step of the esterification process is the reaction between a carboxylic
acid and 2,4,6-trichlorobenzoyl chloride under basic conditions, where the 2,4,6-
trichlorobenzoic carboxylic mixed anhydride is formed. The second step of the

Yamaguchi esterification starts with the addition of the corresponding alcohol and
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DMAP, which serves as catalyst, allowing alcoholysis of the mixed anhydride to afford
the desired product (Scheme 1.5B). The Yamaguchi esterification has been used for ester
bond formation of Palau’amide and Apratoxin A cyclodepsipeptides, among others, and

it becomes an alternative efficient method for depsipeptide synthesis!’%72
1.1.2.3 Hydroxyl functionalities protecting groups

Although unprotected hydroxy acids such as Ser or Thr can be used during
peptide coupling reactions, protection of the hydroxyl group is required during ester
bond formation to avoid side-reactions. Careful selection of appropriate protecting
groups for hydroxyl functionalities becomes a crucial step during depsipeptide synthesis
and the following considerations must be considered: (i) the protecting group must be
stable to esterification reaction conditions, and (ii) the ester bond must be stable to
protecting group elimination conditions. These two requirements limit the number of
protecting groups for hydroxyl functionalities compatible with depsipeptide synthesis.
Moreover, commercial availability of protected hydroxy acids meeting the requirements
mentioned above is rather limited. Up to date three hydroxyl protecting groups are used
in depsipeptide synthesis for a-hydroxy acid protection, namely the TBDMS, >4 THP[>1,5%]
and HFAP? groups (Figure 1.8).

0 o) R 0]
>L o) o —
s OH C/ OH o><o
R o R CF3 CF3
TBDMS-protected THP-protected HFA-protected
hydroxy acid hydroxy acid hydroxy acid

Figure 1.8. Protected a-hydroxy acids.

Davies et al. first used the TBDMS group in depsipeptide synthesis. A proposed
combination of TBDMS and Fmoc protection for hydroxy and amino groups,
respectively, was applied to the solid-phase synthesis of a cyclic pentadepsipeptide.>¥
The depsipeptide incorporated two non-consecutive esters moieties within the peptide
backbone, and the target molecule was obtained with an overall 52% yield. Such a

moderate yield for a relatively small molecule suggests that the use of this strategy
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might not be effective for the preparation of longer depsipeptide chains. Later on, Kuisle
and collaborators further studied the use of TBDMS in depsipeptide synthesis.[?1>% The
esterification reaction was monitored by HPLC analysis and several side products were
observed, suggesting that TBDMS might not be completely stable upon esterification
conditions and that partial hydrolysis might take place. Kuisle then raised the possibility
that the instability of the TBDMS group may be responsible for the moderate yields
obtained by Davies. On further studies on the development of a robust general
methodology for the preparation of depsipeptides, they selected THP as the protecting
group of choice for hydroxyl functionalities.>>%° Several depsides and depsipeptides
were exclusively prepared on SPPS by using THP-protected hydroxy acids. The synthetic
strategy comprised an esterification reaction and subsequent THP removal, being this
cycle repeated as many times as required to furnish the linear depsipeptide sequence.
In this case, good yields were obtained and therefore the synthesis of relatively large
depsipeptides was accomplished. On the other hand, HFA was also described as a new
type of recoverable and reusable a-hydroxy acid building block for solid-phase synthesis
and it was applied to the synthesis of a number of small cyclic depsipeptides.>? HFA is
a bidentate protecting and activating reagent suitable for a-functionalised carboxylic
acids such as a-hydroxy, a-amino and a-mercapto acids. Protection is accomplished in
one step, in which heterocyclisation of the carboxylic acid leads to the corresponding
lactone. The carboxylic acid is then activated and the a-functionality is protected. The
lactone can undergo nucleophilic attack from a wide variety of nucleophiles (such
alcohols, among others) and consequently deblock the alpha functionality. The HFA
protection/activation methodology can be applied to both solution chemistry and solid-

phase approaches.[5273

Hydroxyl group protection procedures as well as on-resin protecting group
removal conditions for the three protecting groups described above (TBDMS, THP and
HFA) are summarised in Table 1.1. Thus, selection of a polymeric support compatible
with the corresponding protecting group removal conditions carries significant

importance and must be considered carefully.
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Protecting Protection conditions Protecting group removal Ref
group
tert-butyl (a) TBDMS-TT, (a) 3-4 eq. of TBAF in [54,74,75]
dimethylsilyl 2,6-lutidine, DCM THF (1 h)
(TBDMS) or

(b) TBDMS-CI,
imidazole, DMF

Tetrahydropy (a) Dihydropyrane, (a) p-TsOH (5 mg/mL)in °"*
ranil (THP) p-TsOH, DCM DCM/MeOH  (97:3)

(1h)
Hexafluoro (@) 2 eq. (CF3):CO, Simultaneous incorporation ®
acetone DMSO and HFA elimination
(HFA)

Table 1.1. Protection and deprotection conditions of a-hydroxy acids protecting groups.

1.1.2.4 Common drawbacks associated with depsipeptide synthesis

In addition to the described key parameters for the synthesis of depsipeptides
other variables must be considered during the synthetic strategy design.””! Many
depsipeptides present a high content of N-methylated residues.l’® Incorporation of
amino acids or hydroxy acids onto the secondary amine of N-methylated residues might
result in lower coupling rates, and strong coupling conditions might be required to
ensure full incorporation. The use of the HATU-HOAt—DIEA coupling system is highly

recommended.!”?

A common drawback in depsipeptide synthesis is diketopiperazine (DKP)
formation during Fmoc removal of the second residue. DKP formation is also observed
at the second position following the ester linkage. N-alkyl, Proline or D-amino acids are
likely to adopt cis conformation and therefore DKP formation is specially favoured.37-
42,80l However, DKP formation highly depends on the sequence and cannot be predicted
in advance. The use of a sterically hindered resin, such as the 2-Chlorotrityl chloride (2-
CTC) resin, is known to minimise DKP formation at the peptide C-terminus.B An
alternative solution is replacement of the protecting group Fmoc by Alloc.!®2l The latter
is removed under neutral conditions, thus preventing base-promoted dipeptide loss. If
Fmoc cannot be substituted, alternative protocols to the traditional piperidine-DMF

(1:4 v/v) (1 x 1 min + 2 x 5 min) treatment can be used. Shortening of the piperidine—
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DMF treatment®! or the use of other bases such as DBU or TBAF might result in a

decrease in DKP formation.[8485]

Ester bond instability is a major concern in depsipeptide synthesis, and
fragmentation can be observed upon treatment with acidic conditions, which are often
required for depsipeptide cleavage from the resin.*3%4 The use of Fmoc-protected
amino acids for ester bond formation is hampered by base-promoted fragmentation
observed during Fmoc removal treatment. The use of alternative protecting groups such

as Alloc must be considered.

Aspartimide formation is a prevalent side-reaction in peptide synthesis that
occurs during Fmoc removal when the peptide sequence contains an N-terminal aspartic
acid.[3880 Addition of small percentages of an additive, such as HOBt®®!, OxymaPure(®!
or formic acid®®, to the piperidine—-DMF cocktail has been reported to minimise the
undesired side-reaction due to partial base neutralisation.[®¥ The use of other bases

such as DBU instead of piperidine can also be helpful.38]

Some residues such as Cys, Phe, D-amino acids and B-branched amino acids, are
prone to epimerisation.’ Assembly using the HATU-HOAt—DIEA coupling system when
longer reactions are required is likely to decrease the reaction times and minimise
epimerisation rates. Moreover, the use of HOBt instead of HOAt as coupling additive can

be advantageous to minimise this undesired reaction.”
1.1.3 Naturally-occurring depsipeptide YM-254890: a synthetic challenge

Platelets aggregation, which is the main cause of several thromboembolic
diseases, is mediated by ADP through G-protein coupled receptors (GPCR).[8°1 |n 2003,
Taniguchi et al. isolated and elucidated the structure of YM-254890 from the culture
broth of Chromobacterium sp. Q53666 (Figure 1.9).[°2 The cyclic depsipeptide acts as a
selective inhibitor of protein Gag/11, being a potential therapeutic agent for the
treatment of several Gagni1 protein mediated diseases such as thromboembolic
diseases.[?3%5] YM-254890 is also a valuable tool for a better understanding of the
biological function of GPCR. Over the last years, the pharmacological properties of YM-

254890 have been evaluated. Although the cyclic depsipeptide exhibited low oral
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bioavailability, inhibition of acute thrombosis and neointima formation was observed
after systemic administration of YM-254890.°3°¢! |n addition to its biological interest,
the cyclic depsipeptide is challenging from a synthetic point of view. YM-254890 is a
head-to-side-chain cyclodepsipeptide that contains an overall of eight residues and
presents a highly N-methylated structure. The natural compound holds an overall
number of three ester bonds, being two of them consecutive (Figure 1.9). The
consecutive ester linkages are located within the core ring and are composed of a D-
phenyllactic acid (D-Pla) and a Thr residue, and a B-hydroxy branched Thr derivative and
a N,O-dimethylthreonine (N,0-Me;Thr) residue, respectively. The third ester linkage
between two unnatural B-hydroxyleucine (B-HyLeu) residues serves as the junction
between the core ring and the branched linear chain. Additionally, the
cyclodepsipeptide structure is based on uncommon residues such as (2S,3R)-B-HyLeu,

(2S, 3R)-N,O0-Me,Thr and N-methyldehydroalanine (L-N-MeDha).?%

Until very recently, the total synthesis of the named depsipeptide remained
undescribed. In fact, a $100.000 reward was offered in a worldwide contest for the
preparation of the naturally-occurring cyclodepsipeptide on a scale of at least 1 mg

(https://www.innocentive.com/ar/challenge/9933017). Unfortunately, none of the 228

applicants succeeded in the synthesis of the target molecule.

D-Pla AC L Thr
D-Pla AC? Lty (28, 3R)-
O/ »\/‘\ N,O-Me,Thr
AcHN O (2s 3R)-N,O0-Me,Thr o) )\)‘
L-N- MeDha N AcHN O

B-L-HyLeu

- N—
NH N\)\ BL-HyLeu L-N-MeDhaj/\
TR \ J*
a b OZQ_}/ . \\«N
L-N-MeAla \ B-L-HyLeu L-Ala ™

AcHN ©OH L-N- MeAIa
Ac™’
YM-254890 YM-280193

Figure 1.9. Structure of naturally-occurring depsipeptides YM-254890 and YM-280193.146:92]

In an attempt to generate YM-254890, Harveen et al. reported the total synthesis
of YM-280193 (Scheme 1.6),4¢! a cyclic analogue of YM-254890 lacking the branched
linear region (B-HylLeu residue) (Figure 1.9). Unsuccessful attempts towards the
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development of a fully solid-phase strategy due to drawbacks associated with the low
reactivity of the Ac-Thr-OH residue during on-resin esterification, led to the use of a
combined solid-phase and solution chemistry approach. Thus, the well-known Fmoc/'Bu
strategy was used for the chain elongation, which started with the incorporation of the
B-HyLeu residue onto the 2-CTC resin. Due to the low reactivity of the Ac-Thr-OH during
its incorporation via a Steglich esterification, this residue was inserted as the Ac-
Thr(OH)-COO-D-Pla didepsipeptide building block using a segment condensation
strategy. Assembly of the last residue, Fmoc-N,0-Me;Thr, was successfully
accomplished through an on-resin Steglich esterification. Unfortunately, Fmoc removal
completely failed to afford the desired product, and a,B-elimination at the N-Ac-Thr
residue afforded the dehydrobutyrine-pentapeptide instead. Incorporation of this
residue was achieved using the Boc-N,0-Me;Thr building block instead, followed by
depsipeptide cleavage from the resin. Finally, cyclisation between the N-terminal N,O-
Me,Thr and the steric hindered C-terminal B-HylLeu afforded the target molecule, YM-
280193.

It was not until very recently that the total synthesis of YM-254890 was described
for the first time (Scheme 1.7).1831 A combined solid-phase and solution chemistry
approach was applied to prepare the so-called YM-254890 depsipeptide. The ester
moieties were incorporated by segment condensation of protected tridepsipeptide Ac-
Thr(O-(Fmoc-N,O0-Me;Thr-CO))-D-Pla-COOH (BB1a, Figure 1.10) and didepsipeptide Boc-
B-HyLeu(O-(Ac-B-HyLeu(Boc)-CO))-COOH (BB2, Figure 1.10) via amidation reactions
(Scheme 1.7), being on-resin esterification reactions not required. Unfortunately, the
same side-reaction encountered by Harveen et al. during Fmoc removal of the N,O-
Me,Thr residue was observed. Although many conditions were tested, including
shortening of Fmoc removal treatments with the traditional piperidine-DMF (1:4)
cocktail and the use of other bases such as DBU or TBAF, none of them avoided the
formation of the a,B-elimination side-product and only traces of the desired product
were obtained. Hence, Fmoc was replaced by Alloc for the protection of tridepsipeptide
Ac-Thr(O-(Alloc-N,0-Me,Thr-CO))-D-Pla-COOH (BB1b). The disconnection point
between N-terminal B-HyLeu and C-terminal N-MeAla circumvented the presence of the

N-methylated terminal amino group for the macrolactamisation reaction, which is a
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poor nucleophile compared to primary amines. Lastly, head-to-side chain cyclisation
yielded YM-254890. With this versatile strategy in hands, several groups have

successfully prepared a series of synthetic analogues for structure-activity relationship

studies purposes.[63:97,98]

?tBu

S
H O b H O H (@)
Fmoc. N, a0, Fmoc< N\)J\ N,
TT | = VT
%o ° - %o
(0]

YM-280193

Scheme 1.6. Synthesis of YM-280193. a) piperidine-DMF (1:4 v/v); b) Fmoc-N-MeAla-
Cys(S'Bu)-OH, HATU, HOAt, DIEA, DMF; c) Ac-Thr(OH)-COO-D-Pla, HATU, HOAt, DIEA, DMF; d)
Boc-N,0-Me,Thr-OH, DIC, DMAP, DCM-DMF (19:1 v/v); e) DTT, DIEA, DMF; f) 1,4-
dibromobutane, K,CO3, DMF; g) TFA—H,0 (19:1 v/v), 16% over 11 steps; h) HATU, HOAt, DIEA,
DMF, 27%.146l
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Figure 1.10. Structures of depsipeptide building blocks assembled via segment
condensation.®?
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Scheme 1.7. Synthesis of YM-254890. a) BB1, HATU, collidine, DMF; b) Pd(PPhs)s, PhSiH3, N,
DCM; c) BB2, HATU, collidine, DMF; d) DTT, DIEA, DMF; e) 1,4-dibromobutane, K;COs, DMF; f)
TFA-TIS-DCM (19:0.5:0.5 v/v); g) HATU, collidine, DMF. Overall 1.5% yield.[®3!
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1.2 Objectives of chapter 1

1. Development of a robust Fmoc-based solid-phase methodology for the
preparation of complex cyclodepsipeptides that are composed of 3-branched
residues and hold multiple and consecutive ester bonds. For that, a synthetic
analogue of cyclodepsipeptide YM254890 was designed as a model of study.

2. Based on the previously mentioned synthetic challenges, study of the
common drawbacks encountered during solid-phase depsipeptide synthesis,
which include (i) problematic Fmoc protecting group removal due to DKP
formation and a,B-elimination side-reactions, and (ii) selection of the
appropriate protecting group scheme for residue incorporation.

3. Comparison of the developed fully stepwise solid-phase strategy with

traditional segment condensation approaches.
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1.3 Results and discussion

1.3.1 Design of a model depsipeptide inspired by YM-254890

Combined solid-phase and solution chemistry approaches are widely used for
the preparation of synthetically challenging depsipeptides containing multiple ester
bonds.158-61 An exclusive solid-phase Fmoc-based stepwise strategy for the synthesis of
depsipeptides would become a valuable tool to access large quantities of naturally-
occurring depsipeptides. Moreover, residue modification within the depsipeptide
backbone would allow rapid and straightforward generation of numerous analogues for
structure-activity relationship purposes. Other advantages of solid-phase synthesis
include convenient purification after each step by simple washing and filtration
processes, and stepwise incorporation of orthogonally protected amino acids and
hydroxy acid monomer units.®9 The use of commercially available reagents such as
Fmoc or TBDMS protected amino and hydroxy acids, respectively, would be extremely

useful to avoid building block preparation in solution.

In sight of these advantages, we wished to address the problems mentioned
earlier in this chapter in order to develop a versatile Fmoc-based solid-phase strategy
for the synthesis of complex depsipeptides containing multiple and consecutive ester

bonds.

Inspired by the structure complexity and features of naturally-occurring
depsipeptide YM-254890[°2], we herein propose compound 1.1 (Figure 1.11), a simpler
synthetic analogue of YM-254890, as a model peptide to address our research. The first
logical modification was replacement of the two B-HyLeu residues by two Thr residues.
Higher coupling rates were expected due to the less steric hindered environment
provided by the Thr residues. Additionally, many commercially available Thr derivatives
can be purchased at lower prices than B-HylLeu derivatives, which makes the present
methodological study more viable. On the other hand, it is worth mentioning the
additional synthetic complexity given by the dehydroalanine moiety, which must be
introduced at a late stage of the synthesis to avoid Michael addition secondary

reactions. In most cases, a masked residue is incorporated within the peptide sequence
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and later converted to the corresponding dehydroalanine residue.[®®-191 Selection of an
orthogonal protecting group for the precursor of the L-N-Me-Dha residue would lead to
an even more limited selection of available protecting groups for hydroxyl
functionalities. Thus, replacement of L-N-Me-Dha by a likewise residue could facilitate
the synthesis of the model depsipeptide analogue. Pro was a good candidate, since both
L-N-Me-Dha and Pro are secondary amines and confer structure rigidity to the peptide

backbone.

The sequence modifications proposed above preserve the synthetic challenges
of YM-254890. The synthetic complexity conferred by the presence of two consecutive
ester bonds and the overall chemical diversity provided by the depsipeptide, allowed
Fmoc removal studies after ester bond formation upon diverse chemical environments.
Additionally, optimal Fmoc elimination conditions to fully prevent or minimise DKP
formation, the low reactivity associated with the Ac-Thr residue and selection of the
optimal protecting group scheme were also studied.

Ac?
HN-AC L-Thr

(0]
D-Pla
/
o W
AcHN O (2s 3R)-N,0-Me,Thr (@) 0
O | (25, 3R)-N,0-
L-N-| MeDha C/ | Me,Thr
N“‘
NH N\)L B-L-HyLeu L-Pro o) 5 L-Thr
o \\W (o) o)
L-Ala N HN
0 L-Ala
B-L-HyLeu

D-Pla AC L Thr

7
O =
L NMeAIS \ LA ) I )\/ NH ,:,: "
AcHN ©OH o Ac
Ac™ L-N-MeAla Act
YM-254890 1.1

Figure 1.11. Chemical structure of YM-254890 and model depsipeptide 1.1.

1.3.2 Development of a fully solid-phase stepwise strategy

1.3.2.1 General synthetic considerations and retrosynthetic analysis

The key to a smart design of the synthetic strategy is based on the prediction of

possible undesired reactions that are likely to occur.
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1.3.2.1.1 Ester moieties

Although racemisation can be observed during peptide couplings, this secondary
reaction is more significant in esterification reactions. Epimerisation can occur during
amino acid activation through either the direct enolization (Path A) or the 5(4H)-

oxazolone formation mechanism (Path B) (Scheme 1.8).[102]

O HR O HR o R
Rl\O)J\N/:kﬂ/OH AA Activation R'\O)J\N/:Qﬂ/ X Path A RI\O)J\N)\/ X
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H R
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' O HR
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R' = Fm, Bu, Allyl
X = Leaving group

D,L-depsipeptide

Scheme 1.8. Racemisation mechanism upon residue activation.%%

On the other hand, protection of the amine and hydroxyl functionalities of
building blocks containing ester bonds is required throughout depsipeptide synthesis.
Selection of protecting groups is not straightforward whilst designing the synthetic
strategy: removal of acid-labile groups may hydrolyse the ester bond and removal of
base-labile protecting groups can lead to racemic products and/or product
fragmentation.[®] Among the three ester linkages present in compound 1.1, the two
consecutive ester bonds might result in enhanced instability. Moreover, selection of

orthogonal protecting groups is even more limited due to the presence of additional
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functionalities. Stability of the ester linkages and racemisation were carefully considered

along the synthesis.

1.3.2.1.2 DKP formation

As mentioned earlier in this chapter, a prevalent drawback in peptide synthesis
is DKP formation during Fmoc removal, which ultimately leads to lower yields due to
dipeptide loss.374280 Upon Fmoc removal of the second residue, the free amine can
attack the carbonyl function to form the corresponding hexacyclic product (Scheme 1.9).
DKP formation is also observed at the second position following the ester linkage. N-
alkyl, Proline or D-amino acids are likely to adopt cis conformation and therefore DKP
formation is specially favoured.37#280 The following measures can be considered to
diminish dipeptide loss: (i) the use of a steric hindered resin,®!l j.e. the 2-CTC resin
(structure shown in Scheme 1.9); (ii) shortening the usual piperidine-DMF (1:4 v/v)
treatment;®! (iii) use other bases such as DBU or TBAF instead of piperidine.[#48] DKP
formation is highly sequence-dependent, and it was of special interest the percentage

of DKP formed in the present system.

9 . ()
Fmoc\”/Lg/N\é/U\og piperidine-DMF Hz’\@—r\j\j/u\d)—o

00 MY
]

2-CTC resin

Scheme 1.9. DKP formation mechanism and structure of the 2-CTC resin.

1.3.2.1.3 Polymeric support

Solid-phase peptide synthesis was used for the chain elongation of the target
molecule, being the 2-chlorotrityl (2-CTC or Barlos) resin the most suitable for the
designed strategy. The Barlos resin is frequently used, since it minimises the most
common drawbacks in peptide synthesis such as DKP formation and racemisation during

incorporation of the first amino acid.[!%3] While other resins require stronger acidic
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conditions when cleaving the peptide chain from the resin, the 2-CTC resin allows
cleavage under very mild conditions such as 25% of HFIP or 1-2% of TFA. Moreover, the
2-CTC resin renders the C-terminus as a free carboxylic acid functionality, acting as
protenting group of this moiety. The loading of the resin must be outlined previous to
the first amino acid incorporation, and it is defined as mmol of functional groups per
grams of resin. The loading values for common peptides range from 0.5-0.8 mmol/g
resin, whereas a lower substitution level (0.1-0.2 mmol/g resin) is recommended to
avoid aggregation problems during the synthesis of long or challenging peptides.!'¥ In

this particular case, the loading was set up to 0.7 mmol/g resin.

1.3.2.1.4 Macrolactamisation

Macrolactamisation carries significant importance when designing the synthetic
strategy,!1%1971 and therefore the cyclisation site must be chosen carefully according to
several well-known rules. Sterically hindered amino acids such as N-alkyl, a,a-
disubstituted or B-branched amino acids must be avoided at the N-terminus to obtain
enhanced reactivity and minimised epimerisation rates.[1%! High dilution conditions are
essential to favour intramolecular cyclisation and prevent polymerisation.['®! Whereas
ester bonds are easily hydrolysed, it is well known that amide bonds are stable,
consequently, cyclisation must be undertaken by an amide bond if possible.[%8!
Following the above considerations, the preferred disconnection site for compound 1.1

was between the N-terminal L-Thr and C-terminal N-Me-Ala.

1.3.2.1.5 Peptide chain elongation

The peptide chain elongation consisted of coupling and deprotection repetitive
cycles using the well-known Fmoc/'Bu strategy. Couplings were carried out using the
AA-DIC-OxymaPure (3:3:3 eq) system, in which the residue was incorporated upon mild
and neutral conditions, hence preventing epimerisation. Strong coupling conditions
were required for residue incorporation onto secondary amines, which present a lower
reactivity compared to primary amines. Couplings onto secondary amines such as Pro or
N-methyl amino acids were performed using the AA-HATU-HOAt-DIEA (3:3:3:6 eq)

system.[7®!
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1.3.2.1.6 Solid-phase reaction monitoring

Difficult steps during the synthesis of the target compound were monitored by
acidolytic cleavage of a small aliquot of the peptidyl-resin using a mixture of HFIP-DCM
(1:4 v/v) as cleavage cocktail during 45 min. The sample was subjected to HPLC-MS

analysis.

1.3.2.1.7 Retrosynthetic analysis

The retrosynthetic analysis is herein described (Scheme 1.10). The general
approach for the synthesis was a head-to-side-chain cyclisation once the depsipeptide
linear chain was fully assembled on solid-phase. The peptide chain elongation (Scheme

1.10, (i)) was performed on solid-phase using the well-known Fmoc/'Bu strategy.

o HN-AC o
Ac
E/S/ \:NH —2\
o0 | \/> NH
., 20 / : S g :: (0] (6)
r . o) \---(KOM N/J
HN o

Disconnection site
H Incorporation via amidation

(ii) H Incorporation via esterification

O .
0 o (i)
:> G\kn/vﬁfh‘\)_o :> CI—O M Incorporation via esterification
0 z

2-CTC-Cl M Incorporation via esterification

Scheme 1.10. Retrosynthetic analysis to prepare compound 1.1 using a fully stepwise strategy.
(i) Chain elongation; (ii) Stepwise incorporation of the residues through amidation and
esterification reactions; (iii) cleavage and global deprotection; (iv) Cyclisation.

As mentioned earlier, L-N-MeAla was the starting point of the linear chain

elongation. A fully stepwise strategy was used for residue incorporation (Scheme 1.10,
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(ii)) through both esterification and amidation reactions, followed by the corresponding
deprotection step. Cleavage and global deprotection (Scheme 1.10, (iii)) rendered the
linear depsipeptide chain. Lastly, head-to-side-chain cyclisation (Scheme 1.10, (iv)) was

performed in solution.

1.3.2.2 Synthesis of the linear precursor of cyclodepsipeptide 1.1: Ac-Thr(O(HzN-
Thr(O(Ac-Thr(OH)-CO))-Fmoc-N,0-Me,Thr-C0))-COO-D-Pla-Pro-Ala-N-
MeAla-COOH

1.3.2.2.1 Peptide chain elongation

The starting point of the synthesis was addition of commercially available Fmoc-
MeAla-OH onto the resin by standard means through a nucleophilic attack of the
carboxylate form of the corresponding Fmoc-protected amino acid to form an ester
bond (Scheme 1.11). The real substitution level was determined by Fmoc UV
quantification at A = 290 nm, being 0.70 mmol/g resin the experimental

functionalisation.

The second residue, Fmoc-Ala-OH, was added to the resin under basic conditions
using HATU-HOAt-DIEA as coupling reagents.[”® HPLC-MS analysis of the crude
cleavage peptidyl-resin showed coupling completion. At this point of the synthesis, DKP
formation was likely to occur during Fmoc protecting group elimination, and therefore
the optimal Fmoc removal conditions to minimise DKP formation were studied. The

obtained results are described in the following section (see section 1.3.2.2.2).

Incorporation of the third residue, Fmoc-Pro-OH, was carried out under neutral
conditions using DIC-OxymaPure as coupling reagents. The Kaiser test was used to
ensure full residue incorporation. Addition of D-Phenyllactic acid onto Pro was
successfully accomplished using the HATU-HOAt-DIEA coupling system. Tetrapeptide
formation was analysed by HPLC-MS analysis, being the peptidyl-resin 1.3 obtained as a

single product.

49



Chapter 1. Results and discussion

O
o O o
f,
LN NP N e LR S
: I

Scheme 1.11. Tetrapeptide chain elongation of 1.3 using the Fmoc/'Bu strategy. a) Fmoc-
MeAla-OH (0.7 eq), DIEA (10 eq), DCM, 50 min; b) MeOH (800 uL/g resin), 10 min; c)
Piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 10 min); d) Fmoc-Ala-OH (3 eq), HATU (3 eq) HOAt
(3 eq), DIEA (3 eq), DMF, 1 h; e) 0.1M HOBt in DBU-DMF (2:98 v/v) (2 x 1 min); f) Fmoc-Pro-
OH (3 eq), OxymaPure (3 eq), DIC (3 eq), DMF, 40 min; g) Piperidine—DMF (1:4 v/v) (1 x 1 min
+ 2 x 5 min); h) D-Phenyllactic acid (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h.

1.3.2.2.2 Study of the optimal Fmoc removal conditions to minimise DKP formation

As mentioned earlied, DKP formation is highly sequence-dependent. Considering
that our model desipeptide holds an N-MeAla-OH residue at the C-terminal position, this
sequence was expected to undergo DKP formation. A good approach to determine the
extension of this secondary reaction is to estimate the resin loading after the third
residue incorporation and compare it to the substitution level after the first amino acid
incorporation. A dramatic decrease in this value implies dipeptide loss due to DKP
formation. In this context, the loading level was determined after the first and third
residue incorporation by Fmoc UV quantification of the dibenzofulvene-piperidine

adduct formed during Fmoc removal at A = 290 nm (Scheme 1.12).

The six tested conditions for Fmoc removal of the second residue are
summarised in Table 1.2. In all cases, a quick treatment (2 x 1 min), shorter than the
conventional procedure, was performed. Removal of the Fmoc group with the usual
piperidine-DMF (1:4 v/v) cocktail led to 18% of DKP formation (see entry #1 in Table
1.2). An improvement was observed when a DBU-DMF (2:98 v/v) solution was used

instead, being 11% the chain loss (see entry #2 in Table 1.2).
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Scheme 1.12. Study of the optimal Fmoc removal conditions to minimise DKP formation. a)
Piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 10 min); b) Fmoc-Ala-OH (3 eq), HATU (3 eq) HOAt
(3 eq), DIEA (3 eq), DMF, 1 h; c) Evaluation of the best conditions to remove the Fmoc group
(see Table 1.2); d) Fmoc-Pro-OH (3 eq), OxymaPure (3 eq), DIC (3 eq), DMF, 40 min; e)
Piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 5 min).

Addition of small percentages of organic acids, such as HOBt or OxymaPure, to
both the piperidine and the DBU solutions proved effective to diminish aspartimide
formation during Fmoc removal treatments.®387.88 |n an attempt to minimise DKP
formation, a source of protons was added to both cocktail mixtures (piperidine and DBU)
to partially neutralise the base. Thus, the peptidyl-resin was treated with a solution of
0.1 M HOBt in piperidine-DMF (1:4 v/v) and a solution of 0.1 M OxymaPure in
piperidine-DMF (1:4 v/v), and a dipeptide loss of 15% and 23% was observed,
respectively (see entries #3-4 in Table 1.2). Treatment with a solution of 0.1 M HOBt in
DBU-DMF (2:98 v/v) and a solution of 0.1M OxymaPure in DBU-DMF (2:98 v/v) resulted
in 5% and 15% of DKP formation, respectively (see entries #5-6 in Table 1.2). Addition of
OxymaPure to the piperidine—DMF (1:4 v/v) and DBU-DMF (2:98 v/v) cocktails did not

exert a positive effect on the deprotection outcome.

Remarkably, Fmoc removal of the second residue with a 0.1 M HOBt in DBU-
DMF (2:98 v/v) (2 x 1 min) solution seemed to be the most effective treatment, resulting
in a small DKP formation compared to the DKP formed when using the traditional
piperidine—DMF (1:4 v/v) or the alternative DBU-DMF (2:98 v/v) treatments. In fact, the
6% difference between 0.1 M in HOBt DBU-DMF (2:98 v/v) (2 x 1 min) and DBU-DMF
(2:98 v/v) (2 x 1 min) might be comprised within the Fmoc UV quantification method

error, and therefore it is not certain whether there was an actual DKP formation
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decrease. However, these optimised conditions (0.1 M in HOBt DBU-DMF (2:98 v/v) (2

x 1 min)) become a good alternative to considerably reduce the undesired side-reaction.

# Fmoc removal conditions of the Loading Loading DKP
second residue (15t AA Fmoc (39 AAFmoc  formation
quantification) quantification) (%)
1 Piperidine—DMF (1:4 v/v) 0.65 mmol/g 0.57 mmol/g 18
(2 x 1 min)
2 DBU-DMF (2:98 v/v) 0.66 mmol/g 0.59 mmol/g 11
(2 x 1 min)
3 0.1 MHOBt in Piperidine—-DMF 0.67 mmol/g 0.57 mmol/g 15
(1:4 v/v) (2 x 1 min)
4 0.1 M OxymaPure in Piperidine—  0.66 mmol/g 0.51 mmol/g 23
DMF (1:4 v/v) (2 x 1 min)
5 0.1 MHOBtin DBU-DMF (2:98 0.62 mmol/g  0.59 mmol/g 5
v/v) (2 x 1 min)
6 0.1 M OxymaPure in DBU-DMF  0.62 mmol/g 0.53 mmol/g 15

(2:98 v/v) (2 x 1 min)

Table 1.2. Study of the optimal Fmoc removal conditions to minimise DKP formation.

1.3.2.2.3 Incorporation of the Ac-Thr-OH residue onto D-Pla-Pro-Ala-N-MeAla-CTC-
resin (1.3)

Ester bond formation between the carboxylic acid of Ac-Thr-OH and the a-
hydroxyl group of D-phenyllactic acid was not foreseen facile. The B-hydroxyl moiety of
the Thr residue must be protected to prevent polymerisation side-reactions. Selection
of the alcohol protecting group entails significant importance, since the Barlos resin does
not allow deprotection under acidic conditions. Moreover, the formed ester linkage
must be stable to hydroxyl deprotecting conditions. On the basis of the above
considerations, incorporation of the Thr derivative as Ac-Thr(Silyl)-OH turns into the
smartest choice, since silyl groups are orthogonal to the Fmoc/tBu strategy and can be

removed by treatment with TBAF.

However, Harveen et al. reported the low reactivity of the Ac-Thr(PG)-OH residue
upon esterification conditions.[*?! It was suggested that the acetyl moiety might
deactivate the carbonyl function resulting in no residue incorporation. In order to
develop a fully stepwise strategy, we studied this residue incorporation. The effect of

the protecting group scheme on the esterification extent was evaluated by addition of

52



Chapter 1. Results and discussion

several Thr derivatives onto tetrapeptide 1.3 through the so-called Steglich
esterification, which is readily used in depsipeptide synthesis and has proven effective
in many cases (Scheme 1.13).[46:53.63.641 Accordingly, a series of Thr derivatives containing
different amine and hydroxyl protecting groups were prepared and their reactivity was
evaluated. Additionally, commercially available Thr derivatives were purchased and also

tested.

R4 = Ac, Alloc, Fmoc
R, = 'Bu, TBDMS, TBDPS

Scheme 1.13. On-resin Steglich esterification of a series of Thr derivatives. a) R1-Thr(Rz)-OH (8
eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1 v/v), 35 °C, 2 h 30 min.

1.3.2.2.3.1 Preparation of a series of R1-Thr(*Bu)-OH derivatives using different amine

protecting groups

As a first approach to considerably simplify the screening process, '‘Bu was
selected as the hydroxyl functionality protecting group. On the other hand, three
different orthogonal protecting groups (Fmoc, Ac and Alloc) for the a-amino group of
Thr were explored. Fmoc-Thr(*Bu)-OH, which is readily used in peptide synthesis and can
be purchased at low prices, was chosen as starting material for the rapid preparation

Ac-Thr(*Bu)-OH and Alloc-Thr(!Bu)-OH.

Synthesis of Ac-Thr(*Bu)-OH (1.5)

Fmoc-Thr(Bu)-OH was treated with a solution of Et;N—-DCM (4:6 v/v) and the

resulting crude was purified with a C18 reversed-phase Porapak™ Rxn Cartridge, being
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compound 1.4 obtained in good yields (85%) (Scheme 1.14). Compound 1.5 can be
synthesised by amide bond formation between the free amine of 1.4 and AcOH using
carbodiimide—DMAP as coupling system. EDC was the carbodiimide of choice, since the
formed urea derivative can be washed away with acidic extractions and therefore the
purification step can be avoided. The acetylation step allowed successful preparation of
compound 1.5, which was obtained in a quantitative yield and used without further

purification.

Scheme 1.14. Synthesis of Ac-Thr(*Bu)-OH (1.5). a) Et;N-DCM (4:6 v/v), 25 °C, 4 h, 25 °C, 85%;
b) AcOH (1 eq), EDC-HCI (1 eq), DIEA (1 eq), DMAP (0.1 eq), DCM-DMF (9:1 v/v), 25 °C, 3 h 30
min; Quantitative yield.

Synthesis of Alloc-Thr(*Bu)-OH (1.6)

This compound was synthesised by Alloc introduction after Fmoc removal of
commercially available Fmoc-Thr(tBu)-OH (Scheme 1.15). Traditional Alloc protection in
solution through nucleophilic substitution of Alloc chloride (Alloc-Cl) can lead to
dipeptide formation. [*1% A common procedure used in our group to prevent this side-
product formation is the one-pot reaction that proceeds through the Alloc azide (Alloc-

N3) formation prior to nucleophilic attack of the amine.[11

H
b N
OH —2>» Alloc

0 o
K K
14 1.6

Scheme 1.15. Synthesis of Alloc-Thr(*Bu)-OH (1.6). a) Et;N-DCM (4:6 v/v), rt, 2 h, rt, 85%; b)
Alloc-Cl (1 eq), NaNs (1.3 eq), H.O-Dioxane (1:1 v/v), rt, 18 h; Quantitative yield.

The poor leaving group character of the azide functionality allows milder

substitution conditions and therefore successful protection of primary amines. Alloc-N3
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was prepared in situ, followed by addition of H-Thr(tBu)-OH (compound 1.4) to afford

the desired product 1.6 in a quantitative yield. 1.6 was used without further purification.

1.3.2.2.3.2  On-resin esterification using Ri-Thr(*Bu)-OH derivatives with different

amine protecting groups

With all the Ri-Thr(‘Bu)-OH derivatives in hands, the on-resin Steglich
esterification was studied. In all cases, the following incorporation conditions were used:
AA-DIC-DMAP (8:8:0.5 eq), in which the carboxylic acid was pre-activated over 5 min
prior to its on-resin incorporation, followed by addition of catalytic amounts of DMAP.
All esterification reactions were performed at 35 °C under anhydrous conditions. The
reaction was monitored by acidolytic cleavage of a small portion of the peptidyl-resin
and subsequent HPLC-MS analysis of the resulting crude. Table 1.3 summarises the

achieved results.

e
_N,
R " “OH
O (8eq)
Rz
DIC (8 eq),

o o]
Q \
Ho ‘k DMAP (0.5 eq) g %(N
. J—( )— = __o o 1
@ /Hf DCM-DMF (9:1 viv) RZ” Y\n’ N N :
35°C, 2 h 30 min o o =

# Protected amino acid R1 R2 HPLC conversion (%)
1 Ac-Thr(*Bu)-OH (1.5) Ac Bu 0

2 Alloc-Thr(*Bu)-OH (1.6) Alloc Bu 0

3 Fmoc-Thr(*Bu)-OH Fmoc 'Bu 100

Table 1.3. Steglich esterification with different Ry-Thr(*Bu)-OH derivatives. HPLC data was
processed at 220 nm.

On-resin esterification of Ac-Thr(*Bu)-OH (1.5) and Alloc-Thr('Bu)-OH (1.6)

In an initial attempt to corroborate Harveen’s hypothesis, tetrapeptide 1.3 was
treated with Ac-Thr(tBu)-OH (1.5) upon Steglich esterification conditions (see entry #1
in Table 1.3). Unfortunately, HPLC-MS analysis only showed one peak corresponding to
the starting material (peptidyl-resin 1.3). These results suggested that the acetyl group

might deactivate the carbonyl function, thus hampering the on-resin esterification with
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the conveniently acetylated Thr derivative. Hence, the amine function of the Thr
derivative must be acetylated after residue incorporation. On the other hand,
incorporation of Alloc-Thr(tBu)-OH (1.6) gave the same unfortunate results, being 0%

the esterification conversion (see entry #2 in Table 1.3).

On-resin esterification of Fmoc-Thr(*Bu)-OH: Initial Fmoc removal studies

To rapidly confirm whether the low reactivity was associated with the Thr residue
itself or the amine protecting group, esterification with commercially available Fmoc-
Thr(*Bu)-OH was carried out (see entry #3 in Table 1.3). Surprisingly, the esterification
product (1.7, structure shown in Table 1.4) was obtained with a quantitative HPLC
conversion according to HPLC-MS analysis (Figure 1.12A). These results suggest that the
amine protecting group plays an important role in the reaction outcome. One would
expect that both Alloc and Fmoc would lead to an equivalent esterification outcome,
since the two protecting groups transform the amine into its carbamate form and
therefore hold similar electron density at the N atom. Moreover, Alloc confers a less
steric hindered environment than Fmoc, and therefore higher reactivity would be
expected. However, Fmoc gave better results and was the only protecting group that

afforded the desired esterification product so far.

With this promising result in hands, optimal Fmoc removal conditions of the
model depsipeptide were extensively studied and are summarised in Table 1.4. In all
cases, a short treatment of 1 min was performed and the deprotection efficiency was
evaluated by HPLC-MS analysis. Although treatment of the peptidyl-resin with the
conventional piperidine-DMF (1:4 v/v) cocktail over 1 min resulted in 95% of Fmoc
removal to afford the desired product 1.8, 54% of racemisation was observed by HPLC-
MS analysis (see entry #1 in Table 1.4). In an attempt to optimise the elimination
conditions, pentadepsipeptide 1.7 was treated with a DBU-DMF (2:98 v/v) solution
resulting in complete Fmoc removal (see entry #4 in Table 1.4). Unfortunately, HPLC-MS
analysis showed one broad peak indicating the presence of a racemic mixture.
Remarkably, addition of small percentages of organic acids (HOBt or OxymaPure) to the

Fmoc removal cocktail proved effective to diminish DKP formation (see section
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1.3.2.2.2). Inspired by these results, we evaluated whether addition of HOBt and

OxymaPure to the Fmoc removal cocktail could reduce racemisation of 1.8.
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Figure 1.12. HPLC-MS chromatograms run at G0100t9T25 and processed at 220 nm (From
now on G20100t9T25 stands for linear HPLC gradient from 20% to 100% of B over 9 min at 25
°Cusing as eluent system A: 0.045% TFA in H,O and B: 0.036% TFA in ACN). A) On-resin Steglich
esterification between tetrapeptide 1.3 and Fmoc-Thr('Bu)-OH to afford 1.7; B) Fmoc removal
of 1.7 with 0.1 M OxymaPure in a DBU-DMF (2:98 v/v) solution over 1 min to obtain 1.8.

Treatment of the peptidyl-resin with a 0.1 M HOBt in piperidine—-DMF (1:4 v/v)
solution and a 0.2 M HOBLt in piperidine—-DMF (1:4 v/v) solution did not exert a positive
effect on the racemisation extent (see entries #2-3 in Table 1.4). No Fmoc removal was
observed when treating the peptidyl-resin with a 0.2 M HOBt in DBU-DMF (2:98 v/v)
solution and a 0.2 M OxymaPure in DBU-DMF (2:98 v/v) solution (see #6 and #8 in Table
1.4). In this case, addition of an excess of the organic acids might result in complete DBU
neutralisation, thus leading to no Fmoc elimination. Fmoc removal with a 0.1 M HOBt in
DBU-DMF (2:98 v/v) solution was not effective, since 56% of racemisation was detected
(see entry #5 in Table 1.4). Optimal Fmoc removal conditions were obtained using a 0.1
M OxymaPure in DBU-DMF (2:98 v/v) solution (see entry #7 in Table 1.4). In this case,
all the starting material was successfully deprotected and racemisation of 1.8 was not

observed by HPLC-MS analysis (Figure 1.12B).

Among all the tested conditions, stepwise introduction of the up to now
unreactive Ac-Thr derivative as Fmoc-Thr('Bu)-OH, and subsequent Fmoc removal with
a 0.1 M OxymaPure in DBU-DMF (2:98 v/v) solution proved successful for the

incorporation and subsequent deprotection of the named residue. A step further in the
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development of a fully stepwise strategy for the preparation of 1.1 was made.
Nevertheless, the ‘Bu protecting group was not orthogonal to the synthesis, and further

studies with an orthogonal hydroxyl protecting group needed to be carried out.

Fmoc\N
tBu’o ~ & J\ﬂ/ \/“_O
1.7
J Fmoc removal
assessment
NH, | O
Y\ﬂ, é J &NJ\”/NV“_O
H =
O =
# Fmoc removal conditions Product/SM Racemisation
ratio
1 Piperidine—DMF (1:4 v/v) (1 x 1 min) 1.8/1.7 54%
95:5
2 0.1 M HOBt in Piperidine—-DMF (1:4 v/v) (1 x 1.8/1.7 60%
1 min) 95:5
3 0.2 M HOBt in Piperidine-DMF (1:4 v/v) (1 x 1.8/1.7 Broad peak
1 min) 87:13
4 DBU-DMF (2:98 v/v) (1 x 1 min) 1.8/1.7 Broad peak
100:0
5 0.1 M HOBtin DBU-DMF (2:98 v/v) (1x 1 1.8/1.7 56%
min) 100:0
6 0.2 MHOBtin DBU-DMF (2:98 v/v) (1x 1 1.8/1.7 No Fmoc
min) 0:100 removal
7 0.1 M OxymaPure in DBU-DMF (2:98 v/v) 1.8/1.7 0%
(1 x 1 min) 100:0
8 0.2 M OxymaPure in DBU-DMF (2:98 v/v) 1.8/1.7 No Fmoc
(1 x 1 min) 0:100 removal

Table 1.4. Study of the optimal Fmoc removal conditions to deprotect pentadepsipeptide 1.7.
The racemisation extent was determined by HPLC-MS analysis. HPLC data was processed at 220
nm.

58



Chapter 1. Results and discussion

1.3.2.2.3.3 Preparation of a series of Fmoc-Thr(Rz)-OH derivatives using silyl

protecting groups

Once Fmoc was selected as the optimal protecting group for the amine moiety,

evaluation of an appropriate protecting group for the hydroxyl function was carried out.

Silyl protecting groups can be selectively removed by treatment with catalytic
fluorides such as TBAF. TBDMS removal can be carried out in the presence of acid-labile
protecting groups.*111 Therefore, protection of the hydroxyl functionality with a silyl
protecting group becomes a good approach to the synthesis. In this context, the
hydroxyl group was protected with TBDMS and TBDPS, which allowed evaluation of the

bulkiness effect on the esterification rates.

