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ABBREVIATIONS

6 chemical shift

A wavelenght

v number of wavelenght

0 ellipticity

[B]m molar ellipticity

[alp optical rotation

DMAP 4-dimethylaminopyridine

aa amino acid

Ac- acetyl

ACH a-cyano-4-hydroxycinnamic acid

ACN acetonitrile

AcOEt ethyl acetate

AcOH acetic acid

ADME absorption, distribution, metabolism and excretion

Aib a-aminoisobutyric acid

Alloc- allyloxycarbonyl

anh. anhydrous

ag. aqueous

bs broad signal

BTC bis(trichloromethyl)carbonate, triphosgene

BTSA N,O-bis(trimethylsilyl)acetamide

BSA bovine serum albumin

c concentration

calc. calculated

Cb circular dichroism

COMU 1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)-dimethylamino-morpholinomethylene)]
methanaminiumhexafluorophosphate

conc. concentrated

Ccosy homonuclear correlation spectroscopy

CTC 2-chlorotrityl chloride (resin)

C18 octadecylsilane, octadecyl carbon chain-bonded silica

d doublet



Abbreviations

DCM dichloromethane

dd double doublet

DIEA N,N-diisopropylethylamine

DIPCDI N,N'-diisopropylcarbodiimide

DMEM Dubelco’s modified Eagle’s medium

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

DSS sodium 4,4-dimethyl-4-silapentane-1-sulfonate

dt double triplet

EBM endothelial basal medium

EDC-HCI N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride
EDTA ethylenediaminetetraacetic acid

EP expected product

ELISA enzyme-linked immunosorbent assay

eq equivalent

ESI electrospray ionization

ES electron single impact ionization in positive mode

e.g. exempli gratia, for example

FB fibrinogen

FBS fetal bovine serum

FCS fetal calf serum

FDA Food and Drug Administration

Fmoc- 9-fluorenylmethoxycarbonyl

HATU O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
HBTU O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophosphate
HBSS Hank’s balanced salt solution

HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxybenzotriazole

HPLC high pressure liquid chromatography

HPLC-MS high pressure liquid chromatography coupled to an MS detector

HRMS high ressolution mass spectrometry

HSQC heteronuclear single-quantum correlation spectroscopy
ICs half maximal inhibitory concentration

IR infrared
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m
MALDI-TOF
MeOH

MS

MTT

MW

NMR

NOE
NOESY

NPC

n.d.

OEG

OSu
OxymaPure
>}

Pbf-

PBS

PEG

Pnb-

ppm

PyBOP

RGD

RP

rpm

RPMI 1640

rt

sat.
SM

SPPS

id est, in other words, that is

coupling constant

multiplet

matrix-assisted laser desorption ionization - time of flight
methanol

mass spectrometry
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
microwave

nuclear magnetic ressonance

nuclear Overhauser effect

nuclear Overhauser effect correlation spectroscopy

net peptide content

non determined

oligoethylene glycol

N-hydroxysuccinimidyl ester
ethyl-2-cyano-2-(hydroxyimino)acetate

partition coefficient
2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfony!
phosphate buffered saline

polyethylene glycol

p-nitrobenzyl

parts per million

(benzotriazol-1-yl-oxy)tri(pyrrolidino)phosphonium hexafluorophosphate

quadruplet

peptide sequence arginine-glycine-aspartic acid
reversed-phase

revolutions per minute

Roswell Park Memorial Institute medium

room temperature

singlet

saturated

starting material

solid-phase peptide synthesis

triplet
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T temperature

ti2 half-life

TEG triethylene glycol

TFA trifluoroacetic acid

TFE trifluoroethanol

TFFH tetramethylfluoroformamidinium hexafluorophosphate
THF tetrahydrofurane

TIS triisopropylsilane

TLC thin layer chromatography
TMS trimethylsilane

TOCSY total correlation spectroscopy
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General Objectives

GENERAL OBJECTIVES

The present Thesis is devoted to the synthesis of novel backbone N-substituted peptides, and to the study of their

properties in comparison to N-Me peptides.

The specific objectives of each Chapter (1, 2, 3, and 4) are detailed in the corresponding Sections (1.2., 2.2., 3.2., 4.2,,

respectively).

Briefly:

In Chapter 1, we sought to establish a synthetic methodology for the introduction of short N-oligoethylene glycol
(N-OEG) chains into peptides on the solid-phase. In particular, we investigated the synthesis of Fmoc-amino acids

bearing an N-triethylene glycol (N-TEG) group and their use as solid-phase building blocks.

In Chapter 2, we sought to study the N-triethylene glycol (N-TEG) group as a surrogate for the N-Me group. For
such an aim, we chose Sansalvamide A peptide as a model, and we sought to investigate how N-TEG vs. N-Me

incorporation affects its biological activity, lipophilicity, and conformation.

In Chapter 3, we sought to investigate upon which OEG chain length the acylation of an N-OEG amine is feasible.
For such an aim, we chose Cilengitide as a model. A second objective of this Chapter was to investigate how N-
Me-for-N-OEG substitution affects the biological activity and lipophilicity of our model peptide, and how these
features are affected upon increasing the length of the OEG chain.

In Chapter 4, we sought to study the N-(4-azidobutyl) group as a linker to support conjugation in peptides. For
such an aim, we chose Cilengitide as a model, and we sought to apply our linker for the attachment of a
polydisperse polyethylene glycol (PEG) chain. Other objectives of this Chapter were: i. to investigate the effect of
N-Me-for-[N-(-azidobutyl)] substitution on the conformation of our model peptide, ii. to compare the biological
activity, lipophilicity and conformation of the N-substituted cyclopeptide analogs with that of the unmodified
peptide.
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General Introduction

1. Peptides as drugs

Peptides are key regulators of a wide range of physiological processes and interact with numerous biological targets
involved in pathological settings, thereby providing a vast opportunity for biomedical applications.1 Currently, there
are more than 100 peptide drugs on the market worldwide, around 140 in clinical phase trials, and more than 500 in

.. 2
preclinical phases.

In recent years, the therapeutic potential of peptides has attracted growing attention from the pharmaceutical
industry and academia.’ Such a revival of interest may have been fuelled by the following fact: while the number of
approved drugs is decreasing (as well as the number of small molecule drug candidates that enter clinical trials), an
increasing number of peptide active pharmaceutical ingredients (APIs) have been approved for therapy in the past 10
years.

Indeed, peptides have a number of unique properties that make them potentially useful drugs (see Table 1).3b Many
peptides are highly active and selective agonists or antagonists of different receptors involved in human diseases.
These peptides have often undergone natural selection, and they can bind to their in vivo targets with exquisite
specificity and great potency of action. Due to this high target specificity, peptide drug candidates offer potential for
minimimum side-effects, which is a serious drawback of small molecule-based drugs. When compared to small
molecules, another advantage of peptides is their low systemic toxicity (as their degradation products are only amino
acids). Along these lines, peptides generally show a short half-life and do not accumulate in tissues, thereby
minimizing the risk of possible complications from their metabolites. Remarkably, peptide drug candidates also offer
various advantages over proteins and antibodies. Owing to their smaller size, peptides show a better penetration into
tissues. In addition, they are generally less immunogenic, cheaper to manufacture (synthetic versus recombinant

production), and more stable.

Table 1. Advantages and disadvantages of peptides as drugs. Adapted from 3

Advantages Disadvantages
= High potency and selectivity towards a broad range of targets = Poor metabolic stability
= High chemical and biological diversity = Poor membrane permeability
= High target specificity = Poor oral bioavailability

= Minimimum risk of systemic toxicity (i.e. the degradation products are amino acids) | = Rapid clearance
= Sometimes poor solubility

In comparison to small molecule drugs: | In comparison to protein and antibodies: * High production costs (in
comparison to small

= Fewer side-effects (due to their = Greater efficacy (i.e. higher activity per

high target specificity) unit mass) molecule drugs)
= Lower accumulation in tissues (due | = Better penetration into tissues (owing to

to their short half-life) their smaller size)
= Discoverable from the encoded = Potential for less immunogenicity

nucleic acids = Defined chemical structure that can be

synthesized chemically

= Lower manufactoring costs (chemical
versus recombinant production)

= Greater stability (lengthy storage at
room temperature acceptable)

= Simpler intellectual property landscape

However, peptides present several disadvantages for their practical application in medicine.® First, many peptides
have a short in vivo half-life, owing to a fast degradation by proteolytic enzymes and a rapid renal clearance. Another
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General Introduction

limitation is that most peptides show poor transport rates across biological barriers, such as the brush-border
membranes in the intestinal tract or the blood-brain-barrier, and thus they are not suitable for oral delivery. In
addition, many peptide agonists show low receptor subtype selectivity, which results in non-selective receptor
binding.

Researchers have developed an array of strategies to overcome these issues.** Many of them are based on chemical
modification (see Table 2). Approaches to increase the enzymatic stability of peptides include cyclization, N-

methylation, incorporation of non-natural amino acids (such as D- and B-amino acids), incorporation of peptide bond
isosteres in those sites that are susceptible to proteolytic cleavage, and peptidomimetics. Among these modifications
of a peptide structure, those that decrease the hydrogen-bonding potential and increase hydrophobicity (e.g.
cyclization, N-methylation, incorporation of peptoid residues) generally enhance intestinal permeability, and can be

used to gain oral bioavailability. Strategies to reduce the clearance rates of peptides are based on increasing their

molecular size to prevent filtration by the kidneys. These strategies include modification with PEG, conjugation with
albumin, and genetic fusion to the Fc domain of human gamma immunoglobin (IgC) antibody. Besides increasing
overall size, these modifications also protect peptides from exopeptidases, thereby increasing metabolic stability.
However, the conjugation of a peptide with a large moiety may lower its biological activity due to steric reasons.
Finally, the receptor affinity of peptide ligands can be fine-tunned through conformational constraints, which can be
imposed through cyclization, N-methylation, incorporation of non-natural amino acids (such as D-amino acids, B-
amino acids, a,a-disubstituted amino acids), and peptidomimetics.