Synthesis of Fmoc-Thr(TBDPS)-OH (1.9)

Commercially available Fmoc-Thr('Bu)-OH was treated with a TFA—-DCM (6:4 v/v)
mixture to afford Fmoc-Thr-OH. Introduction of the TBDPS group can be achieved by

reaction of alcohol moieties with TBDPS-Cl using DBU as base (Scheme 1.16).1112]

Protection of the hydroxyl group was monitored by HPLC-MS, being the
SM/Product HPLC conversion 4:6. Although the reaction time and the reagents excesses
were increased, a conversion improvement was not observed. The crude product was

purified by flash chromatography on silica gel to afford pure 1.9 in a low yield (12%).

H o H (@) H O
- N’/. a ~ N// b N’/.
Fmoc OH —2 » Fmoc ’ OH Fmoc~ OH
0 "'OH 0

1.9

Scheme 1.16. Synthesis of Fmoc-Thr(TBDPS)-OH (1.9). a) TFA-DCM (6:4 v/v), 25 °C, 2 h,
Quantitative yield; b) TBDPS-CI (1.5 eq), DBU (1.5 eq), ACN, 0-20 °C, 20 h, 12%.
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Synthesis of Fmoc-Thr(TBDMS)-OH (1.10)

Preparation of Fmoc-Thr(TBDMS)-OH started with 'Bu removal of Fmoc-Thr('Bu)-
OH by treatment with a TFA—-DCM (6:4 v/v) mixture. Protection of the hydroxyl group
with TBDMS can be accomplished by treatment with TBDMS-CI and imidazole (Scheme
1.17).1113] The reaction was monitored by HPLC-MS, being the SM/Product conversion
55:45. Full conversion was not accomplished, and compound 1.10 was obtained in a

moderate yield (54%) after flash chromatography purification.

@)

0, q 0 1
Fmoc” J)J\OH —_a, Fmoc/%OH b Fmoc j)J\OH
o,/o ',/OH '//9
P siC

1.10

Scheme 1.17. Synthesis of Fmoc-Thr(TBDMS)-OH (1.10). a) TFA-DCM (6:4 v/v), 25 °C, 2 h,
Quantitative yield; b) TBDMS-CI (3 eq), imidazole (4 eq), DCM, 0-20 °C, 24 h, 54%.

1.3.2.2.34 On-resin esterification using Fmoc-Thr(R;)-OH derivatives containing silyl

protecting groups

With all Fmoc-Thr(Rz)-OH derivatives in hands, the on-resin Steglich
esterification was studied. In all cases, the following incorporation conditions were used:
AA-DIC-DMAP (8:8:0.5 eq), in which the carboxylic acid was pre-activated over 5 min
prior to its on-resin incorporation, followed by addition of catalytic amounts of DMAP.
All esterification reactions were performed at 35 °C under anhydrous conditions. The
reaction was monitored by HPLC-MS analysis of a small portion of the peptidyl-resin

cleavage crude, and the obtained results are summarised in Table 1.5.

The outcome of the on-resin Steglich esterification with Fmoc-Thr(TBDPS)-OH
(1.9) and Fmoc-Thr(TBDMS)-OH (1.10) was determined, and whereas incorporation of
Fmoc-Thr(TBDPS)-OH resulted in failed attempts to introduce the Thr derivative (see
entry #1 in Table 1.5), incorporation of Fmoc-Thr(TBDMS)-OH was successfully achieved
with a quantitative incorporation yield (determined by HPLC see entry #2 in Table 1.5
and Figure 1.13A). These results suggest that the steric hindrance provided by the bulky

TBDPS group might hamper the esterification reaction between D-Pla and the Thr
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derivative. Although incorporation of Fmoc-Thr(TBDMS)-OH was a good starting point,

further studies on TBDMS and Fmoc removal optimal conditions needed to be carried

out.
o ))L G X LW M
,/O (8 eq)
DIC (8 eq),
DMAP (0.5 eq)
DCM-DMF (9:1 v/v)
35°C, 2 h 30 min
';‘
# Protected amino acid R1 R2 HPLC conversion (%)
1 Fmoc-Thr(TBDPS)-OH(1.9) Fmoc  TBDPS 0
2 Fmoc-Thr(TBDMS)-OH (1.10) Fmoc @ TBDMS 100

Table 1.5. Steglich esterification of Fmoc-Thr(R,)-OH derivatives to study the reactivity of the
Ac-Thr-OH esterification reaction. HPLC data was processed at 220 nm.
1.3.2.2.3.5  Fmoc and TBDMS removal studies of Fmoc-Thr(TBDMS)-COO-D-Pla-Pro-

Ala-N-MeAla-CTC-resin (1.11)

Initial attempts to remove Fmoc and TBDMS of 1.11 are described in Scheme
1.18. The first step consisted of Fmoc elimination with the already optimised conditions
(treatment with a 0.1 M OxymaPure in DBU-DMF (2:98 v/v) solution for 1 min). The
corresponding unprotected depsipeptide (1.12, Figure 1.14) was detected by HPLC-
analysis of a small portion of the peptidyl-resin cleavage crude (Figure 1.13B).
Subsequent acetylation with the AcOH—OxymaPure-DIC (3:3:3 eq) coupling system

afforded the acetylated derivative (1.13) in good HPLC yields (Figure 1.13C).
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_Fmoc

TBDMS

G\JLJWJ—O

1.11

a
NH,

raows N 3)* &y X Lm M

Scheme 1.18. Initial attempts to remove Fmoc and TBDMS of 1.11. a) 0.1 M OxymaPure in a
DBU-DMF (2:98 v/v) solution (1 x 1 min); b) AcOH (3 eq), OxymaPure (3 eq), DIC (3 eq), DMF,
rt, 30 min; c) 1.0 M TBAF in THF (1 eq), 10 min, N, atm., 25 °C.

Next, stability of the ester linkage upon TBDMS removal conditions was
evaluated. The peptidyl-resin 1.13 was treated with a 1.0 M TBAF solution in THF
under anhydrous conditions for 10 min. Unfortunately, treatment of the peptidyl-
resin with TBAF failed to afford the desired product (1.14), and depsipeptide
fragmentation was observed instead. According to HPLC-MS analysis, one single
product corresponding to starting material 1.3 was detected, thus indicating Ac-Thr-
OH residue loss. We hypothesise that the acetyl function is responsible for 1.13

instability upon TBDMS removal conditions, triggering ester linkage fragmentation.
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Figure 1.13. HPLC-MS chromatograms run at G0100t9T25 and processed at 220 nm. A) On-
resin Steglich esterification between tetrapeptide 1.3 and Fmoc-Thr(TBDMS)-OH to afford
1.11; B) Fmoc removal of 1.11 with 0.1 M OxymaPure in a DBU-DMF (2:98 v/v) solution over
1 min to obtain 1.12, C) Amine acetylation to afford 1.13; D) Treatment of 1.13 witha 1.0 M
TBAF in THF (1 eq) solution over 10 minutes.

In order to avoid depsipeptide fragmentation, TBDMS removal prior to amine
acetylation was attempted with the peptidyl-resin 1.11. This strategy led to partial

elimination of the Fmoc and TBDMS protecting groups.

Although piperidine is generally used for Fmoc removal, TBAF has proven useful
to obtain the unprotected amine function.®*111 Taking advantage of this and in order to
avoid one deprotection step, we explored simultaneous Fmoc and TBDMS removal using
TBAF. Thus, 1.11 was treated with a 1.0 M TBAF solution in THF for 10 min under
anhydrous conditions (Scheme 1.19). We were happy to observe simultaneous Fmoc
and TBDMS removal, being intermediates 1.15 and 1.16 formed (Figure 1.14A).
Moreover, fragmentation of the ester linkage was not observed. An additional TBAF

treatment was required to fully remove both protecting groups.
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Scheme 1.19. Simultaneous Fmoc and TBDMS removal of 1.11 to afford pentadepsipeptide
1.3.a) 1.0 M TBAF in THF (1 eq), 10 min, N> atm., 25 °C, this step was repeated twice; b) AcOH
(3 eq), OxymaPure (3 eq), DIC (3 eq), DMF, 25 °C, 40 min.
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Figure 1.14. HPLC-MS chromatograms run at GO100t9T25 and processed at 220 nm. A) First

treatment of pentadepsipeptide 1.11 with a 1.0 M TBAF in THF (1 eq) solution over 10
minutes; B) Acetylated and unprotected pentadepsipeptide 1.14.

1.3.2.2.3.6  Summary of the Ac-Thr-OH residue incorporation

A step further in the development of a fully-stepwise strategy was made. We
were able to introduce the until now unreactive Ac-Thr-OH derivative in a stepwise

manner. Furthermore, the derivative was provided with appropriate and orthogonal
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protecting groups for the amine and the hydroxyl functions (Fmoc and TBDMS,
respectively). Optimal protecting group removal conditions and subsequent acetylation
of the amine group were studied, being Fmoc and TBDMS simultaneously removed by

treatment with TBAF.

1.3.2.2.4 Incorporation of the N,0-Me;Thr residue onto Ac-Thr(OH)-COO-D-Pla-Pro-
Ala-N-MeAla-CTC-resin (1.14) and subsequent Boc-Thr-OH incorporation

Although on-resin esterification of the N-protected N,0-Me;Thr residue is
foreseen facile, selection of the appropriate protecting group for the amine function is
not straightforward. Previous attempts reported in the literature to remove the Fmoc
protecting group failed to afford the unprotected product due to undesired a,B-
elimination at the N-Ac-Thr residue.l*6%3] |n fact, only traces of the desired unprotected

product could be obtained.

Attempts to circumvent this major drawback were carried out and are described
in the present section. Furthermore, assembly of this residue with the amine
functionality protected with Alloc was also carried out, and the best incorporation

conditions were determined (Scheme 1.20).

Scheme 1.20. Assembly of N,0-Me;Thr-OH through on-resin Steglich esterification. a) Steglich
esterification of R;-N,0-Me;Thr-OH; b) Amine protecting group removal.
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1.3.2.2.4.1 Preparation of Alloc-N,0-Me;Thr-OH and Fmoc-N,0-Me;Thr-OH

Preparation of Alloc-N,0-Me,Thr-OH (1.20)

As a first approach to synthesise building block 1.20, the three-step synthesis of
Alloc-N,0-Me,;Thr-OH was attempted (Scheme 1.21). Boc removal from commercially
available Boc-Thr(Me)-OH was successfully accomplished by treatment with TFA. Again,
the Alloc-azide (Alloc-N3) intermediate was used to avoid dipeptide formation during
Alloc protection of the free amine.'% Alloc-N3 preparation in situ, followed by addition

of H-Thr(Me)-OH (1.18) afforded the desired product (1.19) in a quantitative yield.

Benoiton and coworkers first reported the selective N-methylation procedure
with Mel and NaH in the presence of free carboxyl groups.[''# The high selectivity is
attributed to the protection of the carboxylate by chelation to Na*ions.[**> The reaction
must be performed under anhydrous atmosphere. Although amino acid 1.19 was
successfully N-methylated, the methoxide group underwent elimination due to the high
basicity provided by NaH (Scheme 1.22). According to *H-NMR and HPLC-MS analysis,

the corresponding B-elimination undesired product was obtained instead.

1.20

Scheme 1.21. Attempts to prepare Alloc-N,0-Me;Thr-OH (1.20). a) TFA-DCM (4:6 v/v), 25 °C,
2h, Quantitative yield; b) Alloc-Cl (1 eq), NaNs (1.3 eq), H,O-Dioxane (1:1 v/v), rt, 18 h; 97%.;
c) Mel (4 eq), NaH (3 eq), THF, 0 °C, 8 h, B-elimination.

/ O | (@]
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Scheme 1.22. Formation of the B-elimination side-product during N-methylation of 1.19 with
Mel and NaH.
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A good alternative to overcome elimination is the preparation of the N-
methylated amino acid via the 5-oxazolidine intermediate.[!16117] Ben-Ishai first
proposed the reaction between N-protected amino acids and p-formaldehyde in the
presence of catalytic p-TsOH to form the corresponding 5-oxazolidine intermediate. 118!
Reduction of 5-oxazolidine with TIS and a great excess of TFA renders the desired N-
methylated residue (Scheme 1.23).[*2%) Among other advantages, this procedure allows
N-methylation under very mild conditions, being racemisation prevented. Additionally,
N-methylation of Fmoc and Alloc N-protected amino acids is feasible and the protocol is
compatible with many amino acid side chains. However, large amounts of silane and TFA
are required for the ring opening. Replacement of this reagents by other hydride donors

led to carbamate elimination and were discarded.[11]

Preparation of Alloc-N,0-Me,Thr-OH (1.20) started with the formation of the
corresponding 5-oxazolidine by reaction of previously prepared 1.19 with p-
formaldehyde in the presence of catalytic p-TsOH acid (Scheme 1.23). The reaction was
brought to reflux and a Dean Stark apparatus was used to remove the water formed

during the reaction.

1.19 1.21 1.20

Scheme 1.23. Synthesis of Alloc-N,0-Me;Thr-OH (1.20). a) p-TsOH (0.12 eq), p-formaldehyde
(1.1 eq), toluene, reflux, 3 h, 89%; b) TIS (4 eq), TFA (76 eq), DCM, 25 °C. N, atmosphere, 14
h, 82%.

Reaction conditions were optimised and are summarised in Table 1.6. In all cases
catalytic amounts of p-TsOH acid (0.12 eq.) were kept constant. Since solubility
problems were detected when dissolving the Alloc-protected amino acid in pure
toluene, a yield improvement was attempted by running the reaction in a toluene-DMF
(8:2 v/v) mixture (see entries #2-4 in Table 1.6). Effect of longer reaction times as well
as addition of a greater excess of p-formaldehyde were also evaluated. However, low to

moderate yields (15-50%) were obtained in most of the cases (see entries #1-6 in Table

67



Chapter 1. Results and discussion

1.6). The work up process of conditions #1-6 consisted of washes with an aqueous
saturated NaHCOssolution toisolate the desired product. HPLC-MS analysis showed that
most of the product remained in the aqueous layer, leading to product loss. A drastic
yield improvement was observed when basic washes were carried out with an aqueous
5% NaHCOs solution instead (see entry #7 in Table 1.6), being the product finally
obtained in good yields (90%).

p-formaldehyde, /—O
p-TsOH, _N
Alloc” OH reflux Alloc™". =0
0
|
1.21
# p-TsOH p- Solvent Reaction Work up Yield (%)
formaldehyde time
1 0.12eq 1.1eq Toluene 3h Aqg. Sat 33
NaHCOs sol.
2 0.12eq 25 eq Toluene/DMF 3h Aqg. Sat 50
(8:2 v/v) NaHCOs sol.
3 0.12eq 25 eq Toluene/DMF 20h Ag. Sat 27
(8:2 v/v) NaHCOs sol.
4 0.12eq 1.1eq Toluene/DMF 3h Ag. Sat 25
(8:2 v/v) NaHCOs sol.
5 0.12eq 1.1eq Toluene 20 h Ag. Sat 32
NaHCOs sol.
6 0.12eq 25 eq Toluene 3h Ag. Sat 15
NaHCOs sol.
7 0.12eq 1.1eq Toluene 3h Ag. 5% 90
NaHCOs sol.

Table 1.6. Optimisation of the 5-oxazolidine intermediate (1.21) formation.

Ring opening of 1.21 was accomplished by treatment with TIS and a great excess
of TFA (Scheme 1.23). The crude product was subjected to flash chromatography on

silica gel and pure 1.20 was obtained in good yields (82%).

Preparation of Fmoc-N,0-Me,Thr-OH (1.24)

Preparation of Fmoc-N,0-Me,Thr-OH started with the amine protection with

Fmoc by treatment of 1.18 with Fmoc-OSu in an agqueous NaHCOs—Dioxane (2:3 v/v)
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mixture (Scheme 1.24). Purification by flash chromatography afforded the desired
product in a moderate yield (60%). Next, synthesis of the 5-oxazolidine derivative was
carried out following the same conditions as the ones used for the synthesis of the Alloc
protected counterpart, and the crude product 1.23 was obtained as a pure compound
(56%) and therefore it was used without further purification. Lastly, reduction of 5-
oxazolidine with TIS and a great excess of TFA afforded the desired N-methylated

residue 1.24 in good yields (82%) after flash chromatography purification.

1.24

Scheme 1.24. Preparation of Fmoc-N,0-Me,Thr-OH (1.24). a) Fmoc-OSu (1.3 eq), aqg NaHCOs—
Dioxane (2:3 v/v), 22 h, 25 °C, 60%; b) p-TsOH (0.12 eq), p-formaldehyde (1.1 eq), toluene,
reflux, 3 h, 56%; c) TIS (4 eq), TFA (76 eq), DCM, 25°C, N, atmosphere, 14 h, 82%.

1.3.2.2.4.2 On-resin esterification of Alloc-N,0-Me;Thr-OH (1.20) and Fmoc-N,O-
Me;Thr-OH (1.24) and subsequent Boc-Thr-OH incorporation

Introduction of the N,0-Me,Thr-OH residue through on-resin Steglich
esterification of Alloc-N,0-Me;Thr-OH (1.20) and Fmoc-N,0-Me;Thr-OH (1.24) onto 1.14
was successfully accomplished (Scheme 1.25). A mixture of AA-DIC (8:8 eq) was pre-
activated over 5 min before it was added to the peptide-resin. Next, addition of DMAP
(0.5 eq) was carried out. All esterification reactions were performed at 35 °C under

anhydrous conditions.

According to HPLC-MS analysis of a small portion of the peptidyl-resin cleavage
crude of 1.25 and 1.26, the incorporation yield was quantitative in both cases. However,
esterification of Alloc-N,0-Me;Thr-OH and Fmoc-N,0-Me;Thr-OH resulted in 23% and
22% of racemisation, respectively (Figure 1.15A and Figure 1.15B). N-alkylated amino
acids are more susceptible to epimerisation at the a-carbon upon amino acid activation,
and racemisation might be attributed to this moiety (see racemisation mechanism in
section 1.3.2.1.1).11%1 Unfortunately, further optimisation experiments led similar or less

satisfactory results.
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j;( m G‘JL LW M

1.25, R4= Alloc
1.26, R4= Fmoc

1.27

Scheme 1.25. a) Alloc-N,0-Me,Thr-OH (1.20) (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1
v/v), 35 °C, 2 h 30 min; b) Fmoc-N,0-Me,Thr-OH (1.24) (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM—
DMF (9:1 v/v), 35 °C, 2 h 30 min; c) Pd(PPhs)4 (0.1 eq), PhSiH; (10 eq), DCM, 15 min; d) DBU-

DMF (2:98 v/v) (1 x 1 min); e) Boc-Thr-OH (3 eq), HATU (3 eq), HOAt (3 eq), DIEA (6 eq), 25 °C,
1h.

Next, removal of the amine protecting group of the two derivatives was studied.
Alloc removal was accomplished by treatment of the peptidyl-resin with catalytic
amounts of palladium and phenylsilane, which served as scavenger. Subsequent

incorporation of the seventh residue, Boc-Thr-OH, through an amidation reaction onto
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a secondary amine was performed with the AA-HATU-HOAt-DIEA (3:3:3:6 eq) coupling
system. HPLC-MS analysis of the peptidyl-resin cleavage crude of 1.27 showed excellent
conversion rates (Figure 1.15C). The Boc-Thr-OH residue was assembled with the free
hydroxyl group to later on perform the last on-resin esterification. At a later stage of the
synthesis, the Boc protecting group was removed upon cleavage to perform the

cyclisation in solution.

A), - ezl B) nEa
000 8541
1 |Alloc-N,0-Me>Thr-OH 0 Fmoc-N,O-MezThr-OHO‘
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Figure 1.15. HPLC-MS chromatograms run at G0100t9T25 and processed at 220 nm. A) On-
resin Steglich esterification of 1.20 where 23% of racemisation is observed. B) On-resin
Steglich esterification of 1.24 where 22% of racemisation is observed. C) Coupling of Boc-Thr-
OH after Alloc removal to afford 1.27.

Although a fully stepwise strategy for the preparation of the target molecule
(1.1) could be developed with the Alloc protected N,0-Me,Thr-OH residue, we wanted
to further study Fmoc removal of this residue. A major aim of this project was
optimisation of Fmoc removal after formation of all three ester linkages. Evaluation of
Fmoc removal of the Fmoc-N,0-Me,;Thr-OH residue, together with Fmoc removal

studies after the first and third ester bond formation (see section 1.3.2.2.3 and
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1.3.2.2.5.2, respectively), allowed the development of a robust Fmoc-based
methodology for the preparation of complex depsipeptides following a fully stepwise

approach.

1.3.2.2.4.3 Fmoc removal studies of Ac-Thr(O(Fmoc-N,0-Me,;Thr-CO))-COO-D-Pla-
Pro-Ala-N-MeAla-CTC-resin (1.26)

According to previous studies reported in the literature, Fmoc removal at this
point mostly leads to formation of the a,B-elimination side-product.“6%3 We
hypothesised that the presence of two consecutive ester bonds enhanced the formation
of the a,B-elimination side-product at this point of the synthesis. Successful Fmoc
removal would lead to the development of a versatile stepwise strategy for the
preparation of complex depsipeptides and would allow rapid access to numerous
depsipeptide synthethic analogues, since many Fmoc-protected derivatives are
commercially available. Thus, the previously tested Fmoc removal conditions (see
section 1.3.2.2.3) were applied to the present system to evaluate the effect of different
chemical environments in the deprotection outcome, as well as to establish the best

conditions for this particular deprotection step.

In all cases, a short treatment of 1 min with the corresponding deprotection
cocktail was performed, as previously tested for Fmoc removal after the first ester bond
formation. The HPLC traces as well as the structures of the peptidyl-resin cleavage crude
of the desired product (1.17) and the two main side-products corresponding to N,O-
Me;Thr-OH residue loss (1.14) and the a,B-elimination product (1.28) are shown in Table
1.7.

As expected, Fmoc removal with the traditional piperidine—DMF (1:4 v/v) cocktail
mainly led to the formation of the a,B-elimination product (1.27), but also to N,O-
Me;Thr-OH residue loss (1.14) and racemisation of the desired product (1.17) (see entry
#1 in Table 1.7 and HPLC chromatogram in Figure 1.16A).

Previous positive results suggested that addition of small percentages of HOBt or
OxymaPure can improve the outcome of the deprotection step by lessening

racemisation and formation of undesired products. Thus, the peptidyl-resin was treated
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with a 0.1 M HOBLt in piperidine—DMF (1:4 v/v) solution, a 0.2 M HOBt in piperidine-DMF
(1:4 v/v) solution, a 0.1M OxymaPure in piperidine-DMF (1:4 v/v) solution and a 0.2 M
OxymaPure in piperidine—-DMF (1:4 v/v) solution (see entries #2-5inin Table 1.7). None
of these four conditions resulted in improved Fmoc removal conditions compared to the
results obtained when no additive was added. Whereas 10-11% of N,O0-Me;Thr-OH
(1.14) loss was observed, the undesired a,B-elimination product (1.28) was formed in
high percentages (43-57%). Note that complete Fmoc removal was not accomplished.
However, it was expected that additional treatments to achieve full deprotection would
lead to even higher percentages of the undesired side products compared to the
formation of the desired product, and therefore no extra treatments were carried out

and these deprotection conditions were discarded.

Encouraged by previous positive results obtained during Fmoc removal after the
first ester bond formation, the peptidyl-resin was treated with a DBU-DMF (2:98 v/v)
solution (see entry #6 in in Table 1.7). Remarkably, the desired product was obtained
with a 57% conversion determined by HPLC, and we were able to significantly decrease
the formation of the a,B-elimination product (1.28) and N,0-Me;Thr-OH (1.14) loss to
19% and 23%, respectively (Figure 1.16B). Moreover, a source of protons was added to
the DBU-DMF (2:98 v/v) solution, and Fmoc removal was evaluated (see entries #7-10
in Table 1.7). Unfortunately, addition of HOBt and OxymaPure to the DBU-DMF (2:98
v/v) solution accounted for poorer results compared to the ones obtained with no

additive.

Whereas treatment with a 0.1 M HOBt in DBU-DMF (2:98 v/v) solution led to
complete Fmoc removal, a high percentage of the Fmoc-protected depsipeptide was
observed (51-60%) after treatment with a 0.1 M OxymaPure in DBU-DMF (2:98 v/v)
solution, a 0.2 M OxymaPure in DBU-DMF (2:98 v/v) solution and a 0.2 M HOBt in DBU-
DMF (2:98 v/v) solution. Since relatively good desired/undesired product ratios were
obtained with the 0.2 M HOBt in DBU-DMF (2:98 v/v) solution (see entry #10 in Table
1.7), an additional treatment was carried out to attempt full deprotection.

Unfortunately, further Fmoc removal was not achieved.
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Fmoc
removal
Fmoc\

1.17
Desired product

(o) O o | o
HO, (o) |
QNJ\\J\HLH/N\/U_O
o) =

1.14
Residue loss

HN/kg o ? .o
L g\[or @L”/HJN\/”—O

1.28
a,B-elimination

# Fmoc removal conditions 1.26 1.17 1.14 1.28
(%) (%) (%) (%)
1 Piperidine—DMF (1:4 v/v) (1 x 1 min) 0 37 15 48
2 0.1 M HOBt in Piperidine-DMF (1:4 32 8 11 49
v/v) (1 x 1 min)
3 0.2 M HOBt in Piperidine-DMF (1:4 26 9 10 57
v/v) (1 x 1 min)
4 0.1 M OxymaPure in Piperidine-DMF 38 9 10 43
(1:4 v/v) (1 x 1 min)
5 0.2 M OxymaPure in Piperidine-DMF 8 25 10 57
(1:4 v/v) (1 x 1 min)
6 DBU-DMF (2:98 v/v) (1 x 1 min) 0 57 23 19
7 0.1 M HOBt in DBU-DMF (2:98 v/V) 0 43 36 21
(1 x 1 min)
8 0.2 M HOBt in DBU-DMF (2:98 v/v) 60 16 16 8
(1 x 1 min)
9 0.1 M OxymaPure in DBU-DMF (2:98 51 22 18 9
v/v) (1 x 1 min)
10 0.2 M OxymaPure in DBU-DMF (2:98 54 30 11 5

v/v) (1 x 1 min)

Table 1.7. Fmoc removal studies of Fmoc-N,0-Me;Thr-O-Ac-Thr-O-D-Pla-Pro-Ala-N-Me-Ala-CTC-
resin (1.26). HPLC data was processed at 220 nm.
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Figure 1.16. HPLC-MS chromatograms run at G0100t9T25 and processed at 220 nm. A) Fmoc
removal with piperidine-DMF (1:4 v/v) (1 x 1 min); B) Fmoc removal with DBU-DMF (2:98 v/v)
(1 x 1 min).

We were happy to considerably minimise a,B-elimination and obtain the desired
unprotected depsipeptide (1.17) with a good enough conversion (57% determined by
HPLC-MS) to carry on with the synthesis. In fact, a remarkable improvement compared
to the results described by other groups was made. Note that Harveen et al. completely
failed to prepare the unprotected depsipeptide, being a,B-elimination observed instead
(with a quantitative conversion determined by HPLC).[*¢! Efforts of another group to
perform this N®-Fmoc-deprotection also led to the formation of the a,B-elimination side-
product, however, 40% of the desired unprotected peptide could be obtained using a
piperidine—-DMF (1:99 v/v) solution. Unfortunately, further optimisation using other

bases such as TBAF or Et;N, led to poorer deprotection outcomes. 63!

Although there is room for improvement, our results are a big step forward
compared to those reported in the recent literaturel*®®l and open the door to the
development of a fully Fmoc-based stepwise strategy for the preparation of complex

depsipeptides containing multiple and consecutive ester linkages.

1.3.2.2.4.4 Summary of the N,0O-Me;Thr-OH residue incorporation

A step further in the development of a fully-stepwise strategy was made. We
were able to introduce the N,0-Me,;Thr-OH residue via on-resin Steglich esterification
of either Alloc-N,0-Me;Thr-OH or Fmoc-N,0-Me;Thr-OH. N-alkylated amino acids are

more susceptible to epimerisation at the a-carbon, and the observed racemisation
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might be attributed to this moiety.l'?”! Alloc removal and subsequent Boc-Thr-OH
incorporation through an amidation reactions were successfully accomplished, being

1.27 obtained with good HPLC conversions (Figure 1.17A).

For the first time, Fmoc removal at this point of the synthesis with a DBU-DMF
(2:98 v/v) solution successfully afforded the desired product in a fairly good enough
HPLC yield (57%) to carry on with the synthesis, being complete formation of the
undesired a,B-elimination side-product significantly minimised.[*®®3 Subsequently,
introduction of the Boc-Thr-OH residue through an amidation reaction was performed
(Figure 1.17B). Considering the synthetic complexity of the target molecule, the
presence of 43% of impurities (Figure 1.17B) at this late stage of the synthesis was

considered good enough to follow up with the assembly the last residue.

To conclude, a fully stepwise strategy for the preparation of the target molecule
could be developed with either the Alloc or the Fmoc protected N,0-Me,Thr-OH residue.
Although Fmoc removal led to lower HPLC yields (compare Figure 1.17A and Figure
1.17B), the Fmoc protecting group might be very useful for the rapid preparation of a

series of synthetic depsipeptide analogues.
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Figure 1.17. HPLC-MS chromatograms run at G0100t9T25 and processed at 220 nm of Boc-
Thr-OH incorporation after the A) on-resin Steglich esterification of Alloc-N,0-Me;Thr-OH
(1.20), Alloc removal and subsequent Boc-Thr-OH incorporation to afford 1.27; or B) on-resin
Steglich esterification of Fmoc-N,0-Me,;Thr-OH (1.24), Fmoc removal and subsequent Boc-
Thr-OH incorporation to afford 1.27.
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Next, assembly of the last residue was accomplished through an on-resin Steglich
esterification. Esterification studies were carried out with the peptidyl-resin 1.27
derived from the Alloc-N,0-Me;Thr-OH incorporation strategy, which contained a lower
content of impurities compared to the ones obtained with the Fmoc-N,0-Me,Thr-OH

incorporation route (Figure 1.17A).

1.3.2.2.5 Incorporation of the Ac-Thr('Bu)-OH residue onto Ac-Thr(O(Boc-Thr(OH)-
Fmoc-N,0-Me;Thr-CO))-COO-D-Pla-Pro-Ala-N-MeAla-CTC-resin (1.27)

The last step for the preparation of the linear precursor of 1.1 was assembly of
the Ac-Thr(*Bu)-OH residue via an ester bond formation between the carboxylic acid of
Ac-Thr(*Bu)-OH and the B-hydroxyl group present in compound 1.27 (Scheme 1.26).
Esterification of Ac-Thr(*Bu)-OH was foreseen troublesome due to the presence of the
acetyl moiety, which might deactivate the residue according to previous obtained
results (see section 1.3.2.2.3.2). However, esterification rates were evaluated by
introduction of the previously prepared residues Ac-Thr(‘Bu)-OH (1.5) and Alloc-
Thr(*Bu)-OH (1.6) as well as commercially available Fmoc-Thr(*Bu)-OH. As a part of the

Fmoc removal studies, optimal Fmoc removal conditions were assessed.

o}
0L o 2 g 2 LS
Boc” rr w @»\JJ\N/H(N\/U_O
0 H

HO

Scheme 1.26. Assembly of Ac-Thr('Bu)-OH through an on-resin Steglich esterification. R;-
Thr(*Bu)-OH (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1 v/v), 35 °C, 2 h 30 min.
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1.3.2.2.5.1 On-resin esterification of R1-Thr(‘Bu)-OH

On-resin Steglich esterification was performed as follows. A mixture of AA-DIC-
DMAP (8:8:0.5 eq), in which the carboxylic acid was pre-activated over 5 min, was added
to the peptide-resin, followed by addition of DMAP. All esterification reactions were
performed at 35 °C under anhydrous conditions. Reaction monitoring was performed by
HPLC-MS analysis of a small portion of the corresponding cleaved peptidyl-resin. The

observed esterification conversions determined by HPLC are shown in Table 1.8.
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# Protected amino acid R1 HPLC conversion (%)
1 Ac-Thr(*Bu)-OH (1.5) Ac 0

2 Alloc-Thr(*Bu)-OH (1.6) Alloc 0

3 Fmoc-Thr(*Bu)-OH Fmoc 100

Table 1.8. Steglich esterification of a series of Thr derivatives to study the reactivity of the Ac-
Thr('Bu)-OH esterification reaction. HPLC data was processed at 220 nm.

Unfortunately, Steglich esterification of Ac-Thr(*Bu)-OH (1.5) and Alloc-Thr(*Bu)-
OH (1.6) resulted in no product formation (see entries #1-2 in Table 1.8). On the other
hand, esterification with Fmoc-Thr(*Bu)-OH was successfully accomplished. Complete
incorporation of commercially available Fmoc-Thr(Bu)-OH was determined by HPLC-MS
analysis (see entry #3 in Table 1.8). These experiments comply with previously obtained
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results, in which formation of the first ester linkage could not be accomplished with the
corresponding Ac and Alloc protected residues and was only successful when using the

Fmoc protecting group.

1.3.2.2.5.2 Fmoc removal studies of Ac-Thr(O(Boc-Thr(O(Fmoc-Thr(*Bu)-CO))-Fmoc-
N,0O-Me;Thr-C0))-COO-D-Pla-Pro-Ala-N-MeAla-CTC-resin (1.30)

Efficient Fmoc removal of the last residue incorporation was extensively studied.
In all cases, treatments of 1 min were performed and the deprotection efficiency was
determined by HPLC-MS analysis. As for Fmoc removal after formation of the first and
second ester linkage, combination of different bases (piperidine and DBU) as well as
various additives (no additive, HOBt and OxymaPure) and different additive

concentrations were tested. All tested conditions are summarised in Table 1.9.

To start up with, the peptidyl-resin was treated with the conventional
piperidine—DMF (1:4 v/v) solution (see entry #1 in Table 1.9). HPLC-MS analysis showed
formation of the undesired a,B-elimination product (1.28) in 90% HPLC yield, and only
10% of the desired unprotected depsipeptide (1.31) was obtained (Figure 1.18A). As
previously observed, addition of small percentages of organic acids to the Fmoc removal
solution proved effective to improve the Fmoc removal outcome. Inspired by these
results, the peptidyl-resin was treated with a 0.1 M HOBt in piperidine-DMF (1:4 v/v)
solution and a 0.2 M HOBLt in piperidine—DMF (1:4 v/v) solution (see entries #2-3 in Table
1.9). Unfortunately, treatment with a 0.1 M HOBLt in piperidine-DMF (1:4 v/v) solution
did not exert a positive effect on the deprotection step, leading to equivalent ratios
(12:88) of the unprotected depsipeptide (1.31):a,B-elimination product (1.28) as the
ones observed when no additive was added. Treatment of the peptidyl-resin with a 0.2
M HOBt in piperidine-DMF (1:4 v/v) solution resulted in improved unprotected
depsipeptide (1.31):0,B-elimination product (1.28) ratios (44:15), however, complete

Fmoc removal was not accomplished.

In an attempt to optimise the deprotection conditions, pentadepsipeptide 1.30
was treated with a DBU-DMF (2:98) solution (see entry #4 in Table 1.9). Although HPLC-
MS analysis showed 15% of remaining protected depsipeptide (1.30), the unprotected
depsipeptide (1.31):a,B-elimination product (1.28) ratio was improved to 45:22.
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# Fmoc removal conditions 1.30 131 1.28
(%) (%) (%)
1 Piperidine—DMF (1:4 v/v) (1 x 1 min) 0 10 90
2 0.1 M HOBt in Piperidine-DMF (1:4 v/v) (1 x 1 min) 0 12 88
3 0.2 M HOBt in Piperidine-DMF (1:4 v/v) (1 x 1 min) 41 44 15
4 DBU-DMF (2:98 v/v) (1 x 1 min) 15 45 22
5 0.1 M OxymaPure in DBU-DMF (2:98 v/v) 30 26 9
(1 x 1 min)
6 0.2 M OxymaPure in DBU-DMF (2:98 v/v) 100 0 0
(1 x 1 min)
7 0.1 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 min) 0 100 0
8 0.2 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 min) 63 32 5

Table 1.9. Fmoc removal studies of Fmoc-Thr(‘Bu)-O-Boc-Thr-N,0-Me,Thr-O-Ac-Thr-O-D-Pla-

Pro-Ala-N-Me-Ala-CTC-resin (1.30). HPLC data was processed at 220 nm.

Treatment of the peptidyl-resin with 0.1 M OxymaPure in DBU-DMF (2:98)

solution resulted in an unprotected depsipeptide (1.31):a,B-elimination product 1.28)

26:9 ratio (see entry #5 in Table 1.9). However, 30% of the protected peptide (1.30) was

detected. Additionally, the HPLC-MS spectrum was rather dirty and many unidentified
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side-products (in an overall 35% percentage) arising from the deprotection step were
observed. No Fmoc removal was observed when treating the peptidyl-resin with a 0.2
M OxymaPure in DBU-DMF (2:98 v/v) solution, and only 37% of Fmoc removal was
observed upon treatment with a 0.2 M HOBt in DBU-DMF (2:98 v/v) solution (see entry
#6 and entry #8 in Table 1.9). In agreement with previous observations, addition of a 0.2
M concentration of acidic additives was prone to partially or completely supress the
effect of the base. Successful Fmoc removal was achieved by treatment of the peptidyl-
resin with a 0.1 M HOBt in DBU-DMF (2:98) solution, which led to complete Fmoc
removal to afford the desired unprotected depsipeptide 1.31 (see entry #7 in Table 1.9
and Figure 1.18B).
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Figure 1.18. HPLC-MS chromatograms run at GO100t9T25 and processed at 220 nm of Fmoc
removal studies after Fmoc-Thr(*Bu)-OH assembly. A) Fmoc removal with a piperidine—DMF
(1:4 v/v) (1 x 1 min) solution to mainly afford 1.28; B) Fmoc removal with a 0.1M HOBt in
DBU-DMF (2:98 v/v) (1 x 1 min) solution to mainly afford 1.31.

1.3.2.2.5.3 Summary of the Ac-Thr(*Bu)-OH incorporation

Stepwise incorporation of the last residue to fully assemble the linear
depsipeptide chain was successfully accomplished (Scheme 1.27). First, commercially
available Fmoc-Thr('Bu)-OH was introduced upon on-resin Steglich esterification
conditions (Figure 1.19A). Formation of the undesired a,B-elimination side-product upon
Fmoc removal was completely circumvented by treatment of the peptidyl-resin with a
0.1 M HOBt in DBU-DMF (2:98 v/v) solution (Figure 1.19B). Acetylation of the free amine
of 1.31 was performed using the AcOH—OxymaPure—DIC coupling system to render the

final depsipeptide linear chain 1.29 (Figure 1.19C).
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Scheme 1.27. Assembly of the Ac-Thr(*Bu)-OH residue. a) Fmoc-Thr(*Bu)-OH (8 eq),
DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1 v/v), 35 °C, 2 h 30 min; b) 0.1M HOBt in
DBU-DMF (2:98 v/v) (1 x 1 min); c) AcOH (3 eq), OxymaPure (3 eq), DIC (3 eq), 25 °C,
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Figure 1.19. HPLC-MS chromatograms run at G0O100t9T25 and processed at 220 nm of Ac-
Thr(*Bu)-OH assembly. A) on-resin Steglich esterification of Fmoc-Thr(*Bu)-OH to render 1.30;
B) Fmoc removal with a 0.1M HOBt in DBU-DMF (2:98 v/v) (1 x 1 min) solution to afford 1.31;
C) Acetylation of the free amine to afford the linear protected depsipeptide 1.29.
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1.3.2.2.6 Final stepwise strategy to prepare the linear precursor of 1.1: Synthesis of
Ac-Thr(O(H2N-Thr(O(Ac-Thr(OH)-CO))-Fmoc-N,0-Me,Thr-C0))-COO-D-Pla-
Pro-Ala-N-MeAla-COOH (1.32)

For the first time, a fully Fmoc-based stepwise strategy to prepare complex
depsipeptides that are composed of B-branched residues and hold multiple and
consecutive ester linkages was developed (Scheme 1.28). Synthesis of linear
tetrapeptide 1.3 was accomplished by SPPS standard means. We were able to introduce
the until now unreactive Ac-Thr-OH derivative in a stepwise manner. The Thr derivative
was introduced as Fmoc-Thr(TBDMS)-OH, being Fmoc and TBDMS simultaneously
removed by treatment with TBAF. Next, the free amine function was selectively
acetylated in the presence of a free hydroxyl functionality to afford 1.14. Consecutive
ester bond formation between the free hydroxyl group of 1.14 and either Alloc-N,O-
Me,Thr-OH (1.20) or Fmoc- N,0-Me;Thr-OH (1.24) was successfully accomplished,
followed by corresponding Alloc or Fmoc removal. However, 22-23% of racemisation
was observed upon esterification conditions. N-alkylated amino acid are more
susceptible to epimerisation at the a-carbon, and racemisation might be attributed to
this moiety.[¥” Remarkably, Fmoc removal at this point of the synthesis with a DBU-
DMF (2:98 v/v) solution successfully afforded the desired product in a 57% HPLC yield,
being formation of the undesired a,B-elimination side-product significantly minimised
for the first time.l*®%3! The fully stepwise strategy for the preparation of the target
molecule can be developed with both the Alloc and the Fmoc protected N,0-Me;Thr-OH
residues. Although Fmoc removal led to lower HPLC yields, it becomes a very useful
strategy for the rapid preparation of numerous 1.1 analogues, since many Fmoc-
protected amino acid derivatives are commercially available. Next, Boc-Thr-OH
incorporation via an amidation reaction was performed with the unprotected hydroxyl
group to afford compound 1.27. Full assembly of the linear depsipeptide chain 1.29 was
achieved by introduction of commercially available Fmoc-Thr(!Bu)-OH through a Steglich
esterification with the hydroxyl group of 1.27. Fmoc removal conditions were optimised
(0.1 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 min)), being the formation of the undesired

o, B-elimination side-product fully circumvented.
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Scheme 1.28. Final stepwise strategy to prepare the linear precursor of 1.1. a) Fmoc-
Thr(TBDMS)-OH (1.10) (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM—DMF (9:1 v/v), 35°C, 2 h 30
min; b) 1.0 M TBAF in THF (1 eq), 10 min, N, atm., 25 °C; c) AcOH (3 eq), OxymaPure (3 eq),
DIC (3 eq), 25 °C, 40 min; d) Alloc-N,0-Me,Thr-OH (1.20) (8 eq), DIC (8 eq), DMAP (0.5 eq),
DCM-DMF (9:1 v/v), 35 °C, 2 h 30 min; e) Pd(PPhs). (0.1 eq), PhSiH; (10 eq), DCM, 15 min; f)
Fmoc-N,0-Me,Thr-OH (1.24) (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1 v/v), 35 °C, 2
h 30 min; g) DBU-DMF (2:98 v/v) (1 x 1 min); h) Boc-Thr-OH (3 eq), HATU (3 eq), HOAt (3 eq),
DIEA (6 eq), rt, 1 h; i) Fmoc-Thr(*Bu)-OH (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1
v/v), 35 °C, 2 h 30 min; j) 0.1M HOBt in a DBU-DMF (2:98 v/v) solution (1 x 1 min); k) TFA—
TIS-DCM (90:5:5 v/v), 25 °C, 30 min, anhydrous conditions; 25% overall yield after HPLC
purification.
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Lastly, acetylation of the free amine was carried out prior to depsipeptide 1.29
cleavage and global deprotection with a TFA-TIS-DCM (90:5:5 v/v) cocktail under
anhydrous conditions. The linear precursor 1.32 was subjected to HPLC purification and
obtained with an overall yield of 25%. Considering the synthetic complexity of the
target molecule and the numerous steps required for the preparation, 1.32 was

prepared with an outstanding overall yield after HPLC purification.

1.3.3 Efficiency of the stepwise synthetic strategy by comparison with segment

condensation strategies

A readily used approach in depsipeptide synthesis is segment condensation, in
which the segment containing the ester bond is synthesised in solution and incorporated
onto the peptide chain through an amide bond formation.®Y Up to date, segment

condensation is the most efficient strategy for depsipeptide synthesis.

We wished to evaluate the efficiency of our recently developed stepwise strategy
by its comparison with a traditional segment condensation approach. In order to
evaluate whether it is more efficient to incorporate the residues in an exclusive stepwise
manner or following a traditional segment condensation approach, two synthetic
strategies incorporating either one or two depsipeptide segments, respectively, were

developed.
1.33.1 Development of a synthetic strategy containing one segment condensation

1.3.3.1.1 Initial synthetic approach

According to our synthetic approach, the Ac-Thr-OH residue was the first one to
be assembled through an ester linkage. Thus, the first logical segment condensation that
came to mind was insertion of the depsipeptide building Ac-Thr(O(Alloc-N,0-Me;Thr-
CO))-COOH (1.33, Scheme 1.29) onto tetrapeptide 1.3. In this context, the synthetic

strategy described in Scheme 1.30 was pursued.
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Scheme 1.29. Depsipeptide building block containing the Ac-Thr-OH and the N,0-Me;Thr-OH
residues.
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Scheme 1.30. Initial proposal of a synthetic strategy containing one depsipeptide building
block segment condensation.
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1.3.3.1.1.1 Preparation of didepsipeptide building block Ac-Thr(O(Alloc-N,O-Me;Thr-
CO)-COOH (1.33)

Synthesis of building block 1.33 was carried out as follows. Compound 1.34 can
be obtained in the presence of free hydroxyl functionalities by amide bond formation
between threonine tert-butyl ester and AcOH using DIC/DMAP as coupling agents
(Scheme 1.31). DIC is widely used in peptide chemistry because of its high reactivity and
low cost. In this case, full conversion of starting material was reached after 3 h 30 min.
Purification was required to fully eliminate the corresponding formed urea, and
compound 1.34 was obtained with a 97% vyield after flash chromatography purification.
Acetylation was also evaluated using carbodiimide EDC instead of DIC, since its urea
derivate can be washed away with acidic extractions and therefore the purification step
would be avoided. Nevertheless, acetylation with EDC led to longer reaction times and
low yields (28%). Thus, acetylation was performed with the DIC/DMAP system. Next,
esterification between 1.34 with previously prepared Alloc-N,0-Me;Thr-OH (1.20) was
performed in solution phase upon Steglich esterification conditions, being compound
1.35 obtained in a 46% yield after purification with a C18 reversed-phase Porapak™ Rxn
Cartridge. Carboxylic acid deprotection was successfully accomplished by treatment
with a TFA-DCM (9:1 v/v) mixture. Pure 1.33 was obtained in quantitative yields and

used without further purification.
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Scheme 1.31. Synthesis of didepsipeptide 1.33. a) AcOH (1.2 eq), DIC (1.2 eq), DIEA (1 eq),
DMAP (0.1 eq), DMF, rt, 3 h 30 min, 97%; b) Alloc-N,0-Me,Thr-OH (1.20) (1.5 eq), DIC (1.5 eq),

DMAP (0.1 eq), DCM-DMF (9:1 v/v), 0-20 °C, 24 h, 46%; c) TFA-DCM (9:1 v/v), 2 h, N,
atmosphere, Quantitative yield.
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1.3.3.1.1.2 Segment condensation of didepsipeptide Ac-Thr(O(Alloc-N,O-Me;Thr-
C0))-COOH (1.33)

Segment condensation of building block 1.33 onto tetrapetidyl-resin 1.3 was
performed upon Steglich esterification conditions (Scheme 1.32). The following
incorporation conditions were used AA-DIC-DMAP (8:8:0.5 eq), in which the carboxylic
acid was pre-activated over 5 min prior to its on-resin incorporation, followed by
addition of catalytic amounts of DMAP. The reaction was performed at 35 °C under

anhydrous conditions.

o (0] | O
HO N \\\JJ\N N\./LI_O

Scheme 1.32. Segment condensation of 1.33 via an on-resin Steglich esterification failed to
afford 1.25 and 1.36 was obtained instead. a) 1.33 (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-
DMF (9:1 v/v), 35 °C, 2 h 30 min.

HPLC-MS analysis of the hexadepsipeptidyl-resin cleavage crude showed
complete formation of compound 1.36 and formation of the desired product (1.25) was
not detected. We hypothesised that the acetyl moiety might account for deactivation of
the carboxylic acid function of 1.33 (see below), thus leading to poor esterification
outcome. In this context, depsipeptide fragmentation might take place upon activation
conditions, and activation of the Alloc-N,0-Me;Thr-OH residue resulted in complete
formation of 1.36. These results comply with previous experiments carried out in this
project and reported in the literature,“¢%3! in which incorporation of acetylated Ac-

Thr(*Bu)-OH residue through an on-resin Steglich esterification was not accomplished.
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1.3.3.1.2 Synthetic strategy containing one segment condensation: Incorporation of

the Ac-Thr(OH)-COO-D-Pla-COOH building block onto tripeptidyl-resin 1.2

Since assembly of 1.33 complete failed to afford the desired product, segment
condensation was attempted with the didepsipeptide moiety containing the Ac-

Thr(OH)-COO-D-Pla-COOH building block instead (1.37, Scheme 1.33).

In this case, depsipeptide building block 1.37 was first synthesised to be later on
inserted to the depsipeptide chain by segment condensation via an amide bond

formation.

5 1.37 :
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Scheme 1.33. Final synthetic strategy containing one depsipeptide building block segment
condensation.

1.3.3.1.2.1 Preparation of building block Ac-Thr(OH)-COO-D-Pla-COOH (1.37)

Synthesis of building block 1.37 was carried out on solid-phase, being 2-CTC the

resin of choice. The 2-CTC renders the C-terminus as a free carboxylic acid function upon
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cleavage conditions. Incorporation of D-Pla-OH was performed by standard SPPS means
(Scheme 1.34), followed by on-resin Steglich esterification of commercially available
Fmoc-Thr(*Bu)-OH. HPLC-MS analysis of the cleveage crude showed complete
didepsipeptide formation. Fmoc removal with the traditional piperidine—DMF (1:4 v/v)
(2 x 1 min) cocktail successfully afforded the free amine. Quickly after Fmoc elimination,
acetylation of the free amine was performed with the AcOH-OxymaPure-DIC (3:3:3 eq)
coupling system. The reaction conversion was monitored by HPLC-MS analysis.
Depsipeptide cleavage from the resin and ‘Bu removal were accomplished by treatment
with a TFA-TIS-DCM (90:5:5 v/v) mixture. The crude product was purified with a C18
reversed-phase Porapak™ Rxn Cartridge and pure 1.37 was obtained with an overall

yield of 31% over 5 steps.

_Fmoc

0
CI—O ab,. 1o W
2-CTC
resin
o o
o

Scheme 1.34. Preparation of the 1.37 building block. a) D-Pla-OH (0.8 eq), DIEA (10 eq), DCM,
50 min; b) MeOH (800 uL/g resin), 10 min; c) Fmoc-Thr(*Bu)-OH (8 eq), DIC (8 eq), DMAP (0.5
eq), DCM—DMF (9:1 v/v), 2 h 30 min; d) piperidine—DMF (1:4 v/v) (2 x 1 min); e) AcOH (3 eq),
OxymaPure (3 eq), DIC (3 eq), DMF, 20 min; TFA-TIS-DCM (90:5:5 v/v), 40 min, anhydrous
conditions. Overall yield after purification: 31% over 5 steps.

1.3.3.1.2.2 Segment condensation of depsipeptide Ac-Thr(OH)-COO-D-Pla (1.37)

With tripeptidyl-resin 1.2 and building block 1.37 in hands, the best conditions
to perform the segment condensation via an amidation reaction were evaluated

(Scheme 1.35).
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Scheme 1.35. Segment condensation of 1.37 via an amidation reaction. a) 1.37 (3 eq), PyBOP
(3 eq), HOAt (3 eq), DIEA (6 eq), 25 °C, 24 h; b) 1.37 (3 eq), HATU (3 eq), HOAt (3 eq), DIEA (6
eq), 25°C, 2 h.

Segment condensation was tested with the 1.37-HATU-HOAt-DIEA (3:3:3:6 eq)
and the 1.37-PyBOP-HOAt—-DIEA (3:3:3:6 eq) coupling systems. The latter led to a better
incorporation outcome, being pentadepsipeptide 1.2 obtained with excellent

conversion according to HPLC-MS analysis (Figure 1.20).
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Figure 1.20. HPLC-MS chromatograms run at G0100t9T25 and processed at 220 nm. 1.37
incorporation onto 1.2 through an amidation reaction.

1.3.3.1.2.3 Synthetic strategy containing one segment condensation: depsipeptide

chain elongation

Once segment condensation of 1.37 was accomplished, assembly of the
remaining residues, namely N,0-Me;Thr-OH, Boc-Thr-OH and Ac-Thr(*Bu)-OH, was
carried out in a stepwise manner following the already developed fully stepwise strategy
(Scheme 1.36). Thus, on-resin Steglich esterification between the hydroxyl group of 1.2
and the N-protected N,0-Me,Thr carboxylic acid was carried out. In this case, 22-23% of

racemisation upon ester bond formation was also observed.
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Scheme 1.36. Final strategy containing one segment condensation to prepare the linear
precursor of 1.1. a) 1.37 (3 eq), PyBOP (3 eq), HOAt (3 eq), DIEA (6 eq), DMF, 25 °C, 24 h; b)
Alloc-N,0-Me,;Thr-OH (1.20) (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1 v/v), 35 °C, 2
h 30 min; c) Pd(PPhs)4 (0.1 eq), PhSiH3 (10 eq), DCM, 15 min; d) Fmoc-N,0-Me,Thr-OH (1.24)
(8 eq), DIC (8 eq), DMAP (0.5 eq), DCM—DMF (9:1 v/v), 35 °C, 2 h 30 min; e) DBU-DMF (2:98)
(1 x 1 min); f) Boc-Thr-OH (3 eq), HATU (3 eq), HOAt (3 eq), DIEA (6 eq), 25 °C, 1 h; g) Fmoc-
Thr(*Bu)-OH (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM—-DMF (9:1 v/v), 35 °C, 2 h 30 min; h) 0.1M
HOBt in a DBU-DMF (2:98 v/v) solution (1 x 1 min); i) AcOH (3 eq), OxymaPure (3 eq), DIC (3
eq); j) TFA-TIS-DCM (90:5:5 v/v), 25 °C, 30 min, anhydrous conditions; 24% overall yield after

HPLC purification.
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Amine removal protecting group, Alloc, was required prior to Boc-Thr-OH residue
coupling with the HATU-HOAt-DIEA coupling system. Lastly, Steglich esterification of
commercially available Fmoc-Thr(*Bu)-OH was carried out, followed by Fmoc removal
and subsequent acetylation. The linear depsipeptide was released from the resin and
subjected to HPLC purification. HPLC purification of the crude product furnished the
linear peptide 1.32 with a 24% overall yield. Remarkably, a comparable overall yield was

obtained with our convenient fully stepwise strategy.

1.3.3.2 Development of a synthetic strategy containing two segment

condensations

A synthetic strategy containing two depsipeptide building blocks segment

condensations was designed as follows (Scheme 1.37).

Stepwise residue Segment condensation via
incorporation 1. a Steglich esterification
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Scheme 1.37. Proposal of a synthetic strategy containing two segment condensations.
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Two building blocks corresponding to didepsipeptides Ac-Thr(OH)-COO-D-Pla-
COOH (1.37) and Boc-Thr(O(Ac-Thr(*Bu)-C0O))-COOH (1.38) were assembled to the linear

chain upon an amide bond formation.

Since building block Ac-Thr(OH)-COO-D-Pla-COOH (1.37) assembly was already
optimised as described in the previous section, the synthesis of the Boc-Thr(O(Ac-
Thr(*Bu)-C0O))-COOH didepsipeptide (1.38) and its subsequent incorporation to the

linear chain is described in the present section.

1.3.3.2.1 Preparation of building block Boc-Thr(O(Ac-Thr(*Bu)-C0))-COOH (1.38)

Synthesis of 1.38 started with commercially available threonine benzyl ester
(Scheme 1.38). The amine function was selectively protected with the Boc group in the
presence of a free hydroxyl group by treatment with Boc;0 and EtsN. Compound 1.39
was obtained in moderate yields (56%) after column chromatography purification. Next,
esterification between 1.39 and commercially available Fmoc-Thr(*Bu) -OH was carried
out in solution phase upon Steglich esterification conditions, being didepsipeptide 1.40
obtained in good yields (86%) after column chromatography purification. Fmoc group
removal was accomplished by treatment with Et;N, and the free amine was subjected

to column chromatography purification to afford pure 1.41 with a 46% vyield.

ﬁiﬁ@w“*ﬁ@wﬁ o

By
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HN, N/
’O
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1.41 1.38

Scheme 1.38. Synthesis of didepsipeptide 1.38 a) Boc,0 (1.1 eq), EtsN (2.1 eq), DCM, 25 °C, 2
h, 56%; b) Fmoc-Thr(*Bu)-OH (1.5 eq), DIC (1.5 eq), DMAP (0.1 eq), DCM-DMF (9:1 v/v), 0 °C,
1 h, 86%; c) Et;N-DCM (4:6 v/v), 25 °C, 2 h, 46%; d) CH5COCI (1.2 eq), EtsN (1.4 eq), 25 °C, 1 h;
e) H, Pd/C, MeOH 47% over two steps.

Acetylation was accomplished by reaction of 1.41 with CHsCOCI and EtsN,

followed by benzyl protecting group removal under catalytic hydrogenation conditions.
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Flash chromatography purification afforded compound 1.38 with a 47% yield over two

steps.

1.3.3.2.2 Synthetic strategy containing two segment condensations: depsipeptide

chain elongation

The general synthetic strategy to prepare the linear precursor of 1.1 through a

strategy containing two segment condensations is described as follows (Scheme 1.39).

Linear tripeptide 1.2 was prepared by standard SPPS means. Segment
condensation of Ac-Thr-O-D-Pla-OH building block was successfully accomplished with
the 1.37-PyBOP—HOAt-DIEA (3:3:3:6 eq) coupling system. As previously mentioned,
HPLC-MS analysis showed the formation of a single product corresponding to the

desired product (1.14).

Next, on-resin Steglich esterification between the free alcohol group of 1.14 and
either the Alloc or the Fmoc protected N,0-Me,Thr-OH residue was carried out. Amine
protecting group removal was followed by incorporation of the last depsipeptide
segment (1.38). Segment condensation of 1.38 was successfully accomplished by
treatment of the peptidyl-resin 1.17 with the 1.38-HATU—collidine (3:3:6 eq) coupling
system. HPLC-MS analysis showed the presence of one single peak corresponding to the

desired product (1.29).

Finally, global deprotection and depsipeptide release from the resin was
performed under anhydrous conditions by using a TFA-TIS-DCM mixture. The crude

linear product was subjected to HPLC purification to furnish 1.32 in a 26% overall yield.

Remarkably, a comparable overall yield was obtained with our convenient fully
stepwise strategy and the synthetic strategy containing one depsipeptide building block

segment condensation.
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Scheme 1.39. Final synthetic strategy containing two depsipeptide building blocks segment
condensations to prepare the linear precursor of 1.1. a) 1.37 (3 eq), PyBOP (3 eq), HOAt (3
eq), DIEA (6 eq), DMF, 25 °C, 24 h; b) Alloc-N,0-Me,Thr-OH (1.20) (8 eq), DIC (8 eq), DMAP
(0.5 eq), DCM—DMF (9:1 v/v), 35 °C, 2 h 30 min; c) Pd(PPhs)4 (0.1 eq), PhSiH3 (10 eq), DCM,
15 min; d) Fmoc-N,0-Me,Thr-OH (1.24) (8 eq), DIC (8 eq), DMAP (0.5 eq), DCM-DMF (9:1
v/v), 35°C, 2 h 30 min; e) DBU-DMF (2:98 v/v ) (1 x 1 min); f) 1.38 (3 eq), HATU (3 eq), collidine
(6 eq), DMF, 25 °C, 2 h; g) TFA-TIS-DCM (90:5:5 v/v), 25 °C, 30 min, anhydrous conditions;

26% overall yield after HPLC purification.

1333 Comparison of the three developed strategies

Three synthetic strategies have been developed and optimised for the

preparation of the linear precursor of depsipeptide 1.1 including (i) a fully stepwise

strategy, (ii) a strategy containing one depsipeptide segment condensation and (iii) a

strategy containing two depsipeptide segment condensations. Evaluation of the best
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approach to the total synthesis of the target molecule was undertaken, and all three
strategies proved effective for the preparation of complex depsipeptides that are
composed of B-branched residues and contain multiple and consecutive ester linkages.
Although one would think that the fully stepwise strategy would lead to higher
percentages of side-products (since more steps are carried out along the solid-phase
synthesis), HPLC analysis of all three crude linear products showed similar HPLC traces.
In fact, comparable yields after HPLC purification of the crude linear depsipeptide 1.32

were obtained (between 24-26%).

However, the fully stepwise strategy presents some advantages over segment
condensation strategies. A major advantage of this strategy is that the excesses of
reagents can be washed away by simple suction, and therefore only one purification
step throughout the synthesis is required. Additionally, the numerous commercially
available Fmoc-protected amino acid derivatives facilitate the synthetic process.
Contrary, segment condensation strategies demand numerous purifications, since
preparation of depsipeptide building blocks often comprises several reaction and
purification steps. Thus, segment condensation approaches are ultimately more time-

consuming and laborious.

It is worth highlighting the versatility of the fully stepwise strategy, as the
prevalent drawbacks encountered during depsipeptide synthesis associated with (i) the
Fmoc protecting group and (ii) the protecting group scheme for residue incorporation,
were extensively studied and solved. In fact, the Fmoc-based stepwise strategy becomes

a valuable tool for the rapid preparation of many synthetic analogues.

1.3.4 Depsipeptide macrolactamisation

The disconnection site for compound 1.1 was chosen between the N-terminal L-
Thr and C-terminal N-MeAla. Cyclisation in solution can be undertaken in the presence
of free hydroxyl functionalities. Nevertheless, the linear depsipeptide can undergo O-to-
N-transacylation (see Scheme 1.40), and therefore special attention was put into this

when carrying out the reaction.
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Scheme 1.40. Possible O-to-N-transacylation side-reaction.

High dilution conditions were required to favour intramolecular cyclisation and
prevent polymerisation, 1% and therefore the linear depsipeptide concentration was set
up to 1.0 mM. Macrolactamisation of 1.32 was carried out in solution using the HATU—
collidine coupling system (Scheme 1.41). According to HPLC-MS analysis, full
consumption of the starting material was not accomplished, being the highest
conversion rates achieved within the first two hours. Neither O-to-N-transacylation nor
racemisation were observed. HPLC purification of the crude product furnished the target
molecule 1.1 with a 22% yield. These results comply with literature, being the yields for

cyclisation of YM-254890 and their synthetic analogues comprised within this range.®3!

Nevertheless, this cyclisation extent is rather low, and future work should be
addressed at the optimisation of this step. A good starting point would be evaluation of
the optimal coupling reagents system as well as selection of a different disconnection

point for cyclodepsipeptide 1.1.
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Scheme 1.41. Depsipeptide 1.32 cyclisation in solution to afford 1.1. a) HATU (1 eq), collidine
(3 eq), DMF, 25 °C, 2 h, 22%.

1.3.5 Overview of the Fmoc removal studies and selection of the appropriate

protecting group scheme

This section encloses a brief summary on the obtained results regarding
extensive Fmoc removal studies. Additionally, a brief summary on the selection of the

appropriate protecting group scheme for stepwise residue incorporation is also given.
1.3.5.1 Overview of the Fmoc removal studies

Fmoc removal after formation of ester linkages via assembly of Fmoc-protected
residues at the N-terminus, as well as incorporation of the second residue of the peptide
sequence, were extensively studied. Whilst the first led to racemisation and formation
of undesired a,B-elimination side-products, the latter led to DKP formation. As previous
studies had already shown, addition of small percentages of organic acids to both the
piperidine and the DBU solutions has proven effective to diminish aspartimide formation
during Fmoc removal treatments.[#387.88] |nspired by this principle, a source of protons

(HOBt or OxymaPure) was added to both cocktail mixtures to partially neutralise the
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base and improve the deprotection outcome. Thus, optimal conditions to prevent or

minimise these drawbacks are summarised in the present section.

Overview of the Fmoc removal studies regarding DKP formation

1. For the first time, addition of small percentages of organic acids to the Fmoc
removal cocktail considerably minimised DKP formation.

2. An improvement in the Fmoc removal outcome was observed when replacing
the traditional piperidine-DMF (1:4 v/v) system by the DBU-DMF (2:98 v/v)
cocktail.

3. Although addition of OxymaPure did not exert a positive effect on the
deprotection step, addition of HOBt to both the piperidine and the DBU solutions
resulted in minimised DKP formation rates. DKP formation could be reduced to
a more than acceptable 5% percentage.

4. Among all tested conditions, the optimal treatment to minimise DKP formation

was found to be the following: 0.1 M HOBt in DBU-DMF (2:98 v/v) (2 x 1 min).

Overview of the Fmoc removal studies after ester bond formation

General conclusions for Fmoc removal after formation of the three ester linkages

are drawn as follows.

1. For the first time, addition of small percentages of organic acids to the Fmoc
removal cocktail resulted, in most of the cases, in an improvement in the
deprotection step after assembly of Fmoc-protected residues via ester bond
formation.

2. In all cases, an improvement in the Fmoc removal step was observed when
replacing the traditional piperidine—based mixture by the DBU-DMF (2:98
v/v) cocktail.

3. In most cases, addition of HOBt or OxymaPure in a 0.1 M concentration
improved the Fmoc removal outcome. Generally, addition of higher
percentages of both organic acids (in a 0.2 M concentration) accounted for

poorer results, probably due to the base being neutralised in excess.
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Next, an overview on the evaluation of the optimal Fmoc removal conditions
after formation of each ester linkage is given. Note that the overall chemical diversity
provided by the model peptide 1.1, allowed Fmoc removal studies upon diverse

chemical environments after ester bond formation.

1. Optimal Fmoc removal conditions after formation of the first ester
linkage were accomplished by treatment of the peptidyl-resin with either
a 0.1 M OxymaPure in DBU-DMF (2:98 v/v) solution (1 x 1 min) or a 1.0
M TBAF solution in THF (2 x 15 min). In this case, epimerisation (50-60%)
was fully circumvented.

2. Optimal Fmoc removal conditions after formation of the second ester
linkage were accomplished by treatment of the peptidyl-resin with a
DBU-DMF (2:98 v/v) solution (1 x 1 min), in which the desired product
was obtained with a 57% conversion. In this case, addition of small
percentages of organic acids did not improve the deprotection outcome.
For the first time, a big step forward was made since formation of the
a,B-elimination side-product was considerably minimised, however,
there is still room for improvement and further research is needed.
Future studies could focus on attempting the complete prevention of the
undesired side-product formation. For that, other additives such as
formic acid could be used. Additionally, compounds with less acidic
protons like phenols or polyphenols could be assessed.

3. Optimal Fmoc removal conditions after formation of the third ester
linkage were accomplished by treatment of the peptidyl-resin with a 0.1
M HOBt in DBU-DMF (2:98 v/v) solution (1 x 1 min). Whereas treatment
with the traditional piperidine-based mixture accounted for the
formation of the undesired a,B-elimination side-product in high
percentages (90%), the conditions mentioned above fully prevented this
undesired side-reaction. In this last Fmoc removal step, we were happy

to observed quantitative formation of the desired unprotected product.
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1.3.5.2 Overview of the appropriate protecting group scheme

Next, an overview on the appropriate protecting group scheme for residue
assembly via ester bond formation is given. Note that the overall chemical diversity
provided by the model peptide 1.1, allowed development of the optimal protection

scheme for each residue incorporation upon diverse chemical environments.

1. Formation of the first ester linkage was accomplished by assembly of
Fmoc-Thr(TBDMS)-OH. Surprisingly, introduction of the until now
unreactive Ac-Thr-OH derivative in a stepwise manner was only
accomplished with the amine function protected with Fmoc, and
protection with Ac or Alloc resulted in no incorporation. The Thr
derivative was provided with appropriate and orthogonal protecting
groups for the amine and the hydroxyl functions (Fmoc and TBDMS,
respectively), being Fmoc and TBDMS simultaneously removed by
treatment with TBAF after residue incorporation.

2. Formation of the second ester linkage was accomplished by assembly of
either Alloc-N,0-Me;Thr-OH or Fmoc-N,0-Me;Thr-OH. Whereas Alloc
removal was successfully accomplished, Fmoc elimination afforded the
desired product in a more modest HPLC conversion (57%). Although Fmoc
removal led to lower HPLC yields, the Fmoc protecting group might be
very useful for the rapid preparation of a series of analogues. In fact, the
presence of 43% of impurities at this late stage of the synthesis was
considered good enough to carry on with the assembly of the last two
residues. Most importantly, these results represent a huge step forward
compared to previously described results, since prior studies that aimed
at Fmoc removal of this residue, mostly resulted in a,B-elimination.

3. Formation of the third ester linkage was accomplished by assembly of
commercially available Fmoc-Thr('Bu)-OH. In agreement with previous
results, incorporation of this residue was only accomplished with the
amine function protected with Fmoc, and protection with Ac or Alloc

resulted in no incorporation.
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Chapter 2. Introduction

2.1 Introduction

2.1.1 Protein-Protein Interactions

Protein-Protein Interactions (PPls) play an important role in all virtually cellular
processes. Communication between proteins mediate many biological functions such as
enzymatic activity, subcellular localisation, binding properties, among others.['* Of
great interest is the stabilisation or disruption of these interactions for the modulation
of the protein function within the cell, thus, great efforts have been put into developing
new modulators for PPIs, becoming an important breakthrough towards the generation
of new drugs. PPIs are divided into two major classes that involve either two globular
proteins (domain-domain) or the interaction between a linear sequence of amino acids
and a globular domain of the other partner (peptide-domain). In the latter, amino acid
residues responsible for peptide-protein interactions, namely hot-spot regions, typically

adopt a secondary structure.[>45!

Generally, PPls interfaces comprise a large contact area of 1500-3000 A2 and exhibit
a flat surface.[®! In order to achieve good affinity and competitive binding, PPIs
inhibitors/activators should display a significantly large area to interact with the so-

called hot-spots.['3>7] |t is not surprising, therefore, that peptides serve as a good
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starting point for the design of PPIs modulators, since they are typically larger in size

than most of the common small molecule drugs.!®!

Constrained peptides!®! combine the advantages of therapeutic proteins with those
of small molecules, such as (i) high specificity and binding affinity; (ii) lower toxicity, as
peptides can degrade into amino acids; and (iii) easy modulation by incorporation of
diverse chemical modifications.[*®! However, in vivo instability due to protease
degradation and poor bioavailability are the main drawbacks that have hampered their
exploitation as therapeutic drugs. Nevertheless, great advances have been made in the
peptide therapeutics field to optimise their pharmacokinetic profile,’*1? including the
following peptide backbone modifications: peptide cyclisation, N-alkylation, carbonyl
replacement, a-carbon replacement, a-carbon substitution, backbone extension among

others.[13]
2.1.2 Protein mimicry: mimicking a-helix secondary structures

a-Helix, or the so-called Pauling-Corey-Branson alpha helix structure, is the most
prevalent secondary structure in proteins, being the most regular and predictable
conformation.™ It is a right-handed-coiled or spiral conformation structure in which
each amino group (N-H) donates a hydrogen bond to the backbone C = O group of the

amino acid located four residues earlier (Figure 2.1).114.15]

Figure 2.1. a-helix conformation.

Moreover, according to Arora et al., over 60% of the protein-protein complexes

in the Protein Data Bank possess a-helical interfaces.[*®! Thus, mimicking these a-helixes
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has become an appealing approach to generate molecules that disrupt or promote PPlIs.
However, short peptides usually have little structure in solution. In this context, several
approaches have appeared over the years to favour or to stabilise an a-helix, such as: (i)
to insert proteogenic amino acids that show more propensity to form o-helixes (e.g. Ala,
Met and Leu);*7 (ii) to insert constrained amino acids such as o, a-disubstituted residues
(e.g. o-aminoisobutyric acid (Aib));*&1° (iii) to promote electrostatic interactions by H-
bonding, dipole formation or salt bridges interactions;2%21 (iv) to promote side-chain to
side-chain hydrophobic interactions with aromatic residues;?? (v) to introduce side-
chain to side-chain cross-linking of amino acids located on the same face of the helix;23-
271 and (vi) combinations thereof. Following, these approaches are reviewed in more

detail.
2121 Helix propensity of proteogenic amino acids

The helix propensity of proteogenic amino acids is crucial to determine the
contribution of each residue to the overall secondary structure of a peptide or a
protein.['”l The propensity to stabilise helical conformations is associated with short
interactions between the amino acid side chain and both the peptide backbone and the
solvent. This value can be experimentally determined,*”! and accordingly, amino acids
can be classified into three different families, including: helix forming, helix indifferent
and helix breaking residues. This data becomes useful for the prediction of the optimal
location of amino acid residues within the peptide backbone to induce the desired
secondary structure. Extensive studies concluded that insertion of Ala, Met and Leu to
the peptide chain promotes and stabilises the a-helical conformation.[*”! Contrary, Val,
lle and Gly are prone to break a-helix turns and are likely to induce B-sheet

conformations instead.[28!
2.1.2.2 Insertion of a-amino acids with restricted conformation space

A useful approach to promote the formation of the helical turn is the insertion of
o,o-disubstituted residues (e.g. Aib). The Aib and Aib-like amino acids present a
restricted space conformation that results in stabilisation of helical secondary

structure.['31 Not surprisingly, the ratio of the o, a-disubstituted residues as well as the
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solvent polarity play a crucial role in the helical stabilisation.?>31 In polar solvents,
helicity is maintained as long as the Aib percentage does not exceed 50%. Although
peptide couplings onto Aib residues is hampered by the sterically hindered environment
provided by o,a-disubstituted amino acids, several SPPS methodologies have appeared
over the past years to circumvent these difficulties.[32331 Up to date, numerous non-
proteogenic o,a-disubstituted amino acids have been used to promote the helical

conformation of a series of biologically active relevant short helical peptides.343]
2.1.23 Electrostatic interactions to promote the a-helix conformation

It is well known that a-helical structures are stabilised by H-bonds between residue
side-chains and both the N- and the C-terminus. As an example, a negatively charged
side-chain such as the one provided by the carboxylic acid present in Asp or Glu residues
located at adequate positions can form H-bonds with the free N-terminus amine,
resulting in a-helix stabilisation.®! Concomitantly, since the helical conformation is
polarised from the N- to the C-terminus, side-chain—dipole interactions can be promoted

by placing favourable charged residues within close proximity to both ends.37!

Additionally, creation of ion pairs or salt bridges between oppositely charged side-
chains at positions i,i+3 or i,i+4 (within one helical turn distance) promotes the a-helix
conformation (Figure 2.2). In fact, dipolar interactions between a negatively charged
side-chain (e.g.; Glu or Asp) and a positively charged side-chain containing a free amine
(e.g.; Lys or Arg) separated by one helical turn becomes an efficient approach to induce

and stabilise the a-helical structure.[21:38]

Salt bridge

Figure 2.2. Salt bridge to promote a-helix conformation.
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2.1.24 Hydrophobic interactions to promote the a-helix conformation

a-helix secondary structures can as well be stabilised by hydrophobic interactions
by insertion of two hydrophobic groups.[?? Insertion of two highly electron-deficient
aromatic rings separated by one or two helical turns promotes ri-rtinteractions,*® which

ultimately leads to stabilised a-helix conformations (Figure 2.3).

In this context, Albert et al. evaluated the effect of the solvent and the location of
the two aromatic groups on the helical content.[?2l With that purpose, a series of i,i+4,
i,i+7 and i,i+13 stapled peptides were prepared and their structural features were
extensively studied. Location of the two aromatic groups at positions i and i+4,
respectively, accounted for the highest helicity. These results are not surprising, since
the i,i+4 staple presents the closest arrangement of these groups and consequently m-mt
interactions exert a greater impact on the secondary structure stabilisation.
Additionally, Albert and co-workers demonstrated that the nature of the solvent and the
solvent concentration play a key role in a-helical stabilisation. Maximum helicity was
observed in intermediate H,O/methanol mixtures, as well as high percentages of H,0 in

TFE.

NO, NO,

HN NH

Hydrophobic interactions

Figure 2.3. Hydrophobic interactions to promote a-helix conformation.

2.1.25 Side-chain to side-chain crosslinking

As mentioned earlier, a-helixes are stabilised by intramolecular hydrogen bonds
between the carbonyl oxygen and the amine proton at positions i,i+3, i,i+4 and i,i+7.

Thus, it is not surprising, that covalent cross-links were designed to act as the bridge

117



Chapter 2. Introduction

between positions i,i+3 and positions i,i+4 to favour the a-helix turn, and between
positions i,i+7 for two helical turns (Figure 2.4).1%0-%1 Longer helical peptide sequences
might require the insertion of multiple covalent bridges. For that, multiple individual
staples or a stitched-tandem staple can be inserted to stabilise the a-helix conformation
(Figure 2.4).14445-48] The relative location of the cross-link/s and the length of the bridges
must be selected with careful consideration whilst designing the cross-linker in order to
achieve the desired 3D structure without interfering with the binding site.[*”]

Additionally, the cross-linked residues must be located on the same face of the a-helix.

file aide pa)

Single turn staple Single turn staple Double turn staple
(i,i+3) (i,i+4) (i,i+7)

Bhid sl

Multiple staple Stiched staple
(i,i+4 and i+8,i+12) (i,i+4+7)

Figure 2.4. Types of staple.

Several chemical approaches have been developed towards the generation of new
a-helix protein mimics such as a-methylated hydrocarbon-,>% thiol-,[*3! |actam-,[!
triazole-based cross-links,!*2! among others.!?3! Following, a non-comprehensive review

on the most common peptide stapling techniques is given.

2.1.2.5.1 a-Methylated hydrocarbon or all-hydrocarbon cross-linking

In 2000, Verdine et al. coined the term of stapled peptide for C-C bridge helix
stabilisation. A molecular scaffold, in which the amino acid side-chains at specific
positions i,i+4 were functionalised with and alkene moiety as shown in Scheme 2.1A,
was developed.[3 By using the well-established Ring-closing metathesis reaction (RCM),
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the peptide side-chains were cross-linked, being the a-helix conformation induced
(Scheme 2.1B). These particular molecular constructs, or the so-called a-methylated
hydrocarbon stapled peptides, turn into exceptional drug candidates, since target

recognition is retained whilst protease degradation is minimised.!>3!

H5;C

Grubbs | h
n

H5;C

All-Hydrocarbon
Stapled peptide

A)

R1, Rz: Peptides

Scheme 2.1. A) Alkene functionalised amino acid scaffold; B) Synthetic scheme of a stapled
peptide by formation of the a-methylated hydrocarbon bridge through RCM cross-linking.

Extensive research was carried out to determine the optimal stereochemistry of the
two a-methyl,a-alkenylglycine residues (structure shown in Scheme 2.1A) as well as the
corresponding alkene chain length.[>3-%51 Following, the X, convention is used, in which
X defines the a-carbon stereochemistry (S or R) and Y determines the side-chain length
of the a-methyl,a-alkenylglycine residues. The highest helicity of peptide stapling at
positions i,i+3 was observed when placing Rs and Ss cross-linking amino acids at positions
i and i+3, respectively. Contrary, for i,i+4 cross-linking, optimal conditions were observed
when using Ss amino acid at both the i and the i+4 positions. For peptide stapling at
positions i,i+7, the greater helicity was observed when a Rs cross-linking amino acid was
placed at position i and a Ssamino acid was located at position i+7 instead. As previously
mentioned, the relative position of the so-called all-hydrocarbon staple within the
peptide backbone cannot be predicted beforehand and must be optimised for each
particular peptide. Importantly, the cross-link must not interfere with the binding side

motif.

Chemical synthesis of all hydrocarbon stapled peptides is by far optimised and a
general synthetic strategy can be outlined as follows. First, stepwise incorporation of

Fmoc-protected amino acid can be accomplished on SPPS by using the well-established
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Fmoc/!Bu strategy.>6=>8] Note that the sterically hindered environment provided by the
a-disubstituted residues might require strong coupling conditions and involve several
coupling steps. Additionally, aggregation problems might be encountered. Often,
lowering the resin functionalisation proves effective to circumvent aggregation issues.
Nevertheless, once the linear chain is assembled, RCM can be performed on solid-phase
either before or after N-terminus derivatisation. If needed, the N-terminus can be
derivatised with a fluorescent tag (for biological studies and binding assays), biotin (for
affinity capture assays) or benzophenone (for photo-cross-linking and mass-
spectrometry-based identification).[>®%3 Finally, peptide cleavage from the resin and
HPLC purification renders the target molecule. It is worth mentioning that a -methyl,a-
alkenylglycine building blocks can be easily accessed. In fact, the olefin-bearing residues
can be purchased from commercial suppliers at relatively low prices. Chemical synthesis
of unnatural olefin-bearing amino acids is also feasible and can be accomplished by using
several methodologies, including: (i) the use of an oxazinone chiral auxiliary based on
the method developed by Williams and co-workers;®¥ or (ii) the use of a

benzylprolylaminobenzophenone (BPB) based chiral auxiliary.[6>¢l

Over the past decades, numerous bioactive a-methylated hydrocarbon stapled
peptides have been prepared and successfully applied to diverse human diseases such
as cancer, diabetes, HIV, atherosclerosis, among others.[67-%°1 Moreover, up to date
hydrocarbon stapling of the peptide backbone is the most widely used approach for the

preparation of constrained helical peptides.

2.1.2.5.2 Thiol-based cross-linking

In the literature, the first reported thiol-based cross-link to promote the helical
structure was based on the disulphide bond formation between two 2-amino-6-
mercaptohexanoic acids at positions i and i+7, respectively (Scheme 2.2).7% This
approach benefits from the selectivity of the oxidation reaction, since the bridge
formation can be achieved in the presence of many functional groups, thus allowing the
use of unprotected peptide side-chains. Jackson et al. evaluated the effect of the amino
acid stereochemistry at positions i and i+7, concluding that the a-helix turn was

promoted when placing L-amino acid isomers at both positions.[””
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Later on, Leduc and colleagues demonstrated that cross-linking of the same residues
(2-amino-6-mercaptohexanoic acid) separated by one helical turn (i,i+4) also led to high

a-helical content structures.[*3!

Unfortunately, applicability of disulphide bridges to promote and stabilise the helical
structure has been limited by the instability of the disulphide cross-links, which are

prone to be reduced upon the reducing conditions found in the cytosol.

Disulphide cross-link

Scheme 2.2.0xidation of two thiols located at positions i,i+7 to form a disulphide bridge,
which ultimately leads to a-helix structure stabilisation.

Cysteine derivatisation by alkylation and arylation reactions turned into a versatile
and inexpensive method to prepare novel thiol-based constrained helical peptides with
enhanced chemical stability. Given the unique reactivity properties of cysteine, which is
able to react with a wide variety of electrophiles, as well as its exceptional chemical
selectivity, it is not surprising that thioether moieties came up as a good alternative to
replace disulphide bridges. In this context, preparation of thioether cross-linked stapled
peptides can generally be accomplished by simple and neat nucleophilic arylation or
alkylation of bis-electrophilic cross-linkers (Scheme 2.3). Following, just a few of the
many available examples of cysteine alkylation and arylation cross-linking strategies are

reviewed.
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(_ Cross-linker ) (_ Cross-linker )
Nucleophilic
X Y arylation or S S
alkylation
/\HSJVJiS/H\
w
X, Y = Electrophiles Thioether cross-link

Scheme 2.3.Thioether cross-linking via nucleophilic displacement of bis-electrophilic cross-
linkers.

Jo et al. evaluated the a-helical secondary structure stabilisation by simple cross
linking of a peptide bearing two cysteine residues through the double nucleophilic
substitution of halides or maleimide-based cross-linkers.”l Thus, a series of 24
commercially available bis-electrophilic cross-linkers were screened for cys-thioether
side-chain to side-chain macrocyclisations, in which nucleophilic displacement was
accomplished under slightly basic aqueous conditions (buffer at pH = 7.5). Out of the 24
tested cross-linkers, only five led to a-helix stabilisation. The highest helicity was
observed for peptide stapling at positions i,i+4, using a dibromo-m-xylene linker (Figure

2.5A).

Brunel and co-workers developed a one-component stapling methodology based on
the nucleophilic substitution of an o-bromo amide group (Figure 2.5B).[72 With that
purpose, the peptide linear chain was provided with an alpha-bromo amide side-chain
at position i, and a free thiol cys was located at either position i+3 or position i+4.
Nucleophilic displacement was accomplished at pH = 8.4, being the a-helix secondary

structure successfully stabilised.

Chou et al. developed a novel class of stapled peptides, in which two cysteine
residues were cross-linked via the well-known thiol-ene click reaction.[”3! In the presence
of UV light, the thiol-ene click reaction between cysteine thiols and a,w-dienes is highly
specific, thus allowing cross-linking of unprotected peptides. The a-helical conformation
was stabilised by insertion of either an eight-carbon cross-linker or a nine- carbon cross-

linker at positions i,i+4 and i,i+7, respectively (Figure 2.5C).
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Figure 2.5. Thiol-based cross-linking to promote the a-helix secondary structure.

An example of cysteine arylation was the one reported by Spokoyny and co-workers.
Cysteine thiols were successfully arylated with perfluoro-aromatic molecules, in which
the reaction regioselectivity led to the formation of a single product corresponding to
the para-disubstituted isomer. Thus, this method allowed the development of a novel
class of perfluoro thioether cross-linked peptides exhibiting a-helical conformation

(Figure 2.5D).["4

Another example of cysteine arylation to generate stapled peptides is the one
described by the Buchwald group.”®! Inspired by a palladium-mediated methodology for
cysteine arylation previously developed in their group,!”®! phenyl thioether cross-links
were inserted to a series of peptides. In this context, aryl or diaryl linkers were
introduced for i,i+4 and i,i+7 cross-linking, respectively (Figure 2.5E and Figure 2.5F,

respectively).

2.1.2.5.3 Lactam-based cross-linking

Felix et al. first applied lactam-based peptide stapling techniques for the generation

of short constrained helical peptides.l’”] Peptide coupling between the side-chains of Lys
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and Asp residues located at positions i and i+4, respectively, resulted in a lactam-based

cross-links that induced the a-helical turn (Scheme 2.4).178

Peptide
coupllng

Scheme 2.4.Lactam cross-linking via peptide coupling to promote the a-helical
conformation.

Lactam cross-link

Whereas further developments were made in this field, just a few are reviewed in
the present section. Within the lactam-based cross-linking group, the reaction between
a diamino-functionalised building block and the side-chain of two Glu residues at
positions i and i+7, respectively, resulted in the formation of two amide bonds (Figure
2.6A).111 A similar approach that involves two lactam-based cross-links resulted in highly

helical peptide structures (Figure 2.6B).l7°!

Synthetic access to lactam-based stapled peptides is relatively easy. Whilst many
other stapling techniques require the preparation of non-proteogenic modified amino
acids, lactam-based cross-linking is generally based on natural amino acid residues. A
general synthetic strategy can be outlined as follows.[**3] First, linear peptide chain
elongation is carried out on SPPS by standard means, followed by selective protecting
group removal of the residues to be cross-linked and a final on-resin macrolactamisation
step. Note that orthogonal protecting groups for the side-chain functionalities to be

cross-linked are required.
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A) B) HN HN
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Lactam cross-link Double lactam cross-link

Figure 2.6. Examples of lactam-based cross-links to promote the a-helix secondary structure.

Although there are many reported examples describing the generation of short
helical constrained peptides using lactam-based peptide stapling techniques, there is a
lack in literature regarding their capability to cross the cell membrane. Up to date, it is
still unclear whether these molecular constructs exhibit a poorer cellular uptake than

the so-called all-hydrocarbon stapled peptides analogues.

2.1.2.5.4 Triazole-based cross-linking

In 2002, Sharpless first developed the so-called Huisgen cycloaddition or copper-
catalysed azide-alkyne cycloaddition (CuAAc). The reaction between an alkyne and an
azide in the presence of a copper catalyst is high yielding and leads to a single triazole
product.® CuAAc is widely used in drug discovery, and increasingly applied to the
stabilization of a-helices via peptide stapling (Scheme 2.5).152! Triazole-based cross-links
provide peptides with similar properties as the ones given by a-methylated
hydrocarbon-, thiol and lactam-based cross-links, and therefore the a-helicity is induced
whilst retaining the biological activity.[#82) Formation of triazole bridges between an
alkyne located at position i and an azide placed at position i+4 has proven effective to
stabilise a-helical secondary structures (Figure 2.7A).183! Additionally, ditriazole-based
cross-link scaffolds have been successfully developed, in which a double-click reaction
between a 3,5-dialkynyl benzene linker and two azide groups placed at positions i and

i+4 or i+7 was carried out (Figure 2.7B).[82
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Triazole cross-link

Scheme 2.5.Triazole cross-linking to promote the a-helical conformation.

Given the synthetic ease of the Huisgen cycloaddition, chemical synthesis of triazole-
based stapled peptides is foreseen facile. Nevertheless, preparation of side-chain azide-
and/or alkyne- functionalised residues is required. A good approach for the synthesis of
Ns-derivatised amino acids used by many researches is the transformation of the amine
group of a Lys residue into the corresponding azide moiety. In fact, protected Lys(Ns)
residues can nowadays be purchased from commercial suppliers if desired. On the other
hand, incorporation of the alkyne moieties can be easily accomplished by using
commercially available propargyl amino acids. Synthesis of these molecular
architectures can be accomplished using SPPS by standard means, in which the azide
and alkene moieties are located at key stapling positions (i,i+4 ori,i+7). The click reaction
can be performed either on the polymeric support or in solution with the unprotected
peptide side-chains.!8384 This stapling technique becomes a versatile approach to

prepare a-helical constrained peptides.

R
/N N\
BN | N
N N id
or
i, i+7
Triazole cross-linking Ditriazole cross-linking

Figure 2.7. Triazole-based cross-linking to promote the a-helix secondary structure.
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2.1.2.5.5 Other cross-linking approaches

Many other stapling techniques have been developed over the past years to
promote the a-helix conformation of short peptides, including photo-switchable-
based,®! oxime-based,®® 1,3-dinyl-based,®”] ether-based,!®® dihydroxylated-based
cross-linking, 8 among others (Figure 2.8). Although extensive research has been
carried out in the peptide stapling field, further efforts towards the generation of
intracellular drug targets are required. In the following section, limitations of the up to

date available side-chain to side-chain cross-linking methodologies are reviewed.

¢

o NH HN O /%\
O {0
S S
Photoswitchable Oxime cross-linking 1,3-Dinyl cross-linking
cross-linking
HO OH

9

O O

Ether-based cross-linking Dihydroxylated cross-linking

Figure 2.8. Other cross-linking techniques to promote the a-helix secondary structure.

2.1.2.5.6 Limitations of stapling techniques

Among the many stapling methodologies that have appeared over the last years, the
well-known all-hydrocarbon stapling technique is currently the most popular method
for the preparation of constrained helical peptides.[2>2647.57] Often, hydrocarbon cross-
linking results in enhanced in vitro binding affinity, however, cellular uptake and

improved bioavailability are not always accomplished, which make post-stapling
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modifications necessary.[6%8°1 |n this regard, one of the major limitations of the all-
hydrocarbon stapling approach is the lack of versatility, since this technique is limited to

the use of one specific derivatised amino acid (a-methyl,a-alkenylglycine).

Concurrently, there is a lack in the literature regarding the ability of lactam-based,
thioether-based and triazole-based stapled peptides to cross the cell membrane, and
further research is necessary to determine their biological applicability. In fact, it is still
unknown whether these other stapling techniques exhibit a poorer cellular uptake

character compared to the all-hydrocarbon stapled peptides analogues.

A single universal stapling technique cannot be established, since selection of the
most suitable cross-linking approach highly depends on the nature of the PPIs to be
addressed. Nevertheless, the ability of stapled peptides to cross the cell membrane,
increase in vivo stability and exhibit improved biological activity, has gained raising
interest over the past years. Thus, a major challenge to be addressed is the development

of novel stapled peptides meeting these requirements.

2.1.2.5.7 Proposal of a novel stapling methodology

In the present thesis, we envisaged the construction of stapled peptides containing
an N-methyl-rich peptide that acts as a bridge between key stapling positions (Figure
2.9). With that purpose, we took advantage of the beneficial properties conferred by N-
methylated residues, which include: (i) greater lipophilicity, (ii) enhanced proteolytic
stability; (iii) enhanced rigidity by the conformational restriction of N-methyl amino
acids; and (iv) enhanced cell internalisation.’?>1 We believe that this novel stapling
approach would become a good alternative to overcome the limitations mentioned

earlier.

In the work presented herein, these molecular architectures will be designated as
“HMSP”, which stands for highly N-methylated stapled peptides. The proposed novel
molecular architectures were expected to display a-helical conformation with an
improved pharmacological profile. In fact, N-methylated staples are highly versatile, as
the length and flexibility of the staple can be modulated by (i) the number of NMe-amino

acids; (ii) the nature of the staple can be modified by playing with the hydrophobicity of
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the NMe-amino acids; and (iii) the flexibility of the staple can be modulated by

introducing also B- and y-NMe-amino acids.