As can be seen in Table 2, some of the strategies to improve the therapeutic potential of peptides involve modification

of their backbone by N-alkylation. Such modifications are highlighted in bold, and will be explained in the following

Section.
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Table 2. Some strategies to overcome the limitations of peptides as drugs. Adapted from 3

a

Highlighted in bold are those strategies that involve modification of the peptide backbone by N-alkylation.

Chemical modification

Effects

Aims

Cyclization of the peptide sequence

= Various cyclization modes: head to tail, side-chain to
side-chain, head/end to side-chain, N-backbone to N-
backbone, N-backbone to head/end/side-chain.

= Various types of linkage: amide, disulfide, lanthaionine,
carba, hydrazine, lactam, alkene, and triazole, among
others.

Conformational constraints.
Less conformational flexibility.

Decreased hydrogen-bonding
potential.

Increased hydrophobicity.

Optimized activity and/or selectivity to
a biological target (as a result of
conformational modulation).

Increased proteolytic stability.

Enhanced membrane permeability.

Replacement of natural amino acid residues by other
unnatural amino acids

= D-amino acids

= B-amino acids

= conformationally constrained amino acids (e.g. a,a-
dialkyl amino acids, a-trifulorometyl amino acids)

= N-alkyl amino acids (mainly, N-Me amino acids)

= Peptoid residues (N-alkylated Gly derivatives)

Conformational constraints (e.g. D-
and N-alkyl amino acids favour a cis
configuration at the adjacent amide
bond).

Increasing activity and/or selectivity to
a biological target (as a result of
conformational modulation).

Increased proteolytic stability.

For N-alkyl amino acids and peptoid

For N-alkyl amino acids and peptoid

residues:

Decreased hydrogen-bonding
potential.

Increased hydrophobicity.

residues:
Increased proteolytic stability.
Enhanced membrane permeability.

Modification of amide bonds

= Modification of the CO group: -CH,-NH- (reduced bond), -
C(=S)-NH- (endothiopeptide bond), -P(=0)-OH-NH-
(phosphonamide bond), and others.

Modification of the NH group: -CO-O- (depsipeptide
bond), -CO-S- (thioester bond), -CO-CH,- (ketomethylene
bond), -CO-NR- (N-alkylated amide bond: peptoids), and
others.

Modification of both CO and NH groups: -NH-CO- (retro-
inverso bond), -CH,-S- (thiomethylene bond), -CH,-CH,-
(carba bond), -CH=CH- (alkene bond), alkyne bond,-
CHOH-CH,- (hydroxyethylene bond), triazole, and others.
Modification of CO and/or NH groups and also the a-
carbon: oxazole-peptides, thiazole-peptides, aza-
peptides, phosphonopeptides, and others.

Modification of certain amide bonds within a peptide
structure yields a pseudo-peptide; modification of all the
amide bonds yields a peptidomimetics (i.e. a nonpeptide
molecule).

Conformational constraints.

Altered hydrogen-bonding
potential.

Altered hydrophobicity.

Optimized activity and/or selectivity to
a biological target (as a result of
conformational modulation).

Increased proteolytic stability.

Modification of the N- or C-terminus

= by N-acylation, N-alkylation, N-pyroglutamate formation,
C-amidation, N- or C-glycosilation (i.e. attachment of a
carbohydrate moiety, such as glucose, xylose, or hexose),
N-phosphoesterification, and others.

Increased proteolytic stability.

PEGylation

= Attachment of PEG moiety onto a peptide is usually
achieved through its N- or C-terminus, or through its
side-chain functional groups.

Shielding of backbone amide
bonds.

May shield certain peptide regions
that are recognized by the immune
system.

Increase in molecular size.
Drawback: risk of decreased or
total loss of biological activity.

Increased proteolytic stability.

Reduced immugenicity.

Reduced renal and hepatic clearance
(for conjugates >50 KDa).

Conjugation to a macromolecular carrier (e.g. serum albumin,
the Fc fragment of 1gG antibody)

Shielding of backbone amide
bonds.

May shield certain peptide regions
that are recognized by the immune
system.

Increase in molecular size.

Drawback: risk of decreased or
total loss of biological activity.

Increased proteolytic stability.

Reduced immugenicity.

Reduced renal and hepatic clearance.
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2. Peptide backbone N-modification: an overview

The amide bonds are intrinsic structural elements of peptides. In peptides, N-Me amino acids and Pro are the only
naturally occurring residues in which the NH group is N-alkylated, and their presence in a peptide leads to a tertiary
amide bond. Whereas Pro is incorporated into peptides by the usual ribosomal enzymatic machinery, N-methylated

peptides are produced by large multifunctional enzymes in the non-ribosomal peptide synthetases.5

Remarkably, there are many bioactive peptides of natural origin that contain backbone N-Me groups within their
structure.® Indeed, some of these peptides are highly N-methylated and exhibit excellent pharmacokinetic profiles
(see Figure 1).

Figure 1. Structure of Cyclosporin A and Omphatolin A. Both are naturally occurring bioactive peptides that contain
a high number of N-Me residues. Cyclosporin A is marketed as an orally active antiimmunopressive drug.

i
O N bIg/N H N\}:O _J’-’._I/&O \f\fo
0 H H e N - a
;N_lf\é/uﬂo .N}?,T I WO/ n\n’\';' TJ:\I

Cyclosporin A N/

Omphatolin A

The willful introduction of N-Me groups in natural or de novo-designed peptides has resulted in numerous analogs
with improved pharmacological properties.6 Along these lines, medicinal chemists have investigated other
modifications of the peptide backbone that also involve N-alkylation, such as backbone cycIization7 and the
introduction of peptoid residues.” Regardless of the nature of the N-alkyl group, its incorporation into a peptide
generally affects its conformation and, hence, its biological activity. In addition, N-alkylation of a peptide decreases
the number of amide protons that can act as hydrogen bond donors. This results in higher hydrophobicity, increased

resistance to proteolytic cleavage, and —in most cases— enhanced instestinal permeability.9

In this Section, we sought to give a brief overview of those backbone N-modifications that are permanent: N-
methylation, backbone cyclization, peptoids and peptide-peptoid hybrids, and modification with other N-alkyl groups
different than N-Me. All these structural modifications are not only of interest from a medicinal chemistry point of

view, but also for other specific applications.*

’ Note: Other types of backbone N-modification are reported in which the N-substituent is only temporarily present.
Protection of the backbone NH groups can be useful to prevent side-reactions and/or chain aggregation during solid-
phase peptide synthesis. Reported backbone N-protectants include Hmb-, Dmb-, EDOTn-, MIM-, and Dcm-, (basically
used for Gly and Ala), and pseudoprolines (only applicable for Thr, Ser and Cys).
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i. N-Methylation

Backbone N-methylation is an established tool to improve various pharmacological properties of peptides drug
candidates.® On one hand, it is a general method to impose conformational constraints on peptides with the aim of
optimizing their activity and/or selectivity. On the other hand, the introduction of backbone N-Me groups in peptides
increases their hydrophobicity, their enzymatic stability, and —in many cases— their intestinal permeability, thereby

improving their bioavailability upon oral administration.

For the synthesis of peptides containing N-Me residues, there are two possible strategies to introduce the N-Me

group: i. by using an N-Me amino acid derivative as building block, ii. by site-selective N-methylation of the a-amino

group in solid-phase.

= In the first strategy, commercial N-Me building blocks can be used. Currently, all the Fmoc- and Boc-protected N-
Me derivative of proteogenic amino acids can be purchased, but they are not available for certain protecting
group combinations and, in general, they are expensive. Alternatively, the required N-Me amino acid derivatives
can be prepared in solution through a plethora of methods, ™ among which the most generally applicable is the N-

methylation of an N-arylsulfonamide-protected amino acid ester under Mitsunobu conditions.™

* In the second strategy, site-selective N®-methylation of the resin-bound peptide is accomplished by a 3-step
procedure that was originally developed by Miller and Scalman.” In this procedure, the a-amino group of the
resin-bound peptide is activated with the o-nitrobenzenesulfonyl (oNBS) group, followed by N-methylation of the
activated nitrogen via a direct nucleophilic substitution, and then removal of the sulfonamide group. Conditions
for the nucleophilic step were optimized by Kessler and co-workers, who used dimethyl sulfate as methylating
agent and DBU as base.” Alternatively, solid-phase N-methylation of the oNBS-protected amine can be

performed via a Mitsunobu reaction (see Scheme 1).14

Scheme 1. Site-selective N®-methylation of peptides on a solid support.13
A) Via Mitsunobu reaction. B) Via direct nucleophilic substitution.
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As previously mentioned, backbone N-methylation can have a strong impact on the conformation of a peptide. This
can be due to various factors, or due to a combination of them. First, N-methylation lowers the energy difference
between the cis and trans configuration of the N-methylated amide bond, favouring the cis configuration.15 Thus, the
N-methylated peptide may adopt conformations that would otherwise not be possible. Second, N-methylation
eliminates one of the hydrogen bond donors of the peptide. This can alter its pattern of intramolecular hydrogen

bonds, and may result in a distinct hydrogen-bonding pattern by which a different conformer is stabilized. Finally, N-
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methylation can induce local backbone constraints due to steric reasons, thereby introducing some conformational
rigidity.16 Because of all these reasons, the introduction of backbone N-Me groups into a peptide is expected to affect

its conformation and, hence, its biological activity.

For a target peptide sequence, a systematic method to identify those N-Me analogs that show the highest activity
and/or other optimized properties (i.e. selectivity, enzymatic stability, membrane permeability) is the N-Me scan. In
this approach, a library of peptides with N-Me residues at different positions is synthesized and tested. Since the
library consists of N-Me peptides having the same sequence but differing in their conformation, peptides selected
based on their activity are likely to have the best conformation for interacting with the chosen target receptor. Along
these lines, it is important to note that the presence of a an N-Me group may also decrease biological activity by
sterically interfering with the peptide-receptor interaction. Therefore, unless details of the peptide-receptor
interaction are known, a decreased biological activity for a given N-Me analog of the library can not be unambiguously

attributed to a conformation in which the pharmacophoric groups are not well-oriented for binding.

Early on, the introduction of backbone N-Me groups in a trial-and-error manner led to metabollically stable analogs of
numerous bioactive peptides, resulting in some cases in enhanced activity and selectivity. With the N-Me scan
approach, a great number of N-methylated analogs with improved activity and/or pharmacokinetics have been
discovered from peptide leads. In addition to library-based strategies, conformational design approaches have also
yield success. For examples on the discovery of N-methylated peptide analogs with improved pharmacological

properties, refer to Sagan et al.”

Figure 2. Structures of three peptides that contain N-Me groups and are currently in clinical phase trials for cancer
treatment. Aplidine is a natural product, whereas TZT-1027 and Cilengitide are non-naturally occurring.
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Besides the well-known effects of backbone N-methylation on conformation, hydrophobicity, and enzymatic stability,

recent studies on N-methylated cyclic peptides cleary suggest that N-methylation enhances the intestinal permeability
9,18

of peptides™ " and can improve their oral bioavailability.19 The presence of N-Me groups in peptides increases their
transport across membranes by favouring passive transcellullar diffusion. This has been attributed to the decreased
hydrogen-bonding potential and increased hydrophobicity of N-methylated peptides,20 and also to certain

. . 9,18a,19b
conformational features upon N-methylation.” "

Current research within the N-methylation field is aimed at understanding how the incorporation of multiple N-Me

groups into bioactive peptides affects their conformation, activity, and intestinal permeability. Very recently, the

18



General Introduction

Kessler group has reported various interesting findings on these issues.® First, they found that there is a regular
pattern in the way how multiple N-methylation modulates the conformation of cyclic pentapeptides,21 and that the
conformational effects induced by the presence of various N-Me residues are similar to those induced by Pro.”
Second, Kessler et al. showed that multiple N-methylation of a bioactive cyclic peptide can greatly enhance its activity
and selectivity towards different receptor subtypes.23 By varying the positions of the N-Me groups, the selectivity of a
cyclic peptide towards different subtypes of receptors can be fine-tunned. The high selectivity achievable is due to the
conformational rigidity imposed by cyclization and multiple N-methylation, and cannot be achieved by any of these
two structural modifications alone.”* Finally, it has been shown that multiple N-methylation introduces remarkable

19225 makes the peptide substantially more hydrophobic, and can result in a markedly enhanced

a

metabolic stability,

intestinal permeability.18

ii. Backbone cyclization

Backbone cyclization is a general method to impose conformational constraints on peptides with the aim of achieving
higher activity and/or selectivity. In this type of cyclization, which was first introduced by Gilon,” ring formation is
accomplished by interconnecting a backbone nitrogen with: a. another backbone nitrogen, b. a side-chain
functionality, c. the N- or the C-terminus (see Figure 3). The resulting conformationally constrained peptides can differ
in the position of the backbone bridge, in the ring size, and in the chemistry of the linkage. Therefore, with backbone
cyclization, a variety of cyclic structures can be prepared for any target peptide sequence without altering its original
side-chains. This is not possible with other cyclization modes (i.e. ends to side-chain, side-chain to side-chain) that can

also be applied for conformational constriction and/or for increasing metabolic stability.

Figure 3. Various modes of backbone N-cyclization.
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Notably, backbone cyclization combines two structural modifications that are known to improve proteolytic stability
and intestinal permeability: cyclization and backbone N-alkylation. The increased proteolytic resistance of backbone
cyclic peptides with respect to linear peptides is well-known, and their enhanced intestinal permeability via
membrane passive diffussion has been recently demonstrated in a systematic study.26

The synthesis of backbone cyclic peptides relies on N-functionalized building blocks bearing amino, carboxy, alkenyl,

or sulfanyl moieties. These building blocks have to be prepared in advance,”” and their incorporation into a peptide

19



General Introduction

sequence requires special activation methods, since the acylation of secondary amines is hampered by steric
hindrance.”® After assembling the N-functionalized linear precursor, its cyclization is performed in solution.

In order to identify the most bioactive backbone cyclic analog from a given peptide sequence, Gilon et al. developed a
method called ”cycloscan”.zg In this selection method, a combinatorial library of backbone cyclic peptides is prepared
and then screened for biological activity. Possible variations in such library include: i. mode of backbone cyclization, ii.
positioning of the backbone bridge along the peptide sequence, iii. ring size, and iv. ring chemistry. Since the library
consists of backbone cyclic peptides having the same sequence but differing in their conformation, peptides selected

based on their activity are likely to have the best conformation for interacting with the target receptor.

Backbone cyclization in combination with cycloscan has been applied to improve the activity and selectivity of
numerous peptides.30 A successful example is the discovery of peptide PTR 3046, a backbone cyclic analog of

% Along these lines, the

Somatostatin-14 (SRIF) that shows enhanced selectivity for receptor-5 (see Figure 4).
backbone cyclization-cycloscan approach has been extensively used to improve the metabolic stability of known
peptides, such as Substance P> pheromone biosynthesis-activating neuropeptide,31 Somatostatin,” and Tat.>> More
recently, the backbone cyclization-cycloscan approach has been applied to improve the oral availability of peptide

drug candidates.”

Figure 4. A) Structure of cyclo[(N-aminoethyl)Phe-Tyr-D-Trp-Lys-Val-(N-
carboxypropyl)Phe]-Thr-NH, (PTR 3046), a backbone cyclic Somatostatin analog
developed by Kessler and co-workers.*® B) Structure of Somatostatin-14 (SRIF).
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Current research within the backbone cyclization field is also aimed at the development of peptides that can mimic

33,35 . . . . . . . .
In these proteinomimetic strategies, backbone cyclization is used to constrain a

secondary structures of proteins.
protein epitope into a well-defined secondary structure, and cycloscan allows to identify those backbone cyclic

peptide-based proteinomimetics that can interact with a chosen protein receptor.

iii. Peptoids and peptide-peptoid hybrids

Peptoids are a class of biomimetic oligomers that are made of N-substituted Gly units.>® They can be regarded as
peptide mimics in which the side-chains are connected to the backbone nitrogens, instead being appended to the a-
carbons (see Figure 5). These oligomers were initially proposed as an accessible class of molecules from which lead

compounds could be identified for drug discovery. They can be efficiently synthesized in solid-phase by a modular
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submonomer approach,37 and such an approach allows the incorporation of a wide range of side-chain substituents

that can be arranged in any particular sequence.

Figure 5. Generic structure of a peptide and a peptoid.

peptide peptoid

As peptides, peptoids can form stable secondary structures and can interact with a wide range of biological targets.38
Due to the absence of amide protons, they are highly resistant to proteolytic degradation39 and show enhanced
membrane permeabilities compared to peptides.40 Therefore, peptoids provide a vast opportunity for biomedical

applications

In general, peptoid oligomers show less conformational rigidity than peptides.36 The lack of stereogenicity facilitates
the trans/cis isomerization of the amide bonds and, due to the absence of amide protons, the peptoid secondary
structure cannot be stabilized through backbone hydrogen-bonding in the same manner as in peptides. Likewise, the
presence of N-alkyl groups lowers the energy of the cis configuration of N-alkylated amide bonds, thereby favouring

their trans-to-cis isomerization. All these characteristics make peptoid oligomers highly flexible structures.

For molecular recognition applications in which conformational ordering is desired, several methods have been

developed for stabilizing helical, loop and turn motifs in peptoids by incorporating side-chains that restrict their
backbone conformation.*® For instance, the presence of bulky chiral side-chains can induce helical structures.™
Further research has shown that peptoid folding can be stabilized by several types of non-covalent interactions. This
knowledge has been applied for the rational design of peptoids that mimic well-defined secondary structures of

bioactive peptides.42

For the solid-phase synthesis of peptoids, two main approaches have been described. The first method is based on the

coupling of bromoacetic acid onto the free amine of the growing peptide, followed by nucleophilic reaction with a
primary amine to obtain the desired N-alkylated Gly derivative (Scheme 2A).*” The second method is based on the
coupling of Fmoc-Gly-OH onto the peptidyl-resin, followed by N°-deprotection and reductive alkylation with an
appropriate aldehyde (Scheme 2B).* The first approach is often preferred, as: i. it avoids the N®-deprotection step, ii.
DIPCDI-activated bromoacetic acid is a highly reactive acylating species, due to its small size and the electron-
withdrawing effect of the Br atom. This submonomer approach is very unexpensive and allows straightforward
incorporation of a wide range of chemical functionalities. In addition to the intrinsic chemical diversity obtained
through oligomer synthesis, strategies have also been developed for the preparation of suitably functionalized

peptoids that can be chemically modified post-synthetically.**
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Scheme 2. Two main synthetic strategies for the solid-phase synthesis of peptoids.
A) Submonomer approach using bromo acetic acid.
B) Submonomer approach involving reductive N*-alkylation.
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The ease of peptoid synthesis and their potential for a large chemical diversity makes peptoids ideal candidates for the
combinatorial discovery of novel peptidomimetic drug candidates. Early on, the synthesis of combinatorial peptoid
libraries allowed for the discovery of high-affinity ligands to pharmaceutically relevant receptors.45 More recently,
molecular design approaches have been successfully applied to generate peptoids that exhibit an array of biological
activities.”®*® Numerous peptoids have been developed as highly active and selective ligands for protein targets
involved in human diseases, such as the Vascular Endothelial Growth Factor (VEGF) receptor 2*’ or the Src Homology 3
(SH3) domain®® (see Figure 6). Along these lines, a peptoid that binds to the antibody IgG has been recently reported,
and it was used as biomarker for the identification of Alzeimer’s disease.**® Other rationally designed peptoids include