Hence, the present chapter of the thesis was focused on the development of a
synthetic methodology for the preparation of highly N-methylated stapled peptides
(Figure 2.9).

Single staple Single staple Double short staples
(i, i+4) (i, i+7) (i, i+4 and i+8, i+12)

Figure 2.9. Single and double HMSP.

The p53-MDM2 protein-protein interaction was the focus in the development of our
synthetic methodology.®®! Protein p53 is a tumour suppressor that helps maintaining
the genomic integrity of the cell by inducing cell arrest or apoptosis of damaged DNA.
Its biological function is modulated by protein murine double minute 2 homolog
(MDM?2). MDM2 blocks p53’s transactivation domain and therefore represses its
transcriptional activity once its biological function has been accomplished. However,
overproduction of MDM?2 is observed in tumour cells, where consecutive inhibition of
p53 results in complete blockage of p53.°71 This MDM2 amplification has been reported
mostly in soft tissue sarcomas, and also in other well-known types of cancer, including

leukaemia and breast cancer. [°¢!

The p53-MDM2 PPI involves binding between the amphipathic a-helix that adopts
p53 and the cleft present in MDM2 conformation (Figure 2.10). The binding takes place
through Van der Waals interactions and steric complementarity, where p53 introduces
not all but one of its five hydrophobic amino acid side-chains in the interface between
the two proteins. This interaction relies mostly on three of the amino acids present in

the p53 bioactive sequence, which are Phe?®, Trp?3 and Leu?®.
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A PPl modulator able to inhibit overproduction of MDM2 turns into a promising drug
candidate for cancer treatment. With that purpose, HMSP based on the p53 wild-type
peptide bioactive sequence was envisioned. These novel molecular architectures were

designed to exhibit higher affinity for MDM2 than the parental p53 peptide.

Figure 2.10. p53-MDM?2 interaction.®®
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2.20bjectives of chapter 2

1. Development of a novel synthetic methodology for the preparation of HMSP,
in which short N-methyl-rich peptide bridge/s were inserted at key stapling
positions to stabilise the a-helical conformation. We envisioned that the
developed approach could also be applied to the preparation of complex N-
methyl-rich peptides. The p53-MDM2 protein-protein interaction was the
focus in the development of the synthetic methodology, where potential
inhibitors for this interaction, which were based on a fragment of the p53
wild-type protein, were generated.

2. Assessment of the developed strategy applicability by preparation of a library
of HMSP where the N-methyl-rich peptide bridge/s were inserted at
positions: (i) i,i+4 (short staple); (i) i,i+7 (long staple); and (iii) i,i+4 and
i+8,i+12 (double staple).

3. Study of the effect of the N-methyl-rich peptide bridges on the a-helical
conformation stabilisation. The length and the flexibility of the staple was
modulated by the number and nature of N-methylated amino acids.
Evaluation of the secondary structure of a library of short, long and double

highly N-methylated stapled peptides by circular dichroism experiments.
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2.3Results and discussion

2.3.1 Development of a synthetic methodology to prepare highly N-methylated
stapled peptides (HMSP)

23.1.1 General synthetic considerations

Synthesis of highly N-methylated peptides is not a facile task, since many
complications can be encountered throughout the synthesis. Following, these issues are

described.

2.3.1.1.1 Low coupling rates and epimerisation

Due to steric hindrance, peptide coupling rates onto secondary amines are rather
low and generally require strong coupling conditions. Moreover, repetitive coupling
cycles are often necessary to ensure full residue incorporation. The use of either HATU
or PyBOP in combination with HOAt has proven useful for peptide coupling onto

secondary amines.[®

A _
) CH; O CH; O CH; O CH; O
+
R N O N Base O N BH O N
ke Oty B o B og Ry
O HRy R, HRy R, Ry R, HRqy
trans cis

HsC 1 Hr"B H3C\ R4 H3C\
+\N W + N + N R
/< /Qi ¥ /4 1
Ry Mo w0 Ry™ o7 4O R o
Oxazolonium ion pseudoaromatic =~ Oxazolonium ion
structure

Scheme 2.6. Epimerisation upon activation of N-methyl amino acids via A) Direct base-
catalysed enolization; and B) Tautomerization of the pseudoaromatic oxazolonium ion.

On the other hand, N-alkylated amino acids are prone to undergo racemisation
upon activation conditions. In fact, epimerisation can occur through the direct base-

catalysed enolization (Scheme 2.6A) or tautomerization of the pseudoaromatic
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oxazolonium mechanism,[*% which resembles the corresponding oxazolone anion

formed upon activation of common non-N-alkylated amino acids (Scheme 2.6B).[101

Several guidelines can be considered to prevent or minimise the undesired
side-reaction. First, amino acid epimerisation that proceeds through tautomerization
of pseudoaromatic oxazolonium ions can be fully prevented by carbamate-protection
at the a-amino group. Contrary, N®-acyl protection should be avoided, since it has
been found to enhance epimerisation.[*%! |t is worth mentioning that the presence of
coupling additives such as HOBt, HOAt or OxymaPure when using carbodiimide
coupling reagents results in minimised epimerisation rates.[19% On the other hand,
sterically hindered bases are preferred over non-bulky amines, since they are less
prone to abstract the a-proton.['92l Additionally, stepwise residue incorporation
rather than segment coupling has proven effective to prevent or diminish

racemisation at the carboxy-termini upon N-alkylated amino acid activation.

2.3.1.1.2 Deletion and over-incorporation of amino acids

Incomplete peptide couplings can lead to amino acid deletion, which ultimately
lowers the overall yield and hampers the purification process. Peptide couplings onto N-
alkylated residues can be especially low-yielding. In order to prevent growth of the
undesired peptide chain, capping of the free amine prior to deprotection of the N-

terminal is highly recommended.

Over-incorporation of amino acids displaying a less bulky side-chain can take place
due to premature Fmoc elimination. The undesired side-reaction generally occurs upon

amino acid activation via the symmetrical anhydride intermediate.[10!
Special attention will be put into these issues throughout the synthesis.

2.3.1.1.3 DKP formation

As mentioned earlier in this thesis, a common undesired reaction in peptide
synthesis is DKP formation during Fmoc removal, which ultimately leads to lower yields

due to dipeptide l0ss.[104195] DKP is a base- and acid-catalysed side-reaction that is
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specially favoured in the presence of N-alkyl amino acids, which are prone to adopt a cis

conformation, thus enhancing the side-reaction (Scheme 2.7).[106]

Note that DKP formation is generally observed at the second residue of the peptide
chain, however, it can also occur along the peptide sequence as well as upon cleavage
of peptides containing a high content of N-methyl residues.l®3 Several approaches have
appeared over the years to prevent or minimise DKP formation, which include i) the use
of a steric hindered resin, i.e. the 2-CTC resin)1%7l; (ii) shortening the usual piperidine—
DMF (1:4) treatment;!1%! (jii) use other bases such as DBU or TBAF instead of

piperidine.[109.110]
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Scheme 2.7. DKP formation mechanism of N-methyl-containing peptides.

2.3.1.1.4 Peptide fragmentation upon cleavage from the resin

Peptides presenting a high content of N-methyl residues are very unstable upon
treatment with acidic conditions. It is not surprising that many side-reactions arise from
peptide cleavage from the resin, which is accomplished by treatment with TFA and the
appropriate scavengers cocktail based on the peptide side-chains. Some of the most
common side-reactions include: (i) loss of N-terminal Ac-N-methyl amino acid residue
via the oxazolonium ion intermediate (see mechanism in Scheme 2.8A);111l and (ii) loss
of the C-terminal N-methyl amino acid residue via the DKP formation mechanism (see
mechanism in Scheme 2.8B).[*12] The latter proceeds slowly and it is only detected in
small percentages. One relevant drawback for this project was peptide fragmentation
involving consecutive N-methylated residues, since construction of highly N-methylated
stapled peptides was a major goal of this chapter. In this context, the lability of the
amide bond between consecutive N-methylated residues upon cleavage conditions has
been described.®3! Urban et al. hypothesised that fragmentation between consecutive
N-methyl amino acids proceeds through the oxazolonium ion mechanism (Scheme

2.8C).P31 Interestingly, fragmentation rates can be minimised or prevented by
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shortening the cleavage times. Additionally, evaluation of the optimal cleavage mixture

composition must be undertaken for each particular case in order to get the least

fragmentation.[®3!
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Scheme 2.8. Acid-catalysed side-reactions of highly N-methylated peptides. A) Loss of the N-
terminal Ac-N-methyl residue; B) loss of the C-terminal N-methyl amino acid; C) Peptide
fragmentation between two consecutive N-methyl residues.
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Development of a synthetic strategy to avoid or minimise the drawbacks mentioned
before can not only be useful for HMSP compound’s synthesis, but also for the

preparation of N-methyl rich peptides.

In this thesis, we designed de novo HMSP compounds as models for the

development of the synthetic strategy.

2.3.1.2 General design of model HMSP

The design of the model HMSP was carried out as follows. Three possibilities were
envisioned: insertion of i) a single “short” N-methyl-rich peptide bridge between
positions i,i+4; ii) a single “large” N-methyl-rich peptide bridge between positions i,i+7;
and iii) a double “short” N-methyl-rich peptide bridge between positions i+8,i+12 (Figure
2.11).

Single short" staple Single "large" staple Double "short" staples
(i,i+4) (1,i+7) (i,i+4 and i+8,i+12)

Figure 2.11. Designed single and double HMSP.

Proposed parental p53 peptide to be stapled

As mentioned earlier, the p53-MDM2 protein-protein interaction was the focus in
the development of our synthetic methodology. The wild-type p53 peptide comprises
the following amino acid sequence: LSQETF°SDLW?Z3KLL*PENN, where Phe®®, Trp?3 and
Leu?® are key residues for the p53-MDM2 interaction (shown in bold).°®! Parental
peptide p53, which presents a random coil secondary structure, was taken as starting

point of the synthesis to insert the chemical brace.
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Location of the staple

Location of the staple was selected according to previous bioactive p53-stapled
peptides reported in the literature, in which different stapling techniques such as all-
hydrocarbon and triazole-based cross-links were used to accommodate the helical
conformation. 6082841131 |n this context, a 12-mer, a 13-mer and a 17-mer p53-based
peptide were selected for the preparation of single “short” HMSP, single “large” HMSP
and double HMSP, respectively (Figure 2.12). Whereas the key residues for protein-
protein interaction were maintained, selected amino acids (see X in Figure 2.12) were

modified to insert the N-methylated chemical brace.

p53 wild-type: LSQETFSDLWKLLPENN

Me Me Me Me

]
ETFXDLWXLLPE ETFXDLWKLLXEN  LSXETFXDLWXLLPXNN

Single short" staple Single "large" staple Double "short" staples
(i,i+4) (i,i+7) (i,i+4 and i+8,i+12)

X = modified residues to insert the chemical brace

Figure 2.12. Different staple location of p53-based HMSP.

Amino acid sequence of the N-methyl-rich peptide bridges

Ala scanning has been widely employed as a method of identifying the contribution
of a specific residue to the stability or function of a given peptide or protein.['** Ala is
used because of its non-bulky, chemically inert, methyl functional group that mimics
the secondary structure preferences that many of the other amino acids possess.
Sometimes bulky amino acids such as Val or Leu are used in cases where conservation

of the size of mutated residues is needed.

Bearing in mind these considerations, optimisation of the synthetic strategy was
carried out with N-MeAla residues. Thus, once the synthetic methodology was
established, several N-methyl amino acid combinations were prepared. It is well-known

that hydrophobic N-methyl amino acids favour cell internalisation. Thus, various
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combinations of hydrophobic N-methyl amino acids such as N-MePhe, N-Meleu, and -
branched residues such as N-Val were inserted. Additionally, effect of other residues
was also evaluated. For instance, N-MeGly and Pro, which are known to destabilise the
helical turn, were inserted to assess their effect on secondary structure stability.
Insertion of hydrophilic residues, such as N-Melys and N-MeGln, was also carried out

and studied.

Length of the staple

Length of the chemical brace plays an important role in the secondary structure
stabilisation. In addition, the staple ring size is crucial to side-chain to side-chain
cyclisation success.[''3! In general, cyclisation of peptides displaying seven or more
residues within the core ring is foreseen straightforward. Contrary, cyclisation of smaller
peptides can be very problematic, being in some cases not even accomplished.
Moreover, N-terminal N-methyl residues are known to hamper the cyclisation step due
to steric hindrance issues. As mentioned earlier, the use of strong coupling conditions

has proven effective to enhance the cyclisation rates.®!

Considering the above factors, selection of the optimal staple length to
simultaneously favour cyclisation and promote the a-helical turn is, a priori, a
challenging task. However, this key point needed to be established at an early stage of
the synthetic methodology development. We considered that a good starting point was
screening of N-methyl-rich peptide bridges containing two to four residues for peptide

stapling at positions i,i+4, where the ring size presents at least seven residues.
23.13 Preparation of a small library of Fmoc-N-MeAA

For SPPS purposes, N-protected N-MeAA were prepared following the strategy
proposed by Ben-Ishai et al., in which N-methylation of amino acid proceeds via the
oxazolidine intermediate.[11®! Reduction of 5-oxazolidine with TIS and a great excess of
TFA renders the desired N-methylated residue.[''”] Among other advantages, this
procedure allows N-methylation under very mild conditions, where racemisation is

prevented. Additionally, N-methylation of Fmoc-N-protected amino acids is feasible and
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the protocol is compatible with amino acid side-chain protecting groups as long as they
are not acid-labile. However, large amounts of silane and TFA are required for the ring

opening.

A small library of Fmoc-N-MeAA (Table 2.1) was prepared via the 5-oxazolidine
intermediate (Scheme 2.9). In all cases, the first step of the synthesis started with
formation of the 5-oxazolidine intermediate by reaction of the corresponding
commercially available Fmoc-AA(PG)-OH and p-formaldehyde in the presence of
catalytic amounts of p-TsOH acid. The reaction was brought to reflux, being a Dean Stark
apparatus required to remove the water formed in the system and therefore shift the
equilibrium to the formation of the 5-membered ring. A basic aqueous work-up to get
rid of possible unreacted starting material (Fmoc-AA(PG)-OH) and p-TsOH acid was
performed. Without further purification, the ring opening of the crude product was

achieved by treatment of the corresponding 5-oxazolidine with a great excess of TFA

and TIS.
o 0 CH; O
H [ i
N _a _ b N
Fmoc™ >~ “OH Fmoc N_V&O Fmoc” ;JJ\OH
R z R

Scheme 2.9. Synthesis of Fmoc-N-MeAA. a) p-TsOH (0.12 eq), p-formaldehyde (1.1 eq),
toluene, reflux, 3 h; b) TIS (4 eq), TFA (76 eq), DCM, rt. N, atmosphere, 14 h.

Theyields for all residues after column chromatography purification are summarised
in Table 2.1. Synthesis of all five Fmoc-N-MeAA residues proceeded smoothly and good-

excellent yields were obtained in all cases.

Preparation of Fmoc-N-Me amino acids

# Compound Fmoc-N-MeAA Yield over
two steps (%)

1 2.1 Fmoc-N-MeAla-OH 82

2 2.2 Fmoc-N-MeGly-OH 72

3 2.3 Fmoc-N-MePhe-OH 91

4 2.4 Fmoc-N-MeVal-OH 82

5 2.5 Fmoc-N-MelLeu-OH 88

Table 2.1. Preparation of a small library of Fmoc-N-Me-AA.
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All five residues were prepared in large amounts, and were further used for the
development and optimisation of the synthetic strategy to construct N-methyl-bridged

stapled peptides.
2314 Lactam-based cross-linking approach

In order to optimise the synthetic strategy, single “short” HMSP (stapling position
i,i+4) were pursued. We envisioned that at a later stage, the same methodology could

be applied to access “large” or “double” stapled peptides.

The initial approach to insert N-methyl-rich peptide bridges was through a lactam-
based cyclisation. Lys and Glu acids were selected as the stapling points (Figure 2.13).
Their relative position, i,i+4, was expected to promote the a-helical conformation. As
mentioned earlier, a 12-mer peptide based on the p53 wild-type sequence was used for
the preparation of single “short” stapled peptides, in which the key residues for the

interaction were maintained and are shown in bold.

The best approach to incorporate the N-methyl-rich peptide staples was evaluated.
With that purpose, two strategies were envisioned. The bridge was constructed by
either stepwise incorporation of N-methylated residues previously synthesised in
solution (Strategy A) or sequential Fmoc-Ala-OH residues assembly and subsequent on-
resin Mitsunobu N-Methylation (Strategy B). Once this was established, scope of the
macrolactamisation was assessed with different N-methyl-rich peptide staple
combinations. Finally, selection of the optimal cleavage and global deprotection
conditions was carried out. Note that highly N-methylated peptides are very unstable
upon treatment with acidic conditions, and therefore fragmentation studies were

necessary at this point.

Me

i n

o

Ac—Glu-Thr-Phe Glu Asp-Leu-Trp-LysLeu-Leu—Pro-Glu—OH

Figure 2.13. Lactam-based cross-link.
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2.3.1.4.1 Chain elongation of a linear p53-based peptide

A solid-phase approach combined with an Fmoc/tBu strategy was pursued (Scheme
2.10). The 2-chlorotrityl (2-CTC) resin was the solid support of choice, which renders the
C-terminus as a free carboxylic acid function upon peptide cleavage from the resin. Since
on-resin macrolactamisation was envisaged, a low resin functionalisation was needed
to avoid interchain reactions. Therefore, the loading of the resin was set up to 0.30
mmol/g resin. The chain elongation was carried out by standard means, with successive
cycles of coupling and deprotection steps. Coupling were generally carried out with the
AA-OxymaPure—Dic (3:3:3 eq) coupling system, in which the amino acid was pre-
activated for 5 min before it was added to the resin. The Kaiser test was run to monitor

coupling completion.

For couplings onto secondary amines such as Pro, stronger conditions were used.
Thus, the peptidyl-resin was treated with the AA-HATU-HOAt-DIEA (3:3:3:6 eq)
coupling mixture. At position 5 starting from the C-terminus, a Lys residue was
introduced, conveniently protected with the Dde group, which is orthogonal to the Fmoc
group (see structure in Scheme 2.10). Next, four positions further from the Lys residue,
a Glu residue was placed, with the side-chain protected with the allyl group, which is

orthogonal to both the Fmoc and the Dde protecting groups.

In order to avoid undesired elongation at the N-terminus upon construction of the
staple, acetylation was carried out with the traditional Ac;O-DIEA (3:9 eq) mixture. Next,
the Dde group was selectively removed by treatment with a freshly prepared hydrazine-
DMF solution. Although Dde removal is generally accomplished by treatment with a
hydrazine-DMF (2:98 v/v) solution, in this particular system full Dde removal was only

accomplished with a more concentrated solution (hydrazine—DMF (1:9 v/v) solution).

Throughout all this chapter, on-resin reaction monitoring of difficult steps was
carried out by HPLC-MS analysis. The following procedure, designated as “mini-
cleavage” was used: cleavage of a small aliquot of the peptidyl-resin was carried out
with either (i) a TFA-TIS-H,0 (90:5:5 v/v) mixture for one hour, which resulted in

peptide cleavage and global deprotection; or (ii) a HFIP-DCM (1:4 v/v) mixture for 45
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minutes, which furnished the cleaved peptide provided with all the side-chain protecting

groups. The resulting solution was subjected to HPLC-MS analysis.

Chain
a,b,c i
CIAO H-Glu elongation
tBu t
2-CTC Fmoc/'Bu Strategy
resin
IDde
AIIyI\ HN
(0]
o
d,e
H—GIlu Thr-Phe Glu Asp-Leu Trp Lys Leu-Leu—Pro-GIIuO —
‘Bu Bu Bu Boc ‘Bu
2.6
AIIyI\ H,N
(0]
(0]
Ac—GIIu-ThrPhe Glu Asp-Leu Trp Lys Leu-Leu—Pro-GIIu
‘Bu Bu Bu Boc ‘Bu
2.7
e : =
2ctc=C
L eCTo =g Q () Dde= >— Allyl = X!
: resin :
| :

Scheme 2.10. Preparation of the linear sequence of a p53-based peptide using a Fmoc/'Bu
strategy. a) Fmoc-Glu(*Bu)-OH (0.3 eq), DIEA (10 eq), DCM, 50 min; b) MeOH (800 uL/g resin),
10 min; c) Piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 5 min); d) Ac,0 (3 eq), DIEA (9 eq), DCM,
20 min; e) Hydrazine-DMF (1:9 v/v) (1 x 1 min + 2 x 15 min). Peptide couplings onto primary
amines: Fmoc-AA(PG)-OH (3 eq), OxymaPure (3 eq), DIC (3 eq), DMF, 40 min; Peptide
couplings onto secondary amines: Fmoc-AA(PG)-OH (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3
eq), DMF, 1 h.

A “mini-cleavage” with the TFA cocktail was carried out to confirm correct chain
elongation. The cleaved and fully unprotected peptide derived from 2.7 was observed
by HPLC-MS analysis. However, two overlapped peaks corresponding to partial and full

Boc removal were detected (Figure 2.14).
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Figure 2.14. HPLC-MS chromatogram run at G20100t9T25 and processed at 220 nm (From
now on G20100t9T25 stands for linear HPLC gradient from 20% to 100% of B over 9 min at 25
°C using as eluent system A: 0.045% TFA in H,0 and B: 0.036% TFA in ACN). HPLC-MS analysis
showed two peaks overlapping corresponding to full and partial Boc removal of peptide 2.7.
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Scheme 2.11. Boc removal mechanism.

Partial Boc removal is a reaction of common occurrence in Trp-containing peptides

(see mechanism in Scheme 2.11). In fact, complete carbamate elimination can be

accomplished by successive lyophilisation cycles, which leads to an equilibrium shift

towards complete Boc removal. Thus, partial Boc removal did not represent a problem

at this stage of the synthesis. It is worth mentioning that peak overlapping

143



Chapter 2. Results and discussion

corresponding to full and partial Boc unprotected peptides was occasionally observed

throughout all the synthetic strategy development.

Apart from this rather anecdotic fact, the linear peptide sequence was successfully
synthesised with a 96% HPLC purity. The next step of the synthetic methodology
development was the evaluation of the best approach for the construction of short N-

methyl-bridged peptides.

2.3.1.4.2 Evaluation of the best approach to insert N-methyl-rich peptide linkers

As we mentioned before, two strategies for the incorporation of the N-methyl-rich
peptide linkers were evaluated. The linker was constructed by either stepwise
incorporation of N-methylated residues previously synthesised in solution (Strategy A)
or sequential Fmoc-Ala-OH residues assembly and subsequent on-resin Mitsunobu N-
Methylation (Strategy B). For that, N-MeAla residues were exclusively used (review the
advantages of using Ala for the optimisation process in section 2.3.1.2). Since a long
enough peptide staple was necessary for the evaluation of the best approach to insert
highly N-methylated peptide bridges, the staple length was set up to four residues. Thus,
a sequence of four N-MeAla residues was selected to serve as the chemical brace

between relative positions i,i+4.

2.3.1.4.2.1 Synthetic strategy A: Stepwise incorporation of N-methylated residues

The starting point of the staple chain elongation was the Lys residue located at the
fifth position starting from the C-terminus. With the Fmoc-N-MeAla-OH residue in hands
(previously prepared in solution), a general approach for stepwise N-MeAla residue
incorporation consisted of successive cycles of coupling and deprotection steps (Scheme

2.12).

Assembly of the first N-methylated residue through amide bond formation was
accomplished by treatment of the peptidyl-resin 2.7 with the AA-OxymaPure—Dic (3:3:3
eq) coupling system. In this case re-coupling was required to achieve full residue
incorporation, which was checked by means of the Kaiser test. After Fmoc removal,

stronger conditions were used for amino acid couplings onto secondary amines, and
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therefore the remaining residues were incorporated by using the AA-HATU-HOAt—-DIEA
(3:3:3:6 eq) coupling conditions.

AIIyI\ H,N
(0]
(0]

Ac—Glu-Thr-Phe Glu A_sp-Leu-Trp Lys Leu-Leu—Pro-Glluo M»

‘Bu 'Bu 'Bu Boc 'Bu
2.7

I\llle l\llle I\|Ile I\'Ile
H—N Ala-N Ala-N Ala-N Alla
Allyl, HN
(o)
(0]

Ac—Glu-Thr-Phe Glu Asp-Leu-Trp Lys Leu-Leu—Pro-Glu
'Bu Bu ‘Bu Boc '‘Bu
2.8

Scheme 2.12. Construction of the branched N-methylated peptide 2.8, an intermediate of
stapled peptide 2.9, via Strategy A. Protocol a) was used for couplings onto primary amines,
and protocol B was used for couplings onto secondary amines. a) Fmoc-N-MeAla-OH (3 eq),
OxymaPure (3 eq), DIC (3 eq), DMF, 40 min; b) Fmoc-N-MeAla-OH (3 eq), HATU (3 eq) HOAt
(3 eq), DIEA (3 eq), DMF, 1 h. c) piperidine-DMF (1:4 v/v) (1 x 1 min + 2 x 5 min).
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Figure 2.15. HPLC-MS chromatogram run at G20100t9T25 and processed at 220 nm. Branched
N-methylated linker elongation via Strategy A, in which peak overlapping due to partial and
complete Boc removal was observed.
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A “mini-cleavage” after each step was carried out to monitor the synthesis. In most
cases, a single treatment was not enough to achieve full conversion, and therefore re-

coupling was carried out by default.

Preparation of compound 2.8 was successfully accomplished according to HPLC-MS
analysis of a peptidyl-resin cleavage crude, in which peak overlapping due to partial and
complete Boc elimination was again observed (Figure 2.15). In fact, considering the
synthetic complexity of peptide 2.8, the highly N-methylated linker elongation
proceeded smoothly and a very clean HPLC chromatogram was observed at this late
stage of the synthesis. Although multiple re-coupling steps were required, construction
of the linker by insertion of Fmoc-N-Me-amino acids became a good alternative to

furnish the staple peptide chain.

2.3.1.4.2.2 Synthetic strategy B: On-resin Mitsunobu N-methylation of the residues

Mitsunobu first reported the three-step effective N-methylation that can be
performed either on solid-phase or in solution (Scheme 2.13). The first step is protection
of the primary amine and activation of the NH proton with the o-nitrobenzenesulfonyl
(0-NBS) group, which allows mild N-methylation conditions with MeOH, PPhz and DIAD.
Once the residue has been N-methylated, 0-NBS removal can be accomplished by
treatment with DBU and 2-mercaptoethanol.l!18] This site-selective N-methylation was

used for the development of Strategy B.

H O
I
N\)J\
7Y AA, AA
//S\\ - 2 10
NO,0 O R

H O
|
H’N\;)KAAZAMAO _a .
R

o-nitrobenzenesulphonyl (o-NBS)
protected amine

C|3H3 O C|3H3 O
S Q) e i i Q
NO,O O R R

N-methylated residue

Scheme 2.13. On-resin Mitsunobu N-methylation protocol. a) 0o-NBS-Cl, DIEA, DCM; b) MeOH,
PPhs, DIAD; c) DBU, HOCH,CH,SH.
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A general approach for Strategy B was outlined as follows. The N-methylated
linker elongation was accomplished by successive cycles of Fmoc-Ala-OH
incorporation, followed by Fmoc removal and subsequent on-resin Mitsunobu N-

methylation (Scheme 2.14).

AIIyI\ H,N
(o)
o
aorb,c
Ac—Glu-Thr-Phe Glu Asp-Leu Trp Lys Leu-Leu—Pro-Glu —_—
'‘Bu 'Bu ‘Bu Boc ‘Bu d.ef
27 On-resin
' Mitsunobu
N-Methylation

Me Me Me Me
H—N-Ala-N Ala-N Ala-N Alla
Allyl, HN

o

Ac—GluThr-Phe Glu Asp-Leu-Trp Lys Leu-Leu—Pro-Glu
'Bu Bu Bu Boc '‘Bu
2.8

Scheme 2.14. Construction of the branched N-methylated peptide 2.8, an intermediate of
stapled peptide 2.9, via Strategy B. a) Fmoc-Ala-OH (3 eq), OxymaPure (3 eq), DIC (3 eq), DMF,
40 min; b) Fmoc-Ala-OH (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h; c) piperidine—
DMF (1:4 v/v) (1 x 1 min + 2 x 5 min); d) o-NBS (4 eq), DIEA (10 eq), DCM, 30 min; e) MeOH
(10 eq), PPhs (5 eq), DIAD (5 eq), THFary, 1 h; f) DBU (5 eq), HOCH,CH,SH (10 eq), DMF, (1 x 1
min + 2 x 10 min).

Mitsunobu N-methylation of the Ala residue started with protection of the free
amine with the o0-NBS group to form the corresponding sulphonamide. This was
accomplished by treatment of the peptidyl-resin with 0-NBS-Cl and DIEA. Full protection
was confirmed by means of the Kaiser test. Once the amine was protected, treatment
with MeOH—-PPh3—DIAD resulted in residue N-methylation. Addition of the reagents
plays an important role in the reaction success. Thus, the amine was first reacted with
MeOH/PPhs, followed by the dropwise addition of DIAD. A “mini-cleavage” was used to

monitor the reaction by HPLC-MS, being a double treatment required to reach full
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conversion. Lastly, 0-NBS removal was accomplished by addition of DBU and 2-

mercaptoethanol.

Assembly of the second residue, Fmoc-Ala-OH, was accomplished using the same
conditions as the ones used for Strategy A. Thus, the HATU-HOAt-DIEA (3:3:3:6 eq)
mixture was added to the peptide-bound. Again, a double treatment was performed
after each coupling. The cycle involving coupling of Fmoc-Ala-OH and subsequent

Mitsunobu N-methylation was successively repeated to furnish compound 2.8.

Strategy B turned out effective for the linker elongation. As shown in the HPLC
analysis, synthesis of the corresponding peptide staple proceeded smoothly and the

desired product was obtained in excellent HPLC yields (Figure 2.16).

2 Diodo Array
Rango2162)

Figure 2.16. HPLC-MS chromatogram run at G20100t9T25 and processed at 220 nm. Branched
N-methylated linker elongation via Strategy B.

2.3.1.4.2.3 Evaluation of the best approach to insert N-methyl-rich peptide linkers

Both approaches turned out efficient for the construction of the highly N-
methylated tetrapeptide (Figure 2.15 and Figure 2.16). Conveniently, either method can
be used based on the staple length and nature of the amino acids. For instance,
preparation of large amounts of Fmoc-N-Me-amino acids (Strategy A) for frequent use
results less time-consuming than repeatedly N-methylate the residues on solid-phase.
On the other hand, at a later stage of the project, insertion of residues of occasional use
for screening of the optimal staple sequence can be facilitated by simple on-resin

Mitsunobu N-methylation of those particular residues. Another scenario where Strategy
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B becomes useful is for the incorporation of N-methylated residues presenting acid-
labile side-chain protecting groups, since their preparation via the 5-oxazolidine

intermediate is not feasible due to the use of TFA.

2.3.1.4.3 Scope of the lactam-based cross-link: macrolactamisation studies

Scope of the lactam-based cross-link was evaluated with staple sequence
combinations of various lengths containing both N-methylated and non-N-methylated
residues at the N-terminal position (Table 2.2). In this context, the staple/linker length
and sequence effect on the cyclisation extent was the focus on the study. The general
lactam-based synthetic approach for the preparation of the peptide library is described
in Scheme 2.15. In all cases, the N-methyl-rich peptide linker was inserted following

previously developed Strategy A (see section 2.3.1.4.2.3).

Dde 1) Staple elongation
Allyl HN i) Incorporation of
X Fmoc-N-MeAA-OH
or

1) Chain elongation

t (o]
Fmoc/ Bu. Strategy if) On-resin Mitsunobu
2) Acetylation (a) N-Methylation
3) Dde removal (b) 2) Alloc removal (c)
Cl—O Ac—{( p53-based protected peptide R ——
X

X
O,:'-{WEN“ (i-ad
[o) O
On-resin
Cyclisation
d

Ac—( p53-based protected peptide )—O Ac—( p53-based protected peptide )—O

X=MeorH

Scheme 2.15. General synthetic strategy to prepare highly N-methylated lactam-based
stapled peptides. Chain elongation: Couplings onto primary amines: Fmoc-AA(PG)-OH (3 eq),
OxymaPure (3 eq), DIC (3 eq), DMF, 40 min; peptide couplings onto secondary amines: Fmoc-
AA(PG)-OH (3 eq). Staple elongation: Strategy A (repetitive cycles of: 1) Fmoc-N-MeAla-OH (3
eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h; and 2) piperidine—=DMF (1:4 v/v) (1 x 1
min + 2 x 5 min)) or Strategy B (repetitive cycles of 1) Fmoc-Ala-OH (3 eq), HATU (3 eq) HOAt
(3 eq), DIEA (3 eq), DMF, 1 h; 2) piperidine-DMF (1:4 v/v) (1 x 1 min + 2 x 5 min); 3) o-NBS (4
eq), DIEA (10 eq), DCM, 30 min; 4) MeOH (10 eq), PPhs (5 eq), DIAD (5 eq), THFq4r, 1 h; 5) DBU
(5 eq), HOCH,CH,SH (10 eq), DMF, (1 x 1 min + 2 x 10 min)). a) Acetylation: Ac,0 (3 eq), DIEA
(9 eq), DCM, 20 min; b) Dde removal: Hydrazine-DMF (1:9 v/v) (1 x 1 min + 2 x 15 min); c¢)
Alloc removal: Pd(PHs); (0.1 eq), Phenylsilane (10 eq), DMF, (3 x 15 min); d) On-resin
cyclisation: HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 12 h.
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Next, the allyl group was removed by using a Pd-based catalyst in the presence

of phenylsilane, which serves as scavenger. With both unprotected binding points,

cyclisation trials were performed. A “mini-cleavage” with the HFIP-DCM (1:4 v/v)

cocktail was carried out and the sample was further analysed by HPLC. “Mini-cleavage

”

upon very mild conditions furnished the protected cleaved linear branched peptide, thus

possible peptide fragmentation between N-methylated residues was prevented. The

cyclisation outcomes are summarised in Table 2.2.

X

o

Ac—GIIu-TIhrPhe Glu A§p-Leu-Tlrp~Lys~Leu-Leu—Pro-GIIuO

‘Bu Bu Bu Boc Bu
Branched peptide
HATU (3 eq),

On-resin | HOAt (3 eq),
Cyclisation | DIEA (6 eq),
DMF, rt, 12 h

NH

Ac—GlIu-TlhrPhe Glu Asp-Leu-Trp~Lys~Leu-Leu—Pro-G|IuO
‘Bu 'Bu 'Bu Boc 'Bu
Stapled peptide

X=MeorH
On-resin
# Branched Stapled Staple sequence cyclisation
peptide peptide (% HPLC
conversion)
1 2.8 2.9 —N-MeAla—N-MeAla—N-MeAla—N-MeAla— 0
2 2.10 211 —N-MeAla—N-MeAla—N-MeAla— 0
3 2.12 2.13 —N-MeAla—N-MeAla— 0
4 2.14 2.15 —N-MePhe—N-MeAla—N-MeAla—N-MeAla— 0
‘ 5 2.16 2.17  -N-MeGly-N-MeAla—N-MeAla—-N-MeAla- 30 ‘
6 2.18 2.19 —N-MeGly—Phe—N-MeAla—N-MeAla— 0
| 7 2.20 2.21 —Ala-N-MeAla—-N-MeAla—N-MeAla- 100 |
8 2.22 2.23 —Phe—N-MeAla—N-MeAla—N-MeAla— 0
IE 2.24 2.25 —Gly—-N-MeAla-N-MeAla—N-MeAla- 55 |

Table 2.2. Scope of the lactam-based cross-linking strategy at positions i and i+4.

150



Chapter 2. Results and discussion

As mentioned earlier, macrolactamisation is favoured with ring sizes containing
at least seven residues.['*>! Accordingly, for peptide stapling at positions i,i+4, a series of
N-methyl-rich peptide bridges comprising two to four residues were inserted. Note that

in all cases the ring size is comprised between seven and nine residues.

To start up with, evaluation of the ring size effect on the macrolactamisation
extent was carried out with peptides 2.8, 2.10 and 2.12 (see entries #1-3 in Table 2.2).
Since macrolactamisation was foreseen challenging due to the steric hindrance provided
by N-terminal N-methyl residues, strong coupling conditions were used at first. Thus,
peptides 2.8, 2.10 and 2.12 were treated with the HATU-HOAt-DIEA (3:3:6 eq) coupling
system for 12 h. Unfortunately, cyclisation was not accomplished in any case. In an
attempt to improve the macrolactamisation outcome, several reaction conditions were
tested, including different coupling reagent systems (PyBOP-HOAt—DIEA and HATU-
HOAt-DIEA), temperatures and reaction times. However, the same unfortunate results
were observed. These results indicate that the ring size might not be responsible for the

unfortunate cyclisation outcome.

At this stage we hypothesised that the N-terminal steric hindrance provided by
the methyl substituent on the amine might account for the unfavourable
macrolactamisation outcome. In order to confirm this theory, cyclisation of branched
peptides 2.14 and 2.16 was tried (see entries #4-5 in Table 2.2). For that, several
conditions were tested (including different coupling reagent systems, temperatures and
reaction times), however, positive cyclisation outcomes were only observed with the

HATU-HOAt-DIEA coupling system.

As expected, replacement of the original N-terminal N-MeAla residue by a more
steric hindered residue, N-MePhe, resulted in complete failure towards the cyclic

product generation (see entry #4 in Table 2.2).

Not surprisingly, replacement of that same fourth N-terminal residue by N-
MeGly, which is less steric hindered and much more flexible, allowed cyclisation (see
entry #5 in Table 2.2). However, only 30% of conversion was observed by HPLC-MS

analysis (Figure 2.17). Although additional treatments with the same coupling system
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were performed, the cyclisation rates could not be improved. Nevertheless, these

results support the steric hindrance theory postulated earlier.
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Figure 2.17. HPLC-MS chromatograms run at G20100t9T25 and processed at 220 nm. A)
Branched peptide 2.16; B) Cyclisation of branched peptide 2.16 to obtain cyclic peptide 2.17.

In order to assess whether the staple sequence had an effect on the
macrolactamisation extent, peptide 2.16 was modified by substituting one N-MeAla for
Phe (see entry #6 in Table 2.2). Accordingly, cyclisation of 2.18 was attempted. The
complete absence of the corresponding cyclic product (2.19) indicted that the staple
sequence had indeed a pronounced effect on the cyclisation outcome. This particular
subject was not further studied and was left on hold due to its complexity and level of

experiments required to draw conclusions.

Finally, substitution of the staple N-terminal residue by non-N-methylated amino
acids was assessed. Replacement of the N-terminal N-MeAla residue by the more
reactive Ala residue resulted in successful peptide side-chain to side-chain
macrolactamisation, where the corresponding cyclic derivative was obtained as the
major product according to HPLC-MS analysis (see entry #7 in Table 2.2, and HPLC-MS
chromatogram of branched peptide 2.20 and stapled peptide 2.21 in Figure 2.18).
Whereas replacement of the N-terminal residue by the bulkier Phe residue resulted in
no cyclisation, substitution by Gly afforded the desired product in a 55% HPLC yield (see
entries #8-9 in Table 2.2, and HPLC-MS chromatogram of branched peptide 2.24 and

stapled peptide 2.25 in Figure 2.18). Although additional treatments were carried out,
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the cyclisation extent could not be improved. In the latter (see entry #9 in Table 2.2),
the cyclisation outcome improvement compared to the N-MeGly analogue is not
surprising, since the primary amine of Gly was expected to be more reactive due to its
less hindered environment. However, it is quite surprising the fact that
macrolactamisation with N-terminal Gly led to poorer results than the ones observed
for N-terminal Ala. In fact, one would expect opposite results, since intrinsic flexibility of
Gly is expected to favour the cyclisation rather than hamper it. Unfortunately, we were

not capable of finding a plausible explanation for this fact.
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Figure 2.18. HPLC-MS chromatograms run at G20100t9T25 and processed at 220 nm. A)
Branched peptide 2.20; B) Cyclisation of branched peptide 2.20 to obtain peptide 2.21; C)
Branched peptide 2.24; D) Cyclisation of branched peptide 2.24 to obtain peptide 2.25.

To sum up, several staple sequence combinations comprising N-methylated and
non-N-methylated residues for cross-linking between positions i,i+4 were tested,

observing a poor cyclisation extent in most cases. In fact, peptide stapling between
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relative positions i,i+4 was only favoured when non-N-methylated residues such as Ala

or Gly or less steric hindered N-MeGly were located at the staple N-terminal position.

In accordance to these results, steric hindrance either at the N-terminal residue
or within the peptide staple sequence plays a key role in the macrolactamisation
outcome. In this context, numerous experiments would be required for screening of the
optimal peptide staple sequence. However, it is well known that peptides containing a
high content of N-methylated residues are prone to undergo fragmentation upon
cleavage and global deprotection. We wished to study peptide fragmentation of the
three cyclised stapled peptides (2.17, 2.21 and 2.25) before investing a considerable

amount of time in the screening the optimal peptide staple sequence combination.

2.3.1.4.4 Cleavage and global deprotection of highly N-methylated peptides studies

As mentioned earlier, highly N-methylated peptides are prone to undergo
fragmentation upon acidic treatment. In order to study whether peptide fragmentation
took place in the present system, several cleavage conditions for those compounds that
could undergo complete or partial cyclisation, namely 2.17, 2.21 and 2.25, were tested

and are summarised in Table 2.3.

# Peptide Cleavage conditions Non-fragmented
peptide (HPLC %)*

1 2.17 HFIP-DCM (1:4 v/v), 1h 100

2 2.17 TFA-TIS—H,0 (95:2.5:2.5 v/v), 30 min 6

3 2.17 TFA-TIS—H,0-DCM (50:2.5:2.5:45 v/v), 30 min 6

4 2.17 TFA-TIS—H,0-DCM (20:2.5:2.5:75 v/v), 30 min 6

5 2.21 HFIP-DCM (1:4 v/v), 1 h 100

6 2.21 TFA-TIS—H,0 (95:2.5:2.5 v/v), 30 min 27

7 2.21 TFA-TIS—H,0-DCM (50:2.5:2.5:45 v/v), 30 min 27

8 2.21 TFA-TIS—H,0-DCM (20:2.5:2.5:75 v/v), 30 min 27

9 2.25 HFIP-DCM (1:4 v/v), 1h 100

10 2.25 TFA-TIS—H,0 (95:2.5:2.5 v/v), 30 min 12

11 2.25 TFA-TIS—H,0-DCM (50:2.5:2.5:45 v/v), 30 min 12

12 2.25 TFA-TIS—H,0-DCM (20:2.5:2.5:75 v/v), 30 min 12

Table 2.3. Tested cleavage and global deprotection for peptides 2.17, 2.21 and 2.25. *For
peptides 2.17 and 2.25, the non-fragmented peptide HPLC percentage comprises the linear and
cyclic peptides.
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In all cases, the peptidyl resin was treated with the corresponding cleavage
cocktail for 30 min, and the sample was subjected to HPLC-MS analysis to evaluate the
deprotection outcome. Cleavage conditions without acid were used as a control to
assess the crude HPLC purity before the anticipated fragmentations. Note that for all
three peptides, peptide release from the resin under very mild conditions (HFIP-DCM
(1:4 v/v)) rendered the cleaved and fully protected peptide, being no fragmentation

observed by means of HPLC-MS analysis (see entries #1, #5 and #9 in Table 2.3).

Treatment of the peptidyl-resin 2.17 with the traditional TFA-TIS-H,;0
(95:2.5:2.5 v/v) cocktail mixture resulted in peptide fragmentation (see entry #2 in Table
2.3). Only 6% of the desired unprotected product 2.17 was obtained, and side-products
arising from amide bond fragmentation between two consecutive N-MeAla residues or
two consecutive N-MeAla and N-MeGly residues (by either Path A, Path B or Path C, see
Scheme 2.16) and subsequent N-MeAla residue loss, respectively, were observed by
HPLC-MS analysis (see HPLC chromatogram and product percentages in Table 2.5).

Structure of the fragmented peptides are shown in Scheme 2.16.

Alongside, since complete cyclisation of 2.17 was not accomplished (see section
2.3.1.4.3), HPLC-MS analysis also showed fragmentation of the unreacted branched
linear peptide (2.16). In fact, amide bond fragmentation between consecutive N-
methylated residues resulted in N-MeGly, N-MeGly—N-MeAla and N-MeGly—N-MeAla—
N-MeAla segment loss (see HPLC chromatogram and product percentages in Table 2.4

and structures of the linear peptide fragmented products in Scheme 2.17).

Additional efforts to avoid peptide fragmentation led to lowering the TFA
percentage, and therefore the system stability upon milder acidic conditions was
assessed. Neither treatment with a TFA-TIS—H,0-DCM (50:2.5:2.5:45 v/v) mixture, nor
treatment with a TFA-TIS—-H,0-DCM (20:2.5:2.5:75 v/v) cocktail proved effective to
minimise peptide fragmentation (see entries #3-4 in Table 2.3). In fact, the exact same
fragmentation pattern and fragmentation ratios were observed for all three treatments

according to HPLC-MS analysis.
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Stapled fragmentation

# Peak Compound HPLC %

1 A Unprotected cyclic peptide derived from 2.17 6

2 B First fragmentation between two N-MeAla residues or 18
between consecutive N-MeGly and N-MeAla residues

3 C  Second fragmentation between two N-MeAla residues 8

or between consecutive N-MeGly and N-MeAla
residues resulting in a N-MeAla residue loss

Branched peptide fragmentation

# Peak Compound HPLC %
1 D Fragmentation between consecutive N-MeGly and N- 20
MeAla residues resulting in a N-MeGly residue loss
2 E Fragmentation between two N-MeAla residues 30
resulting in N-MeGly-N-MeAla segment loss
3 F Fragmentation between two N-MeAla residues 5

resulting in N-MeGly-N-MeAla-N-MeAla segment loss

Table 2.4. HPLC-MS chromatogram run at G20100t9T25 and processed at 220 nm of peptide
2.17 fragmentation. The table encloses each peak identification and area.
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Scheme 2.16. Fragmentation of cyclic 2.17 peptide upon acidic treatment. The indicated
peaks correspond to those in Table 2.4.
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Scheme 2.17. Fragmentation of branched 2.16 peptide upon acidic treatment
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Evaluation of peptide 2.21 stability was also assessed. Thus, the peptidyl-resin
2.21 was treated with the previous 95%, 50% and 20% TFA mixtures (see entries #6-8 in
Table 2.3). Not surprisingly, fragmentation was also observed. In this case, the desired
unprotected peptide derived from 2.21 was obtained in a 27% HPLC yield, and side-
products arising from amide bond fragmentation between two consecutive N-MeAla
residues (by either Path A or Path B, see Scheme 2.18) and subsequent N-MeAla residue
loss, respectively, were observed by HPLC-MS analysis (see HPLC chromatogram and

product percentages in Table 2.5). Structures of the fragmented peptides are shown in

Scheme 2.18.
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#  Peak Compound HPLC %
1 A Unprotected cyclic peptide derived from 2.21 27
2 B First fragmentation between two N-MeAla residues 42
3 C Second fragmentation between two N-MeAla residues 11
resulting in N-MeAla residue loss

Table 2.5. HPLC-MS chromatogram run at G20100t9T25 and processed at 220 nm of peptide
2.21 fragmentation. The table encloses each peak identification and area.