42b,45b,49

a-helical mimics of antimicrobial peptides, mimics of lung surfactant proteins,50 and peptoids with cell-

penetrating properties.51

Figure 6. Examples of peptoid ligands that bind to pharmacologically relevant receptors. A) Ligand for the VEGF
receptor 2, Kodadek and co-workers.” B) Inhibitor of the HMD2-p53 interaction, Appella and co-workers.*”
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Along with the development of peptoid mimics, researchers have also designed numerous hybrid peptide-peptoid

oligomers, often called “peptomers”, for various biomedical applications (see Figure 7). Examples include ligands for
disrupting RNA-protein interactions,” ligands that bind to somatostatin-,>> melanocortin-,>* and opiod-receptors,55
and a variety of antimicrobial peptomers.56
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Figure 7. Examples of hybrid peptide-peptoid ligands that bind to RNA or protein targets of
pharmacological interest. A) Inhibitor of the Tat-TAR RNA interaction, Hamy and co-workers.* B) Ligand
for the Grb2 SH3 domain, Lim and co-workers."® C) Ligand for the EVH1 domain, Ball and co-workers.””?
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As peptoids, peptide-peptoid oligomers hold significant promise as therapeutic agents due to their enhanced
enzymatic stability and membrane permeability. The incorporation of one or more N-alkylated Gly monomers into
naturally occurrring peptides has led to analogs with improved pharmacological properties.57 However, the
transformation of a therapeutic peptide into a peptide-peptoid analog with equivalent biological activity is not
straightforward, as biological activity can be substantially affected by minimal structural changes. For peptide-to-
peptomer transformation, several analogs have to be synthesized, tested and further optimized, and such laborious

. . . . . . . 58
trial-and-error approaches may yield limited success in the discovery of bioactive molecules.

It is important to note that the replacement of all the amino acids of a peptide sequence by peptoid monomers with
identical or similar side-chains is unlikely to yield a compound with analogous activity as the original peptide. The
monomer-to-monomer substitution of peptide residues by peptoid residues alters the tridimensional arrangement of
the pharmaphoric groups, and the conformational constraints imposed by N-alkylated Gly residues can drastically
change the secondary structure of the oligomer.

Very recently, Barron et al. developed an applicable strategy for the identification of peptoid-replaceable residues in a
target peptide sequence by combining Ala, Pro and Sar scans.”® This method explores the conformational tolerance
and the importance of each of the individual side-chains, providing information that cannot be obtained from NMR or
X-ray structural studies. Along these lines, Hoffmann et al. proposed a systematic method for the discovery of
bioactive peptoids from peptide leads.*® The reported procedure is based on a peptidomimetic array in which each
position of the peptide is exchanged by a set of different peptoid monomers. After probing the array towards protein
binding, the best binding peptomer are selected and subjected to a successive transformation.
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iv. Modification of the peptide backbone with other N-alkyl groups

Besides peptide-peptoid oligomers (in which the N-alkyl groups are exclusively placed at Gly residues) and backbone
cyclic peptides, modification of the peptide backbone with other N-alkyl substituents different than the N-Me group
has rarely been investigated. The only examples of other N-backbone-modified peptides so far described are limited

to small N-alkyl groups.

Before reviewing such few examples, some remarks about their synthesis should be made. The synthesis of N-

alkylated peptides through solution-phase methodologies generally involves the use of N-alkyl amino acid derivatives.

For the preparation of such building blocks, only a few methods are described, and they are not general nor without
problems.m’61 Specific routes to various N-ethyl amino acid derivatives have been developed.62 For the synthesis of N-

alkyl-containing peptides on a solid support, the N-substituent can be introduced by oNBS-activation of the a-amino

group followed by Mitsunobu reaction with a suitable alcohol.™

Wenger et al. described the solution-phase synthesis of various N-ethyl analogs of Cyclosporin A (see Figure 8).* The
substitution of the N-Me group at the fourth position of this cyclopeptide by an N-ethyl group was aimed to reduce
immunosuppressive activity without affecting its potential anti-HIV activity. Examples in which N-ethyl peptides have
been obtained by solid-phase methodologies are also reported, such as the N-ethyl scan of Leu-enkephalin performed

by Liskamp et al. **

Figure 8. Structure of Cyclosporin A (CsA) and the N-ethyl analogs synthesized by Wenger and co-workers.?
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In a different study, Liskamp et al. reported the synthesis of an N-butylated derivative of human Amylin (25-29) (see

[s]

Figure 9).* This peptide was designed to interfere with the aggregation of B-sheets that ultimately leads to the
formation of amyloid fibrils. The introduction of an N-butyl group at the Ser position of human Amylin (25-29) alters
its intermolecular hydrogen-bonding pattern, either as a result of steric hindrance or due to the absence of an

essential amide proton, and this prevents further growth of the antiparallel B-sheet.
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Figure 9. A) Structure of human Amylin (25-29) and the N-butylated derivative developed by Liskamp and co-workers as a B-sheet
breaker.®* B) Rationale for the design of B-sheet breaker peptides based on human Amylin (25-29). Adapted from &,
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An impressive paper published by Aurora et al. described the synthesis several N-allyl-containing peptides and their
ring-closing methatesis (RCM) (see Figure 10).* The resulting carbon-carbon bonds can stabilize short peptide
sequences in a helical conformation, acting as hydrogen bond surrogates. If the N-allyl groups are placed at the
appropriate positions of the peptide chain, the artificial a-helices derived from RCM can fully reproduce the

. . . 66 . . .
conformation of a canonical a-helix,” and they can bind to target protein receptors in cell-free and cell-culture
67
assays.
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Figure 10. Synthesis of hydrogen bond surrogate helixes by RCM of an N-allyl-containing peptide.65
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With the solid-phase synthesis of Ac-[Cys-His-D-Phe-(N-guanidylbutyl)Cys]-Trp-NH,, Hruby et al. showed that an N-
guanidylbutyl group can be introduced into a peptide by Mitsunobu N®-alkylation with N,N’-diBoc-guanidinylbutanol
(see Figure 11).68 This N-guanidylbutyl-containing cyclopeptide is as a highly active and selective peptide ligand for the
melanocortin 4 receptor (MC4R). It was discovered from MTII, another peptide-based antagonist for MC4R, by
applying conformational constraints via ring contraction. The N-guanidylbutyl group was introduced to mimic the Arg

side-chain originally present in MTII, which is an important pharmacophoric element.

Figure 11. Structure of Ac-[Cys-His-D-Phe-(N-guanidylbutyl)Cys]-Trp-NH,, a highly active and selective ligand for the
MCA4R receptor, and MTII, the lead peptide from which it was discovered by Hruby and co-workers.®®
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Regarding the preparation of N-alkyl-containing peptides through combinatorial approaches, there is only one

example reported. Houghten et al. described the synthesis of a combinatorial library of dipeptide amides N-alkylated
at two positions: at the C-terminal backbone nitrogen and at the C-terminal amide function (see Figure 12).69 This
library was prepared by a split-and-mix approach. The synthesis was performed on the solid-phase by alternating
amino acid attachment and N-alkylation of the previously formed amide bonds. The non support-bound library

mixtures were screened in solution in antimicrobial, enzyme inhibition and radio-receptor assays.

26



General Introduction

Figure 12. General structure of the compounds of the combinatorial library synthesized by Houghten and coworkers.”

R' = >50 L, D- and unnatural amino acids

NH R? = methyl, ethyl, allyl, benzyl, naphthylmethy!
R3 =>46 L, D- and unnatural amino acids

R* = methyl, ethyl, allyl, benzyl, naphthylmethy!

I

N

Zz
JJn.(

57500 compounds

27



28



CHAPTER 1

Synthesis of N-triethylene glycol (N-TEG) amino

acids and use as solid-phase building blocks

Abstract: We have developed a scalable route to prepare Fmoc-protected N-TEG amino acids with satisfying yields.
These building blocks are straightforward to obtain through reductive N*-alkylation with 3,6,9-trioxadecanaldehyde,
and they can be coupled onto a resin-bound peptide using standard activation methods. The acylation of N-TEG

amines is hampered due to steric reasons, but can be achieved in solid-phase using triphosgene as activating reagent.
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Chapter 1

1.1. Introduction

As has been explained in the General Introduction, N-alkylation of the peptide backbone is of interest due to its
conformational and physichochemical effects. However, modification of peptides with other N-alkyl groups different
than N-Me has rarely been investigated. Besides peptoids (in which the N-substituents are only attached to GIy),36 the
only reported examples are limited to small N-alkyl groups (i.e. N-ethyl,14’63 N-aIIyI,14’65 N-butyl,64 N-guanidylbutyl,68

and short N-functionalized chains for backbone cycIization7).

This lack of precedents can be attributed to several issues concerning the synthesis of N-alkylated peptides.70 The
main difficulty is the acylation of N-alkyl amino acids, which is hampered by steric hindrance. In adddition, N-alkyl
amino acids are prone to a-epimerization upon COOH-activation, and their presence in a growing peptide favours DKP

formation. These and other side-reactions can become problematic in slow coupling reactions.

In the present Thesis, we sought to investigate the synthetic viability of modifiying the peptide backbone with larger
N-substituents than the N-Me group. To investigate this, we focused on oligoethylene glycol (OEG) as N-substituting

chemical moiety.

OEG is an oligomeric linear structure comprising between 2 and 24 ethylene oxide units, whereas polymers comprising
more than 24 units are referred to as polyethylene glycol (PEG) (see Figure 13). OEG and PEG are frequently employed
to optimize peptides for specific biomedical applications.71 Their widespread use stems from their low toxicity,
excellent aqueous solubility, and low antigenicity. Depending on their length and structure, they can serve as
pharmacokinetic modifiers,” linkers to support conjugation with a desired molecule,” spacers to avoid non-specific
interactions with the biological target, or scaffolds to create multimeric constructs that can simultaneously target

different receptors.”*

Figure 13. Structure of linear OEG and PEG.
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In general, OEG and PEG are attached onto peptides post-synthetically.75 A wide range of OEG and PEG derivatives are
commercially available, differing in size, structure (linear or branched), functionalization (monofunctional,
bifunctional...), and in the nature of the a- and w-terminal groups. Since most PEG reagents are obtained by a
polimerization process, they are polydisperse.76 This means that, instead of having an exact number of ethylene oxide
units, they have a distribution of polymer chain lengths around an average MW. In recent years, various OEG and PEG
reagents of discrete length have become commercially available. However, these monodisperse reagents are very

expensive, specially upon increasing OEG chain length.