Peptide 2.25 cleavage and global deprotection did not give better results. In
order to evaluate its stability upon acidic conditions, the same procedures as before
were carried out (see entries #10-12 in Table 2.3). Unfortunately, the desired
unprotected product derived from 2.25 was obtained in a 7% HPLC vyield, and side-
products arising from peptide fragmentation between two N-MeAla residues and
subsequent N-MeAla residue loss were identified (see HPLC chromatogram and product

percentages in Table 2.6 and structures of the fragmented peptides in Scheme 2.19B).
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Scheme 2.18. Fragmentation of cyclic peptide 2.21 upon acidic treatment. The indicated peaks
correspond to those in Table 2.5.

Stapled peptide fragmentation

#  Peak Compound HPLC %
1 A Unprotected cyclic peptide derived from 2.25 7
2 B First fragmentation between two N-MeAla residues 11
3 C Second fragmentation between two N-MeAla residues 28

resulting in a N-MeAla residue loss

Branched peptide fragmentation

#  Peak Compound HPLC

1 D Unprotected linear peptide derived from 2.24 5

2 E Fragmentation between two N-MeAla residues resulting 34
in Gly-N-MeAla segment loss

3 F Fragmentation between two N-MeAla residues resulting 5

in Gly-N-MeAla-N-MeAla segment loss

Table 2.6. HPLC-MS chromatogram run at G20100t9T25 and processed at 220 nm of peptide
2.25 fragmentation. The table encloses each peak identification and area.
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Scheme 2.19. Fragmentation of cyclic peptide 2.14 upon acidic treatment. The indicated peaks
correspond to those in Table 2.6.

Concurrently, since complete cyclisation of 2.25 was not accomplished (see
section 2.3.1.4.3), fragmentation of the unreacted branched linear peptide also took
place. Thus, the additional HPLC-MS peaks correspond to the linear unprotected

peptide, segment Gly—N-MeAla loss due to fragmentation between two consecutive N-
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MeAla residues (by either Path A or Path B, see Scheme 2.19B), and Gly—N-MeAla—N-
MeAla segment loss due to fragmentation between two consecutive N-MeAla (see HPLC
chromatogram and product percentages in Table 2.6 and structures of the cyclic

fragmented peptide in Scheme 2.19A).

In sight of these results, we concluded that applicability of the lactam-based
cross-linking methodology to prepare the target molecular architectures is rather
limited. Both peptide cyclisation and global deprotection turned out very problematic.
In fact, only a few of all the tested staple combinations could be cyclised, however, low-
moderate cyclisation yields were observed in most of the cases. Furthermore, the
deprotection outcome was not satisfactory, being the corresponding desired
unprotected peptide not obtained or obtained as a minor product. Thus, at this point of
the project, the lactam-based cross-link approach was discarded and a different peptide

stapling technique was envisioned.

2.3.1.5 Thioether-based cross-linking

A thioether-cross link came up as a good alternative to prepare N-methyl-rich
peptide bridges. Lys and Cys were selected as the stapling points (shown in bold in Figure
2.19). Given the unique properties of Cys, its derivatisation with a wide variety of
electrophiles can be selectively performed under the presence of many functional

groups. Thus, the thioether-based stapled peptide shown in Figure 2.19 was envisioned.

Ac—Glu-Thr-Phe CysAsp-Leu Trp-LysLeu-Leu—Pro-Glu—OH
Figure 2.19. Thioether-based cross-link of HMSP.

2.3.1.5.1 Synthetic methodology development for single staples

The same 12-mer peptide based on the p53 wild-type sequence that was
employed in section 2.3.1.4.1, was used for the development of the synthetic

methodology to prepare single HMSP based on a thioether cross-link. However, the Glu
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residue was substituted by a Cys residues to provide the linear sequence with a thiol
group. The peptide stapling points were located at relative i,i+4 positions, and the

strategy was developed as follows (Scheme 2.20).

IDde 1) Dde group removal
HN 2) Staple elongation
a) Incorporation of
F -N-MeAA-OH
1) Chain elongation S/Trt or moc eAA-O
Fmoc/'Bu Strategy b) On-resin Mitsunobu
2) Acetylation (a) N-Methylation
P —— Ac-( p53-based protected peptide I —
X 0o X
Br
gt Jrt Cleavage
S Bromo acetic S and global
) acid coupling deprotection

b c
Ac-{_ p53-based protected peptide )—O — Ac{_ p53-based protected peptide )—O —_—

Cyclisation

- d
Ac-(__p53-based unprotected peptide  }'Y —— Ac{ p53-based unprotected peptide )Y

X =MeorH,Y=0H orNH,

Scheme 2.20. Synthetic methodology to prepare single “short” HMSP based on a thioether
cross-link. Chain elongation: Couplings onto primary amines: Fmoc-AA(PG)-OH (3 eq),
OxymaPure (3 eq), DIC (3 eq), DMF, 40 min; peptide couplings onto secondary amines: Fmoc-
AA(PG)-OH (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h. Staple elongation: Dde
removal: (Hydrazine—DMF (1:9 v/v) (1 x 1 min + 2 x 15 min)); Strategy A: repetitive cycles of
1) Fmoc-N-MeAla-OH (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h; and 2)
piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 5 min)); or Strateqgy B: repetitive cycles of 1) Fmoc-
Ala-OH (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h; 2) piperidine-DMF (1:4 v/v) (1
x 1 min+2 x5 min); 3) o-NBS (4 eq), DIEA (10 eq), DCM, 30 min; 4) MeOH (10 eq), PPhs (5 eq),
DIAD (5 eq), THFqry, 1 h; 5) DBU (5 eq), HOCH,CH,SH (10 eq), DMF, (1 x 1 min + 2 x 10 min). a)
Acetylation: Ac,0 (3 eq), DIEA (9 eq), DCM, 20 min; b) Bromoacetic acid (5 eq), DIC (5 eq),
DMF, 1 h; c) Cleavage and global deprotection: TFA-TIS-H,O (95:2.5:2.5 v/v), 1 h; d)
Cyclisation in solution: aq. NH;HCO3 (20 mM, pH = 7.9)/ACN (3:1).

For the linear chain elongation, the same approach as the one used for the
development of lactam-based staples was followed (see section 2.3.1.4.1). Thus, a solid-
phase approach combined with a Fmoc/tBu strategy was pursued. Conveniently, the

Rink Amide AM resin or the 2-CTC resin could be used, which rendered the amidated C-
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terminal or the C-terminus as free carboxylic acid function, respectively. The loading of
the resin was set up to 0.60 mmol/g resin. As in section 2.3.1.4.1, couplings onto primary
amines were performed with the AA—OxymaPure—-DIC (3:3:3 eq) coupling system and
couplings onto secondary amines were carried out with the AA-HATU-HOAt-DIEA

(3:3:3:6 eq) coupling mixture.

At position 5 starting from the C-terminus, a Lys residue was introduced,
conveniently protected with the Dde group. Next, four positions further from the Lys
residue, a Cys residue was placed and the synthesis was continued until the last residue.
In order to avoid undesired elongation on the N-terminus upon construction of the

staple, acetylation was carried out with the traditional Ac;O-DIEA (3:9 eq) mixture.

The starting point of the staple chain elongation was the Lys residue located at
the fifth position starting from the C-terminus (Scheme 2.20). N-methylated linker
elongation was accomplished by using either Strategy A or Strategy B. Once the staple
chain was furnished, peptide coupling between the staple N-terminal position and
bromoacetic acid was performed using DIC as coupling reagent. Monitoring of the
reaction always indicated clean conversion according to HPLC-MS analysis. Peptide
cleavage from the resin and global deprotection was carried out with the traditional

TFA-TIS—H,0 (95:2.5:2.5 v/v) cocktail, which furnished the unprotected cleaved peptide.

High nucleophilicity of the Cys residue thiol allowed thioether cross-linking in the
presence of other functionalities displayed on the unprotected peptide. Cyclisation was
accomplished in solution by treatment of the unprotected peptide with an ag. NH4CO3
(20 mM, pH =7.9)/ACN (3:1 v/v) solution for one hour. High dilution conditions ([1 mM])
were required to promote intramolecular cyclisation and prevent undesired
polymerisation. According to HPLC-MS monitoring, reactions generally proceeded
smoothly and full conversion was reached within an hour in most of the cases (see Figure

2.20 for a representative example).

In order to evaluate the scope of the developed methodology, numerous peptide
staple combination sequences were designed for “short” and “large” HMSP, which

involved diverse lengths and nature of N-methylated amino acids. In addition, the staple
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length and nature effect on the secondary a-helix structure was later on assessed by

circular dichroism experiments (see section 2.3.2).
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Figure 2.20. HPLC-MS chromatograms run at G20100t9T25 and processed at 220 nm.
Representative HPLC analysis of the thioether-based cyclisation in solution (compound 2.26).
A) Chromatogram before cyclisation; B) Chromatogram after cyclisation through a thioether-
based cross-link. Peak overlapping due to partial and complete Boc carbamate deprotection

was observed.

2.3.1.5.1.1 Preparation of “short “stapled peptides (i,i+4)

The developed synthetic methodology was applied to the preparation of short
stapled peptides. Thus, insertion of several chemical bridges at relative positions i and
i+4 of the 12-mer p53-based peptide was carried out. In order to assess the staple length
and nature role in the cyclisation outcome as well as in the secondary structure
stabilisation, staple combinations ranged from one to three residues. Insertion of
several residues such as N-MeAla, N-MePhe or Pro was pursued (Table 2.7). Whereas,
insertion of the hydrophobic residues N-MeAla and N-MePhe allowed evaluation of the
bulkiness effect on the cyclisation extent, introduction of Pro, which is known to be a
helix breaker residue, allowed assessment of the residue impact on the helix secondary

structure stabilisation.

In most cases, peptide chain elongation, staple construction and subsequent
cyclisation in solution were accomplished without difficulty. Remarkably, in general
peptide fragmentation upon cleavage did not take place, however, fragmentation of

peptides 2.29 and 2.30 (see entries #4-5 in Table 2.7) could be detected by HPLC-MS
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analysis (see section 2.3.1.4.4 for comments on this topic). Cleavage and global
deprotection of 2.29 and 2.30 resulted in N-terminal N-MePhe residue loss and MeGly—
N-MeAla segment loss, respectively. In both cases, the observed unprotected

peptide/fragmented peptide ratio was 2:1.

Ac—Glu-Thr-Phe CysAsp-Leu - Trp-LysLeu-Leu—Pro-Glu—OH

# Peptide Staple sequence Cyclisation Isolated
conversion yield
(HPLC Yield) (%)**

1 2.26 —N-MeAla— Quantitative 11

2 2.27 —Pro—Pro— Quantitative 12

3 2.28 —Pro—N-MeAla— Quantitative 6

4 2.29 —N-MePhe—N-MeAla—* Quantitative -

5 2.30 —N-MeGly—N-MeAla—N-MeAla—* Quantitative -

Table 2.7. Library of thioether-based stapled peptides cross-linked at positions i and i+4.
*Fragmentation upon cleavage of the linear peptide was observed. **Isolated yields were
determined after compound purification by HPLC.

HPLC purification of peptides 2.26, 2.27, and 2.28 was carried out (the obtained
isolated vyields ranged from 6-11%). The low-moderate isolation yields might be
attributed to the synthetic complexity of these molecular architectures. Nevertheless,
all three peptides were subjected to circular dichroism studies (see section 2.3.2).
Unfortunately, the rather disappointing circular dichroism results suggested that the
relative staple location positions did not favour the helical conformation. At this point
of the project, we considered that isolation of peptides 2.29 and 2.30, which was
foreseen laborious, was not worth it and we moved onto the preparation of “large”

stapled peptides.

2.3.1.5.1.2 Preparation of “large “stapled peptides (i,i+7)

The synthetic methodology developed in section 2.3.1.5.1 was also applied for
the preparation of “large” stapled peptides. In order to evaluate the effect of the overall
peptide charge on the secondary structure stabilisation, two series of “large” stapled
peptides were prepared, where the C-terminus was obtained as a free carboxylic acid
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function or an amidated function. A 13-mer peptide based on the p-53 wild-type
sequence was used for the preparation of the peptide library, being the key stapling
residues located at relative positionsi,i+7. In order to extensively study the staple length
and nature of amino acids on both, the cyclisation outcome and the helical structure
stabilisation, staple combinations ranged from one to three residues and contained
several non-polar residues such as N-MeAla, N-MePhe, N-MeGly, Pro and hydrophilic
residues, including N-Melys, N-MeHis, N-MeGIn (Table 2.8).

In regard to the cyclisation efficiency, similar results as the ones observed for the
preparation of single “short” stapled peptides were obtained, where cyclisation was
accomplished in quantitative HPLC vyields in most of the cases. Surprisingly and in
disagreement with the observed results for “short” thioether-based stapled peptides,
fragmentation upon acidic treatment was not observed in any case. Based on these
results, a plausible explanation was postulated. We hypothesised that the tendency of
a certain peptide to undergo fragmentation might be related to the ring size, the overall
content of N-methylated residues within the core ring and the nature of these residues.
Probably, those combinations conferring more tension to the formed ring favoured
hydrolysis and fragmentation of the peptide staple. Accordingly, peptides accounting for
poorer stability, generally, presented a higher percentage of N-methylated residues
within the core ring, which is the case for short peptides. In this context, the ring size of
the prepared library of “short” stapled peptides varied from six to nine residues, whilst
the ring size for “large” stapled peptides held from nine to twelve residues. On the other
hand, nature of the N-methylated residues seems to play a key role in the overall peptide
stability. Note that all peptides that so far underwent fragmentation (2.16, 2.17, 2.21,
2.24, 2.25, 2.29 and 2.30) contain common N-MeAla residues. Consequently, we

presumed that N-MeAla has a tendency to undergo fragmentation.

In general, synthesis of all peptides was satisfactorily accomplished (see entries
#1-11 and #14 in Table 2.8), except for peptides 2.42 and 2.43. Despite cyclisation of
most of the i,i+7 HMSP was successfully accomplished, poor isolation yields (1-11%)
were obtained. Expected quantities of all final crude peptides were obtained and the

HPLC-MS chromatograms of all the crude products were satisfactory. Thus, in this case

166



Chapter 2. Results and discussion

the low isolated yields were attributed to the limitations encountered during the
purification process. The available HPLC equipment often led to product loss due to
issues with the pumping system and leaking of the solvent lines. Additionally, the HPLC
equipment required multiple injections to efficiently isolate the product (only 2-5 mg of
the crude product could be injected per run), which ultimately led to an even higher

percentage of product loss.
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Ac—Glu-Thr-Phe Cys Asp-Leu-Trp-Lys-Leu-Leu—Lys-Glu-Asn—X

# Peptide X Staple sequence Cyclisation Isolated
conversion yield (%)
HPLC Yield ok k

1 231 OH —N-MeVal- Quantitative 3

2 2.32 OH —N-MePhe—-N-MeAla— Quantitative 2

3 2.33 OH —N-MeGly—N-MeVal- Quantitative 2

4 2.34 OH —N-MelLeu—Pro— Quantitative 3

5 2.35 NH: —N-MeVal— Quantitative 11

6 2.36 NH: —N-MePhe—-N-MeAla— Quantitative 2

7 2.37 NH: —N-MeGly—N-MeVal- Quantitative 5

8 2.38 NH; —N-MelLeu—Pro— Quantitative 5

9 2.39 NH; —N-Melys—N-MeGly— Quantitative 3

10 2.40 NH; —N-Melys—N-Melys— Quantitative 3

11 241 NH> —N-MeGly—N-Melys— Quantitative 3

12 2.42 NH: —-N-MeGIn—-N-MeVal-* Quantitative 1

13 2.43 NH> —N-MeHis—N-MeVal-** - -

14 244 NH, = —N-MeGly—N-MeVal-Pro— Quantitative 4

Table 2.8. Library of thioether-based stapled peptides cross-linked at positions i and i+7. *On-
resin Mitsunobu N-methylation of the GIn residue was low yielding and cyclisation turned out
troublesome.** On-resin Mitsunobu N-methylation of the His residue was not accomplished.
***|solated yields were determined after compound purification by HPLC.

However, synthesis of peptide 2.42 turned out troublesome (see entry #12 in
Table 2.8), since many side-products derived from the on-resin Mitsunobu N-
methylation were detected and the branched linear peptide was only obtained in a 18%
HPLC yield. Identification of these side-products was not possible by HPLC-MS analysis.

All these issues resulted in the formation of the desired stapled peptide 2.42 in small

percentages. Nevertheless, the final crude peptide was subjected to HPLC purification
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to be further studied by circular dichroism. On the other hand, preparation of peptide
2.43 (see entry #13 in Table 2.8) was not accomplished due to problems associated with
the His on-resin Mitsunobu N-methylation. In fact, the mass of the desired peptide was
not detected by HPLC-MS analysis and the formed side-products could not be identified.
Nevertheless, all isolated pure peptides were subjected to circular dichroism studies

(section 2.3.2).

2.3.1.5.2 Synthetic methodology development for double staples

After the success of the thioether-based stapling strategy for the preparation of
single HMSP, we wished to explore the possibility of introducing double staples. A 17-
mer peptide based on the p53 wild-type sequence was used for the development of the
synthetic methodology to prepare double HMSP based on a thioether cross-link. The
peptide stapling points were located at relative positions i,i+4 and i+8,i+12 positions

(Figure 2.21).

Me Me

| +—nNH

S

o

Ac-Leu-Ser-Cys-Glu-Thr-Phe-Lys-Asp-Leu-Trp-Cys-Leu-Leu-Pro-Lys-Ala-Ala-NH,

Figure 2.21. Double thioether-based cross-link.

The synthetic strategy was based on a partial synthesis of the p53-based peptide
main chain and installation of the first staple on solid-phase. Following, elongation of
the main chain until the N-terminus and final on-resin cyclisation furnished the double
stapled peptide. Finally, the peptide was simultaneously unprotected and cleaved from

the resin (Scheme 2.21).

In more detail, a solid-phase approach bases on the Fmoc/'Bu strategy was
pursued, being the Rink Amide AM resin the polymeric support of choice. For the chain
elongation, the same approach as the one used for the development of lactam-based
staples was followed (see section 2.3.1.4.1). Since two on-resin cyclisation reactions

were carried out at a later stage of the synthesis, the resin functionalisation was lowered
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to 0.14 mmol/g resin to avoid undesired side-reactions. As for all this thesis, couplings
onto primary amines were performed with the AA—OxymaPure—DIC (3:3:3 eq) coupling
system, and couplings onto secondary amines were carried out with the AA-HATU-
HOAt-DIEA (3:3:3:6 eq) coupling mixture. At position 3 starting from the C-terminus, a
Lys residue was introduced, conveniently protected with the Dde group, which is
orthogonal to the Fmoc group. Next, four positions further from the Lys residue, a Cys
residue was placed, with the side-chain protected with the Mmt group, which is also
orthogonal to the other protecting groups and can be selectively removed on solid-
phase without causing peptide cleavage and deprotection of other functionalities. In
order to avoid undesired elongation upon staple construction, the N-terminal amine of
the Leu residue located at the ninth position starting from the C-terminus was protected

with the Alloc group with Alloc-CI-DIEA (3:9 eq).

The starting point of the first staple chain elongation was the Lys residue located
at the third position starting from the C-terminus (Scheme 2.21). First, the Lys side-chain
protecting group, Dde, was removed by treatment with hydrazine, and the
corresponding staplel was constructed using either Strategy A or Strategy B (see section

2.3.1.5.1).

Once the staple sequence was furnished, the Mmt group was removed by
successive treatments with a TFA-TIS-DCM (3:5:92 v/v) mixture (3 x 15 min). Complete
Mmt removal was monitored by addition of a few TFA drops to a small aliquot of the
resin. No colouring of the resulting solution indicated full Mmt removal. Additional
treatments were required if the solution turned into an orange colour. Once the Mmt
group was completely removed, the remaining excess of acid was neutralised by

treatment of the peptidyl-resin with a DIEA-DMF (1:99 v/v) solution (3 x 1 min).

Next, on-resin cyclisation was successfully accomplished by addition of a DIEA (5
eq) solution in DMF. We were happy to observe that the reaction proceeded smoothly.
Moreover, full conversion was rapidly reached (within the first 30 min) according to
HPLC-MS analysis (Figure 2.22A). Following, the N-terminal Alloc-protected residue was

freed up to continue with the peptide chain elongation.
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Dde 1) Dde removal
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a) Incorporation of
Fi -N-MeAA-OH
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Scheme 2.21. Synthetic methodology to prepare double HMSP based on a thioether cross-link.
Chain elongation: Couplings onto primary amines: Fmoc-AA(PG)-OH (3 eq), OxymaPure (3 eq), DIC
(3 eq), DMF, 40 min; peptide couplings onto secondary amines: Fmoc-AA(PG)-OH (3 eq), HATU (3
eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h. Staple elongation: Dde removal: Hydrazine-DMF (1:9 v/v)
(1 x 1 min + 2 x 15 min); and Strategy A: repetitive cycles of: 1) Fmoc-N-MeAla-OH (3 eq), HATU (3
eq) HOAt (3 eq), DIEA (3 eq), DMF, 1 h; and 2) piperidine—=DMF (1:4 v/v) (1 x 1 min + 2 x 5 min) or
Strateqy B: repetitive cycles of 1) Fmoc-Ala-OH (3 eq), HATU (3 eq) HOAt (3 eq), DIEA (3 eq), DMF,
1 h; 2) piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 5 min); 3) 0-NBS (4 eq), DIEA (10 eq), DCM, 30
min; 4) MeOH (10 eq), PPhs (5 eq), DIAD (5 eq), THF4y, 1 h; 5) DBU (5 eq), HOCH,CH,SH (10 eq),
DMF, (1 x 1 min + 2 x 10 min)). a) Alloc protection: Alloc-Cl (3 eq), DIEA (9 eq), DCM, 30 min; b)
Bromoacetic acid (5 eq), DIC (5 eq), DMF, 1 h; c) Mmt removal: TFA-TIS-DCM (3:5:92 v/v) (3 x 15
min); d) Cyclisation: DIEA (5 eq), DMF, 30 min; e) Alloc removal: Pd(PHs)4 (0.1 eq), Phenylsilane
(10 eq), DMF, (3 x 15 min); f) Acetylation: Ac,0 (3 eq), DIEA (9 eq), DCM, 20 min; g) Cleavage and
global deprotection: TFA-TIS—-H,0 (95:2.5:2.5 v/v), 1 h.
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Once the full p53-like sequence was assembled, the N-terminal was acetylated

to avoid undesired chain elongation upon construction of the second staple.

The same strategy as the one used for the first staple was applied to the
preparation of the second bridge (Figure 2.22B). Again, thioether formation to render
the second cycle was easily and rapidly accomplished by treatment of the resin with a
basic DMF solution. Finally, peptide cleavage from the resin and global deprotection was
carried out with the traditional TFA-TIS—H,0 (95:2.5:2.5 v/v) cocktail, which rendered

the cleaved unprotected peptide.
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Figure 2.22. HPLC-MS chromatograms run at G20100t9T25 and processed at 220 nm.
Representative HPLC analysis of both thioether-based on-resin cyclisation reactions (compound
2.46). A) Cyclisation A for the construction of the first staple; B) Cyclisation B for the construction
of the second staple. Peak overlapping due to partial and complete Boc carbamate deprotection

was observed.

2.3.1.5.2.1 Preparation of double stapled peptides (i,i+4 and i+8,i+12)

With this developed strategy in hands, a 17-mer p53-based peptide was used for
the preparation of small library of double stapled peptides. Smart design of double
HMSP was carried out as follows. First, in order to assess whether the designated
stapling points were optimal to accommodate the a-helical conformation, the staple
lengths for staplel and staple2 were set to one residue. Note that double stapled
peptides present additional synthetic complexity, and therefore we considered that
insertion of just one N-methylated residue on each staple was a good starting point.

Next, screening of the N-methylated residues nature effect on the secondary structure
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stabilisation was accomplished by preparing double stapled peptides displayed a Pro
residue at both staplel and staple2, an N-MeAla amino acid at both bridges and two N-
Melys residues at staple 1 and staple2. Additionally, a stapled peptide containing no

amino acids within the staple sequence was prepared as a control peptide (Table 2.9).

Me

oy

(o]

Ac-Leu-Ser Cys-Glu-Thr-Phe Lys Asp-Leu-Trp Cys Leu-Leu—X-Lys-Ala-Ala—NH,

# Pept X Staple 1 Staple 2 Staple 1 Staple 2 Isolated
ide sequence sequence Cyclisation Cyclisation yield

conversion conversion (%)*
(HPLC yield) (HPLC yield)

1 245 Lys No AA No AA Quantitative Quantitative 1

2 246 Pro -Pro- -Pro- Quantitative Quantitative 2

3 247 Lys -N-MeAla- -N-MeAla- Quantitative Quantitative 1

4 248 Lys -N-Melys- -N-Melys- Quantitative Quantitative 1

Table 2.9. Library of double thioether-based stapled peptides cross-linked at positions i,i+4, and
i+8,i+12.*Isolated yields were determined after compound purification by HPLC.

In general, synthesis of all double HMSP was satisfactorily accomplished (see
entries #1-4 in Table 2.9). Again, expected quantities of all final crude peptides were
obtained, and the HPLC chromatograms of all the crude products were satisfactory.

Thus, the low yields (1-2%) were attributed to product loss during HPLC purification.

In order to assess whether possible helicity of the double stapled peptides was
conferred by staplel or staple2, or whether it was a result of the synergy between both
staples, peptides 2.49 and 2.50 were designed and prepared (Table 2.10). Again,
expected quantities of all final crude peptides were obtained and the HPLC
chromatograms of all the crude products were satisfactory. Thus, again the low isolated
yields (2%) were attributed to the limitations encountered during the purification

process.
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# Peptide Structure, cyclisation outcome and isolated yield
Me
1 249 °
S

Ac-LSQETFSDLW-Cys-Leu-Leu—Pro-Lys-AA—NH,
Quantitative cyclisation conversion (by HPLC)

Isolation yield: 2% *
Me

A

S

2 2.50 °

Ac—LS-Cys-Glu-Thr-Phe-LysDLWLLKKAA—NH,
Quantitative cyclisation conversion (by HPLC)
Isolation yield: 2% *

Table 2.10. Library of double thioether-based stapled peptides cross-linked at positions i and
i+4, and i+8 and i+12. *Isolated yields were determined after compound purification by HPLC.
p53 wild-type linear analogues were prepared to serve as negative control for
circular dichroism studies of single “short and “large” as well as double stapled peptides.
Accordingly, 12-mer, 13-mer and 17-mer linear p53-based peptides were prepared with

the amidated C-terminus (Table 2.11). Good-moderate isolation yields were obtained in

all cases.
# Peptide Length Sequence Isolated
yield (%) *
1 251 12-mer Ac-ETFESLWKLLPE-NH; 42
2 252 13-mer Ac-ETFSDLWKLLPEN- NH; 80
3 253 17-mer = Ac-LSQETFSDLWKLLPENA-NH; 54

Table 2.11. Library of linear p53-based peptides. *Isolated yields were determined after
compound purification by HPLC.

173



Chapter 2. Results and discussion

2.3.2 Circular dichroism studies

Circular dichroism (CD) spectroscopy has been widely used for secondary
structure characterisation of peptides and proteins. CD allows monitoring of
conformational changes as well as estimation of the overall secondary structure
content. In particular, random-coil, a-helix, and parallel and antiparallel B-sheets
secondary structures can be identified within the 260-190 nm wavelength range of a CD
spectrum.8] |n this context, CD spectra of non-preorganised peptides (or peptides
presenting a random-coil structure) show a characteristic intense minimum at 200 nm.
CD spectra of helical conformations display a double minimum at 222 nm and 208 nm,
and an intense maximum at 191 nm. Intensity of these three bands indicate the overall
helical content. In fact, the extent of helix formation is most easily monitored by
following the minimum at 222 nm ([6]222),!*2% being the helicity percentage of a peptide

or protein calculated as follows:

[6]222 )

M4 [6]222

Helicity % = 100

6-100

22 = i1’

max [8],,, = (—4400 + 250 - T)(1 — k/n)

Where: 0 (Ellipticity (m-deg)), C (concentration (mol-L?)), n (number of residues); |
(length of the cell (cm)), T (temperature (°C)), k (constant: k=3 for carboxy amidated peptides
and k=4 for COOH terminated peptides).

The CD spectra of peptides and proteins is highly subjected to the environmental
conditions, since the helical conformation is solvent- and pH- dependent. For instance,
TFE is known to promote helix formation.[''® In addition, the helical structure is

favoured in basic pH and destabilised at neutral pH.['%°!
2.3.2.1 CD studies of the HMSP library

In order to evaluate the intrinsic capacity of the prepared HMSP library to
stabilise the helical conformation, CD studies were run in the absence of TFE and at a

neutral pH (in a phosphate buffer of pH 7.4). Note that the helical conformation is least
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stabilised upon these conditions,!*'®! thus these experiments indicate the actual impact
of the peptide bridge nature and length on the helical conformation stabilisation. The

obtained results are summarised in Table 2.12.

#  Peptide Staple type Structure %Helicity
1 2.51 Linear 12-mer Random coil -

2 2.26 (i,i+4) Random coil -
3 2.27 (i,i+4) Random coil -
4 2.28 (i,i+4) Random coil -
5 2.52 Linear 13-mer Random coil -
6 2.31 (i,i+7) a-helix 33%
7 2.32 (i,i+7) a-helix 39%
8 2.33 (i,i+7) a-helix 31%
9 2.34 (i,i+7) a-helix 35%
10 2.35 (i,i+7) a-helix 19%
11 2.36 (i,i+7) a-helix 38%
12 2.37 (i,i+7) a-helix 26%
13 2.38 (i,i+7) a-helix 20%
14 2.39 (i,i+7) a-helix 32%
15 2.40 (i,i+7) a-helix 48%
16 241 (i,i+7) a-helix 35%
17 2.42 (i,i+7) a-helix 37%
18 2.44 (i,i+7) a-helix 26%
19 2.53 Linear 17-mer Random coil -
20 2.45 (i,i+7 and i+8,i+12) a-helix 24%
21 2.46 (i,i+7 and i+8,i+12) Random coil -
22 2.47 (i,i+7 and i+8,i+12) a-helix 38%
23 2.48 (i,i+7 and i+8,i+12) a-helix 46%
24 2.49 (i,i+4) a-helix 21%
25 2.50 (i,i+4) a-helix 22%

Table 2.12. CD studies of the HMSP library.

To start up with, the secondary structure of single “short” HMSP, where the
staple was located between relative positions i,i+4, was evaluated and compared to the
CD spectrum of the 12-mer linear p53-based peptide counterpart (see entries #1-4 in
Table 2.12). In all cases, CD spectra showed an intense minimum at 200 nm, thus
indicating the predominance of the random coil structure (Figure 2.23). In regards to the
staple length impact on the secondary structure stabilisation, note that short peptide
bridges ranging from one to two residues led to the same unfortunate results.

Replacement of Pro, which is known to be a helix breaker residue, by Ala, that it is
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expected to favour the helical conformation, did not have a positive impact on the a-
helix structure accommodation (see entries #2-4 in Table 2.12). Hence, these results
suggested that the staple location within the peptide backbone and/or the distance
between the stapling points (four residues) might not favour the helical secondary

structure.
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Peptide 2.27

Peptide 2.28

Figure 2.23. CD spectra of single “short” HMSP (i,i+4).

Better results were obtained for single “large” HMSP, in which the chemical
brace was placed between relative positions i,i+7. To the linear 13-mer p53-based
peptide showing a random coil structure (see entry #5 in Table 2.12), a-helix stabilisation
was accomplished by insertion of thioether-based peptide bridges of diverse natures
and lengths (see entries #6-18 in Table 2.12). In all cases, the CD spectra displayed a
double minimum around 222 nm and 208 nm, and an intense maximum around 191 nm,
suggesting that the selected stapling points were optimal to accommodate the helical
conformation (Figure 2.24 and Figure 2.25). For all peptides, the helicity percentage was
calculated following the minimum at 222 nm ([B].22), being the helicity percentages

comprised within 19-48%.

176



Chapter 2. Results and discussion

First, synthesis of peptides 2.31, 2.32, 2.33 and 2.34, which contain the
unblocked C-terminus, was carried out and their CD spectra was assessed (see entries
#6-9 in Table 2.12). Although in all cases helicity was promoted, peptide 2.32 gave the
best results (38% of helical content) (see entry #7 in Table 2.12 and Figure 2.24). At this
point of the project, we wished to evaluate whether the overall peptide charge had an
impact on the helical structure accommodation. Note that positive charges enhance
cellular uptake, and therefore peptides holding the amidated C-terminus were expected
to present greater cellular permeability. With that purpose, preparation of a C-terminus
amidated analogue of peptide 2.32, which presents the greater helicity among and
contains the staple sequence —N-MePhe—-N-MeAla—, was carried out and both CD
spectrum were compared (see entries #7 and #11 in Table 2.12 and Figure 2.24). Both
peptides led to similar helicities (38% and 39%). Inspired by these positive CD results, a
library of HMSP with the amidated C-terminus, where peptides were expected to
present greater cellular uptake due to the additional positive charge, was designed and

their corresponding CD was evaluated.

Based on the results obtained for the i,i+7 HMSP library with both the unblocked
or the amidated C-terminus (see entries #6-18 in Table 2.12, Figure 2.24 and Figure
2.25), conclusions on the optimal staple length to promote the helical secondary
structure cannot be drawn. In fact, a general trend based on the staple dimensions
(tested peptide staples varied from one to three N-methylated residues) could not be
outlined. However, it is worth highlighting that all peptides containing N-MeLlys
residues, generally, present a rather high helical content. That is the case for peptides
2.39, 2.40 and 2.41, which display a 32%, 48% and 33% of helical content, respectively
(see entries #14-16 in Table 2.12). We hypothesised that the ability of the free amine
group (N-H) present in the Lys side chain might confer extra helical stability due to
possible H-bonding with the peptide backbone. This plausible explanation complies with
the obtained results, since a considerably higher helicity was observed for peptide 2.40,
which displayed two N-MeLys within the N-methyl-rich peptide bridge, compared to the
helicity observed for peptides 2.39 and 2.41.
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Figure 2.24. CD spectra of single “large” HMSP (i,i+7).
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Figure 2.25. CD spectra of single “large” HMSP (i,i+7).
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Interesting results were also obtained with double HMSP (Figure 2.26). Direct
stapling between relative positions i,i+4, and i+8,i+12 through a thioether-based bridge
resulted in some helical conformation stabilisation (24%) (see entry #20 in Table 2.12).
As expected, insertion of a Pro residue at both staplel and staple2 positions, as well
within the peptide backbone, resulted in destabilisation of the a-helix structure, since
peptide 2.46 presented a random coil structure (see entry #21 in Table 2.12). The Pro
residue, which is known to break the helical stability, might account for these results.
On the other hand, the 38% of helical content observed when placing a N-MeAla residue
at staplel and staple2 (see entry #22 in Table 2.12) indicates that insertion of one inert
N-methylated residue results in considerable stabilisation of the helical conformation.
In accordance with previous obtained results, insertion of a N-MeLys residue at staplel
and staple2 bridges resulted in the highest helicity observed for double stapled peptides
(46%) (see entry #23 in Table 2.12). Thus, these experiments support the previously
postulated theory, where the Lys side confers extra helical stability due H-bonding with

the peptide backbone.

Inspired by these promising results, we wished to evaluate whether the greater
helicity observed in peptide 2.48 was conferred by either staplel or staple2, or whether
it was a result of the synergy between both staples. With that purpose, the CD spectra
of peptides 2.49 and 2.50 were evaluated (Figure 2.27). As a matter of fact, both
individual staples located at relative positions i,i+4 stabilised the helical conformation
(21-22%) (see entries #24-25 in Table 2.12). On the basis of these results, the
outstanding helical content of peptide 2.48 is a result of the addition effect of both
staples. Concomitantly, these experiments confirm that complete failure of peptide
staples 2.26, 2.27 and 2.28 to accommodate the helical conformation is a matter of the
staple location rather than the relative distance between the stapling points (see entries

#2-4 in Table 2.12).
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Figure 2.26. CD spectra of “double” HMSP (i,i+4 and i+8,i+12).
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Figure 2.27. CD spectra of “single” HMSP (i,i+4).
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To sum up, the novel developed molecular architectures, HMSP, allowed
preparation of p53-based peptides with enhanced helical conformation. In this context,
insertion of N-methyl-rich peptide bridges of different lengths (from one to three
residues) and nature between positions i,i+7 resulted in accommodation of the helical
structure. Additionally, double HMSP, where two N-methyl-rich peptide bridges were
inserted at relative positions i,i+4 and i+8,i+12, also proved effective to stabilise the a-
helix secondary structure. Remarkably, in general insertion of N-Melys residues

accounts for additional helical stability due to H-bonding with the peptide backbone.

The synthetic methodologies developed in this study and the positive results
obtained from the CD studies, together with the general trends outlined according to
them, open the doors to an extensive staple screening with other N-methyl-rich peptide
bridge combinations of various lengths and located at different positions, in order to

draw final conclusions about the structural requirements of staples to induce helicity.
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Conclusions

Conclusions for CHAPTER 1 are:

1. A robust Fmoc-based stepwise methodology for the preparation of complex
cyclodepsipeptides that are composed of B-branched residues and contain
consecutive and multiple ester bonds was successfully developed. In this
context, the drawbacks commonly encountered in depsipeptide synthesis,
namely (i) problematic Fmoc protecting group removal due to DKP formation and
o,B-elimination side-reactions, and (ii) selection of the appropriate protecting
group scheme for residue incorporation, were extensively studied and solved.

2. Fmoc removal of the second residue with the traditional piperidine—DMF (1:4
v/v) (2 x 1 min) mixture led to DKP formation (18%). Lower DKP formation rates
were observed when replacing the piperidine—DMF (1:4 v/v) system by the DBU-
DMF (2:98 v/v) cocktail, and most importantly, when adding small percentages

of the HOBt organic acid to the deprotection mixture. Among all tested
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conditions, the optimal treatment to minimise DKP formation was found to be
the following: 0.1 M HOBt in DBU-DMF (2:98 v/v) (2 x 1 min).

Assembly of Fmoc-protected residues at the amine function via ester bond
formation turned out problematic due to undesired racemisation, o,f3-
elimination side-reactions and residue loss. In all cases, an improvement in the
Fmoc removal step was observed when replacing the traditional piperidine—
based mixture by the DBU-DMF (2:98 v/v) cocktail. For the first time, addition of
small percentages of organic acids (HOBt or OxymaPure) to the Fmoc removal
cocktail generally led to better deprotection outcomes. The organic acid
concentration had an effect on the Fmoc elimination step, whereas addition of
HOBt or OxymaPure in a 0.1 M concentration usually improved the Fmoc
removal outcome, addition of higher percentages of both organic acids (ina 0.2
M concentration) accounted for poorer results, probably due to partial or
complete base neutralisation.

The residue incorporation success to form ester linkages highly depended on the
N®-protecting group.

a. First ester linkage: insertion of the Ac-Thr(OH)-OH residue with the amine
function protected with Ac and Alloc protecting groups led to no residue
incorporation. The until now unreactive Ac-Thr(OH)-OH derivative could
be finally introduced in a stepwise manner as Fmoc-Thr(TBDMS)-OH. The
Fmoc and TBDMS groups were simultaneously removed by treatment
with TBAF, and the o,B-elimination side-product formation was fully
prevented.

b. Second ester linkage: esterification of the N,0-Me,Thr-OH residue can be
accomplished with both the Alloc and the Fmoc protected N,O-Me,Thr-
OH residues. However, 22-23% of racemisation was observed in both
cases. N-alkylated amino acids are more susceptible to epimerisation at the
o-carbon upon amino acid activation, and racemisation might be attributed
to this moiety. Additional efforts to prevent racemisation gave the same
unfavourable results. Fmoc removal at this point of the synthesis with a

DBU-DMF (2:98) solution successfully afforded the desired product in a
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57% HPLC conversion, being formation of the undesired a,B-elimination
side-product significantly minimised. Although Fmoc removal leads to
lower yields compared to Alloc, the Fmoc protecting group might be very
useful for the rapid preparation of a series of synthetic analogues.

c. Third ester linkage: insertion of the Ac-Thr(*Bu)-OH residue with the
N“position protected with Ac and Alloc resulted in no residue
incorporation. Introduction of the residue was accomplished with
commercially available Fmoc-Thr(*Bu)-OH, and complete formation of
the undesired a,B-elimination side-product upon Fmoc removal
conditions was circumvented by treatment with a 0.1 M HOBt in DBU-
DMF (2:98) solution.

5. Evaluation of the fully stepwise efficiency was carried out by comparison with
two synthetic strategies containing one and two depsipeptide building block
segment condensations for the preparation of the target molecule. Remarkably,
all three strategies account for comparable yields after HPLC purification (24-
26%). It is worth highlighting that the fully Fmoc-based stepwise strategy
presents some advantages over segment condensation strategies. Preparation
of didepsipeptides building blocks, which often comprise several reaction and
purification steps can be avoided. Moreover, the Fmoc-based stepwise strategy

becomes a valuable tool for the rapid generation of many synthetic analogues.

Conclusions for CHAPTER 2 are:

6. A novel class of stapled peptides, namely HMSP, were designed and successfully
developed, in which a short N-methyl-rich peptide bridge was inserted at key
stapling positions to promote the helical conformation.

7. Incorporation of the N-methyl-rich peptide bridge was successfully accomplished
by either stepwise incorporation of Fmoc-protected N-methylated residues
previously synthesised in solution (Strategy A) or sequential Fmoc-AA-OH
residue assembly and subsequent on-resin Mitsunobu N-Methylation (Strategy

B). Both approaches turned out efficient for the elongation of the N-methyl-rich
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10.

peptide staples. Conveniently, either method can be used based on the staple
length and nature of the amino acids

Applicability of a lactam-based cross-linking methodology to prepare the target
molecular architectures is rather limited. Both, peptide cyclisation and global
deprotection steps turned out very problematic. In fact, only a few of all the
tested staple combinations could be cyclised, however, low to moderate
cyclisation rates were observed in most of the cases. In this context,
macrolactamisation was only accomplished for “short” stapled peptides when N-
MegGly, Ala or Gly were located at the staple N-terminal position. Furthermore,
the deprotection outcome was not satisfactory, being the corresponding desired
unprotected peptide not obtained or obtained as a minor product. Thus, the
lactam-based cross-link approach was discarded for the preparation of HMSP.
A thioether-based cross-linking methodology was successfully developed for the
preparation of single and double HMSP. Scope of the developed methodology
was evaluated by insertion of numerous peptide bridge combination sequences
to key stapling positions, which involved diverse lengths and nature of N-
methylated amino acids. In fact, good to excellent cyclisation rates were
observed in most of the cases and the thioether-based cross-linking approach
circumvented peptide fragmentation upon cleavage and global deprotection.
These results confirmed the efficiency of this strategy for the preparation of
HMSP.

The staple length and nature effect on the secondary a-helix structure was
assessed by circular dichroism experiments. For peptide stapling at positions
i,i+4, the helical secondary structure was only promoted when the staple was
located at specific stapling positions. On the other hand, peptide stapling
between positions i,i+7, as well as double peptide stapling resulted in
accommodation of the helical structure. Remarkably, the HMSP compounds
exhibiting the highest helical conformation were a “large” stapled peptide
holding two N-Melys residues at the stapling entity and a double stapled peptide

that incorporated a N-Melys residues at both staple 1 and staple 2. The N-Melys
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free amine capacity to form H-bonds with the peptide backbone might account

for additional helical stability.

11. These novel molecular architectures are highly versatile, since the length and
flexibility of the staple can be modulated to screen the optimal HMSP

combination in seek of an enhanced pharmacological profile.

12. The thioether-based cross-linking methodology turns into a convenient
methodology to generate cyclic N-methylated peptides in a straightforward

manner.
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Experimental section. Materials and general methods

3.1 Materials and methods

3.1.1 Solvents and reagents

3.1.1.1 Solvents

All solvents were purchased to the suppliers Panreac, Scharlau, SDS, Sigma-

Aldrich.

3.1.1.1.1 Anhydrous solvents

- DCM: was distilled from CaH; under N, atmosphere.

- THF: a sodium wire and benzophenone were added to a volume of THF and

refluxed under N, atmosphere.

- DMF was stored with 4 A activated molecular sieves.

3.1.1.2 Reagents

All the reagents were purchased to the suppliers Acros Organics, AlfaAesar,

Bachem, Fluka, Fluorochem, Iris Biotech GmbH, MerckMillipore, Novabiochem, Sigma-

Aldrich, TCI.

3.1.2 Instrumentation

3.1.2.1 General basic instrumentation

BALANCES

METTLER TOLEDO AG245
METTLER TOLEDO ME204
METTLER TOLEDO NEWCLASSIC MS

Digital Heat Block

Thermo Scientific

Lyophilisers

Labcono
CHRIST Alpha 2-4 LD plus

Orbital shaker

HEIDOLPH Unimax 1010

Rotatory evaporators

HEIDOLPH Labrota 4003 Control

Vortex mixer

VELP Scientifica

Ultrasonic bath

Branson 3510

UV-Vis
Spectrophotometer

SEGONAM Uvikon XS
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3.1.2.2 Chromatography

3.1.2.2.1 Thin layer chromatography (TLC)

TLC was performed on an aluminium foil sheet, which was coated with a thin
silica gel layer (stationary phase). The sample was applied on the plate and an
appropriate solvent mixture (mobile phase) was eluted. Separation was accomplished
due to different polarity of the compounds. A UV-Vis spectrophotometer was used to
visualise the spots that absorbed UV light at 254 nm, and TLC staining solutions were

used to visualise compounds that did not absorb UV light.
TLC staining solutions:

- Basic KMnOas: 40 g of K,CO3 + 6 g of KMnO4 in 600 mL of water, then 5 mL of
10% NaOH were added. The staining solution oxidises compounds containing
diols, C=C, reactive methylenes, phenols, thiols, phosphines etc.

- Ninhydrin: 20 g of ninhydrin in 600 mL of ethanol. Primary amines produce
blue spots at room temperature. Boc-protected primary amines produce
spots on heating. Secondary amines are sometimes detected but the stain is

weak.
3.1.2.2.2 Column chromatography on silica gel
Column chromatography was performed using flash chromatography with Acros

silica gel (35— 70 um).

3.1.2.2.3 High performance liquid chromatograpgy (HPLC)

3.1.2.2.3.1 Analytical HPLC

Analytical HPLC was performed on a Waters instrument comprising a Waters
2695 (Waters, MA, USA) separation module, an automatic injector, a photodiode array
detector (Waters 996 or Waters 2998) and a Millenium login system controller. The
following columns were used: a Xbridge™ C18 reversed-phase analytical column (2.5
um x 4.6 mm x 75 mm) and a SunFire™ C18 reversed-phase analytical column (3.5 um

X 4.6 mm x 100 mm). The analyses were run with linear gradients of H,0 (0.045% TFA)
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and ACN (0.036% TFA) over 8 min. UV detection was set at 220 nm and the system run

at a flow rate of 1.0 mL/min.

Analytical HPLC was also performed on a Shimadzu instrument comprising a two
solvent delivery pumps (Shimadzu LC-10AD), a degasser (Shimadzu DGU-14A), an
automatic injector (Shimadzu SIL-10A XL), a Shimadzu dual wavelength detector
(Shimadzu SPD-M10AVP), and a prominence communications bus module (Shimadzu
CBM-20A). The column used was a XBridge™ C18 reversed-phase column (3.5 um x 4.6
mm x 42 mm). Linear gradients of H,0 (0.045% TFA) and ACN (0.036% TFA) over 15 min
were used. The UV detection was set at 220 and 254 nm and the system run at a flow

rate of 1.0 mL/min.

3.1.2.2.3.2 Semi-analytical HPLC

Semi-analytical HPLC was performed on a Shimadzu instrument comprising a two
solvent delivery pumps (Shimadzu LC-10AD), a degasser (Shimadzu DGU-14A), an
automatic injector (Shimadzu SIL-10A XL), a Shimadzu dual wavelength detector
(Shimadzu SPD-M10AVP), and a prominence communications bus module (Shimadzu
CBM-20A). The column used was a XBridge™ Peptide BEH C18 Prep reversed-phase
130A column (5 um x 10 mm x 100 mm). Linear gradients of H,0 (0.045% TFA) and ACN
(0.036% TFA) over 20 min were used. The UV detection was set at 220 and 254 nm and

the system run at a flow rate of 2.0 mL/min.

3.1.2.2.3.3 HPLC-MS

HPLC-MS was performed on a Waters instrument comprising a Waters 2695
separation module, an automatic injector, a Waters 2996 photodiode array detector, a
Waters ESI-MS Micromass ZQ 4000 spectrometer, and a Masslynx v4.1 system
controller. HPLC-MS was also performed on a Waters instrument comprising a Waters
2795 separation module, an automatic injector, a Waters 2996 photodiode array
detector, a Waters ESI-MS Micromass ZQ 2000 spectrometer and a Masslynx v4.1
system controller. The following columns were used: a Sunfire™ C18 reversed-phase
analytical column (3.5 pm x 4.6 mm x 75 mm), and a XBridge™ C18 reversed-phase

column (3.5 um x 4.6 mm x 42 mm). The analyses were run with linear gradients of H,O
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(0.1% HCOOH) and ACN (0.07% HCOOH) over 9 min. UV detection was set at 220 nm and

the system run at a flow rate of 0.3 mL/min.
3.1.2.3 MALDI-TOF

Mass spectra were recorded on a MALDI-TOF Applied Biosystem 4700 with a N>
laser of 337 nm using ACH matrix (10 mg/mL of ACH in ACN—H,0—-TFA (1:1:0.1 v/v)).

Sample preparation: a mixture of sample solution (1 uL) and matrix (1 pL) was

prepared, placed on a MALDI-TOF plate and dried by air.

3.1.24 Nuclear Magnetic Resonance (NMR)

'H and 13C spectra were recorded on a Varian MERCURY 400 or a Bruker 400 MHz
Avance Il spectrometer for organic small molecules. Chemical shifts (6) are expressed
in parts per million downfield from tetramethylsilyl chloride. Coupling constants are

expressed in Hertz.
3.1.25 Circular dichroism spectroscopy

Circular dichroism experiments were carried out in spectro-polarimeter (Jasco
Inc., Easton MD USA and Spectra Manager version 1.53.01 (Jasco). The following
parameter were used: sensitivity (standar (100 m-deg)), start (260 nm), end (190 nm),
data pitch (0.5 nm), scanning mode (immediately), scanning speed (20 nm/min),

response (1 sec), band width (1.0 nm) and accumulation (3).

3.1.3 Solid-Phase Peptide Synthesis (SPPS)

3.1.3.1 General considerations

Solid-phase synthesis was carried out manually in polypropylene syringes fitted
with two polyethylene filter discs. All soluble reagents were removed by suction.
Washings between deprotection and coupling were carried out with DMF (3 x 1 min)
and DCM (3 x 1 min) using 4 mL solvent/g resin for each wash. When not specified all

the transformations were performed at 25 °C. Short treatments were carried out with
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manual stirring while longer transformations took place in orbital shakers. All the

peptides were synthesised using the Fmoc/'Bu protection strategy.
3.1.3.2  Colorimetric test

3.1.3.2.1 Kaiser test

The Kaiser or ninhydrin test is a colorimetric test that enables the qualitative
detection of primary amines. It is commonly used in SPPS to monitor coupling and
deprotection treatments. The peptide resin was washed with DCM and the solvents
removed by suction. A few beads of the resin were placed on a glass tube and 6 drops
of solution A and 2 drops of solution B were added. The tube was incubated at 110 °C
for 3 minutes. A dark blue colour reveals the presence of free primary amines while a

yellow coloration ensures 99 % of coupling rate.

- Solution A: A solution of phenol (400 g) in absolute EtOH (100 mL) was
prepared. Some heating was needed to achieve complete dissolution of the
phenol. 20 mL of a 10 mM aqueous KCN solution (65 mg of KCN in 100 mL of
H,0) was added to freshly distilled pyridine (1000 mL). The two solutions
were stirred with the ion exchange resin Amberlite MB-3 (40 g) for 45
minutes, then filtered and combined to obtain Solution A for Kaiser test.

- Solution B: Ninhydrin (2.5 g) was dissolved in absolute EtOH (50 mL). The
ninhydrine reagent is light sensitive, thus, Solution B was kept in a flask

protected from light.

3.1.3.2.2 Chloranil test

The chloranil test is a colorimetric test used in SPPS that enables qualitative
detection of free secondary amines. It is commonly used to monitor couplings onto

proline or N-alkyl residues.

The peptide-resin was washed with DCM and the solvent was removed by
suction. A few beads were transferred to a glass tube and 5 drops of a saturated chloranil

solution in toluene were added. 20 drops of acetone were then added and the mixture
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was shaken in a vortex mixer for 5 minutes at room temperature. The resin beads

staining green indicate the presence of free secondary amines.

3.1.3.3 Conditioning of the resin and first amino acid incorporation

The Rink Amide Aminomethyl resin and the 2-Chlorotrityl chloride resin were the

resins of choice to carry out solid-phase peptide synthesis in the present thesis.

3.1.3.3.1 Rink Amide Aminomethyl resin (Rink Amide AM)

Conditioning of the resin consisted of washes with DMF (5 x 1 min) and DCM (5
x 1 min) to obtain an optimal swelling of the resin before incorporation of the first amino

acid.

Incorporation of the first amino acid onto the Rink Amide AM resin is achieved
through a peptide coupling between the corresponding Fmoc-protected amino acid and
the free primary amine present in the resin. The loading of commercially available Rink
Amide AM resin is often comprised between 0.1 — 0.7 mmol/g resin. The amine
functionality of the resin is Fmoc-protected, hence Fmoc group removal is required prior
to the first amino acid incorporation. The Fmoc group was removed by treatment with
a solution of piperidine in DMF (1:4 v/v) (1 x 1 min + 1 x 5 min + 1 x 10 min). The resin
was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min). A solution of
Fmoc-AA(PG)-OH-DIC-OxymaPure (5:5:5 eq) in DMF was added to the resin and shaken
for one hour. A Kaiser test was carried out to check coupling completion. If necessary,

more coupling cycles were performed until complete incorporation was accomplished.

3.1.3.3.2 2-Chlorotrityl chloride resin (2-CTC)

Conditioning of the resin consisted of washes with DMF (5 x 1 min) to eliminate
hydrochloric acid traces, and with DCM (5 x 1 min) to obtain an optimal swelling of the

resin before incorporation of the first amino acid.

Incorporation of the first amino acid onto the 2-CTC resin is achieved through a
nucleophilic attack of the carboxylate form of the corresponding Fmoc-protected amino
acid to form an ester bond. The loading of commercial 2-CTC is rather high (1.6 mmol/g
resin), therefore aggregation may take place. Thus, a lower loading (0.3 — 0.8 mmol/g)
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was achieved by the addition of a solution of the Fmoc-protected amino acid (0.3 — 0.8
equivalents) and DIEA (3 eq) in DCM onto the resin. After 10 minutes, more DIEA (7 eq)
was added and the reaction mixture was shaken for 40 minutes. In order to terminate
the excess of reactive positions, 800 uL of MeOH/g resin were added and the reaction
was shaken for 10 minutes. Then, the solvents were removed by suction, and the resin

was washed with DCM (3 x 1 min), DMF (3 x 1 min) and DCM (3 x 1 min).

3.1.3.3.2.1 Fmoc quantification and real loading determination

The loading capacity of the resin can be evaluated by quantifying the Fmoc-
dibenzofulvene adduct formed during Fmoc removal of the first amino acid. Thus, while
carrying out deprotection treatments and washes, all the fractions were collected in a
volumetric flask and the UV absorbance at 290 nm of the resulting mixture was

measured. The loading capacity was calculated as follows:

A-X
e-y-l

Real loading =

Where: A (Absorbance), X (Volume of the solvent (mL)), € (Molar absorbance

coefficient (5800 L - mol™ - cm™)), y (Resin weight (g)), | (Length of the cell (cm)).
3.1.3.4 Cleavage from the resin and global deprotection protocols

Cleavage and global deprotection from either resin used in the present thesis
(the Rink Amide AM or the 2-CTC resin) can be achieved by treatment of the peptidyl-
resin with TFA and the appropriate scavenger mixture. According to the side chain
groups present in the peptide sequence, a different cleavage cocktail is considered to

be the most suitable for the system (Table 1).

Side chain PG Cleavage cocktail
None TFA
'Bu and/or Boc TFA—H,0 (95:5 v/v)
Trt TFA=TIS (95:5 v/v)
Trt, 'Bu and/or Boc TFA—-H,0-TIS (95:2.5:2.5 v/v)

Table 1. Cleavage cocktail mixture according to the side-chain protecting groups.
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3.1.3.4.1 Rink Amide Aminomethyl resin

Cleavage of the peptide from the Rink Amide AM resin provides the peptide with
an amide function at the C-terminus. Cleavage can only be achieved by treatment of the
resin upon strong acidic conditions, thus furnishing the peptide with all the free side-

chain functionalities.

- Protocol Clel (Cleavage from the resin and global deprotection): After washes
with DCM (3 x 1 min), the resin was treated with the most suitable cocktail
mixture for one hour (10 mL/g resin). The mixture was collected in a falcon
containing cold TBDME, in which the peptide precipitated. The precipitate was
washed three times with cold TBDME. A mixture of H,O—-ACN (1:1 v/v) was added

and the resulting mixture was lyophilised.

3.1.3.4.2 2-Chlorotrityl chloride resin

Cleavage of the peptide from the 2-CTC resin provides the peptide with the acid
function at the C-terminus, therefore enabling cyclisation in solution. Protocol Cle2 was
used to obtain the fully unprotected cleaved peptide. Protocol Cle3 and Protocol Cle4
afforded the cleaved peptide furnished with all the side-chain protecting group
functionalities. Protocol Cle5 was the procedure of choice when cleavage and global

deprotection under anhydrous conditions were required.

- Protocol Cle2 (Cleavage from the resin and global deprotection): After washes
with DCM (3 x 1 min), the resin was treated with the most suitable cocktail
mixture (see Table 1) (1 x 1 min + 2 x5 min) (10 mL/g resin). The mixture fractions
were collected in a round bottom flask and let to stir for 50 minutes to achieve
full deprotection. The solvent was removed under reduced pressure until a small
volume was left. The resulting volume was then transferred to a falcon
containing cold TBDME, in which the peptide precipitated. The precipitate was
washed three times with cold TBDME. A mixture of H,O—-ACN (1:1 v/v) was added
and the resulting mixture was lyophilised.

- Protocol Cle3 (Cleavage from the resin): Cleavage from the resin was achieved by

treatment with a TFA-DCM (2:98 v/v) (1 x 1 min + 2 x 5 min) (10 mL/g resin)
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3.1.34

3.14

3.14.1

mixture. The resin was then washed with DCM until the colour of the resin
changed from red to original yellow. All the fractions were collected in a round-
bottomed flask containing H.O (15 mL/0.2 g resin). A N2 flow was bubbled
through to evaporate the TFA and the DCM present in the mixture. The resulting
mixture was freeze-dried.

Protocol Cle4 (Cleavage from the resin): After washes with DCM (3 x 1 min), the
resin was treated with a HFIP-DCM (1:4 v/v) (10 mL/ g resin) (60 min) solution
and washed with DCM until the colour of the resin changed from red to original
yellow. All the fractions were collected in a round-bottomed flask and the solvent
was removed under a N; flow. The crude product was dissolved in a H,O-ACN
(1:1 v/v) mixture and lyophilised.

Protocol Cle5 (Cleavage and global deprotection under anhydrous conditions):
Cleavage from the resin and global deprotection was achieved by treatment of
the peptide-resin with a TFA-TIS—dry DCM (90:5:5 v/v) (1 x 1 min + 2 x 5 min) (10
mL/ g resin) mixture under anhydrous conditions. All the fractions were collected
in a round-bottomed flask and let to stir for 30 min to achieve full removal of the
protecting groups. A N; flow was bubbled through the reaction mixture to

evaporate the solvents. The crude product was lyophilised.

.3 Peptide “mini-cleavage” to monitor reaction conversion

Protocol MC: To evaluate reaction conversion when performing a reaction on
solid-phase, a small aliguot of the peptidyl-resin was treated with the
appropriate cleavage cocktail. A N2 flow was bubbled through to remove all the
solvent, followed by the addition of a HO/ACN (1:1 v/v) mixture. The sample
was then analysed by HPLC-MS.

Peptide purification

Semi-analytical reversed-phase equipment

Most peptides were purified using a HPLC-reversed phase equipment. Semi-

analytical HPLC was performed on a Shimadzu instrument comprising a two solvent

delivery pumps (Shimadzu LC-10AD), a degasser (Shimadzu DGU-14A), an automatic
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injector (Shimadzu SIL-10A XL), a Shimadzu dual wavelength detector (Shimadzu SPD-
M10AVP), and a prominence communications bus module (Shimadzu CBM-20A). The
column used was a XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5 um
x 10 mm x 100 mm). Linear gradients of H,0 (0.045% TFA) and ACN (0.036% TFA) over
20 min were used. The UV detection was set at 220 and 254 nm and the system run at

a flow rate of 2.0 mL/min

Sample preparation: the peptide crude was dissolved in the minimal amount of
a H,0—ACN solution, in which the ACN percentage depended on the sample nature. The
resulting solution was filtered through a 0.45 mm nylon filter and the optimal HPLC
binary gradient was chosen according to the sample complexity. The collected fractions

were analysed by HPLC-MS and the combined pure fractions were freeze-dried.
3.1.4.2  Porapak™ Rxn Cartridges

Peptide and/or small polar molecules purification using reversed-phase
Porapak™ Rxn Cartridges turns out convenient if the purification is foreseen facile or
salts need to be removed from a sample. The cartridge sorbents are available in fritted
syringe-barrels devices in 6¢cc, 20cc and 60cc volumes. The cartridge size was chosen

according to the amount of crude product.

Sample preparation and purification: the crude product was dissolved in the
minimal amount of a H;O—-ACN solution, in which the ACN percentage depended on the
sample nature. The cartridge was first conditioned with MeOH, followed by the sample
loading. The sample was eluted with a gradient of H,O—ACN. The binary gradient was
chosen according to the sample complexity. The collected fractions were analysed by

HPLC-MS and the combined pure fractions were freeze-dried.
3.1.5 Peptide characterisation

Peptide characterisation was performed by HPLC-MS, MALDI-TOF and/or HRMS

analysis. HPLC-PDA analysis was employed to confirm peptide purity.
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3.2 Chapter 1

3.2.1 General protocols
3.21.1 Solid-phase synthesis protocols

3.2.1.1.1 Peptide coupling protocols

The peptide chain elongation can be accomplished by using several protocols.
Herein described the ones used in the present thesis. All the coupling treatments were
performed at 25 °C unless stated otherwise. After one minute of manual stirring, the
reaction mixture was shaken in an orbital shaker. Coupling conversion was checked by

means of the appropriate colorimetric test and re-coupling was carried out if required.

- Protocol Pepl: was used when coupling onto primary amines.

Step Treatment Conditions
1 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)
2 Deprotection Piperidine—-DMF (1:4 v/v) (1 x 1 min + 2 x 5 min)
3 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)
4 Coupling* Fmoc-AA(PG)-OH—-OxymaPure—-DIC (3:3:3 eq)
in DMF for 40 min
5 Washes DMF (3 x 1 min) + DCM (3 x 1 min)
6 Colorimetric test Kaiser test

*To prevent racemisation, the amino acid was pre-activated with the coupling
reagent (DIC) and the additive (OxymaPure) for 5 minutes before addition of the pre-

activated solution to the resin-bound.

- Protocol Pep2: was used when coupling onto secondary amines.

Step Treatment Conditions

1 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)

2 Deprotection Piperidine—=DMF (1:4 v/v) (1 x 1 min + 2 x 10 min)

3 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)

4 Coupling* Fmoc-AA(PG)-OH-HATU-HOAt-DIEA (3:3:3:6 eq)
in DMF for 1 h

5 Washes DMF (3 x 1 min) + DCM (3 x 1 min)

6 Colorimetric test Chloranil test
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3.2.1.1.2 On-resin Steglich esterification

On-resin Steglich esterification allows the activation of the amino acid with a
carbodiimide, via the traditional O-acylurea mechanism (DIC/AA, 1:1) or the anhydride
intermediate formation (DIC/AA, 2:1). The activated specie reacts with the free alcohol
in the presence of catalytic DMAP, which enhances the nucleophilicity of the hydroxyl

moiety.

In the present thesis, esterification was accomplished through the O-acylurea
mechanism. The reagents and solvents ratio used are described as follows: AA-DIC—

DMAP (8:8:0.5 eq) in dry DCM/DMF (9:1 v/v).

- Protocol Est: The peptidyl-resin was washed with dry DCM (3 x 1 min) and it was
dried under vacuum for 20 minutes. The peptide-resin was transferred to a
pyrex® culture tube provided with a magnetic stirrer. A solution containing AA—
DIC (8:8 eq) in dry DCM was pre—activated for 5 minutes before it is added to the
tube. A solution of DMAP (0.5 eq) in dry DMF was also added to the tube and
reacted for 2 hours and 30 minutes at 35 °C. The reaction mixture was cooled to
rt, transferred to a polypropylene syringe fitted with two polyethylene discs and
washed with dry DCM (3 x 1 min), DMF (3 x 1 min) and DCM (3 x 1 min). Reaction

completion was monitored by HPLC-MS.

3.2.2 Preparation of the building blocks

3.2.2.1 Synthesis of 1.5

0] O

i N
Fmoc™ j)J\OH _a, M, OoH P \ff OH
. ., 0
‘0 ‘0 (0]

14 1.5
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Compound 1.4 (O-(tert-butyl)-L-threonine)

Fmoc-Thr(*Bu)-OH (740 mg, 1.86 mmol, 1.0 eq) was dissolved in dry DCM (6 mL),
and EtoN (1.9 mL) was added. The yellow solution was let to stir at rt for 4 h. The solvent
was removed under reduced pressure. DCM (40 mL) and an aqueous NaHCOs3 solution
(40 mL) were added, and the aqueous layer was washed with DCM (2 x 30 mL). The pH
was brought to 4-5, and the aqueous phase was extracted with DCM (3 x 40 mL). The
combined organic layers were dried over MgS0O4 and filtered off. The solvent was
removed under vacuum to afford 1.4 (277 mg, 85%) as a white solid. The crude product
was used without further purification. *H NMR (400 MHz, CD30D) § 4.41 — 4.34 (m, 1H),
3.81(d,J=1.9 Hz, 1H), 1.31 (d, J = 6.5 Hz, 3H), 1.19 (s, 9H). 13C NMR (101 MHz, CDs0D)
6 170.8, 75.9, 66.9, 60.0, 28.7, 21.4. ESI(+)MS m/z calculated for CgsH17NO3 176.1, found
[M + H]* 177.9.

Compound 1.5 (N-acetyl-O-(tert-butyl)-L-threonine)

AcOH (90 uL, 1.59 mmol, 1.0 eq), EDC-HCI (305 mg, 1.59 mmol, 1.0 eq) and DIEA
(276 uL, 1.59 mmol, 1.0 eq) were placed in a round bottom flask and DCM (8 mL) was
added. After 5 min, a solution of 1.4 (277, 1.59 mmol, 1.0 eq) in dry DCM (3 mL) was
added to the reaction mixture, followed by addition of a DMAP (19 mg, 0.60 mmol, 0.1
eq) solution in DMF (1 mL). After 3 h and 30 min, the organic layer was washed with an
aqueous 10% NH4Cl solution (3 x 10 mL), with brine (10 mL), dried over MgSQ04, and

filtered off. The solvent was removed under vacuum to afford 1.5 (137 mg, 100%) as a
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yellow oil. The crude product was used without further purification. *H NMR (400 MHz,
CDCl3) § 6.73 (d, J = 6.5 Hz, 1H), 4.54 — 4.47 (m, 1H), 4.38 — 4.29 (m, 1H), 2.13 (s, 3H),
1.24 (s, 9H), 1.14 (d, ) = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) § 172.8, 172.7, 76.6, 66.5,
57.8, 28.2, 22.7, 18.9. ESI(+)MS m/z calculated for C1oH1sNO4 217.1, found [M + HJ*
218.1.

3.2.2.2  Synthesis of 1.6

H O 0 H 0
Fmoc” J)J\OH a, H2NJ)J\OH _ b, Aloc” J)J\OH

K K

1.4 1.6

Compound 1.6 (N-((allyloxy)carbonyl)-O-(tert-butyl)-L-threonine)

H O
O__N,
/\/ \n/ . OH
(0] »

{o)

K

Allyl chloroformate (152 pL, 1.43 mmol, 1.0 eq) was dissolved in dioxane (734 pL)
and a solution of NaNs3 (93 mg, 1.72 mmol, 1.2 eq) in water (470 L) was added. The
emulsion was let to stir for 2 h. The reaction was monitored by TLC (Rfalioc-azide (DCM) =
0.73). 1.4 (250 mg, 1.43 mmol, 1.0 eq) was dissolved in a 2% aqueous Na,COs—dioxane
(1:1 v/v, 2.3 mL) solution and added to the reaction mixture. The pH was adjusted to 9—
10 by dropwise addition of a saturated aqueous solution of NaOH until pH 7, and an
aqueous saturated solution of Na,COs until the desired pH was reached. The reaction
was monitored by TLC. After 6 h, the aqueous phase was washed with TBDME (3 x 15
mL) and the pH was dropped to 4-5 by dropwise addition of a 1 M HCl aqueous solution.
The aqueous phase was extracted with EtOAc (3 x 15 mL), and the combined organic
layers were dried over MgS0a and filtered off. The solvent was removed under vacuo to

afford the crude product 1.6 (371 mg, 100%) as yellow oil. *H NMR (400 MHz, CDCls) &
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8.69 (bs, 1H), 5.98 — 5.86 (m, 1H), 5.70 (d, J = 6.1 Hz, 1H), 5.28 (dd, J = 35.5, 13.8 Hz, 2H),
4.59 (d, J = 4.8 Hz, 2H), 4.35-4.25 (m, 1H), 1.26 (s, 9H), 1.17 (d, / = 6.2 Hz, 3H). 13C NMR
(101 MHz, CDCl3) 6 173.0, 156.5, 132.4, 118.2, 76.7, 66.9, 66.3, 58.7, 28.2, 18.4. HRMS-
ESI(-) m/z calculated for C12H21NOs 259.1341, found [M - H]" 258.1352.

3.2.2.3  Synthesis of 1.9

O

H Q H H Q
/N’/. a /N// b N’/.
Fmoc OH —2 » Fmoc ’ OH Fmoc” OH
"/O "/OH "/CI)
8 X

Compound 1.9 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyldiphenylsilyl)-L-

threonine)

O I
O‘ OI%OH
o

Fmoc-Thr(tBu)-OH (2.000 g, 5.00 mmol, 1.0 eq) was dissolved in a TFA-DCM (9:1

v/v, 40 mL) mixture and let to stir at rt. After 1 h, the solvent was removed under
reduced pressure and co-evaporated with DCM (3 x 20 mL), toluene (3 x 20 mL) and Et,0
(3 x 20 mL) to afford Fmoc-Thr-OH (1.707 g, 100%) as white solid. TBDPS-CI (300 uL, 1.16
mmol, 1.5 eq) was dissolved in ACN (10 mL) and the reaction mixture was cooled to 0 °C
with an ice bath. A solution of Fmoc-Thr-OH (261 mg, 0.77 mmol, 1.0 eq) in ACN (10 mL)
was added, followed by dropwise addition of DBU (173 pL, 1.16 mmol, 1.5 eq). The
reaction mixture was brought to rt and let to stir for 20 h. The crude product was purified

by flash chromatography on silica gel (DCM/MeOH, 1:0 = 9:1) to afford 1.9 (53 mg,
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12%) as white solid. *H NMR (400 MHz, DMSO) 6 7.89 (d, J = 7.5 Hz, 2H), 7.74 (d, J = 7.4
Hz, 2H), 7.70 - 7.67 (m, 3H), 7.45 — 7.29 (m, 11H), 7.04 (d, J = 8.8 Hz, 1H), 4.32 = 4.22 (m,
3H), 4.11 — 4.06 (m, 1H), 3.97 — 3.93 (m, 1H), 1.09 (d, J = 6.3 Hz, 3H), 0.95 (s, 9H). 13C
NMR (101 MHz, DMSO) 6 172.4, 156.4, 143.9, 143.8, 140.7, 140.7, 136.4, 134.5, 129.2,
127.7,127.5, 127.1, 125.4, 125.3, 120.1, 66.4, 65.8, 59.9, 46.7, 26.6, 20.3, 18.7. HRMS-
ESI(+) m/z calculated for C3sH37NOsSi 579.2441, found [M + Na]* 602.2340.

3.2.2.4  Synthesis of 1.10

Fmoc” ;HJ\OH —8 »  Fmoc” ;HJ\OH b Emoc J)J\OH
"0 “'OH "0

K S=ﬁ<

Compound 1.10 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyldimethylsilyl)-L-

threonine)

U
D O\([)]/N;ﬁ‘\OH

e

Fmoc-Thr(tBu)-OH (2.000 g, 5.00 mmol, 1.0 eq) was dissolved in a TFA-DCM (9:1

v/v, 40 mL) mixture and let to stir at rt. After 1 h, the solvent was removed under
reduced pressure and co-evaporated with DCM (3 x 20 mL), toluene (3 x 20 mL) and Et,0
(3 x 20 mL) to afford Fmoc-Thr-OH (1.707 g, 100%) as white solid.

Fmoc-Thr-OH (860 mg, 2.52 mmol, 1.0 eq) was dissolved in dry DCM (50 mL) and
imidazole (686 mg, 10.08 mmol, 4.0 eq) was added. The reaction mixture was cooled to

0 °C with an ice bath, followed by addition of TBDMS-CI (2.137 g, 7.58 mmol, 3.0 eq).
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The suspension was brought to rt and it was let to stir for 24 h under N, atmosphere.
The solvent was removed under reduced pressure and the crude product was purified
by flash chromatography on silica gel (DCM/MeOH, 1:0 - 8:2) to afford 1.10 (616 mg,
54%) as white solid. 'H NMR (400 MHz, CDCl3) 6 7.77 (d, J = 7.5 Hz, 2H), 7.62 (d, ) = 5.0
Hz, 1H), 7.60 (d, J = 4.6 Hz, 1H), 7.40 (t, ) = 7.4 Hz, 2H), 7.32 (t, ) = 7.4 Hz, 2H), 5.58 (d, J
= 7.6 Hz, 1H), 4.48 —4.37 (m, 3H), 4.33 (dd, ) = 7.7, 2.8 Hz, 1H), 4.26 (t, ) = 7.1 Hz, 1H),
1.21 (d, ) = 6.3 Hz, 3H), 0.91 (s, 9H), 0.13 (d, J = 3.3 Hz, 6H). 13C NMR (101 MHz, CDCl3) &
175.1, 156.6, 144.0, 143.8, 141.5, 141.4, 127.9, 127.2, 125.3, 125.3, 120.1, 68.7, 67.4,
59.5, 47.3, 25.8, 20.1, 18.0, -4.4, -5.0. ESI(+)MS m/z calculated for C2sH33NOsSi 455.2,
found [M + Na]*478.1.

3.2.25 Synthesis of 1.20

i P ' P
Boc” J)\OH ab_ Alloc” j)\OH _c  Alloc™™ =0 g Alloc” j)\OH

,,/O "/O "/O "/O

| | | |

1.18 1.19 1.21 1.20

Compound 1.19 (N-((allyloxy)carbonyl)-O-methyl-L-threonine)

Boc-Thr(Me)-OH (1.003 g, 4.30 mmol, 1.0 eq) was treated with a mixture of TFA—
DCM (4:6 v/v, 40 mL). After 2 h, the solvent was evaporated under reduced pressure and
co-evaporated with DCM (3 x 10 mL), toluene (3 x 10 mL) and Et;0 (3 x 10 mL). The
resulting crude product 1.18 (572 mg, 100%) was obtained as yellow oil and it was

reacted without further purification. ESI(+)MS m/z calculated for CsH12NO3 133.1, found
[M+H]*133.9
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In parallel, allyl chloroformate (456 uL, 4.29 mmol, 1.0 eq) was dissolved in
dioxane (2.2 mL) and a solution of NaNs (279 mg, 5.15 mmol, 1.2 eq) in water (1.4 mL)
was added. The emulsion was let to stir for 2 h. The reaction was monitored by TLC
(Rfalloc-azide (DCM) = 0.73). 1.18 (572 mg, 4.29 mmol, 1.0 eq) was dissolved in a 2%
aqueous Na,COs—dioxane (1:1, 7 mL) solution and added to the reaction mixture. The
pH was adjusted to 9—10 by dropwise addition of a saturated aqueous solution of NaOH
until pH 7, and an aqueous saturated solution of Na,;COs until the desired pH was
reached. The reaction was monitored by TLC. After 6 h, the aqueous phase was washed
with TBDME (3 x 40 mL) and the pH was dropped to 1.5 by dropwise addition ofa 1 M
HCl aqueous solution. The aqueous phase was extracted with EtOAc (3 x 50 mL), and the
combined organic layers were dried over MgS04 and filtered off. The solvent was
removed under vacuo to afford the crude product 1.19 (907 mg, 97%) as brown oil. *H
NMR (400 mHz, CDCls) 6 = 6.01 —5.76 (m, 1H), 5.62 (d, J = 8.5 Hz, 1H), 5.39 — 5.15 (m,
2H), 4.60 (d, J = 5.5 Hz, 2H), 4.38 (dd, J = 8.9, 2.2 Hz, 1H), 4.02 - 4.00 (m, 1H), 3.34 (s, 3H),
1.23 (d, J = 6.3 Hz, 3H), 1.22 (s, 1H). 3C NMR (CDCls, 400 MHz) 6 = 175.0, 156.7, 132.4,
117.9, 76.1, 66.1, 58.1, 56.9, 15.3. ESI(+)MS m/z calculated for CoH15sNOs 217.1, found
[M+H]*217.9.

Compound 1.20 (N-((allyloxy)carbonyl)-N,O-dimethyl-L-threonine)

p-TsOH (110 mg, 0.55 mmol, 0.1 eq) and p-formaldehyde (152 mg, 5.06 mmol,
1.1 eq) were placed in a 2—neck round bottom flask and dissolved in dry toluene (8 mL).
A solution of 1.19 (1.000 g, 4.60 mmol, 1.0 eq) in toluene (5 mL) was added dropwise,
and the yellow suspension was brought to reflux. A Dean stark trap was used to remove
the water formed during the reaction. After 3 h, EtOAc (150 mL) and a 5% aqueous
Na2COs solution (150 mL) were added. The organic layer was washed with a 5% aqueous
Na2COs solution (2 x 150 mL), H20 (2 x 150 mL), brine (150 mL), dried over MgSQOa, and

filtered off. The solvent was removed under vacuum to afford 1.21 (940 mg, 89%) as a
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yellow oil. ESI(+)MS m/z calculated for CioH1sNOs 229.1, found [M + 2H]* 231.8. The
crude product was used without further. 1.21 (141 mg, 0.62 mmol, 1.0 eq) was dissolved
indry DCM (4.0 mL) and TIS (508 pL, 2.48 mmol, 4.0 eq) was added, followed by addition
of TFA (3.6 mL). The yellow solution was stirred for 14 h under N, atmosphere. The
solvent was removed under vacuo and the crude product was subjected to flash
chromatography on silica gel (DCM/MeOH, 1:0 - 9:1) to afford pure 1.20 (138 mg, 82%)
as yellow oil. TH NMR (400 MHz, CDCls) 6 6.01 — 5.85 (m, 1H), 5.36 — 5.17 (m, 2H), 4.95
(d, J = 4.7 Hz, 1H), 4.65 — 4.58 (m, J = 9.9, 5.8 Hz, 2H), 4.10 — 3.98 (m, 1H), 3.33 (s, 3H),
3.04 (s, 3H), 1.20 (d, J = 6.3 Hz, 3H).23C NMR (101 MHz, CDCl3) § 174.7, 157.8, 132.9,
117.5, 76.6, 66.8, 63.3, 57.4, 33.3, 15.4. HRMS-ESI(-) m/z calculated for CioH17NOs
231.2400, found [M - H] 230.1037.

3.2.2.6  Synthesis of 1.24

0 e 0 | O
H2N))J\OH a Fmoc™ N;HJ\OH b Fmoc— N, O ¢  Fmoc” ;HJ\OH

‘0 "0 ‘0 ‘0
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1.18 1.22 1.23 1.24

Boc-Thr(Me)-OH (1.003 g, 4.30 mmol, 1.0 eq) was treated with a mixture of TFA—
DCM (4:6 v/v, 40 mL). After 2 h, the solvent was evaporated under reduced pressure and
co-evaporated with DCM (3 x 10 mL), toluene (3 x 10 mL) and Et,0 (3 x 10 mL). The
resulting crude product 1.18 (572 mg, 100%) was obtained as yellow oil and it was

reacted without further purification. 1.18 (572 mg, 4.29 mmol, 1.0 eq) was dissolved in
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dioxane (13 mL) and a 10% aqueous Na;COs (19 mL) solution was added. A solution of
Fmoc-OSu (1.838 g, 5.59 mmol, 1.3 eq) in dioxane (12 mL) was added dropwise and the
suspension was let to stir for 22 h. H,0 (20 mL) was added and the aqueous layer was
washed with Et,0 (2 x 15 mL) and acidified to pH 4-5 by addition of a 1.0 M HCl solution.
The aqueous layer was extracted with EtOAc (3 x 30 mL) and the crude product was
subjected to flash chromatography on silica gel (DCM/MeOH, 1:0 - 9:1) to afford pure
1.22 (917 mg, 60%) as white solid. *H NMR (400 MHz, CDCls) § 7.77 (d, J = 7.5 Hz, 2H),
7.61 (m, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.33 (dd, J = 7.4, 0.8 Hz, 2H), 5.56 (d, J = 8.0 Hz, 1H),
4.42 (t,J=7.9 Hz, 3H), 4.24 (t, J = 7.0 Hz, 1H), 4.04 —3.98 (m, 1H), 3.41 (s, 3H), 1.22 (d, J
= 6.3 Hz, 3H). 3C NMR (101 MHz, CDCl3) 6 143.8, 141.5, 127.9, 127.2, 125.3, 120.2,
102.8, 76.1, 67.5, 57.9, 47.3, 15.1. ESI(+)MS m/z calculated for C0H21NOs 355.1, found
[M + H]*356.3.

Compound 1.24 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N,O-dimethyl-L-threonine)

|
O‘ O\([)( N;ﬁJ\OH

p-TsOH (62 mg, 0.31 mmol, 0.1 eq) and p-formaldehyde (85 mg, 2.84 mmol, 1.1
eq) were placed in a 2—neck round bottom flask and dissolved in dry toluene (4.5 mL). A
solution of 1.22 (917 mg, 2.58 mmol, 1.0 eq) in toluene (3 mL) was added dropwise, and
the yellow suspension was brought to reflux. A Dean stark trap was used to remove the
water formed during the reaction. After 3 h, EtOAc (80 mL) and a 5% aqueous Na,COs3
solution (80 mL) were added. The organic layer was washed with a 5% aqueous Na;COs3
solution (2 x 80 mL), H,O (2 x 80 mL), brine (80 mL), dried over MgS0a, and filtered off.
The solvent was removed under vacuum to afford 1.23 (531 mg, 56%) as a yellow oil.
ESI(+)MS m/z calculated for C21H21NOs 367.1, found [M + H]* 368.3. The crude product
was used without further purification. 1.23 (531 mg, 2.32 mmol, 1.0 eq) was dissolved
in dry DCM (9.3 mL) and TIS (1179 uL, 5.75 mmol, 4.0 eq) was added, followed by the
addition of TFA (8.4 mL). The yellow solution was stirred for 14 h under N, atmosphere.
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The solvent was removed under vacuo and the crude product was subjected to flash
chromatography on silica gel (DCM/MeOH, 1:0 - 9:1) to afford pure 1.24 (781 mg, 82%)
as white solid. *H NMR (400 MHz, CDCls, rotamers) 6 7.80—7.72 (m, 2H), 7.65—7.51 (m,
2H),7.43-7.28 (m, 4H), 4.94 (d, ) =4.9 Hz, 1H), 4.55-4.42 (m, 2H), 4.33 -4.21 (m, 1H),
4.12-4.01 (m, 1H), 3.34 +3.27 (s, 3H), 3.07 + 2.99 (s, 3H), 1.19 + 1.04 (d, J = 6.3 Hz, 3H).
13C NMR (101 MHz, CDCls, rotamers) 6 179.7, 157.9, 141.5, 132.9, 127.9, 127.2, 125.2,
120.2, 77.3, 76.7, 68.2, 57.4, 47.4 (47.4), 34.0 (33.6), 15.5 (15.4). HRMS-ESI(+) m/z
calculated for C21H23NO5369.1654, found [M + H]* 370.1649.

3.2.2.7  Synthesis of 1.33

(@) J< (@) J< | (@) (@)
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Compound 1.34 (tert-butyl acetyl-L-threoninate)

O J<
oo
HN\’//O

H-Thr-OtBu-HCI (500 mg, 2.36 mmol, 1.0 eq) was dissolved in dry DCM (15 mL)

and DIEA (413 uL, 2.36 mmol, 1.0 eq) was added. A mixture of AcOH (163 puL, 2.85 mmol,
1.2 eq) and DIC (444 pL, 2.85 mmol, 1.2 eq) in dry DCM (5.0 mL) was let to react for 5
min before it was added to the reaction mixture. Finally, DMAP (29 mg, 0.24 mmol, 0.1
eq) was dissolved in DMF (2 mL) and added to the reaction mixture. After 3 h 30 min the

reaction mixture was diluted with EtOAc (50 mL) and washed with an aqueous 10%

221



Experimental section. Chapter 1

solution of citric acid (40 mL). The water layer was extracted with EtOAc (35 mL), and
the combined organic layers were washed with an aqueous 10% citric acid solution (2 x
50 mL), water (2 x 50 mL), brine (50 mL), dried over MgSQ4 and filtered off. The solvent
was removed under reduced pressure to afford 1.34 (600 mg, 97%) as white solid.
Compound 1.34 was used without further purification. *H NMR (400 MHz, CDCl5) § =
4.49 (dd, ) =8.7,2.8 Hz, 1H), 4.31-4.23 (m, ) = 6.4, 3.2 Hz, 1H), 2.08 (s, 3H), 1.49 - 1.47
(m, 9H), 1.22 (d, J = 6.4 Hz, 3H). 13C NMR (CDCls, 400 MHz) § = 170.7, 170.2, 82.5, 68.4,
57.8, 28.0, 23.1, 20.0. ESI(+)MS m/z calculated for C1oH1sNO4 217.1, found [M + H]*
218.1.

Compound 1.33 (N-acetyl-O-(N-((allyloxy)carbonyl)-N,O-dimethyl-L-threonyl)-L-

threonine)

O O
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Carboxylic acid 1.20 (135 mg, 0.59 mmol, 1.5 eq) was dissolved in dry DCM (1

0
T

mL) and the solution was cooled to 0 °C with an ice bath, followed by addition of DIC (91
pL, 0.59 mmol, 1.5 eq). After 5 min, a solution of compound 1.34 (85 mg, 0.39 mmol, 1.0
eq) in dry DCM (500 pL) was added dropwise, followed by addition of a DMAP (10 mg,
0.08 mmol, 0.2 eq) solution in DMF (150 pL). After 24 h, the solvent was removed under
vacuo to afford the crude product 1.35 as yellow oil. ESI(+)MS m/z calculated for
C20H34N2NaOg[M + Na]* 453.2, found 423.2. The crude product was used without further
purification. The crude product 1.35 was dissolved in a TFA/DCM (9:1 v/v, 1 mL) mixture
and it was let to stir for 2 h under N, atmosphere. The solvent was removed under
reduced pressure, and the product was freeze-dried and purified using a C18 reversed-
phase Porapak™ Rxn Cartridge (H,0/ACN, 1:0 = 6:4) to afford pure 1.33 (68 mg, 100%)
as yellow oil. *H NMR (400 MHz, CDCls, rotamers) § 7.19 (d, J = 8.9 Hz, 2H), 7.02 (d, J =
8.8 Hz, 1H), 5.96 — 5.85 (m, 1H), 5.60 — 5.46 (m, 1H), 5.34 — 5.17 (m, 2H), 4.96 — 4.80 (m,
2H), 4.70-4.50 (m, 2H), 4.02 - 3.83 (m, 1H), 3.29 + 3.27 (d, 3H), 3.01 + 2.85 (s, 3H), 2.12
(s, 3H), 1.30 + 1.25 (d, ) = 6.5 Hz, 7H), 1.16 + 1.14 (d, J = 6.6 Hz, 1H). 3C NMR (101 MHz,
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CDCls, rotamers) 6 172.9, 168.8, 168.5, 158.2, 132.4, 117.8, 76.4, 71.4, 67.1, 62.8, 57.3
(57.1), 55.8, 32.7 (32.7), 22.6, 17.3 (16.9), 15.7 (15.0). HRMS-ESI(+) m/z calculated for
C16H26N208 374.1689, found [M + Na]* 397.1575.

3.2.2.8  Synthesis of 1.37

_Fmoc

O HN (0]
0—Q =5~ o T ey
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Compound 1.37 ((R)-2-((acetyl-L-threonyl)oxy)-3-phenylpropanoic acid)

2-CTC resin (500 mg, 1.60 mmol/g resin) was placed in a 10 mL polypropylene
syringe fitted with two polyethylene filter discs. The resin was conditioned and D-(+)-
3-phenyllactic acid (66 mg, 0.40 mmol, 1.0 eq) was incorporated following the general
procedure described above. Fmoc-Thr(tBu)-OH (1.271 g, 3.20 mmol, 8.0 eq) was
dissolved in dry DCM (2.7 mL) and DIC (496 pL, 3.20 mmol, 8.0 eq) was added. After 5
min, the mixture was added to the peptidyl-resin, followed by addition of a DMAP (24
mg, 0.20 mmol, 0.5 eq) solution in DMF (300 pL). The reaction mixture was shaken for
2 h 30 min. The Fmoc group was removed by treatment with a piperidine-DMF (1:4
v/v) (2 x 1 min) solution. Acetylation of the free amine was performed as follows: the
peptidyl-resin was treated with AcOH—OxymaPure—DIC (3:3:3 eq) for 20 min, being
the Kaiser test used to monitor reaction conversion. Cleavage and global deprotection
was achieved by following Protocol Cle5. The crude product was purified using a C18
reversed-phase Porapak™ Rxn Cartridge (H20/ACN, 1:0 = 7:3) to afford pure 1.37 (38
mg, 31% over 5 steps) as white solid. 'H NMR (400 MHz, CDs0OD) § 7.32—7.20 (m, 5H),
5.24 (dd, J = 8.2, 4.4 Hz, 1H, ), 4.46 (d, J = 3.6 Hz, 1H), 4.22 — 4.12 (m, 1H), 3.22 (dd, J

223



Experimental section. Chapter 1

=14.4, 4.4 Hz, 1H), 3.14 (dd, J = 14.4, 8.2 Hz, 1H), 2.00 (s, 3H), 1.13 (d, J = 6.4 Hz, 3H).

13C NMR (101 MHz, CD30D) 6 173.6, 172.7, 171.4, 137.5, 130.5, 129.5, 128.0, 74.9,

68.3, 59.6, 38.2, 22.4, 20.1. HRMS-ESI(+) m/z calculated for CisH19NOg 309.1291,

found [M + H]*310.1299.