In biomedical applications, polydispersity is not desirable. The attachment of a polydisperse PEG chain onto a peptide
leads to a population of peptide-PEG conjugates of various sizes which may have different biological properties (i.e.
biological activity, in vivo half-life, immunogenicity). Such mixtures of PEGylated products are difficult to analyze,
purify, and characterize.”® Along these lines, the bioanalytical heterogenicity of polydisperse PEGylated products

complicates their FDA approval of as drugs for clinical use.”’
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To avoid polydispersity issues, we sought to investigate peptide N-modification with an OEG substituent of discrete
size. For this aim, we chose triethylene glycol (TEG). The reason for this choice is that triethyelene glycol monomethyl
ether is commercially available at inexpensive price. We envisioned that amino acids bearing an N-TEG group could be
obtained by reductive alkylation of the a-amino group with 3,6,9-trioxadecanaldehyde, which is accessible from the
aforementioned alcohol (see Scheme 3).

Scheme 3. Retrosynthetic desconnection of a COOH-protected N-TEG amino acid.
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Having conceived this synthetic route towards N-TEG building blocks, we sought to optimize a protocol for the
preparation of Fmoc-protected N-TEG amino acids, and then find conditions for their incorporation into peptides using
solid-phase methodology (see Figure 14).

Figure 14. A) Structure of an Fmoc-N-TEG amino acid. B) Structure of an N-TEG peptide.
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1.2. Objectives
The objectives of this Chapter were:

1. To develop a synthetic methodology to prepare Fmoc-protected amino acids bearing an N-TEG chain at the a-

amino group.

2. To investigate the use of Fmoc-N-TEG amino acids as building blocks in SPPS and find conditions for the acylation
of N-TEG residues.
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1.3. Issues in the synthesis of peptides containing N-alkyl groups

The synthesis of N-alkylated peptides presents several issues.”® The main difficulty is the acylation of N-alkyl amino
acids, which is hampered by steric hindrance. This is not only reflected in poor coupling yields unless special activation
methods are employed, but also in a number of side-reactions that become more problematic as coupling rates
decrease. In addition, N-alkyl amino acids are very prone to a-epimerization upon COOH-activation, and their
presence in peptides favours DKP formation. Furthermore, peptides containing N-alkyl residues may undergo

fragmentation under acidic conditions, mainly due to the lability of N-alkylated amide bonds.

Nowadays, many of the difficulties concerning the synthesis of N-methylated peptides have been overcome, and a few
peptides containing short N-alkyl groups have been accessed. However, the preparation of N-alkylated peptides is not

a routine task, and often requires a special design of the synthetic strategy.

This Section summarizes the main issues in the synthesis of N-alkylated peptides and possible solutions to overcome

them.

1.3.1. Couplings onto N-alkyl residues

Due to steric hindrance, couplings onto N-alkyl amino acids generally proceed in low yields under standard conditions.
This is especially true for syntheses on a solid support, as the reactivity of resin-bound secondary amines towards

. . . . . . 78
activated amino acids is lower than in solution.

Although several activating reagents are reported as efficient for the acylation of N-Me amines, they do not always
work for couplings between consecutive N-Me residues and/or residues with bulky amino acid side-chains. Upon
increasing the size of the N-substituent, formation of the N-alkylated amide bond becomes more difficult, and strong

activating reagents may fail to provide good yields.
Besides the use of strong activation methods, other ways to improve the efficiency of couplings onto N-alkyl residues

include MW heating and the use of non-carbamate protection at the a-amino group, which prevents oxazolone

formation from the activated amino acid species.

i. Activating reagents recommended for couplings onto N-alkyl residues

Until recently, the most promising reagents for the acylation of N-Me residues in solid-phase were DIPCDI/HOAt,
HATU/HOAt, PyAOP, PyBrOP and PyBOP/HOAt. The superiority of such HOAt-based reagents for couplings onto
hindered N-Me residues was shown in several studies.”®’® Another established method for couplings onto N-Me
residues was to activate the following amino acid as a symmetrical anhydride. This method was employed for
couplings between adjacent N-Me residues in the SPPS of several Cyclosporin analogues.80 The SPPS of such
Cyclosporin peptides was also accomplished by employing HATU or DIPCDI/HOAt for the construction of N-alkylated

amide bonds.*! However, both approaches required multiple coupling cycles to obtain adequate yields.

In addition to the aforementioned activation methods, another traditional approach to perform couplings onto N-Me
residues was to use an acid halide as acylating species.82 Due to their high reactivity, Fmoc-amino acid chlorides have
been successfully applied for couplings onto hindered N-Me residues in solution.® However, couplings via acid

chlorides are hampered by their base-catalized conversion to an oxazolone, which is prone to racemization and less
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susceptible to be aminolized (see Scheme 4 in Subsection iii).82 The formation of such oxazolone limits the
effectiveness of Fmoc-amino acid chlorides in solid-phase.84 Further disadvantages of Fmoc-amino acid chlorides as
coupling reagents are their limited shelf-stability and their uncompatibility with acid-labile protecting groups (e.g. ‘Bu-,

Trt-).

In contrast to Fmoc-amino acid chlorides, Fmoc-amino acid fluorides are more resistant to base-catalyzed oxazolone

. . . . 82,85
formation and have been extensively used in solid-phase.

Their most impressive application is the coupling of
adjacent a,a-dialkyl amino acids such as Aib,®® as demonstrated by the first successful SPPS of peptaibols.87 However,
although Fmoc-amino acid fluorides are excellent reagents for couplings between moderately hindered amino acids
(e.g. Aib-to-Aib), they are not suitable for significantly more hindered systems (e.g. Aib-to-NMeAib) under standard
conditions.® In couplings via acid fluorides, higher yields can be achieved if the amino component is previously
treated with a silylating reagent such as N,O-bis(trimethylsilyl)acetamide (BTSA).*° The resulting N-silylamine shows
increased nucleophilicity and is easier to acylate. This modification allowed for the coupling of several Fmoc-amino

acid fluorides onto NMeAib in solution, though in moderate yields.90

In recent years, the use of bis(trichloromethylcarbonate) (BTC) as activating reagent has become a reliable method to
achieve couplings onto N-Me residues. Activation of an Fmoc-amino acid with BTC is likely to proceed through the
corresponding acid chloride.”® Alternatively, mixed anhydrides may be formed. This method was first reported by
Gilon et al.®® They used BTC in the presence of 2,4,6-trimethylpyridine for the in situ-generation of several Fmoc-
amino acid chlorides both from non-alkylated and N-alkylated amino acids. Such amino acid chlorides were then
added to various Rinkamide 4-methylbenzhydrylamine (MBHA) resin-bound peptides, and couplings were allowed to
proceed for 1 hour at 50 2C. These conditions allowed for the coupling of a wide range of Fmoc-amino acids onto
several functionalized N-alkyl residues [e.g. N-Me, N-(CH,).-,.s-NHAlloc, N-(CH,).-,.3-COOAII]. All the couplings
proceeded in high yield and with no detectable epimerization. Furthermore, Fmoc-amino acids bearing acid-labile

side-chain protecting groups are stable to these conditions.

The high effectiveness of the BTC method for couplings onto hindered N-Me residues was demonstrated by
comparison with other activating reagents, such as DIPCDI/HOAt and TFFH.?" However, the original protocol by Gilon
et al. was found to be innappropriate for the SPPS of large peptides on the CTC resin.”™ Under the original BTC-
coupling conditions, premature cleavage of the peptide from the highly acid-labile CTC resin takes place. This was
attributted to 2,4,6-trimethylpyridine not being enough basic to neutralize the HCl formed in the BTC activation step.
Jung et al. showed that premature peptide cleavage could be avoided by treating the resin with DIEA before adding
the in situ-generated Fmoc-amino acid chloride.”™ Remarkably, the presence of DIEA appeared to accelerate the
reaction, and thus the elevated temperature employed in the original procedure were no longer necessary.

°® 5n the CTC resin.

This modified BTC procedure was applied in the total SPPS of Cyclosporin 0" and Omphatolin A
In the total SPPS of Petriellin A, which was also performed on the CTC resin, BTC activation was used for coupling a
depsipeptide segment onto NMeVal.” Other examples in which BTC has been applied to achieve couplings onto N-

. 65,93
alkyl residues are reported.

Very recently, our group developed 4-di(4,6-[2,2,2-trifluoroethoxy]-1,3,5-triazyn-2-yl)-4-methylomorpholinium
tetrafluoroborate (DFET/NMM/BF,) as a very efficient reagent to perform couplings between sterically hindered N-
Me residues.” The effectiveness of this coupling reagent was demonstrated in the SPPS of several Leu-enkephaline
pentapeptides, which involved very difficult couplings, such as NMeVal-to-NMeVal and NMelLeu-to-NMeleu. For such

couplings, DFET/NMM/BF, showed superior performance relative to TBTU, regardless of the reaction conditions.
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Also very recently, our group reported the use of COMU in the total SPPS of NMe-IB-01212, a highly N-methylated
cyclic peptide.95 In this synthesis, COMU/OxymaPure was employed for the NMelLeu-to-NMePhe and Dap(Alloc)-to-
NMeleu coupling steps. This coupling system allowed for a complete acylation of the peptidyl-resin and proved to be
advantageous to HATU/HOAt, since DKP formation was prevented. The efficiency of COMU for the coupling onto
hindered N-Me residues was demonstrated in a comparative study conducted by Jensen et al. In this study, COMU
proved to superior to other coupling reagents, such as DIPCDI/HOAt and HATU, all of which were tested in

combination with MW heating.96

ii. Use of MW heating to promote couplings onto N-alkyl residues

The use of MW irradiation is an established tool to promote difficult couplings in solid-phase.97 Several reports
especulate that MW-assisted SPPS reactions are not only accelerated due to an increased temperature, but also due
to the alternating electric field from MW irradiation, to which the polar backbone of the peptide continuously tries to
align.98 This mechanism is useful for preventing chain aggregation and facilitating the access of reagents to the solid-

phase reaction matrix, thereby improving the coupling efficiency.