3.2.2.9 Synthesis of 1.38

ol

NH,

Yy H/m MO ))OL

By
1.39 1.40

Boc

1.41

Compound 1.39 (benzyl (tert-butoxycarbonyl)-L-threoninate)
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H-Thr-OBzl-oxalate (1.900 g, 6.35 mmol, 1.0 eq) was dissolved in DCM (20 mL),

followed by the addition of EtsN (1859 pL, 13.34 mmol, 2.1 eq) and di-tert-butyl-

dicarbamate (1603 puL, 6.98 mmol, 1.1 eq). The reaction mixture was stirred for 16 h until

all the starting material was consumed. The solvent was removed under reduced

pressure, and the crude product was purified by flash chromatography on silica gel

(Hexane/EtOAc, 8:2 = 6:4) to afford 1.39 (1.091 g, 56%) as yellow oil. *H NMR (400 MHz,

CDCl3) & 7.36 (s, 5H), 5.32 (bs, 1H), 5.21 (g, J = 12.3 Hz, 2H), 4.31 (bs, 2H), 1.44 (s, 9H),

1.24 (d, J = 6.4 Hz, 3H). 3C NMR (101 MHz, CDCls) § 171.5, 156.3, 135.4, 128.8, 128.6,
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128.5, 80.3, 68.3, 67.4, 58.9, 28.4, 20.1. ESI(+)MS m/z calculated for Ci6H23NOs 309.2,
found [M + H]*310.2.

Compound 1.40 (benzyl O-(N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-L-

threonyl)-N-(tert-butoxycarbonyl)-L-threoninate)

Fmoc-Thr(*Bu)-OH (1.682 g, 4.24 mmol, 1.2 eq) was dissolved in dry DCM (10 mL)
and the solution was cooled to 0 °C with an ice bath, followed by addition of DIC (656
pL, 4.24 mmol, 1.2 eq). After 5 min, a solution of 1.39 (1.091 g, 3.53 mmol, 1.0 eq) in dry
DCM (5 mL) was added dropwise, followed by addition of a DMAP (86 mg, 0.71 mmol,
0.2 eq) solution in DMF (1 mL). After 2 h, the reaction mixture was brought to rt and let
to stir for 18 more hours. The solvent was removed under vacuo and the crude product
was purified by flash chromatography on silica gel (Hexane/EtOAc, 1:0 - 8:2) to afford
1.40 (2.428 g, 100%) as yellow oil. *H NMR (400 MHz, CDCl3) 6 7.75 (d, J = 7.5 Hz, 2H),
7.60 (dd, J = 11.2, 7.5 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.32 = 7.24 (m, 7H), 5.56 (d, J = 8.8
Hz, 1H), 5.49 — 5.41 (m, 1H), 5.31 (d, J = 9.6 Hz, 1H), 5.15 (s, 2H), 4.49 (dd, J = 9.6, 2.1 Hz,
1H), 4.37 (dd, J = 7.2, 2.7 Hz, 2H), 4.24 (t, J = 7.3 Hz, 1H), 1.43 (s, 9H), 1.33 (d, J = 6.4 Hz,
3H), 1.19 (d, J = 6.5 Hz, 3H), 1.17 (s, 9H). 13C NMR (101 MHz, CDCl3) § 170.1, 169.8, 156.5,
156.0, 144.0, 143.9, 141.4, 135.2, 128.6, 128.5, 127.8, 127.2, 125.3, 120.0, 80.3, 74.2,
72.3, 67.8, 67.3, 67.0, 59.7, 57.4, 47.2, 28.6, 28.3. ESI(+)MS m/z calculated for
C39H48N209 688.3, found [M + H]* 689.4.
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Compound 1.41 (benzyl N-(tert-butoxycarbonyl)-O-(O-(tert-butyl)-L-threonyl)-L-

threoninate)

e N

O O

HN))OLOEN(;AQ
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1.40 (2.428 g, 3.53 mmol, 1.0 eq) was dissolved in dry DCM (12 mL), and Et;N

(3.5 mL) was added. The yellow solution was let to stir at rt for 4 h. The solvent was
removed under reduced pressure, and the crude product was purified by flash
chromatography on silica gel (Hexane/EtOAc, 9:1 - 7:3) to afford 1.41 (781 mg, 46%)
as yellow oil.1H NMR (400 MHz, CDCl3) § 7.35 (s, 5H), 5.45 — 5.37 (m, 1H), 5.30 — 5.22
(m, 1H), 5.15 (t, J = 10.0 Hz, 2H), 4.47 (dd, J = 9.6, 2.3 Hz, 1H), 3.89 — 3.81 (m, 1H), 3.05
(d, J = 3.9 Hz, 1H), 1.45 (s, 9H), 1.31 (d, J = 6.5 Hz, 3H), 1.16 (d, J = 6.2 Hz, 3H), 1.13 (s,
9H). 13C NMR (101 MHz, CDCls) 6 173.7, 170.2, 156.0, 135.3, 128.7, 128.7, 80.4, 73.8,
71.4, 68.6, 67.7, 60.5, 57.4, 28.7, 28.4, 20.1, 17.1. ESI(+)MS m/z calculated for
Ca4H3sN207 466.3, found [M + H]*467.1.

Compound 1.38 (O-(N-acetyl-O-(tert-butyl)-L-threonyl)-N-(tert-butoxycarbonyl)-L-

threonine)
H @] O
N, 5
\ﬂ/ ))J\O OH
O " HN O
‘0
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1.41 (781 mg, 1.68 mmol, 1.0 eq) was dissolved in dry DCM (10 mL) and Et3N
(328 pL, 2.36 mmol, 1.4 eq) was added. The reaction mixture was cooled to 0 °C with an
ice bath, and acetyl chloride (144 uL, 2.02 mmol, 1.2 eq) was added dropwise. After 20
min, the reaction mixture was brought to rt and it was let to stir for an extra 40 min until
all the starting material was consumed. DCM (10 mL) was added, and the organic layer
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was washed with brine (15 mL), dried over MgS0s, filtered off and concentrated in
vacuo. The crude product was dissolved in MeOH (10 mL), followed by addition of
palladium on carbon (51 mg, 10% w/w). H, was bubbled through the back suspension
for 15 min until all the starting material disappeared according to TLC analysis. The
reaction mixture was filtered over Celite®, washed with MeOH (2 x 5 mL), and
concentrated in vacuum. Flash chromatography purification on silica gel (DCM/MeOH,
1:0 = 95:5) afforded 1.38 (331 mg, 47% over two steps) as white solid. *H NMR (400
MHz, CDCls) & 6.45 (d, J = 8.8 Hz, 1H), 5.50 — 5.44 (m, 1H), 5.38 (d, J = 9.1 Hz, 1H), 4.50
(dd, J = 9.3, 2.1 Hz, 1H), 4.38 (dd, J = 8.8, 1.9 Hz, 1H), 4.19 — 4.13 (m, 1H), 2.08 (s, 3H),
1.47 (s, 9H), 1.32 (d, J = 6.5 Hz, 3H), 1.17 (d, J = 6.2 Hz, 3H), 1.14 (s, 9H). 3C NMR (101
MHz, CDCl3) 6 172.2, 171.6, 169.7, 156.2, 80.3, 74.6, 72.7, 67.0, 58.1, 57.2, 28.6, 28.4,
22.9, 21.0, 16.8. HRMS-ESI(+) m/z calculated for C19H34N,0s 418.2315, found [M + Na]*
441.2207.

3.2.3 Study of the optimal Fmoc removal conditions to minimise DKP formation

Determination of the DKP formation percentage:

DKP formation was assessed by comparison of the loading level after the first
and the third amino acid incorporation. The following formula was used to calculate the

DKP formation percentage for all six tested conditions.

Loading first amino acid — Loading third amino acid

DKP formation = 100

Loading first amino acid

Where: Loading first amino acid (loading of the resin after the first amino acid
incorporation (mmol/g resin)); Loading third amino acid (loading of the resin after the

third amino acid incorporation (mmol/g)).

General protocol to evaluate DKP formation:

The resin conditioning and incorporation of the first amino acid, Fmoc-MeAla-
OH, were accomplished by standard means. The real loading after the first residue
incorporation was determined by Fmoc UV quantification of the dibenzofulvene-

piperidine adduct formed during Fmoc removal at A = 290 nm. Incorporation of the
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second residue, Fmoc-Ala-OH, was achieved following Protocol Pep2. Fmoc removal was
accomplished with a short treatment of the peptidyl-resin with the corresponding
deprotection cocktail (2 x 1 min) (see all six tested Fmoc removal conditions in Table 2).
The resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min). Quickly
after, the third residue, Fmoc-Pro-OH, was assembled following standard Protocol Pep1.
A Kaiser test was run to ensure full residue assembly. Finally, the real loading at this
stage was determined by Fmoc UV quantification of the dibenzofulvene-piperidine

adduct formed during Fmoc removal at A =290 nm.

- DKP formation results:

In total, six conditions for Fmoc removal of the second residue incorporation were

tested and are summarised in Table 2.

# Fmoc removal conditions of Loading Loading DKP
the second residue (1%t AA Fmoc (3" AA Fmoc | formation
quantification) | quantification) (%)
1 Piperidine—DMF (1:4 v/v) 0.65 mmol/g 0.57 mmol/g 18
(2 x 1 min)
2 DBU-DMF (2:98 v/v) 0.66 mmol/g 0.59 mmol/g 11
(2 x 1 min)
3 | 0.1 M HOBt in Piperidine-DMF 0.67 mmol/g 0.57 mmol/g 15
(1:4 v/v) (2 x 1 min)
4 0.1 M OxymaPure in 0.66 mmol/g 0.51 mmol/g 23
Piperidine—-DMF (1:4 v/v) (2x 1
min)
5 | 0.1 M HOBt in DBU-DMF (2:98 0.62 mmol/g 0.59 mmol/g 5
v/v) (2 x 1 min)
6 | 0.1 M OxymaPure in DBU-DMF | 0.62 mmol/g 0.53 mmol/g 15
(2:98 v/v) (2 x 1 min)

Table 2. Fmoc removal studies to minimise DKP formation.
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3.2.4 Ester bond formation studies by evaluation of the amino acid optimal

protecting group scheme

The optimal protecting group scheme for residue incorporation via on-resin

Steglich incorporation was evaluated for all three ester linkages.

On-resin esterification of the corresponding residue was carried out following
Protocol Est. In order to evaluate the esterification outcome, a small aliquot of the
peptidyl-resin was subjected to Protocol MC, and the esterification conversion was

determined by HPLC-MS.

The obtained results for the first, second and third ester linkages are summarised

in Table 3, Table 4 and Table 5, for the first, second and third ester, respectively.

- First ester linkage: protection scheme

Ho$ HO i (|J)\ g O
N, RS N
R»]/ j)J\OH N N ” -
o °:
? (8eq) 1.3
R2
DIC (8 eq),

DMAP (0.5 eq)
DCM-DMF (9:1 v/v)
35°C, 2 h 30 min

o) o | O

H Protected amino acid R1 R2 HPLC conversion (%)
1 Ac-Thr(tBu)-OH (1.5) Ac ‘Bu 0

2 Alloc-Thr(*Bu)-OH (1.6) Alloc ‘Bu 0

3 Fmoc-Thr(*Bu)-OH Fmoc ‘Bu 100

4 Fmoc-Thr(TBDPS)-OH(1.9) Fmoc | TBDPS 0

5 Fmoc-Thr(TBDMS)-OH (1.10) Fmoc | TBDMS 100

Table 3. First ester linkage: Study of the esterification rates by incorporation of several R;-
Thr(R;)-OH derivatives. Esterification conversion was determined by HPLC-MS analysis. HPLC
data was processed at 220 nm.
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HPLC-MS chromatograms of the formation of the first ester linkage with several

R1-Thr(R2)-OH derivatives are shown as follows. Chromatograms of entries #1-2 and #4

are not shown, since only the unreacted starting material was detected in all cases (see

spectrum of the starting material 1.3 below).

HPLC-MS chromatograms of the formation of the first ester
linkage (HPLC data was processed at 220 nm)

HPLC-MS spectrum of the starting Material (1.3)
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Second ester linkage: protection scheme

Hg’ko o) Q | ©
HO\_A~_O Nv“—o
YT s T
(o) o =
1.14

DIC (8 eq),
DMAP (0.5 eq)
DCM-DMF (9:1 v/v)
35°C, 2 h 30 min

RJ;(Y\,( oy LW&O

H Protected amino acid R1 HPLC conversion (%)
1 Alloc-N,0-Me;Thr (1.20) Alloc 100
2 Fmoc-N,0-Me;Thr (1.24) Fmoc 100

Table 4. Second ester linkage: Study of the esterification rates by incorporation of several R;-
N,0-Me,-Thr-OH derivatives. Esterification conversion was evaluated by HPLC-MS analysis. HPLC

data was processed at 220 nm.
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HPLC-MS chromatograms of the formation of the second ester linkage with Ri-

Thr(Me)-OH derivatives are shown as follows.

HPLC-MS chromatograms of the formation of the second
ester linkage (HPLC data was processed at 220 nm)

HPLC-MS spectrum of the starting Material (1.14)
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400t
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406t

' “‘\01.14
H

2 Diode ATay

o
I

"Teh " sbo

Range: 1714

T Time
g0 110 ' 1200

HPLC-MS spectrum of the esterification reaction between 1.14 and

Alloc-N,0-Me>-Thr-OH (1.20) (#1)

product (1.25)
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U

HPLC-MS spectrum of the esterification reaction between 1.14 and

Fmoc-N,0-Me,-Thr-OH (1.24) (#2)
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- Third ester linkage: protection scheme

U’Y JL AR
OH + BocH ﬁ W <Nj N/’\gN{U—C)
1.2

DIC (8 eq),

DMAP (0.5 eq)
DCM-DMF (9:1 v/v)
35°C, 2 h 30 min

H (0] © HN
Boc’N" N O - \\”\ J\W \)_O
tBu\o o l o) G
/'YL\O 4 i
rNH

H Protected amino acid R1 HPLC conversion (%)
1 Ac-Thr(*Bu)-OH (1.5) Ac 0

2 Alloc-Thr(*Bu)-OH (1.6) Alloc 0

3 Fmoc-Thr(*Bu)-OH Fmoc 100

Table 5. Third ester linkage: Study of the esterification rates by incorporation of several R;-
Thr(*Bu)-OH derivatives. Esterification conversion was evaluated by HPLC-MS analysis. HPLC
data was processed at 220 nm.
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HPLC-MS chromatograms of the formation of the third ester linkage with several
R1-Thr(*Bu)-OH derivatives are shown as follows. Chromatograms of entries #1-2 are not
shown, since only the unreacted starting material was detected in all cases (see

spectrum of the starting material 1.27 below).

HPLC-MS chromatograms of the formation of the third ester linkage
(HPLC data was processed at 220 nm)

HPLC-MS spectrum of the starting Material HPLC-MS spectrum of the esterification
(1.27) reaction between 1.27 and Fmoc-Thr(*Bu)-OH
(#3)
; - o]
0127 4 0130
e e \

|
\ Racemic 1.27QH s H
\ Racemic 1.305d\

\‘
|
. H“ 1

Nrd U L 100t ‘ ‘IV‘
w/ Whe L
|0
J T P W

Bt o e e o A S0 04 Adcs 1M iaaad b iR
a0 " 2o 3bo a0 " spo " ebo ' 7b0 ' bp ' sbo ' fobo ' 1m0 | 1200

Time
b0 360 3p0 4o ' sho b0 7bo " Goo | ebon w000 ' 1160 o0

3.2.5 Fmoc removal studies after formation of the three ester linkages

The optimal Fmoc removal conditions after formation of the three ester linkages
were evaluated. In all cases, a short treatment (1 x 1 min) of the peptidyl-resin with the
corresponding deprotection cocktail was performed after formation of the ester linkage.
Quickly after Fmoc removal, the resin was washed with DMF (3 x 1 min) and DCM (3 x 1
min). In order to evaluate the deprotection outcome, a small aliquot of the peptidyl-
resin was subjected to Protocol MC, and the deprotection outcome was analysed by
HPLC-MS. The obtained results for Fmoc removal after the first, second and third ester
linkages formation are summarised in Table 6, Table 7 and Table 8, respectively.

Additionally, the HPLC chromatograms are shown below.

234



Experimental section. Chapter 1

- Tested Fmoc removal conditions after the first ester linkage formation

Fmoc 0
NH 0 | 9
tB“’oj/.\ﬂ/o "51\”%('\1\)_0
o (0]
1.7
lFmoc removal
assessment
NH, 0 o | ©
tB”’OY\ﬂ/O KN/LWN\/“—O
o (6]
1.8
# Fmoc removal conditions Product/SM Racemisation
ratio
1 Piperidine—DMF (1:4 v/v) (1 x 1 min) 1.8/1.7 54%
95:5
2 | 0.1 M HOBt in Piperidine—-DMF (1:4 v/v) (1 x 1.8/1.7 60%
1 min) 95:5
3 | 0.2 M HOBt in Piperidine—-DMF (1:4 v/v) (1 x 1.8/1.7 Broad peak
1 min) 87:13
4 DBU-DMF (2:98 v/v) (1 x 1 min) 1.8/1.7 Broad peak
100:0
5 0.1 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 1.8/1.7 56%
min) 100:0
6 0.2 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 1.8/1.7 No Fmoc
min) 0:100 removal
7 | 0.1 M OxymaPure in DBU-DMF (2:98 v/v) 1.8/1.7 0%
(1 x 1 min) 100:0
8 | 0.2 M OxymaPure in DBU-DMF (2:98 v/v) 1.8/1.7 No Fmoc
(1 x 1 min) 0:100 removal

Table 6. Study of the optimal Fmoc removal conditions after formation of the first ester linkage
Racemisation was determined by HPLC-MS analysis. HPLC data was processed at 220 nm.

HPLC-MS chromatograms of the Fmoc removal studies after formation of the

first ester linkage between 1.3 and Fmoc-Thr('Bu)-OH to afford 1.7 are shown as follows.
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HPLC-MS chromatograms of the Fmoc removal studies after the first ester linkage
formation (HPLC data was processed at 220 nm)
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- Tested Fmoc removal conditions after the second ester linkage formation

Fmoc (!) /g
removal H’}‘ o 0 le) ‘ fo)
Fmoc\ril OWO N \‘LN NM
o I o ) J

|
° wSo o
o._~__0O (\) T
~N

1.17
Desired product

H';'/go 2 o) |0
Howo N ~““LNJﬁfNJLO
0 @ Ho§ =

1.14
Residue loss

Hleg ) 0 o
g\g/ ? G‘N .\\\L”/HJNJ—O

1.28
a,B-elimination

# Fmoc removal conditions 1.26 1.17 1.14 1.28
(%) (%) (%) (%)
1 Piperidine—DMF (1:4 v/v) (1 x 1 min) 0 37 15 48
2 0.1 M HOBt in Piperidine-DMF (1:4 32 8 11 49
v/v) (1 x 1 min)
3 0.2 M HOBt in Piperidine-DMF (1:4 26 9 10 57
v/v) (1 x 1 min)

4 | 0.1 M OxymaPure in Piperidine-DMF 38 9 10 43
(1:4 v/v) (1 x 1 min)

5 | 0.2 M OxymaPure in Piperidine—-DMF 8 25 10 57
(1:4 v/v) (1 x 1 min)

6 DBU-DMF (2:98) (1 x 1 min) 0 57 23 19

7 0.1 M HOBt in DBU-DMF (2:98 v/v) 0 43 36 21

(1 x 1 min)
8 0.2 M HOBt in DBU-DMF (2:98 v/v) 60 16 16 8
(1 x 1 min)

9 0.1 M OxymaPure in DBU-DMF 51 22 18 9
(2:98 v/v) (1 x 1 min)

10 0.2 M OxymaPure in DBU-DMF 54 30 11 5
(2:98 v/v) (1 x 1 min)

Table 7. Study of the optimal Fmoc removal conditions after formation of the second ester
linkage. Formation percentages of the desired product and undesired side-products were
determined by HPLC-MS analysis. HPLC data was processed at 220 nm.
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HPLC-MS chromatograms of the Fmoc removal studies after formation of the

second ester linkage between 1.14 and Fmoc-N,0-Me>-Thr(:Bu)-OH (1.24) are shown as

follows.

HPLC-MS chromatograms of the Fmoc removal studies after the second ester linkage
formation (HPLC data was processed at 220 nm)
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HPLC-MS chromatograms of the Fmoc removal studies after the second ester linkage
formation (HPLC data was processed at 220 nm)

0.1 M HOBt in DBU-DMF (2:98 v/v)
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- Tested Fmoc removal conditions after the third ester linkage formation

|
o
Fmoc H O Hl;l O O o | o
removal BOC/N:i‘\T Owo N “‘\”\N/kH/N\_/U_O
tBu\o o 0O O G H 5 =
Fmoc” (|) /g
H (0] 5 Hl;l 8 (0] o | o
' Boc” ﬁl}l w N ‘“\”\N/'\H/N\)‘_O
t :
Bu\o o (@] (0] G H o z
/'YL\O 131
NH,
HNLO (0] o | o
L > (o)
g\f( @“‘JJ\NJ\WN\:/U_O
o} H L
1.28
H Fmoc removal conditions 1.30 131 1.28
(%) (%) (%)
1 Piperidine—DMF (1:4 v/v) (1 x 1 min) 0 10 90
2 | 0.1 M HOBt in Piperidine—DMF (1:4 v/v) (1 x 1 min) 0 12 88
3 | 0.2 M HOBt in Piperidine-DMF (1:4 v/v) (1 x 1 min) 41 44 15
4 DBU-DMF (2:98 v/v) (1 x 1 min) 15 45 22
5 0.1 M OxymaPure in DBU-DMF (2:98 v/v) 30 26 9
(1 x 1 min)
6 0.2 M OxymaPure in DBU-DMF (2:98 v/v) 100 0 0
(1 x 1 min)

7 0.1 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 min) 0 100 0
8 | 0.2 M HOBt in DBU-DMF (2:98 v/v) (1 x 1 min) 63 32 5

Table 8. Study of the optimal Fmoc removal conditions after formation of the third ester linkage.
Formation percentages of the desired product and undesired side-products were determined
by HPLC-MS analysis. HPLC data was processed at 220 nm.

HPLC-MS chromatograms of the Fmoc removal studies after formation of the

third ester linkage between 1.27 and Fmoc-Thr(!Bu)-OH are shown as follows.
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HPLC-MS chromatograms processed at 220nm of the Fmoc removal studies after the third
ester linkage formation
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3.2.6 Assembly of linear depsipeptide 1.32

| k
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3.2.6.1 Synthesis of 1.32 using a fully stepwise strategy

The 2-CTC resin (25 mg, 1.6 mmol/g resin) was placed in a 2 mL-polypropylene
syringe fitted with two polyethylene filter discs. The conditioning of the resin and
incorporation of the first amino acid, Fmoc-MeAla-OH (6 mg, 0.02 mmol, 1.0 eq), was
carried out by standard means. The Fmoc group was removed by treatment with a
piperidine—-DMF solution (1:4 v/v) (1 x 1 min + 2 x 10 min). The peptidyl-resin was
washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min), and a solution of
Fmoc-Ala-OH*H;0 (17 mg, 0.05 mmol, 3.0 eq), HATU (20 mg, 0.05 mmol, 3.0 eq), HOAt
(7 mg, 0.05 mmol, 3.0 eq) and DIEA (18 pL, 0.11 mmol, 6.0 eq) in DMF (500 uL) was
added to the peptidyl-resin according to Protocol Pep2, which is used for residue
incorporation onto secondary amines. In order to minimise diketopiperazine formation,
the Fmoc group of the second residue was eliminated by treatment with a 0.1 M
OxymaPure in DBU-DMF (2:98 v/v) solution (2 x 1 min). A mixture of Fmoc-Pro-OH (18
mg, 0.05 mmol, 3.0 eq), OxymaPure (8 mg, 0.05 mmol, 3.0 eq) and DIC (8 uL, 0.05 mmol,
3.0 eq) in DMF (500 pL) was added to the peptide-bound employing Protocol Pep1, and
the Fmoc group was subsequently removed by treatment with a piperidine—DMF (1:4
v/v) (1 x 1 min + 2 x 5 min) solution. A mixture of D-(+)-phenyllactic (9 mg, 0.05 mmol,
3.0 eq), HATU (20 mg, 0.05 mmol, 3.0 eq), HOAt (7 mg, 0.05 mmol, 3.0 eq) and DIEA (18

uL, 0.11 mmol, 6.0 eq) in DMF (500 uL) was added to the resin following Protocol Pep2.

The Steglich esterification was selected for the incorporation of the fifth residue.

1.10 (Fmoc-Thr(TBDMS)-OH) (64 mg, 0.14 mmol, 8.0 eq), DIC (22 uL, 0.14 mmol, 8.0 eq)
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and DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-resin following Protocol
Est. The TBDMS and Fmoc groups were simultaneously removed by treatment with a 1.0
M TBAF (36 pL, 0.02 mmol, 1.0 eq) (2 x 10 min) solution in THF (500 uL) under N;
atmosphere. The resin was washed with dry THF (3 x 1 min), DCM (3 x 1 min) and DMF
(3 x 1 min), and the corresponding free amine was acetylated by treatment with a
solution of AcOH (2 pL, 0.05 mmol, 3.0 eq), OxymaPure (8 mg, 0.05 mmol, 3.0 eq) and
DIC (8 uL, 0.05 mmol, 3.0 eq) in DMF (500 pL) for 40 minutes.

The peptidyl-resin was washed with dry DCM (3 x 1 min), dried under vacuum for
20 minutes and transferred to a pyrex® culture tube provided with a magnetic stirrer.
Steglich esterification of the fifth residue was achieved through either Method A) or
Method B). Method A) 1.20 (Alloc-N,0-Me;Thr-OH) (32 mg, 0.14 mmol, 8.0 eq), DIC (22
pL, 0.14 mmol, 8.0 eq) and DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-
resin following Protocol Est. Alloc removal was achieved by treatment with a solution of
Pd(PPhs)s (2 mg, 1.75-10*mmol, 0.1 eq) and phenylsilane (22 uL, 0.18 mmol, 10.0 eq) (1
X 15 min) in DCM (500 pL) under anhydrous conditions. Method B) 1.24 (Fmoc-N,O-
Me,Thr-OH) (52 mg, 0.14 mmol, 8.0 eq), DIC (22 pL, 0.14 mmol, 8.0 eq) and DMAP (1
mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-resin following Protocol Est. Fmoc
removal was achieved by treatment with a DBU-DMF (2:98 v/v) (1 x 1 min) solution. The
peptidyl-resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).

A mixture of Boc-Thr-OH (12 mg, 0.05 mmol, 3.0 eq), HATU (20 mg, 0.05 mmoal,
3.0 eq), HOAt (7 mg, 0.05 mmol, 3.0 eq) and DIEA (18 uL, 0.11 mmol, 6.0 eq) in DMF (500
puL) was added to the resin through an amidation reaction using Protocol Pep2
conditions. In this case, re-coupling was required to accomplish full incorporation of the

Thr derivative.

Incorporation of the last amino acid was achieved viag a Steglich esterification
reaction. Fmoc-Thr(!Bu)-OH (56 mg, 0.14 mmol, 8.0 eq), DIC (22 uL, 0.14 mmol, 8.0 eq)
and DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-resin following Protocol
Est. Fmoc removal was achieved by treatment with a solution of 0.1 M HOBt in DBU—-
DMF (2:98 v/v) (1 x 1 min). The peptide resin was washed with DMF (3 x 1 min), DCM (3
x 1 min) and DMF (3 x 1 min). The peptidyl-resin was washed with DMF (3 x 1 min), DCM
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(3 x 1 min) and DMF (3 x 1 min), and the corresponding free amine was acetylated by
treatment with a solution of AcOH (2 pL, 0.05 mmol, 3.0 eq), OxymaPure (8 mg, 0.05
mmol, 3.0 eq) and DIC (8 uL, 0.05 mmol, 3.0 eq) in DMF (500 pL) for 40 minutes. The
peptide resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).
Treatment of the peptidyl-resin with a TFA-TIS-DCM (90:5:5 v/v) over 30 min furnished
the crude linear depsipeptide. The lyophilised crude linear peptide was purified by HPLC
using a XBridge™ C18 reversed-phase column (3.5 um x 4.6 mm x 42 mm) (purification
gradient: C18 G0100t20T25) to afford pure 1.32 (4.0 mg, 25% over 16 steps) as white

solid.

3.2.6.2 Synthesis of 1.32 using a synthetic strategy containing one depsipeptide

building block segment condensation

The 2-CTC resin (25 mg, 1.6 mmol/g resin) was placed in a 2 mL-polypropylene
syringe fitted with two polyethylene filter discs. The conditioning of the resin and
incorporation of the first amino acid, Fmoc-MeAla-OH (6 mg, 0.02 mmol, 1.0 eq), was
carried out by standard means. The Fmoc group was removed by treatment with a
piperidine-DMF solution (1:4 v/v) (1 x 1 min + 2 x 10 min). The peptidyl-resin was
washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min), and a solution of
Fmoc-Ala-OH*H,0 (17 mg, 0.05 mmol, 3.0 eq), HATU (20 mg, 0.05 mmol, 3.0 eq), HOAt
(7 mg, 0.05 mmol, 3.0 eq) and DIEA (18 pL, 0.11 mmol, 6.0 eq) in DMF (500 pL) was
added to the peptidyl-resin according to Protocol Pep2, which is used for the
incorporation of a residue onto a secondary amine. In order to minimise
diketopiperazine formation, the Fmoc group of the second residue was removed by
treatment with a 0.1 M OxymaPure in DBU-DMF (2:98 v/v) solution (2 x 1 min). A
mixture of Fmoc-Pro-OH (18 mg, 0.05 mmol, 3.0 eq), OxymaPure (8 mg, 0.05 mmol, 3.0
eq) and DIC (8 uL, 0.05 mmol, 3.0 eq) in DMF (500 uL) was added to the peptide-bound
employing Protocol Pep1, and the Fmoc group was subsequently removed by treatment
with a piperidine—=DMF (1:4 v/v) (1 x 1 min + 2 x 5 min) solution. The peptidyl-resin was
washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).
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Segment condensation of 1.37 was performed as follows. A mixture of building
block 1.37 (16 mg, 0.05 mmol, 3.0 eq), PyBOP (mg, 0.05 mmol, 3.0 eq), HOAt (7 mg, 0.05
mmol, 3.0 eq) and DIEA (18 pL, 0.11 mmol, 6.0 eq) in DMF (500 pL) was added to the
resin and shaken for 24 hours. The resin was washed with DMF (3 x 1 min), DCM (3 x 1
min) and DMF (3 x 1 min).

The peptidyl-resin was washed with dry DCM (3 x 1 min), dried under vacuum for
20 minutes and transferred to a pyrex® culture tube provided with a magnetic stirrer.
Steglich esterification of the fifth residue was achieved through either Method A) or
Method B). Method A) 1.20 (Alloc-N,0-Me;Thr-OH) (32 mg, 0.14 mmol, 8.0 eq), DIC (22
pL, 0.14 mmol, 8.0 eq) and DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-
resin following Protocol Est. Alloc removal was achieved by treatment with a solution of
Pd(PPhs)s (2 mg, 1.75-10*mmol, 0.1 eq) and phenylsilane (22 uL, 0.18 mmol, 10.0 eq) (1
X 15 min) in DCM (500 pL) under anhydrous conditions. Method B) 1.24 (Fmoc-N,O-
Me;Thr-OH) (52 mg, 0.14 mmol, 8.0 eq), DIC (22 uL, 0.14 mmol, 8.0 eq) and DMAP (1
mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-resin following Protocol Est. Fmoc
removal was achieved by treatment with a DBU-DMF (2:98 v/v) (1 x 1 min) solution. The
peptide resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).

A mixture of Boc-Thr-OH (12 mg, 0.05 mmol, 3.0 eq), HATU (20 mg, 0.05 mmoal,
3.0 eq), HOAt (7 mg, 0.05 mmol, 3.0 eq) and DIEA (18 uL, 0.11 mmol, 6.0 eq) in DMF (500
pL) was added to the resin through an amidation reaction using Protocol Pep2
conditions. In this case, re-coupling was required to accomplish full incorporation of the

Thr derivative.

Incorporation of the last amino acid was achieved viag a Steglich esterification
reaction. Fmoc-Thr(!Bu)-OH (56 mg, 0.14 mmol, 8.0 eq), DIC (22 uL, 0.14 mmol, 8.0 eq)
and DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-resin following Protocol
Est. Fmoc removal was achieved by treatment with a solution of 0.1 M HOBt in DBU—-
DMF (2:98 v/v) (1 x 1 min). The peptide resin was washed with DMF (3 x 1 min), DCM (3
x 1 min) and DMF (3 x 1 min). The peptidyl-resin was washed with DMF (3 x 1 min), DCM
(3 x 1 min) and DMF (3 x 1 min), and the corresponding free amine was acetylated by

treatment with a solution of AcOH (2 pL, 0.05 mmol, 3.0 eq), OxymaPure (8 mg, 0.05
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mmol, 3.0 eq) and DIC (8 uL, 0.05 mmol, 3.0 eq) in DMF (500 pL) for 40 minutes. The
peptide resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).
Treatment of the peptidyl-resin with a TFA-TIS-DCM (90:5:5 v/v) over 30 min furnished
the crude linear depsipeptide. The lyophilised crude linear peptide was purified by HPLC
using a XBridge™ C18 reversed-phase column (3.5 um x 4.6 mm x 42 mm) (purification
gradient: C18 G0100t20T25) to afford pure 1.32 (3.9 mg, 24% over 14 steps) as white

solid.

3.2.6.3 Synthesis of 1.32 by using a synthetic strategy containing two depsipeptide

building block segment condensations

The 2-CTC resin (25 mg, 1.6 mmol/g resin) was placed in a 2 mL-polypropylene
syringe fitted with two polyethylene filter discs. The conditioning of the resin and
incorporation of the first amino acid, Fmoc-MeAla-OH (6 mg, 0.02 mmol, 1.0 eq), was
carried out by standard means. The Fmoc group was removed by treatment with a
piperidine—-DMF solution (1:4 v/v) (1 x 1 min + 2 x 10 min). The peptidyl-resin was
washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min), and a solution of
Fmoc-Ala-OH*H,0 (17 mg, 0.05 mmol, 3.0 eq), HATU (20 mg, 0.05 mmol, 3.0 eq), HOAt
(7 mg, 0.05 mmol, 3.0 eq) and DIEA (18 pL, 0.11 mmol, 6.0 eq) in DMF (500 pL) was
added to the peptidyl-resin according to Protocol Pep2, which is used for the
incorporation of a residue onto a secondary amine. In order to minimise
diketopiperazine formation, the Fmoc group of the second residue was removed by
treatment with a 0.1 M OxymaPure in DBU-DMF (2:98 v/v) solution (2 x 1 min). A
mixture of Fmoc-Pro-OH (18 mg, 0.05 mmol, 3.0 eq), OxymaPure (8 mg, 0.05 mmol, 3.0
eq) and DIC (8 pL, 0.05 mmol, 3.0 eq) in DMF (500 uL) was added to the peptide-bound
employing Protocol Pep1, and the Fmoc group was subsequently removed by treatment
with a piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 5 min) solution. The peptidyl-resin was
washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).

Segment condensation of 1.37 was performed as follows. A mixture of building
block 1.37 (16 mg, 0.05 mmol, 3.0 eq), PyBOP (mg, 0.05 mmol, 3.0 eq), HOAt (7 mg, 0.05
mmol, 3.0 eq) and DIEA (18 pL, 0.11 mmol, 6.0 eq) in DMF (500 pL) was added to the
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resin and shaken for 24 hours. The resin was washed with DMF (3 x 1 min), DCM (3 x 1
min) and DMF (3 x 1 min).

Steglich esterification of the fifth residue was achieved through either Method
A) or Method B). Method A) 1.20 (Alloc-N,0-Me;Thr-OH) (32 mg, 0.14 mmol, 8.0 eq), DIC
(22 pL, 0.14 mmol, 8.0 eq) and DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the
peptidyl-resin following Protocol Est. Alloc removal was achieved by treatment with a
solution of Pd(PPhs)s (2 mg, 1.75-10* mmol, 0.1 eq) and phenylsilane (22 pL, 0.18 mmol,
10.0 eq) (1 x 15 min) in DCM (500 pL) under anhydrous conditions. Method B) 1.24
(Fmoc-N,0-Me;Thr-OH) (52 mg, 0.14 mmol, 8.0 eq), DIC (22 pL, 0.14 mmol, 8.0 eq) and
DMAP (1 mg, 0.01 mmol, 0.5 eq) were added to the peptidyl-resin following Protocol
Est. Fmoc removal was achieved by treatment with a DBU-DMF (2:98 v/v) (1 x 1 min)
solution. The peptide resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF
(3 x 1 min).

Segment condensation of 1.38 was performed as follows. A mixture of building
block 1.38 (21 mg, 0.05 mmol, 3.0 eq), HATU (19 mg, 0.05 mmol, 3.0 eq) and collidine
(14 pL, 0.11 mmol, 6.0 eq) in DMF (500 pL) was added to the resin and shaken for 2
hours. The resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF (3 x 1 min).

The peptide resin was washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF
(3 x 1 min). Treatment of the peptidyl-resin with a TFA-TIS-DCM (90:5:5 v/v) over 30
min furnished the crude linear depsipeptide. The lyophilised crude linear peptide was
purified by HPLC using a XBridge™ Peptide BEH C18 Prep reversed-phase 130A column
(5 um x 10 mm x 100 mm) (purification gradient: C18 G0100t20T25) to afford pure 1.32

(4.3 mg, 26% over 11 steps) as white solid.
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3.2.6.4 1.32 characterisation

HPLC purification conditions

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm)

- Gradient: Linear gradient (0% to 100%) of ACN over 20 min, with a flow
rate of 2.0 mL/min

HPLC-MS analysis

- Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6
mm x 42 mm) linear gradients (0% to 100%) of ACN over 9 min, with a
flow rate of 1.0 mL/min

- tr=10.07 min

- Purity (A =220 nm) =96%

HRMS-ESI(+) characterisation
HRMS-ESI(+) calculated for CazHssN7016 935.4566, found [M + H]* 936.4558
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3.2.7 Macrolactamisation of 1.32 to obtain cyclic depsipeptide 1.1

s N

3.2.7.1 Cyclisation of 1.32

1.32 (2.9 mg, 3.10-10°3 mmol, 1.0 eq) was dissolved in DMF (3.10 mL) and 2,4,6-
collidine (1.2 pL, 9.30-:10 mmol, 3.0 eq) and HATU (1.2 mg, 3.10-:103 mmol, 1.0 eq) were
added. The reaction mixture was let to stir for 2 hours until full consumption of the
starting material was observed by HPLC analysis. The solvent was removed under
reduced pressure, and the crude cyclic peptide was purified by HPLC using a XBridgeTM
Peptide BEH C18 Prep reversed-phase 130A column (5 pum x 10 mm x 100 mm)
(purification gradient: C18 G0100t20T25) to afford pure 1.1 (1 mg, 22%) as white solid.
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3.2.7.2 1.1 characterisation

HPLC purification conditions

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm)

- Gradient: Linear gradient (0% to 100%) of ACN over 20 min, with a flow
rate of 2.0 mL/min

HPLC-MS analysis

- Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6
mm x 42 mm) linear gradients (0% to 100%) of ACN over 9 min, with a
flow rate of 1.0 mL/min

- t=11.42 min

- Purity (A =220 nm) =98%

HRMS-ESI(+) characterisation

HRMS-ESI(+) calculated for CazHs3sN7Na015.917.4382, found [M + Na]*940.4265
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3.3Chapter 2

3.3.1 General protocols
3.3.1.1 Solid-phase synthesis protocols

3.3.1.1.1 Peptide coupling protocols

The peptide chain elongation can be accomplished by using several protocols.
Herein described the ones used in the present thesis. All the coupling treatments were
performed at 25 °C unless stated otherwise. After one minute of manual stirring, the
reaction mixture was shaken in an orbital shaker. Coupling conversion was checked by

means of the appropriate colorimetric test and re-coupling was carried out if required.

- Protocol Pepl: was used when coupling onto primary amines.

Step Treatment Conditions
1 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)
2 Deprotection Piperidine—-DMF (1:4 v/v) (1 x 1 min + 2 x 5 min)
3 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)
4 Coupling* Fmoc-AA(PG)-OH—-OxymaPure—-DIC (3:3:3 eq)
in DMF for 40 min
5 Washes DMF (3 x 1 min) + DCM (3 x 1 min)
6 Colorimetric test Kaiser test

*To prevent racemisation, the amino acid was pre-activated with the coupling

reagent (DIC) and the additive (OxymaPure) over 5 minutes.

- Protocol Pep2: was used when coupling onto secondary amines.

Step Treatment Conditions

1 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)

2 Deprotection Piperidine—DMF (1:4 v/v) (1 x 1 min + 2 x 10 min)

3 Washes DMF (3 x 1 min) + DCM (3 x 1 min) + DMF (3 x 1 min)

4 Coupling* Fmoc-AA(PG)-OH-HATU-HOAt-DIEA (3:3:3:6 eq)
in DMF for 1 h

5 Washes DMF (3 x 1 min) + DCM (3 x 1 min)

6 Colorimetric test Chloranil test
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3.3.1.1.2 Bromoacetic acid coupling protocol

- Protocol Pep3: Commercially available Bromoacetic acid (5 eq) was dissolved in
DMF and DIC (5 eq) was added. The resulting solution was added to the peptide-
resin and shaken in an orbital shaker for 30 minutes. A “mini-cleavage” was
performed and the sample was analysed by HPLC-MS to confirm reaction

completion.

3.3.1.1.3 Fmoc removal protocol

The Fmoc group is removed by treatment of the peptidyl-resin with a basic

solution.

- Protocol Fmocl: The peptide-resin was treated with a piperidine—DMF (1:4 v/v)

(1 x 1 min + 2 x 5 min) solution. The peptidyl resin was washed with DMF (3 x 1
min), DCM (3 x 1 min) and DMF (3 x 1 min).

3.3.1.1.4 Dde removal protocol

The Dde group can be orthogonally removed upon treatment with hydrazine.

- Protocol Dde: The resin bound was treated with a hydrazine-DMF (1:9 v/v) (1 x
1 min + 2 x 15 min) solution. The peptidyl-resin was washed with DMF (3 x 1 min),

DCM (3 x 1 min) and DMF (3 x 1 min).

3.3.1.1.5 Allyl and Alloc removal protocols

The Allyl and Alloc groups are removed under neutral conditions by treatment of
the peptide-bound with catalytic Pd(PPhs)s and phenylsilane, which serves as scavenger.
Herein described the employed procedures. Protocol All1 was generally used in the
present work unless stated otherwise. Procotol All2 was used when the system required

anhydrous conditions.

- Protocol All: The peptide-resin was washed with DCM (3 x 1 min) and treated
with a solution of catalytic Pd(PPhs)s—Phenylsilane (0.1:10 eq) in DCM (3 x 15
min). The resin was washed with DCM (3 x 1 min), DMF (3 x 1 min) and DCM (3 x

1 min).
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3.3.1.1.6 Mmt removal protocol

Occasionally, the side chain of the cysteine residue is protected with the Mmt
group. The Mmt group can be removed under very mild acidic conditions, thus ensuring

orthogonality with other common protecting groups such as 'Bu, Boc, among others.

- Protocol Mmt: The Mmt group was selectively removed on solid-phase by
treatment of the peptide-bound with TFA-TIS-DCM (5:5:90 v/v) (3 x 15 min). The
resin was washed with DCM (3 x 1 min), DMF (3 x 1 min) and a solution of DIEA
in DMF (1:99) (3 x 1 min) to neutralise all the leftover acid. Full Mmt removal was
assessed by addition of a few drops of TFA to a small aliquot of the peptide resin.
Orange colouring of the resin indicates the presence of the Mmt group, and

therefore more removal cycles are required.

3.3.1.1.7 Acetylation protocols

Protocol Ac1 was used for acetylation of primary amines, and Protocol Ac2 was
employed for the acetylation of secondary amines via an amidation reaction using

strong coupling conditions.

- Protocol Acl: Acetylation of primary amines was accomplished by treatment of
the peptide-resin with a solution of Ac;O-DIEA (3:9 eq) in DCM (1 x 20 min). The
resin was washed with DCM (3 x 1 min), DMF (3 x 1 min) and DMF (3 x 1 min). A
Kaiser test was used to monitor reaction conversion.

- Protocol Ac2: A mixture of AcOH-HATU-HOAt-DIEA (3:3:3:6 eq) in DMF was
added to the resin and it was shaken for one hour. The resin was washed with
DMF (3 x 1 min) and DCM (3 x 1 min). The appropriate colorimetric test was run

to monitor reaction conversion.

3.3.1.1.8 Three-step Mitsunobu N-methylation protocol

The three-step Mitsunobu N-methylation allows the N-methylation of primary
amines under mild conditions. First, the amine is protected and activated with the o-
nitrobenzenesulfonyl group (o-NBS), followed by the N-methylation. Once the N-

methylation is accomplished, the 0-NBS group is removed.
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- Protocol Mit: A solution of 0o-NBS-CI-DIEA (4:10 eq) in DCM was added to the
peptide-resin and shaken for 90 minutes. The Kaiser test was performed to
ensure all primary amines had been protected. If otherwise, the same treatment
was repeated. The resin was washed with DCM (3 x 1 min), DMF (3 x 1 min) and
dry THF (3 x 1 min). N-methylation was achieved by adding a solution of PPhs—
MEOH (5:10 eq) in anhydrous THF to the peptidyl-resin. After one minute of
manual stirring, a solution of DIAD (5 eq) in dry THF was added dropwise over 10
minutes and shaken for 20 more minutes. The N-methylation step was repeated
until full reaction completion was accomplished (reaction monitored by HPLC-
MS). The o-NBS group was removed by treatment of the peptidyl-resin with a
solution of DBU (5 eq) and 2-mercaptoethanol (10 eq) in DMF (1 x 1 min+2 x 15
min). The resin was then washed with DMF (3 x 1 min), DCM (3 x 1 min) and DMF
(3 x1 min).

3.3.1.1.9 Alloc protection protocol

- Protocol Pro: Alloc protection on solid-phase was accomplished by treatment of
the peptide-resin with a solution of Alloc-CI-DIEA (3:9 eq) in DCM for 30 minutes.

A Kaiser test was run to monitor reaction conversion.

3.3.1.1.10 Cyclisation through thioether cross-linking

On-resin side-chain to side-chain cyclisation to form a thioether bond takes
places through the nucleophilic attack of a sulphur group of a cysteine residue to the
bromomethylene moiety present in the peptide sequence. Two steps are required,
including selective removal of the cysteine residue and nucleophilic displacement to

form the thioether bond.