Several examples are reported in which the acylation of sterically hindered non-alkylated residues can hugely benefit
from MW irradiation.”® However, only a few reports describe the use of MW heating to achieve couplings onto N-alkyl

residues.

Recently, our group published a protocol for the SPPS of short peptides containing adjacent N-Me residues using MW
irradiation (35 2C, 20 min) and DIPCDI/HOAt as coupling reagents in DCM.” The use of MW was found to be
advantageous, as it dramatically reduced the coupling times and increased the purity of the products. Remarkably,
two of the peptides synthesized involved the acylation of an N-Me residue bearing a B-branched side-chain. These two
peptides could not be obtained by conventional methods at room temperature even when performing several
coupling cycles. At the same time, Jensen et al. reported very similar findings.100 MW irradiation (75 2C, 2x10 min) was
applied to the SPPS of short N-Me-rich peptides using DIPCDI/HOAt activation and DMF as solvent. The use of MW

tremendously increased the coupling yields, specially for those couplings that involved B-branched N-Me residues.

More recently, Jensen et al. described the combination of COMU and MW heating (75 2C, 20 min) as a very efficient
approach to perform couplings onto sterically hindered N-Me residues in solid-phase.96 COMU displayed higher
efficiency than DIPCDI/HOAt and HATU, which were also tested under MW irradiation.

MW heating has also been applied to achieve difficult couplings onto N-alkyl amino acids using BTC activation, but
only three examples are reported.ss’101 In the most remarkable one, MW heating (45 2C, 1 h) in combination with BTC
allowed for the acylation of several resin-bound N-allyl residues, though three treatments were required for an almost

. 65
complete conversion.

iii. Alternative N°-protecting groups to facilitate couplings onto N-alkyl residues

In peptide synthesis, the protecting groups that are most frequently employed to protect the a-amino function are
carbamate-type protectants.102 Besides Fmoc- and Boc-, which are the most common for SPPS, there is the Alloc-
group, which allows a fully orthogonal protection in combination with Fmoc- and Boc-, and several other carbamate-
type N°-protecting groups have also been described. Among them, benzyloxycarbonyl (Z-), p-nitrobenzyloxycarbonyl
(pNZ-), and [2-(4-biphenyl)isopropoxycarbonyl)] (Bpoc-) of particular interest for the synthesis of peptides in solution,

as their specific features make them potentially useful in combination with tBu-type side-chain protection.m
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A major disadvantage of the use of carbamate-protected aminoacids is their base-catalyzed conversion to an

104 .
The resulting oxazolone,

oxazolone upon COOH-activation, specially if N-alkyl groups are present (see Scheme 4).
which is still an acylating species, is less reactive than the original activated amino acid, and this limits the usefulness
of certain coupling methods that are reported as highly potent. For instance, despite the high reactivity of acid
chlorides, couplings via Fmoc-amino acid chlorides do not proceed efficienly, because such derivatives are readily
converted to their less reactive oxazolones in the presence of base.®" This base is required to trap the HCl that is

formed during the coupling step.

Scheme 4. Mechanism for base-catalyzed conversion of carbamate-protected amino acid chlorides to
their corresponding oxazolones, which are less reactive acylating species and prone to racemization.
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For hindered couplings that demand the reactivity of an acid chloride, oxazolone formation can be avoided by using
sulfonamide-protection at the a-amino group (see Figure 15). Arylsulfonamide-protected amino acid chlorides are
recommended as practical reagents for difficult couplings in solution,®® and have allowed the preparation of extremely
hindered N-methylated peptides.105 Such arylsulfonamide-protected amino acid chlorides have also been used in
solid-phase, and proved to be efficient in cases where the analogous Fmoc-amino acid chlorides failed to couple

106
well.

Figure 15. Structure of several arylsulfonyl N®-protecting groups: o-nitrobenzenesulfonyl
(oNBS), dinitrobenzenesulfonyl (ANBS), and N-benzothiazole-2-sulfonyl (Bts).
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Another N%-protecting group for which oxazolone formation is precluded is the azide group. The concept of azides as

temporary a-amino protecting groups for SPPS was introduced by Meldal et al™” They described the use of DTT and
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other thiols for the efficient reduction of resin-bound azido groups, and they developed a novel method for SPPS in
which a-azido acids are used as building blocks. Incorporation of a-azido acids into peptides synthesized by the Fmoc-
protocol is straightforward, and the possibility of activating the carboxyl group as a highly reactive acid chloride allows
sterically hindered couplings to be achieved. The efficiency a-azido acid chlorides as solid-phase coupling reagents has

also been attributed to the decreased size of the a-azido group with respect to other N*-protecting groups.108

1.3.2. Racemization

During the coupling of N-alkyl amino acids, epimerization can readily take place (see Scheme 5). The enhanced
epimerization of N-alkyl amino acids upon COOH-activation is due to different reasons. The presence of an N-alkyl
group: i. induces a cis configuration at the N-alkylated amide bond (which is more easily a-deprotonated than in the
trans amido conformer), and ii. stabilizes the a-deprotonated carbanion by hyperconjugation.109 As a consequence,
activated N-alkyl amino acids are very prone to undergo base-catalized enolization (path A). In addition, activated N-
alkyl amino acids can also racemize through an oxazolonium ion (path B), whose tautomerization gives rise to
pseudoaromatic structures.”® The presence of an electron-donating N-alkyl group favours amino acid racemization

through this mechanism, as it stabilizes the positively charged nitrogen atom of the oxazolonium ion intermediate.

Scheme 5. Mechanisms for the racemization of N-alkyl amino acids upon COOH-activation:
A) via base-catalized enolization, B) via formation of an oxazolonium ion.
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Furthermore, epimerization is also likely to occur during couplings onto N-alkyl residues, since the slow rates of these

couplings provide an increased opportunity the activated amino acid to racemize.

In order to minimize the risk of epimerization, several factors must be taken into consideration. For the amino acid
undergoing activation, racemization via an oxazolone or an oxozolonium ion can be suppressed by carbamate-
protection at the a-amino group, whereas N*-acyl protection facilitates the process.110 When carbodiimides are used
as coupling reagents, racemization can be reduced by the presence of additives such as HOBt, HOAt or OxymaPure.110
Such additives convert the highly reactive O-acyl isourea intermediate, which can suffer racemization, to the
corresponding active ester. A further isue to decrease epimerization is the basicity and nature of the tertiary amine
that may be used during the coupling reaction. Those bases that are greatly hindered jeopardize a-proton

. 111
abstraction.
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1.3.3. DKP formation

During the SPPS of peptides containing N-alkyl amino acids, peptide chain elongation may be hampered by
spontaneous DKP formation (see Scheme 6). In this side-reaction, the amino group released after N-terminal
deprotection nucleophilically attacks the carbonyl group of the adjacent amino acid whilst forming a cyclic dipeptide
that is cleaved off from the resin. This side-reaction is very common in Fmoc-based SPPS and is particularly prone to
occur at the dipeptide and tripeptide stage. The reaction is both base- and acid-catalyzed, and its extent depends on
the dipeptidic sequence at the N-terminus (i.e. bulky amino acid side-chains hamper intramolecular aminolysis). In
particular, the formation of DKPs is strongly favoured by the presence of of N-alkyl residues (which induce a cis
configuration at the N-alkylated amide bond, rendering the carbonyl group more accessible) and by the presence of L-

and D- amino acids (which leads to the more stable six-membered ring DKP).112

Scheme 6. DKP formation in a resin-bound tripeptide containing an N-alkyl group.
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Since peptide sequences containing N-alkyl residues are prone to DKP formation, the occurrance of this side-reaction
should be carefully checked. DKP formation during peptide elongation can be detected by: i. a decreased resin loading
after assembly of the following amino acid, ii. the appearance of peptide sequences lacking the DKP-prone dipeptidic
segment in the HPLC-MS spectra of a cleaved resin sample. It is important to note that DKP formation can also occur
during the final cleavage step, as this reaction is also acid-catalyzed. In that case, DKPs will be present in the HPLC-MS
spectra of the cleaved peptide. Along these lines, the presence of DKPs in the HPLC-MS spectra of a cleaved resin

sample is not indicative of DKP formation during peptide elongation.

In order to minimize the risk of DKP formation during the SPPS of peptides containing N-alkyl residues, the use of the
CTC resin as solid support is recommended'® and, if possible, positioning of N-alkyl residues at the C-terminal and

penultimate positions of the peptide sequence should be avoided.

1.3.4. Presence of multiple peaks in the HPLC spectra

Fmoc-protected N-alkyl amino acids often show two peaks in their HPLC spectra.70 This is due to the slow conversion
between the two conformers differing at the configuration of the N-alkylated amide bond. Multiple HPLC peaks are
also often seen for peptides containing an N-alkyl amino acid at the C-terminus. In contrast, the HPLC chromatograms
of N-alkylated peptides in which the N-alkyl group is located at the N-terminus or in the middle of the sequence

usually exhibit a single peak.

1.3.5. Peptide fragmentation during cleavage

Peptides containing N-alkyl groups are not very stable under acidic conditions, and various side-reactions can take

place during their cleavage from resin.” In peptides that have an Ac-N-alkyl amino acid at the N-terminus, this residue

114

is lost during TFA cleavage (see Scheme 7A).”" Peptide acids that have an N-alkyl residue at the C-terminus are also
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115

prone to acid-catalyzed fragmentation (see Scheme 7B).”” This reaction normally proceeds slowly and is only

detected in small amounts during standard acidolytic Boc- or tert-butyl ester deprotections.