- Protocol Cycl: First, the Mmt group of the cysteine residue was selectively
removed following Protocol Mmt. Nucleophilic attack of the sulphur moiety to
form the thioether bond took place by addition of a DIEA (5 eq) solution in DMF.
The reaction was shaken for 30 minutes and reaction completion was monitored

by HPLC-MS.
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3.3.1.2 Solution phase synthesis protocols

3.3.1.2.1 Peptide cyclisation in solution through thioether cross-linking

Side-chain to side-chain cyclisation to form a thioether bond between a cysteine
residue and a bromomethylene group can be selectively performed in solution in the
presence of other functionalities. The nucleophilic substitution of the sulphur group of
a cysteine residue to a bromomethylene group takes place under slightly basic

conditions (pH = 7.9).

- Protocol Cyc2: The cleaved unprotected peptide crude product was dissolved in
a mixture of NH4HCO3(aq) (20 mM, pH = 7.9)-ACN (3:1 v/v) (5 mM), and it was let
to stir for 30 minutes. The reaction was monitored by HPLC-MS. After full
conversion was reached, the reaction mixture was lyophilised to afford the crude

product.

3.3.2 Preparation of Fmoc-N-Me-amino acids

(0] 0]
H [
N a _ b N
Fmoc™ \)J\OH Fmoc N\%O Fmoc™

R H

CHs O

%OH
R

Genera protocol for the preparation of Fmoc-N-Me-amino acids

p-TsOH (0.1 eq) and p-formaldehyde (1.1 eq) were placed in a 2—neck round
bottom flask and dissolved in dry toluene (8 mL per each 5.00 mmol of p-formaldehyde).
A solution of the corresponding commercially available Fmoc-AA-OH (1.0 eq) in toluene
(5 mL per each 4.60 mmol of Fmoc-AA-OH) was added dropwise, and the yellow
suspension was brought to reflux. A Dean stark trap was used to remove the water
formed during the reaction. After 3 h, EtOAc and a 5% aqueous Na2COs solution were
added. The organic layer was washed with a 5% aqueous NaCOs solution (2 x), H20 (2
X), brine, dried over MgS04, and filtered off. The solvent was removed under vacuum to
afford the corresponding 5-oxazolidine intermediate crude product. The crude product
was used without further purification. The 5-oxazolidine was dissolved in dry DCM (30
mL per each 4.60 mmol of Fmoc-AA-OH) and TIS (4.0 eq) was added, followed by the
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addition of TFA (27 mL per each 4.60 mmol of Fmoc-AA-OH). The yellow solution was
stirred for 14 h under N, atmosphere, and the solvent was removed under vacuo and

the crude product was subjected to flash chromatography on silica gel.

Compound 2.1 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-methyl-L-alanine)

09 N%OH

Fmoc-Ala-OH (1.039 g, 3.33 mmol, 1.0 eq) was subjected to the general protocol
for the preparation Fmoc-N-Me-amino acids. The crude product was subjected to flash
chromatography on silica gel (DCM/MeOH, 1:0 = 9:1) to afford pure 2.1 (1.325 g, 82%
over two steps) as white solid. *H NMR (400 MHz, CDCls, rotamers) § 7.77 (d, ) = 7.5 Hz,
2H), 7.63 = 7.53 (m, 2H), 7.42 — 7.31 (m, 4H), 4.95 — 4.86 + 4.68 — 4.58 (m, 1H), 4.55 —
4.36 (m, 2H), 4.32 — 4.20 (m, 1H), 2.92 (s, 3H), 1.47 + 1.38 (d, J = 7.3 Hz, 3H). 13C NMR
(101 MHz, CDCls, rotamers) 6 177.2,157.0, 144.0, 141.5,127.8,127.2,125.2,120.1, 68.1,
54.4 (54.0), 47.4, 30.7, 14.7. ESI(+)MS m/z calculated for Ci19H19NO4 325.1 found [M +
H]* 326.2.

Compound 2.2 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-methylglycine)

09 N%OH

Fmoc-Gly-OH (1.000 g, 3.37 mmol, 1.0 eq) was subjected to the general protocol
for the preparation Fmoc-N-Me-amino acids. The crude product was subjected to flash
chromatography on silica gel (DCM/MeOH, 1:0 = 9:1) to afford pure 2.2 (755 mg, 72%
over two steps) as white solid. *H NMR (400 MHz, CDCls, rotamers) § 7.79 — 7.71 (m,
2H), 7.56 (dd, J = 27.6, 7.4 Hz, 2H), 7.43 — 7.34 (m, 2H), 7.33 — 7.27 (m, 2H), 4.47 — 4.38
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(m, 2H), 4.24 (dt, ) = 12.7, 6.7 Hz, 1H), 4.08 (s, 1H), 3.93 (s, 1H), 3.03 + 2.98 (s, 3H). 13C
NMR (101 MHz, CDCls, rotamers) 6 173.7,156.8, 143.6, 141.1, 127.6, 127.5 126.9, 126.8
124.7, 119.8, 67.7 (67.6), 50.4, 49.9, 47.0, 35.8, 35.3. ESI(+)MS m/z calculated for
CisH17NO4 311.1, found [M + H]* 312.1.

Compound 2.3 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-methyl-L-phenylalanine)

Fmoc-Phe-OH (1.020 g, 2.64 mmol, 1.0 eq) was subjected to the general protocol
for the preparation Fmoc-N-Me-amino acids. The crude product was subjected to flash
chromatography on silica gel (DCM/MeOH, 1:0 - 9:1) to afford pure 2.3 (962 mg, 91%
over two steps) as white solid. *H NMR (400 MHz, CDCls, rotamers) § 7.75 (d, J = 7.4 Hz,
2H), 7.54 — 7.26 (m, 8H), 7.24 — 7.19 (m, 3H), 4.88 (dd, J = 11.1, 5.0 Hz, 1H), 4.55 (dd, J =
10.8, 5.7 Hz, 1H), 4.37 (dd, J = 7.1, 2.7 Hz, 1H), 4.21 (t, J = 7.1 Hz, 1H), 3.38 (dd, J = 14.3,
4.8 Hz, 1H), 3.14 (m, 1H), 2.79 + 2.77 (s, 3H). 13C NMR (101 MHz, CDCls, rotamers) &
175.7, 156.9, 144.0, 141.4, 137.0, 129.0, 128.8, 128.7, 127.8, 127.2, 125.1, 120.1, 68.0
(67.5), 61.0, 47.2, 34.8, 32.6. ESI(+)MS m/z calculated for C2sH23NO4 401.2, found [M +
H]* 402.2.

Compound 2.4 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-methyl-L-valine)

5
| 0]
Yatve

Fmoc-Val-OH (1.130 g, 3.33 mmol, 1.0 eq) was subjected to the general protocol

for the preparation Fmoc-N-Me-amino acids. The crude product was subjected to flash
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chromatography on silica gel (DCM/MeOH, 1:0 - 9:1) to afford pure 2.4 (965 mg, 82%
over two steps) as white solid. *H NMR (400 MHz, DMSO, rotamers) § 12.74 (s, 1H), 7.89
(d, ) = 7.2 Hz, 2H), 7.68 — 7.62 (m, 2H), 7.44 — 7.39 (m, 2H), 7.35 — 7.28 (m, 2H), 4.47 —
4.26 (m, 3H), 4.17 + 3.86 (d, J = 10.3 Hz, 1H), 2.73 + 2.70 (s, 3H), 2.18 — 1.89 (m, 1H), 0.93
+0.81 (d, J = 6.5 Hz, 3H), 0.74 + 0.58 (d, J = 6.6 Hz, 3H). ). 13C NMR (101 MHz, CDCl3,
rotamers) 6 174.9, 160.3, 144.0, 141.5, 127.9, 127.2, 125.1, 120.2, 68.1 (67.9), 65.6,
64.2,47.4, 27.6, 19.9, 19.2 (19.0). ESI(+)MS m/z calculated for C21H23NO4 353.2, found
[M + H]* 354.2.

Compound 2.5 (N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-methyl-L-leucine)

Fmoc-Leu-OH (1.202 g, 3.40 mmol, 1.0 eq) was subjected to the general protocol
for the preparation Fmoc-N-Me-amino acids. The crude product was subjected to flash
chromatography on silica gel (DCM/MeOH, 1:0 - 9:1) to afford pure 2.5 (1.098 g, 88%
over two steps) as white solid. ESI(+)MS m/z calculated for C2;H2sNO4 367.2, found [M
+ H]* 368.2. 'H NMR (400 MHz, CDCls, rotamers) & 7.80 — 7.71 (m, 2H), 7.63 — 7.53 (m,
2H), 7.44 — 7.26 (m, 4H), 4.96 — 4.89 (t, J = 7.9 Hz, 1H), 4.53 — 4.39 (m, 2H), 4.25 (dt, J =
11.6, 6.4 Hz, 1H), 2.87 + 2.85 (s, 3H), 1.79 - 1.72 (m, 1H), 1.71— 1.42 (m, 2H), 0.97 + 0.88
(d,J=6.7 Hz, 3H), 0.95 +0.75 (d, J = 6.5 Hz, 3H). 3C NMR (101 MHz, cdcls) § 177.7, 157.3,
156.6, 144.1, 144.0, 141.5, 127.8, 127.2, 125.2, 125.1, 124.8, 120.1, 67.9, 56.9, 47.4,
37.3, 30.5, 25,0 (24.8), 23.4 (23.2), 21.4 (21.1). ESI(+)MS m/z calculated for C22H2sNO4
367.2, found [M + H]* 368.1.

3.3.3 Chain elongation of a p53-based linear peptide

Linear chain elongation to furnish peptides with the unblocked C-terminus: The 2-

CTC resin (300 mg, 1.6 mmol/g resin) was placed in a 2 mL-polypropylene syringe fitted
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with two polyethylene filter discs. The conditioning of the resin and incorporation of the
first amino acid, Fmoc-Glu(*Bu)-OH (38 mg, 0.019 mmol, 1.0 eq), was carried out by
standard means. Generally, Protocol Pepl and Protocol Pep2 were used for peptide
couplings onto primary and secondary amines, respectively. Fmoc removal was
accomplished following Protocol Fmocl. N-terminal amine acetylation was
accomplished following Protocol Acl. Next, the Dde group removal was achieved

following Protocol Dde.

Linear chain elongation to furnish peptides with the amidated C-terminus: The Rink

Amide AM resin (300 mg, 0.14 mmol/g resin) was placed in a 2 mL-polypropylene syringe
fitted with two polyethylene filter discs. The conditioning of the resin and incorporation
of the first amino acid, Fmoc-Glu(*Bu)-OH (53 mg, 0.126 mmol, 3.0 eq), was carried out
by standard means. Generally, Protocol Pep1 and Protocol Pep2 were used for peptide
couplings onto primary and secondary amines, respectively. Fmoc removal was
accomplished following Protocol Fmocl. N-terminal amine acetylation was
accomplished following Protocol Acl. Next, the Dde group removal was achieved

following Protocol Dde.

3.3.4 Evaluation of the best approach to insert the N-methyl-rich peptide linker

The linear chain elongation of a 12-mer peptide containing the following linear

sequence (2.7) was carried out according to the general protocol described in section

3.3.3.
AIIyI\ HoN
0
(0]
Chain
elongation
Cl ———>, H—=GluThrPhe Glu Asp-Leu Trp Lys Leu-Leu—Pro-Glu
Fmoc/'Bu Strate But t ' t
2.CTC aqy u ‘Bu Bu Boc Bu
resin 2.7

After Dde removal, two strategies were developed for the insertion of a

tetrapeptide bridge containing four N-MeAla residues (2.8). A small aliquot of the
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peptidyl-resin was subjected to Protocol MC, and the strategy outcome was analysed by

HPLC-MS (see section 1.1.3.5.3).

Me Me Me Me
H—NNaNAhNAhNAP
Allyl, HN
O
0]

Ac—Glu-Thr-Phe Glu Asp-Leu Trp Lys Leu'Leu—Pro-Glu
'‘Bu Bu ‘Bu Boc '‘Bu
2.8

- Strateqy A: The general method consisted of successive cycles of Fmoc-N-MeAla-
OH (2.1) coupling and deprotection steps. Whereas peptide coupling onto the
free amine of the Lys side-chain located at the fifth position starting from the C-
terminus was accomplished following Protocol Pep1, peptide couplings onto N-
MeAla residues were accomplished following Protocol Pep2. Fmoc removal was

carried out by using Protocol Fmocl.

- Strateqy B: The general method consisted of successive cycles of Fmoc-Ala-OH
assembly and subsequent on-resin Mitsunobu N-Methylation. Whereas the
peptide coupling onto the free amine of the Lys side-chain located at the fifth
position starting from the C-terminus was accomplished following Protocol Pep1,
peptide couplings onto N-MeAla residues were accomplished following Protocol
Pep2. The three-step Mitsunobu N-methylation of all residues was achieved

following Protocol Mit.
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HPLC-MS chromatograms of the evaluation of the best approach to insert the N-
methyl-rich peptide linker (HPLC data was processed at 220 nm)

following Strategy A

HPLC-MS spectrum of peptide 2.8 prepared

HPLC-MS spectrum of peptide 2.8 prepared

following Strategy B

Partial Boc 0
. removal of 2.8 ‘
: ‘p 2.8
2 |
' \
‘ \
1 |
o I ‘ “
a0 ” \ !\"\‘
2o i I GUE PN

99999

aaaaa

44444

zzzzz

\‘P 2.8

3.3.5 Scope of the lactam-based cross-link: Macrolactamisation studies

Scope of the lactam-based cross-linking approach was evaluated with different

staple sequence combinations. In all cases, Alloc removal was first accomplished using

Protocol All, followed by elongation of the corresponding branched region (see section

3.3.4) at the first stapling position (i). Next, the corresponding branched linear peptidyl-

resin was treated with a solution of HATU-HOAt-DIEA (3:3:6 eq) in DMF for 12 h. A small

aliguot of the peptidyl-resin was subjected to Protocol MC to analyse the

macrolactamisation outcome by HPLC-MS (see section 1.1.3.5.3). A 12-mer peptide was

used for preparation of a library single “short” stapled peptides, where the stapling

points were located at relative positions i,i+4. All the staple sequence combinations as

well as the macrolactamisation outcome are summarised Table 9.
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X
H—II\II-AaIn—-NH
OH

o

Ac—GIIu-TIhrPhe Glu Asp-Leu-Trp-Lys-Leu-Leu—Pro-GIIuO

Bu 'Bu Bu Boc Bu
Branched peptide
HATU (3 eq),

On-resin | HOAt (3 eq),
Cyclisation | DIEA (6 eq),
DMF, rt, 12 h

X
|
o N-AaIFNH

Ac—GIIu-TIhrPhe Glu Asp-Leu-Trp~Lys~Leu-Leu—Pro-GIIuO
‘Bu 'Bu '‘Bu Boc '‘Bu
Stapled peptide

X=MeorH
On-resin
# Branched Stapled Staple sequence cyclisation
peptide peptide (% HPLC
conversion)
1 2.8 2.9 —N-MeAla—-N-MeAla—N-MeAla—N-MeAla— 0
2 2.10 2.11 —N-MeAla—N-MeAla—N-MeAla— 0
3 2.12 2.13 —N-MeAla—N-MeAla— 0
4 2.14 2.15 —N-MePhe—N-MeAla—N-MeAla—N-MeAla— 0
5 2.16 2.17 —N-MeGly—N-MeAla—N-MeAla—N-MeAla— 30
6 2.18 2.19 —N-MeGly—Phe—N-MeAla—N-MeAla— 0
7 2.20 2.21 —Ala—N-MeAla—N-MeAla—N-MeAla— 100
8 2.22 2.23 —Phe—N-MeAla—N-MeAla—N-MeAla— 0
9 2.24 2.25 —Gly—N-MeAla—N-MeAla—N-MeAla— 55

Table 9. Scope of the lactam-based cross-linking strategy at positions i and i+4.

HPLC-MS chromatograms of peptide macrolactamisation that resulted in actual
product formation are shown below. Chromatograms of entries #1-4, #6 and #8 are not

shown, since only the unreacted starting material was detected in all cases.
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HPLC-MS chromatograms of the macrolactamisation studies of peptides 2.16, 2.14 and 2.22
(HPLC data was processed at 220 nm)

Branched peptide 2.16

Macrolactamisation of peptide 2.16 outcome
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3.3.6 Cleavage and global deprotection of highly N-methylated peptides studies

Whereas Protocol Cle4 was followed for peptide cleavage with the HFIP mixture,

Protocol Cle2 was followed for peptide cleavage with the TFA cocktail.
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In all cases, the resulting peptidyl-resin cleavage crude was subjected to HPLC-

MS analysis to assess the cleavage and deprotection outcome. The obtained results are

summarised in Table 10.

# Peptide
1 2.17
2 2.17
3 2.17
4 2.17
5 2.21
6 2.21
7 2.21
8 2.21
9 2.25
10 2.25
11 2.25
12 2.25

Cleavage conditions

HFIP-DCM (1:4 v/v), 1h
TFA-TIS-H,0 (95:2.5:2.5 v/v), 30 min
TFA-TIS—H,0-DCM (50:2.5:2.5:45 v/v), 30 min
TFA-TIS—H,0-DCM (20:2.5:2.5:75 v/v), 30 min
HFIP-DCM (1:4 v/v), 1 h
TFA=TIS—H,0 (95:2.5:2.5 v/v), 30 min
TFA-TIS—H,0-DCM (50:2.5:2.5:45 v/v), 30 min
TFA-TIS—H,0-DCM (20:2.5:2.5:75 v/v), 30 min
HFIP=DCM (1:4 v/v), 1h
TFA-TIS—-H>0 (95:2.5:2.5 v/v), 30 min
TFA-TIS-H,0-DCM (50:2.5:2.5:45 v/v), 30 min
TFA-TIS-H,0-DCM (20:2.5:2.5:75 v/v), 30 min

Non-fragmented
peptide (HPLC %)
100
6
6
6
100
27
27
27
100
12
12
12

Table 10. Tested cleavage and global deprotection for compounds 2.17, 2.21 and 2.25.

Following, the chromatograms of all three peptidyl-resin cleavage crudes by

treatment with the TFA mixtures are shown. Since peptide fragmentation upon cleavage

with TFA was detected in all three cases (2.17, 2.21 and 2.25), further efforts to identify

all peptide fragments were carried out and are summarised in Table 11,

264



Experimental section. Chapter 2

Fragmentation studies of peptide 2.17

R
E O,;BO D -

Stapled peptide fragmentation

resulting in N-MeGly-N-MeAla-N-MeAla segment loss

#  Peak Compound HPLC %
1 A Unprotected cyclic peptide derived from 2.17 6
2 B First fragmentation between two N-MeAla residues or 18
between consecutive N-MeGly and N-MeAla residues
3 C Second fragmentation between two N-MeAla residues 8
or between consecutive N-MeGly and N-MeAla
residues resulting in a N-MeAla residue loss
Branched peptide fragmentation
#  Peak Compound HPLC %
1 D Fragmentation between consecutive N-MeGly and N- 20
MeAla residues resulting in a N-MeGly residue loss

2 E Fragmentation between two N-MeAla residues 30

resulting in N-MeGly-N-MeAla segment loss
3 F Fragmentation between two N-MeAla residues 5

Branched peptide fragmentation

R

Me Me Me l\(le Me Me Me
H—N-Gly-N-Ala-N-Ala-N-Ala H—=N-Ala-N-Ala-N-Ala
NH NH
OH OH

Fragmentation O:é

Ac{ Linear unprotected peptide }OH

Ac{ Linear unprotected peptide }OH

OH

R

Peak D
Me Fragmentation Me Me
| | |
N-Ala H—N-Ala-N-Ala
NH NH

OH

(0]
Fragmentation
-—

Ac{ Linear unprotected peptide }OH

Ac{ Linear unprotected peptide )»OH

Peak F

Peak E
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I\I/Ie I\Ille l\llle
Gly-N-Ala-N-Ala-N-Ala
\ NH
N-Me

Stapled peptide fraamentation

o

Ac—( Linear unprotected peptide ]—OH

Peak A
Fragmentation Fragmentation Fragmentation
Path A Path B Path C OH
Me Me Me Me Me Me no Me
H—N-Ala-N-Ala-N-Ala HN-Ala-N AI? Me_ Pyo/ H-N AI?
S .
Me, NH Me, Me NH Me NH
N-Gly-OH N-Gly-N-Ala-OH W
(0] (0] (0]

Ac—( Linear unprotected peptide )—OH Ac—( Linear unprotected peptide )—OI—Ac—( Linear unprotected peptide )—OH

Peak B Peak B Peak B
lFragmentation Fragmentationl
I\I/Ie I\Ille l\llle
H=N-Ala-N AI§ H=N AI?
Me, NH _ _ Me, Me NH
N-Gly-OH Fragmentation Fragmentation N-Gly-N-Ala-OH
o Path D Path E o)
Ac—( Linear unprotected peptide ]—OH Ac—( Linear unprotected peptide ]—OH

Peak C Peak C

Table 11. Fragmentation of stapled peptide 2.17 upon cleavage.
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Fragmentation studies of peptide 2.21

BO;0A -
\‘\
2 ] Jl
co !
| e
1
= I
wf | In |
o] [ e
L
#  Peak Compound HPLC %
1 A Unprotected cyclic peptide derived from 2.21 27
2 B First fragmentation between two N-MeAla residues 42
3 C Second fragmentation between two N-MeAla residues 11

resulting in N-MeAla residue loss

l\llle I\I/Ie I\I/Ie
Ala-N-Ala-N-Ala-N-Ala
NH
NH
(0]

Fragmentation

Path B

Ac—( Linear unprotected peptide }—QH

Peak A
Fragmentation
Path A
OH
7
Me\ '?Xg '\I/Ie
Me, ¢ —N-
! LR H NAIe
N NH
\\\P\
o Fragmentation
Ac—( Linear unprotected peptide )—OH Ac—(
Peak B

I\I/Ie I\I/Ie
HN-AIa-N-AI:\a
H Me NH

|
'N-Ala-N-Ala-OH
o

Ac—( Linear unprotected peptide }—OH

Peak B

Fragmentation

I\I/Ie
H—N-Alz\a
L Me

N-Ala-N-Ala-OH
(0]

Linear unprotected peptide }—OH

Peak C

Table 12. Fragmentation of peptide 2.21 upon cleavage.
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Fragmentation studies of peptide 2.25

in Gly-N-MeAla-N-MeAla segment loss

EQ-» -
|
H‘
08B
) . '.
\
‘| ‘||I,‘O D
W
. I FO H | \l\'\OA
wd | 7 ‘\v"\‘ 3'\| Y
2001 \‘ |V (S Y
EM kd’ll - /’ -
Stapled peptide fragmentation
#  Peak Compound HPLC %
1 A Unprotected cyclic peptide derived from 2.25 7
2 B First fragmentation between two N-MeAla residues 11
3 C Second fragmentation between two N-MeAla residues 28
resulting in a N-MeAla residue loss
Branched peptide fragmentation
#  Peak Compound HPLC %
1 D Unprotected linear peptide derived from 2.24 5
2 E Fragmentation between two N-MeAla residues resulting 34
in Gly-N-MeAla segment loss
3 F Fragmentation between two N-MeAla residues resulting 5

Branched peptide fragmentation
| Me Mo e e Mo
H—N-Gly-N-Ala-N-Ala-N-Ala H—N-Ala-N-Ala
NH NH

OH OH
o Fragmentation

Ac—( Linear unprotected peptide }—OH
Peak D

Ac—( Linear unprotected peptide )—OH
Peak E

Fragmentation l |\|/|e
H—N-Ala
NH
OH
O

Ac—( Linear unprotected peptide }—QH
Peak F
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Stapled peptide fraamentation

I\I/Ie I\I/Ie 'YIe I\I/Ie I\I/Ie
Gly-N-Ala-N-Ala-N-Ala HN-AIa-N-Alg
\ NH H\ '\I/Ie NH
NH N-Gly-N-Ala-OH
© Fragmentation O
Path B
Ac_Linear unprotected peptide }-oH Ac{ Linear unprotected peptide }-OH
Peak A Peak B
Fragmentation Fragmentation
Path A
OH
/
Me\\\\,?xo I\I/Ie 'YIe
Me\ ’\>yz>/ H—N-AI? H—N-AI?
AN e\*\'N NH H  Me NH
W N-Gly-N-Ala-OH
o Fragmentaton O
Ac—( Linear unprotected peptide }—OH Ac—( Linear unprotected peptide }—OH
Peak B Peak C

Table 13. Fragmentation of peptide 2.25 upon cleavage.
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3.3.7 Preparation of the peptide library

3.3.7.1 Preparation of single “short” HMSP (i,i+4) with the unblocked C-terminus

Synthetic protocol

The 2-CTC resin (commercial functionalisation: 1.6 mmol/g resin) was placed in
a 2 mL-polypropylene syringe fitted with two polyethylene filter discs. Conditioning of
the resin and incorporation of the first amino acid was carried out by standard means,
being the loading level set up to 0.30 mmol/g. Generally, Protocol Pep1 and Protocol
Pep2 were used for peptide couplings onto primary and secondary amines, respectively.
Fmoc removal was accomplished following Protocol Fmoc1. At position 5 starting from
the C-terminus, a Lys residue was introduced, conveniently protected with the Dde
group, which is orthogonal to the Fmoc group. Four positions further from the Lys
residue, a Cys residue was placed. After the linear chain elongation was furnished, N-
terminal amine acetylation was accomplished following Protocol Ac1. Next, Dde group

removal was achieved following Protocol Dde.

Construction of the N-methyl-rich peptide bridge was carried out following
Strategy A (section 3.3.4). Thus, the general method consisted of successive cycles of
the corresponding Fmoc-N-methylated-amino acid coupling and deprotection steps.

Next, bromoacetic acid was incorporated following Protocol Pep3.

Peptide cleavage and global deprotection was accomplished following Protocol
Cle2. Cyclisation in solution through a thioether-based cross-linking approach was
accomplished following Protocol Cyc2. Finally, the crude peptide was subjected to HPLC

purification.
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Peptide 2.26

O
H H O
Ac—Glu-Thr-Phe N\_)LASP'LGU'T'T"N\_)LLeu—Leu—Pro-GIu—OH

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (5% to 30% over 2 min and 30% to 55% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 22 mg.

- Yield: 11%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.01 min.

Purity (A =220 nm) = 100%.

ESI(+)MS calculated for C7sH113N15023S 1659.8, found [((M + 2H)?%)/2]
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Peptide 2.27

0
H H O
Ac—Glu-Thr-Phe NJASP‘LGU‘TFP'N\_)J-Leu—Leu—Pro—Glu—OH

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 2 min and 40% to 60% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 24 mg.

Yield: 12%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.97 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for CssH120N16022S 1768.8, found [((M + 2H)?*)/2]
885.8.
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Peptide 2.28

o)
H H O
Ac—Glu-Thr-Phe N JASP_LeU_Trp'N\_JJ-Leu—Leu—Pro—GIu—OH

e
S\)]\N NH

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 2 min and 40% to 60% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 6 mg.

Yield: 6%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.03 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for Cs3H120N16022S 1756.8, found [((M + 2H)?*)/2]
879.9.
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3.3.7.2 Preparation of single “large” HMSP (i,i+7) with the unblocked C-terminus

Synthetic protocol

The 2-CTC resin (commercial functionalisation: 1.6 mmol/g resin) was placed in
a 2 mL-polypropylene syringe fitted with two polyethylene filter discs. Conditioning of
the resin and incorporation of the first amino acid was carried out by standard means,
being the loading level set up to 0.30 mmol/g. Generally, Protocol Pep1 and Protocol
Pep2 were used for peptide couplings onto primary and secondary amines, respectively.
Fmoc removal was accomplished following Protocol Fmoc1. At position 3 starting from
the C-terminus, a Lys residue was introduced, conveniently protected with the Dde
group, which is orthogonal to the Fmoc group. Four positions further from the Lys
residue, a Cys residue was placed. After the linear chain elongation was furnished, N-
terminal amine acetylation was accomplished following Protocol Ac1. Next, Dde group

removal was achieved following Protocol Dde.

Construction of the N-methyl-rich peptide bridge was carried out following
Strategy A (section 3.3.4). Thus, the general method consisted of successive cycles of
the corresponding Fmoc-N-methylated-amino acid coupling and deprotection steps.

Next, bromoacetic acid was incorporated following Protocol Pep3

Peptide cleavage and global deprotection was accomplished following Protocol
Cle2. Cyclisation in solution through a thioether-based cross-linking approach was
accomplished following Protocol Cyc2. Finally, the crude peptide was subjected to HPLC

purification.
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Peptide 2.31

0
H H O
Ac—Glu-Thr-Phe N \_)LASP"-eU‘Trp"—ys"-e“"-e“'N\_)Lelu—Asn—OH

g ljg(J

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 3 mg.

Yield: 3%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.10 min.

Purity (A =220 nm) = 100%.

ESI(+)MS calculated for CssHi2sN18025S 1832.9, found [((M + 2H)?%)/2]
917.9.
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Peptide 2.32

0
H H O
Ac—Glu-Thr-Phe N\_)LASP‘LeU‘TfP"-VS"—e”"-e“'N\_JJ-Glu—Asn—OH

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 60% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 2 mg.

Yield: 2%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.49 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for Co3Hi3sN19026S 1967.0, found [((M + 2H)?*)/2]
984.5.
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Peptide 2.33

Ac—Glu

(0]
H H O
—Thr-Phe N\I)J-Asp—Leu—Trp—Lys—Leu—Leu-N\_).LGm_Asn_OH

s

o
'y

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 60% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 1 mg.

Yield: 2%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.20 min.

Purity (A =220 nm) = 100%.

ESI(+)MS calculated for CsgH133N15026S 1903.9, found [((M + 2H)?*)/2] 953.4
and [((M + 3H)3*)/2] 635.9.
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Peptide 2.34

0
H H O
Ac—Glu-Thr-Phe N \_)LASP"-GU‘Trp"—YS"-e“"-e“'N\_)Lelu—Asn—OH

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 60% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 4 mg.

Yield: 3%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min..

tr=6.30 min.

Purity (A = 220 nm) = 90%.

ESI(+)MS calculated for Co1H137N19026S 1944.0, found [((M + 2H)?%)/2]
973.5.
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3.3.7.3  Preparation of single “large” HMSP (i,i+7) with the amidated C-terminus

Synthetic protocol

The Rink amide AM resin (commercial functionalisation: 0.14 mmol/g resin) was
placed in a 2 mL-polypropylene syringe fitted with two polyethylene filter discs.
Conditioning of the resin and incorporation of the first amino acid was carried out by
standard means. Generally, Protocol Pepl and Protocol Pep2 were used for peptide
couplings onto primary and secondary amines, respectively. Fmoc removal was
accomplished following Protocol Fmoc1. At position 3 starting from the C-terminus, a
Lys residue was introduced, conveniently protected with the Dde group, which is
orthogonal to the Fmoc group. Four positions further from the Lys residue, a Cys residue
was placed. After the linear chain elongation was furnished, N-terminal amine
acetylation was accomplished following Protocol Acl. Next, Dde group removal was

achieved following Protocol Dde.

Construction of the N-methyl-rich peptide bridge was carried out following a
combination of Strategy A and Strategy B (section 3.3.4). Whereas Strategy A was used
for incorporation of Pro, N-MeAla, N-MeGly, N-MePhe, N-MeVal, N-Meleu, Strategy B
was used for incorporation of N-Melys, N-MeGIn and N-MeHis. Next, bromoacetic acid

was incorporated following Protocol Pep3.

Peptide cleavage and global deprotection was accomplished following Protocol
Cle2. Cyclisation in solution through a thioether-based cross-linking approach was
accomplished following Protocol Cyc2. Finally, the crude peptide was subjected to HPLC

purification.
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Peptide 2.35

0
H o0
Ac—GIu—Thr—PheN\_)LASP'LeU_Trp_LyS'LeU_LeU N\)J-Glu—Asn—NH2

— g

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).
- Gradient: Linear gradient (20% to 40% over 5 min and 40% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.
- Quantity: 15 mg.
- Yield: 11%.
HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.14 min.

Purity (A =220 nm) = 100%.

ESI(+)MS calculated for CssHi2sN18025S 1832.9, found [((M + 2H)?%)/2]
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Peptide 2.36

0
H H o
Ac—Glu-Thr-Phe N\_)LASP‘LGU‘TFP‘LYS‘L‘?U‘LEU N_JLGlu-Asn—NH,

Ll
&

HPLC PURIFICATION CONDITIONS AND YIELD

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 3 mg.

Yield: 2%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.28 min.

Purity (A = 220 nm) = 91%.

ESI(+)MS calculated for Cg3Hi3sN19026S 1967.0, found [((M + 2H)?*)/2]
984.1.
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Peptide 2.37

o)
H .
Ac—Glu-Thr-Phe N\_)LASP"-GU‘TFP"-YS"-GU"-GU N._JLGlu-Asn—nNH,

ot
L(TLQ&NP{(NH

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 40% over 5 min and 40% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 7 mg.

- Yield: 5%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.17 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for CsgHi134N20025S 1903.0, found [((M + 2H)?%)/2]
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Peptide 2.38

o
H H o
Ac—Glu-Thr-Phe N\_)LASP‘LeU‘TfP‘LYS‘LeU‘LeU N_JGiu-Asn—nNH,

~
o
T

o}

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 45% over 5 min and 45% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 6 mg.

- Yield: 5%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.29 min.

Purity (A = 220 nm) = 98%.

ESI(+)MS calculated for Co1H13sN20025S 1943.0, found [((M + 2H)?%)/2]
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Peptide 2.39

o
H H o
Ac—Glu-Thr-Phe N\_)LASP"-EU‘TrP"-YS"-eu"-eU N._JLGiu-Asn—nH,

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (0% to 20% over 5 min and 20% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 4 mg.

- Yield: 3%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.66 min.

Purity (A = 220 nm) = 98%.

ESI(+)MS calculated for CggH137N21025S 1932.0, found [((M + 2H)?*)/2] 967.6
and [((M + 3H)3%)/3] 645.3.
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Peptide 2

.40

p

o)
H
Ac—Glu-Thr-Phe N\)ASP’LGU’TFP

N

(0]
\)LGIU*AsanHz

-Lys-Leu-Leu H
NH,

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 30% over 5 min and 30% to 35% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 5 mg.

Yield: 3%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.30 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for Co3H1a6N22025S 2004.1, found [((M + 2H)?*)/2]
1003.2 and [((M + 3H)3*)/3] 669.2.
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Peptide 2.41

0
H e
Ac—Glu-Thr-Phe N\)LASP"-BU‘TrP"-YS"-e“"-eU N \)Lelu—Asn—NHz
: NH, :

g )
Wi%

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 30% over 5 min and 30% to 35% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 4 mg.

- Yield: 3%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.71 min.

Purity (A = 220 nm) = 99%.

ESI(+)MS calculated for CggH137N21025S 1932.0, found [((M + 2H)?*)/2] 967.5
and [((M + 3H)3%)/3] 645.3.
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Peptide 2.42

O
H O
H
Ac—Glu-Thr-Phe N\.)L Asp-Leu-Trp-Lys-Leu-Leu N\)LG|U‘ASI’1_NH2

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 35% over 5 min and 35% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 1 mg. Yield: 1%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.81 min.

Purity (A = 220 nm) = 99%.

ESI(+)MS calculated for Co1H139N21026S 1974.0, found [((M + 2H)?*)/2] 988.5
and [((M + 3H)3%)/3] 659.4.
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Peptide 2.44

0
H e
Ac—Glu-Thr-Phe N\_)LASP"-GU‘TFP"-YS"-QU"-GU N_JLGu-Asn—nNH,

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 40% over 5 min and 40% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 6 mg.

- Yield: 4%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.04 min.

Purity (A = 220 nm) = 99%.

ESI(+)MS calculated for CozHi1a1N21026S 2001.0, found [((M + 2H)?%)/2]
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3.3.74 Preparation of double HMSP (i,i+4, and i+8,i+12) with the amidated C-

terminus

Synthetic protocol

The Rink amide AM resin (commercial functionalisation: 0.14 mmol/g resin) was
placed in a 2 mL-polypropylene syringe fitted with two polyethylene filter discs.
Conditioning of the resin and incorporation of the first amino acid was carried out by
standard means. Generally, Protocol Pepl and Protocol Pep2 were used for peptide
couplings onto primary and secondary amines, respectively. Fmoc removal was
accomplished following Protocol Fmoc1. At position 3 starting from the C-terminus, a
Lys residue was introduced, conveniently protected with the Dde group, which is
orthogonal to the Fmoc group. Four positions further from the Lys residue, a Cys residue
protected with the orthogonal Mmt protecting group was placed. The linear chain
elongation was carried out until the Leu ninth residue. The Fmoc group removed by
standard means, and the N-terminal function was protected with the Alloc group by
using Protocol Pro. Next, Dde group removal was achieved following Protocol Dde.
Construction of the first N-methyl-rich peptide bridge was carried out following a
combination of Strategy A and Strategy B (section 3.3.4). Whereas Strategy A was used
forincorporation of Pro and N-MeAla, Strategy B was used for incorporation of N-Melys.
Next, bromoacetic acid was incorporated following Protocol Pep3. On-resin side-chain
to side-chain cyclisation through a thioether-based cross-linking approach to
incorporate Staplel was carried out as follows. First, the Mmt group was selectively
eliminated using Protocol Mmt, followed by Protocol Cycl, in which a nucleophilic
displacement took place to furnish the cyclic product. Next, complete linear chain
elongation was undertaken. For that, the Alloc group was removed by using Protocol All,
and the full peptide linear chain was synthesised following the same strategy as the one
used for the insertion of the first nine residues. Next, N-terminal amine acetylation was
accomplished following Protocol Ac1. The same procedures as the ones used for Staplel,
were used for the construction of the second N-methyl-rich peptide bridge and

subsequent on-resin side-chain to side-chain cyclisation. Peptide cleavage and global
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deprotection was accomplished following Protocol Cle2, and the crude peptide was

subjected to HPLC purification

Peptide 2.45

p

Ho© H O o O H O
AC*LGU*SerN\)LGlu’Thr’Phe'N\)Asp*LeU*Trp'N\)LLe“’Le“’LVS'N\)AIa*AIafNHZ

iy

0]

\KWJ

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 1 mg.

Yield: 1%.

HPLC-PDA and ESI(+)MS characterisation

Column: XBridge™ C18 reversed-phase analytical column (3.5 pm x 4.6 mm
x 42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.38 min.

Purity (A = 220 nm) = 92%.

ESI(+)MS calculated for CosH14sN22026S; 2090.0, found [((M + 2H)?*)/2]
1046.3 and [((M + 3H)3*)/3] 697.7.
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Peptide 2.46

Ho 9 H O Ho§ H O
Ac—Leu-SerN\_)LGIU'Thr'Phe'N\_)J-Asp—Leu—Trp/N\_)LLeu_Leu_Pro'N\_)LAla-Ala—NHz

lod ol

O 0 o) 0

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 45% over 5 min and 45% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 4 mg.

Yield: 2%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.78 min.

Purity (A = 220 nm) = 98%.

ESI(+)MS calculated for CiosH1ssN22020S2 2254.1, found [((M + 2H)?*)/2]
1127.6 and [((M + 3H)3*)/3] 752.2.
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Peptide 2.47

L O H o L O H O
Ac—Leu—SerN\_)LGIU_Th"_Phe'N\_)J-Asp—Leu—Trp'N\_)LLeU'LeU'LYS'N\_/U—Ala-AIa—NHz

S\\/erl\j*HNK// S\\/’('L\)IO_HNK//

O

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 45% over 5 min and 45% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 1 mg.

- Yield: 1%.

HPLC-PDA and ESI(+)MS characterisation

Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.45 min.

Purity (A = 220 nm) = 96%.

ESI(+)MS calculated for CiosH161N23020S2 2261.1, found [((M + 2H)?%)/2]
1131.3 and [((M + 3H)3*)/3] 754.5.
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Peptide 2

.48

Ho 9 H O Ho 9 H O
Ac—Leu-Ser N\)LG'U'Thf'Phe'N\)iAsp—Leu—Trp-N\)LLGU'Leu-LyS'N\)J-A|a-A|a—NH2

lnd nd

iy g

NH; NH,

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 35% over 5 min and 35% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 1 mg.

Yield: 1%.

HPLC-PDA and ESI(+)MS characterisation

Column: SunFire™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 100 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=6.02 min.

Purity (A = 220 nm) = 95%.

ESI(+)MS calculated for Ci10H176N26028S2 2374.3, found [((M + 2H)?%)/2]
1188.2 and [((M + 3H)3*)/3] 792.7.
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3.3.7.5 Preparation of single HMSP (i,i+4) with the amidated C-terminus

Synthetic protocol

The Rink amide AM resin (commercial functionalisation: 0.14 mmol/g resin) was
placed in a 2 mL-polypropylene syringe fitted with two polyethylene filter discs.
Conditioning of the resin and incorporation of the first amino acid was carried out by
standard means. Generally, Protocol Pepl and Protocol Pep2 were used for peptide
couplings onto primary and secondary amines, respectively. Fmoc removal was
accomplished following Protocol Fmocl. A Lys residue was introduced at relative
position i, conveniently protected with the Dde group, which is orthogonal to the Fmoc
group. Four positions further from the Lys residue, a Cys residue was placed. After the
linear chain elongation was furnished, N-terminal amine acetylation was accomplished

following Protocol Ac1. Next, Dde group removal was achieved following Protocol Dde.

Construction of the N-methyl-rich peptide bridge was carried out following
Strategy B (section 3.3.4). Next, bromoacetic acid was incorporated following Protocol

Pep3.

Peptide cleavage and global deprotection was accomplished following Protocol
Cle2. Cyclisation in solution through a thioether-based cross-linking approach was
accomplished following Protocol Cyc2. Finally, the crude peptide was subjected to HPLC

purification.
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Peptide 2.49

H o H 0
Ac—Leu-Ser-GIn-Glu-Thr-Phe-Ser-Asp-Leu-Trp'N \)LLeu—Leu-Lys N \)J-Ala-Ala—NHz

:\S

%N}NH

0]

NH,

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 40% over 5 min and 40% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 3 mg.

- Yield: 2%.

HPLC-PDA and ESI(+)MS characterisation

Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.65 min.

Purity (A =220 nm) = 93%.

ESI(+)MS calculated for CiooH1ssN24028S 2176.1, found [((M + 2H)?%)/2]
1089.2 and [((M + 3H)3*)/3] 726.6.
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Peptide 2.50

Je

NH,

o 0o
H H
Ac—Leu-Ser N \)-Glu-Thr-Phe N\_)J-Asp-Leu-Trp—Lys-Leu-Leu-Lys-Lys-AIa-AIa—NHz

HPLC purification conditions and yield

pm x 10 mm x 100 mm).

min) of ACN, with a flow rate of 2.0 mL/min.
Quantity: 3 mg.
Yield: 2%.

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 50% over 15

HPLC-PDA and ESI(+)MS characterisation

of 1.0 mL/min.
tr=5.12 min.
Purity (A = 220 nm) = 96%.

1009.7, [((M + 3H)3*)/3] 740.2 and [((M + 4H)**)/4] 555.4.

Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate

ESI(+)MS calculated for CioaH169N25026S 2217.2, found [((M + 2H)?%)/2]
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3.3.7.6  Preparation of linear p53-based peptides

The Rink amide AM resin (commercial functionalisation: 0.74 mmol/g resin) was
placed in a 2 mL-polypropylene syringe fitted with two polyethylene filter discs.
Conditioning of the resin and incorporation of the first amino acid was carried out by

standard means.

Generally, Protocol Pep1 and Protocol Pep2 were used for peptide couplings onto
primary and secondary amines, respectively. Fmoc removal was accomplished following
Protocol Fmocl. After the linear chain elongation was furnished, N-terminal amine

acetylation was accomplished following Protocol Ac1.

Peptide cleavage and global deprotection was accomplished following Protocol

Cle2, and the crude peptide was subjected to HPLC purification.
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Peptide 2.51

[Ac—GIu-Thr PheSer Asp-Leu-Trp-Lys-Leu-Leu—Pro-GIu—NHz]

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).
- Gradient: Linear gradient (20% to 40% over 5 min and 40% to 50% over 15
min) of ACN, with a flow rate of 2.0 mL/min.
- Quantity: 16 mg.
- Yield: 42%.
HPLC-PDA and ESI(+)MS characterisation

Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.48 min.

Purity (A = 220 nm) = 97%.

ESI(+)MS calculated for C72H107N15021 1517.8, found [(M + 2H)]?* 1519.7
and [((M + 2H)?%)/2] 760.3.

760.34 510 et
el [(M+2H))/2]

128+1
11a8+1
1.0a+1

0.0

AU

8.0

1519.67
[M + 2H]*

5.0

298



Experimental section. Chapter 2

Peptide 2.52

[Ac—

Glu- ThrPheSer Asp-Leu-Trp-Lys-Leu-Leu—Pro-GIu-Asn—NHZ]

HPLC purification conditions and yield

- Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

- Gradient: Linear gradient (20% to 40% over 5 min and 40% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

- Quantity: 45 mg.

- Yield: 80%.

HPLC-PDA and ESI(+)MS characterisation

Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6 mm
x 42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate
of 1.0 mL/min.

tr=5.35 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for C76H113N17023 1631.8, found [M + 2H]?* 1633.8 and
[((M + 2H)?*)/2] 817.4.
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Peptide

2.53

[Ac—Leu-Ser GIn-Glu Thr-Phe-Ser Asp-Leu-Trp—Lys-Leu-Leu-Pro-GIu-Asn-AIa—NH2]

HPLC purification conditions and yield

Column: XBridge™ Peptide BEH C18 Prep reversed-phase 130A column (5
pm x 10 mm x 100 mm).

Gradient: Linear gradient (20% to 40% over 5 min and 40% to 45% over 15
min) of ACN, with a flow rate of 2.0 mL/min.

Quantity: 36 mg.

Yield: 54%.

HPLC-PDA and ESI(+)MS characterisation

Column: XBridge™ C18 reversed-phase analytical column (3.5 um x 4.6 mm x
42 mm) linear gradients (0% to 100%) of ACN over 8 min, with a flow rate of
1.0 mL/min.

tr=5.52 min.

Purity (A = 220 nm) = 100%.

ESI(+)MS calculated for CozH142N22029 2032.1, found [((M + 2H)?*)/2] 1017.0
and [((M + 3H)3*)/3] 678.4.
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