Scheme 7. Acid-catalyzed fragmentation of peptides containing N-alkyl residues. A) Cleavage of an N-terminal Ac-N-alkyl
residue. B) Cleavage of a C-terminal N-alkyl residue. Both in A) and B), R? represents the remaining peptide sequence.
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In a related side-reaction, the C-terminal N-alkyl amino acid of a sequence of three consecutive N-alkyl residues is

118 Anteunis and Van der Auwera proposed that cleavage between the two N-alkyl residues at

readily cleaved by acid.
the C-terminus may proceed through a diketopiperazinium ion (see Scheme 8A). Fragmentation between N-alkyl
residues has also been observed when there are only two consecutive N-alkyl amino acids (instead of three), and
without the requirement of such residues being located at the C-terminus. Urban et al. postulated that cleavage
between consecutive N-alkyl amino acids occurs via an oxazolonium ion.™™ This mechanism, which is based on
evidence from H-D exchange experiments using NMR and MS techniques (see Scheme 8B), may also account for the

high lability of the C-terminal N-alkyl residue of a triad of N-alkyl groups.

Scheme 8. Acid-catalyzed fragmentation between consecutive N-alkyl residues. A) Mechanism for the cleavage of the C-
terminal N-alkyl residue in a triad of N-alkyl amino acids via a diketopiperazinium ion, as proposed by Anteunis and Van der
Auwera (X = OH, NH, or resin).116 B) Mechanism for the cleavage of between two N-alkyl residues via an oxozolonium ion,
as postulated by Urban et al.™ Bothin A) and B), R and R” represent the remaining peptide sequence.
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In order to minimize fragmentation of N-alkyl-containing peptides, the use of the CTC resin is recommended, as it can
be cleaved with very mild acid conditions. For other solid supports that are not so acid-labile, the time of cleavage and

the composition of the cleavage cocktail (with or without H,0 as scavenger) should be carefully optimized.

1.4. Results and discussion

1.4.1. Synthesis of Fmoc-N-TEG amino acids

In the literature there is only one example in which the synthesis of an N-TEG amino acid is reported. Prato et al.

described the preparation of N-TEG glycine by reductive alkylation with 3,6,9-trioxadecanaldehyde using Z-/Bn-

117

protection (see Scheme 9).”"" The required aldehyde can be easily prepared by Swern oxidation of triethylene glycol

monomethyl ether, which is inexpensive and commmercially available.

Scheme 9. A) Synthesis of 3,6,9-trioxadecanaldehyde. B) Synthesis of N-TEG glycine, as described by Prato et. al™”

Although the authors prepared N-TEG glycine, its use as solid-phase building block has not been investigated.
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For our aim, we adapted this strategy to prepare Fmoc-N-TEG amino acids (see Scheme 10). Our protocol for the
synthesis of such derivatives starts from the corresponding amino acid tert-butyl ester and has three steps: i.
reductive alkylation with 3,6,9-trioxadecanaldehyde, ii. Fmoc-protection of the N-alkylated amino group, iii. acidic
cleavage of the tert-butyl ester. This facile method allows access to Fmoc-N-TEG amino acids in an efficient and
inexpensive manner. As a proof-of-principle, the Fmoc-N-TEG analogs of Ala, Val, Leu and Phe (5-8) were prepared up
to a 5 g scale in 40-70% overall yields. In all cases, reductive alkylation yielded a mixture of unreacted starting
material, N-monoalkylated product, and N,N-dialkylated product in which the last two were found to be inseparable;
however, after Fmoc-protection of the amino group, the desired products (1-4) were easy to isolate by flash
chromatography.

Scheme 10. Synthesis of Fmoc-N-TEG amino acids (5-8).°

O/\/O\/\o/

MeO-(CH,CH,0),-CH,CHO (1.2 eq) Fmoc-Cl (1.2 eq) Q 8

\j.l\ /< NaBH3CN (1.34 eq) DIEA (2.0 eq) . 0 /<
HyN ' :
NoNg DCM, N Q OTN\)J\O

H MeOH/AcOH 99:1 N2 z

R i, 2.5 h rt, overnight o0 R

R=CHj: H-Ala-O'Bu 40-70%, 2 steps R=CHs: Fmoc-(N-TEG)Ala-O'Bu (1)
R = CH(CH3); : H-Val-O'Bu R =CH(CH3); : Fmoc-(N-TEG)Val-O'Bu (2)
R = CH,CH(CHjg), : H-Leu-O'Bu R = CH,CH(CH3), : Fmoc-(N-TEG)Leu-O'Bu (3)
R = CHyPh: H-Phe-O'Bu R =CHyPh: Fmoc-(N-TEG)Phe-O'Bu (4)
TFA/DCM 1:1
rt, 30 min
100%
O/\/O\/\O/
(] {3
O._N
Copon
O R
R=CHjs: Fmoc-(N-TEG)Ala-OH (5)
R =CH(CH3); : Fmoc-(N-TEG)Val-OH (6)

R = CH,CH(CH3), : Fmoc-(N-TEG)Leu-OH (7)
R =CH,Ph: Fmoc-(N-TEG)Phe-OH (8)

® Fmoc-N-TEG amino acids are stable on storage at room temperature over several months.
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1.4.2. Use of Fmoc-N-TEG amino acids in SPPS

Preliminary observations

We found that Fmoc-N-TEG amino acids can be coupled to a peptidyl-resin using standard activating reagents (see
Scheme 11). In a preliminary experiment, the dipeptidic sequence Leu-Phe was assembled on the CTC resin and then
acylated with either Fmoc-(N-TEG)Ala-OH (5) or Fmoc-(N-TEG)Leu-OH (7). These building blocks were coupled in a 3-
fold excess using DIPCDI/OxymaPure activation. After 1 hour, the peptidyl-resin was completely acylated and no

racemization was detected (as confirmed by HPLC analysis of cleaved resin samples).

Scheme 11. Preliminar studies on the use of Fmoc-N-TEG amino acids in SPPS.

SPPS SPPS
c-Q —— Fmoc-Leu-Phe-0{Q c-Q — Fmoc-Leu-Phe-04Q
=1. . f=1.00 mmol/
(CTC resin) f=1.00 mmol/g (CTC resin) 9
i. piperidine/DMF, 1:4 i. piperidine/DMF, 1:4
3x5 min, 1x10 min 3x5 min, 1x10 min
ii. Fmoc-(N-TEG)Ala-OH (3.0 eq) ii. Fmoc-(N-TEG)Leu-OH (3.0 eq)
DIPCDI (3.0 eq) DIPCDI (3.0 eq)
OxymaPure (3.0 eq) OxymaPure (3.0 eq)
DMF, 1 h DMF, 1 h
iii. piperidine/DMF, 1:4 iii. piperidine/DMF, 1:4
3x5 min, 1x10 min y 3x5 min, 1x10 min
H-(N-TEG)Ala-Leu-Phe-04Q) H-(N-TEG)Leu-Leu-Phe-0{Q)
PN e} i
(o] N (o]
HNJﬁf N HN \;AN Q
) = Y
R S Vv 0O
Fmoc-Gly-OH (4.0 eq) Fmoc-Ldu-OH (4.0 eq) Fmoc-Gly-OH (5.0 eq) Fmoc-Alp-OH (5.0 eq)
HATU (5.0 eq) HATU (5.0 eq)
DIPCDI|(4.0 eq) DIPCDI(#.0 eq)
HOAL (5[0 eq) HOAL (5[0 eq)
OxymaRure (4.0 eq) OxymaPure (4.0 eq)
DMF. 1 DMF. 1 DIEA (10.0 eq) DIEA (10.0 eq)
’ ’ DMF, 1 DMF, 1
X2 couplings x3 couplings x2 couplings x3 coupljngs
Fmoc-Gly-(N-TEG)Ala-Leu-Phe-0{Q)  Fmoc-Leu-(N-TEG)Ala-Leu-Phe-04Q) Fmoc-Gly-(N-TEG)Leu-Leu-Phe-04Q)  Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0<Q
+ H-(N-TEG)Ala-Leu-Phe-04Q) + H-(N-TEG)Ala-Leu-Phe-04Q) + H-(N-TEG)Leu-Leu-Phe-04Q + H-(N-TEG)Leu-Leu-Phe-04Q)
complete coupling uncomplete coupling complete coupling uncomplete coupling
(De Clerq test -) (De Clerq test +) (De Clerq test -) (De Clerq test +)

As expected, coupling of the following amino acid onto the resin-bound N-TEG residue was hampered by steric
hindrance. For the (N-TEG)Ala peptidyl-resin, complete acylation with Fmoc-Gly-OH using DIPCDI/OxymaPure required
two treatments with a 4-fold excess of the activated amino acid, but these conditions resulted in an uncomplete
acylation with Fmoc-Leu-OH. For the couplings onto the (N-TEG)Leu peptidyl-resin, we investigated the use of
HATU/HOAL as a stronger activation method.”®7*11#

of reagents allowed for the efficient coupling of Fmoc-Gly-OH, but the yield was not satisfactory for Fmoc-Ala-OH.

Performing two HATU/HOAt-mediated couplings in a 5-fold excess
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Model to investigate conditions for solid-phase coupling onto N-TEG residues

In order to identify a method under which the solid-phase couplings onto N-TEG residues proceed efficiently, we
undertook the study of a wide range of coupling conditions. As a model reaction, we studied the coupling of Fmoc-Ala-
OH onto (N-TEG)Leu (see Scheme 12).

Scheme 12. Model to investigate conditions for an efficient coupling onto N-TEG residues in solid-phase.
H-(N-TEG)Leu-Leu-Phe-0-Q
i. Coupling of Fmoc-Ala-OH

--> variable coupling reagents and additives: DIPCDI/OxymaPure, HATU/HOA...
--> variable conditions: solvent, time, T, MW, ...

Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0Q ------ > De Clerq test
+ H-(N-TEG)Leu-Leu-Phe-O-O (qualitative detection of free secondary amines)

ii. Fmoc-ClI (5.0 eq)
DIEA (15.0 eq)

DCM, 15 h
Fmoc—AIa—(N—TEG)Leu—Leu—Phe—O-O """ > Mini-cleavage and HPLC analysis
+ Fmoc-(N—TEG)Leu-Leu-Phe-O-O (quantification of the unreacted starting material)
Fmoc-Ala-(N-TEG)Leu-Leu-Phe-OH Fmoc-Ala-(N-TEG)Leu-Leu-Phe-OH (EP)
Fmoc-(N-TEG)Leu-Leu-Phe-OH H-(N-TEG)Leu-Leu-Phe-O-CIT (SM)

m/\/()\/\o/ e aaad
o o )\ o o o o
oty + AN e — 5 OJLNLWQN?L uﬁ;“?“’o
O D O DR

After a test coupling, unreacted N-TEG amino groups can be detected by performing a De Clerq test, which reveals the
presence of primary and secondary amines.'" However, the % of unreacted starting material cannot be directly
estimated from the HPLC spectra of a cleaved resin sample. Since the Fmoc- group of the product absorbs strongly in
the UV, the relation between the areas of the HPLC peaks of the starting material and the product does not reflect the

true proportion between these two species.

We found that a quantitative interpretation of the HPLC spectra was possible if the unreacted resin-bound peptide
was protected with Fmoc- prior to cleavage and HPLC analysis. Acylation of the (N-TEG)Leu-peptidyl-resin with 5.0
equivalents of Fmoc-Cl takes place quantitatively in 1.5 hours (as confirmed by HPLC-MS). Since the UV absorption of
the Fmoc-protected starting material and the product is mainly due to the contribution of the Fmoc- group, it can be
assumed that both species will have similar UV-absorption coefficients. Based on this assumption, we used the

relation between their HPLC peak areas to estimate the conversion of our test coupling reactions.
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Study of the effectiveness of several activation methods

After having defined our model system, we run a series of test reactions with various activation methods and
conditions, followed by HPLC analysis with regard to coupling efficiency (see Table 3). In all experiments, Fmoc-Ala-OH

was coupled in a 5-fold excess.

Table 3. Evaluation of the efficiency of several activation methods.

i. Coupling of Fmoc-Ala-OH (5.0 eq)
H-(N-TEG)Leu-Leu-Phe-0-Q > Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0-Q

ii. Fmoc-Cl, DIEA
[ + Fmoc-(N-TEG)Leu-Leu-Phe-0-Q |
. Time Coupling
Entry Coupling method Solvent h) e
DMF 1 2%
1 DIPCDI (5.0 eq)/OxymaPure (5.0 eq) DMF 15 33%
DMF 1 9%
2 DIPCDI (5.0 HOBt (5.0
(5.0 eq)/HOB (5.0 eq) DMF 15 16%
DMF 1 10%
3 DIPCDI (5.0 HOAt (5.0
(5.0 eq)/HOAL (5.0 eq) DMF 15 63%
DMF 1 8%
4 HAT . HOAt (5. DIEA (10.
U (5.0 eq)/HOALt (5.0 eq)/DIEA (10.0 eq) OME T 7%
DMF 1 0%
M . DIEA (10.
5 COMU (5.0 eq)/ (10.0 eq) DMF 15 14%
a DCM 1 0%
6 DIPCDI (5.0 eq)/DMAP (0.2 eq) oM i 0%
b DMF 1 0%
7 Fmoc-Ala-Cl (5.0 eq)/DIEA (5.0 eq) DVE 15 0%
b DMF 1 3%
F -Ala-Cl (5. HOBL (5. DIEA (5.
8 moc-Ala-Cl (5.0 eq)/HOBt (5.0 eq)/ (5.0 eq) OME i 28%
TFFH (5.0 eq)/DIEA (5.0 eq) THF 1 0%
9 a. No base for the coupling step.
b. + DIEA (2.0 eq) THF 15 0%
10 TFFH (5.0 eq)/DIEA (5.0 eq) THF 1 0%
[N-silylation with BTSA (5.0 eq) prior to coupling] THF 15 0%
THF 1 59%
11 BTC (1. 2,4,6-tri hylpyridi 14.
C (1.65 eq)/2,4,6-trimethylpyridine (14.0 eq) THE c 8%
® For the symmetric anhydryde method, we used a 10-fold excess of Fmoc-Ala-OH, so that
Fmoc-aa-OH/DIPCDI 2:1.
® For the acid chloride method, Fmoc-Ala-Cl was prepared in a prior step by chlorination of
Fmoc-Ala-OH with SOClI,.

For DIPCDI-mediated couplings using OxymaPure, HOBt or HOAt as additives (entries 1-3), almost no product was
formed after 1 hour. A similarly low conversion was observed for HATU/HOAt activation (entry 4). When these
couplings were allowed to proceed overnight, the best results were obtained with DIPCDI/HOAt (entry 3), which
afforded a 63% conversion. The superiority of HOAt-based coupling reagents (DIPCDI/HOAt and HATU/HOALt) to HOBt
in terms of coupling efficiency is in agreement with previous studies on the acylation of sterically hindered N-Me

78,79,118

residues. Unlike -OBt esters, -OAt active esters exhibit good reactivity towards N-Me amines, mainly through

intramolecular base catalysis, and have generated excellent results both in solution and in solid-phase synthesis. The
better performance of DIPCDI/HOAt in comparison with HATU/HOAt is also in agreement with literature data:

extremely hindered secondary amines are reported to be less amenable to acylation by HATU.™

The use of COMU, the uronium salt of OxymaPure, did not provide a good conversion (entry 5). Activation of Fmoc-

Ala-OH as symmetrical anhydride failed to give the desired peptide (entry 6), even in the presence of DMAP.**!
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We then explored the use of pre-made Fmoc-Ala-Cl as acylating species. Due to their high reactivity, Fmoc-amino acid
chlorides have been successfully applied to perform sterically hindered couplings onto N-Me residues in solution.®
However, Fmoc-amino acid chlorides show sluggish reactivity in solid-phase due to their base-catalyzed conversion to
an oxazolone, which is prone to racemization and aminolized at a slower rate.®® This side-reaction can readily occur
upon mixing the acid chloride and the necessary base. Taking this into consideration, it is not surprising that an
overnight treatment of the N-TEG peptidyl-resin with a solution of Fmoc-Ala-Cl and DIEA failed to give the desired
peptide (entry 7).

Carpino et al. reported that Fmoc-amino acid chlorides can be used as solid-phase reagents by treatment with a 1:1
mixture of HOBt and DIEA, which converts them into the corresponding HOBt esters.® This allows to prevent
oxazolone formation, but the resulting HOBt ester is considerably less reactive than the original acid chloride. When
the N-TEG peptidyl-resin was treated with Fmoc-Ala-Cl in the presence of HOBt, the coupling took place, but only in

28% conversion (entry 8).

At this stage, we sought to investigate the use of an acid fluoride for the acylation of the N-TEG residue. Although
Fmoc-amino acid fluorides are less reactive than the chlorides,®® they are more resistant to base-catalyzed oxazolone

formation and have been extensively used in SPPS.**®

Remarkably, Fmoc-amino acid fluorides have proved to be
efficient for solid-phase couplings between sterically hindered amino acids such as Aib and lva.® Along those lines, it is
important to note that couplings via acid fluorides are equally efficient in the absence or in the presence of base.*
While couplings via acid chlorides require a base to trap the HCl that would convert the amino group into its

unreactive protonated form, in couplings via acid fluorides this base is not necessary.

To test the effectiveness of the acid fluoride method, Fmoc-Ala-OH was converted into its acid fluoride by treatment
with TFFH in the presence of DIEA, and then added to the N-TEG peptidyl—resin.122 The use of TFFH is advantageous to
other fluorinating reagents, such as cyanuric fluoride or diethylaminosulfur trifluoride (DAST), as it allows for the in

situ-generation of Fmoc-amino acid fluorides that do not have to be isolated before use.®

The TFFH-mediated free-base coupling of Fmoc-Ala-OH onto the N-TEG residue did not take place (entry 9a). The
same coupling was tested in the presence of 2.0 equivalents of DIEA, since this modification was reported to
accelerate the coupling of Fmoc-NMeAib-F and Fmoc-(3-aminopentanoyl)-F onto H-Aib-OMe in solution.®® However,
the desired product was not formed either (entry 9b). These results are in agreement with a report by Carpino et al.,
which states that although Fmoc-amino acid fluorides are excellent reagents for the coupling of moderately hindered
amino acids (e.g. Aib-to-Aib), they are not suited for significantly more hindered systems (e.g. Aib-to-NMeAib) under
standard conditions.®

In a different study, Carpino et al. reported that the coupling of Fmoc-amino acid fluorides onto NMeAib proceeds
more efficiently if this residue is previously treated with N,O-bis(trimethylsilyl)acetamide (BTSA).90 The increased
reactivity of N-silylamines towards acid fluorides has also been shown for less hindered systems.*® Wishing to form the
desired amide bond, the (N-TEG)Leu-peptidyl-resin was subjected to N-silylation conditions prior to addition of the in
situ-generated Fmoc-Ala-F. The coupling was allowed to proceed overnight, but no product was detected either (entry
10).

Finally, we investigated the use of BTC for our model coupling reaction. In recent years, the in situ-generation of an
acid chloride using BTC has become a reliable method to achieve difficult couplings onto N-alkyl residues.”®*"” To
prevent cleavage of the acid-labile O-trityl ester bond during the BTC-mediated coupling, the peptidyl-resin was
pretreated with DIEA. With this precaution, an 87% conversion was reached after an overnight coupling (entry 11).

The product was formed in high purity and, in agreement with previous reports on BTC-mediated couplings, 2912 ho
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epimerization was detected. In terms of coupling efficiency, BTC activation proved to be superior to all the other

methods tested, and the low cost of this reagent is an advantageous feature.

Study of the effectiveness of several activation methods under MW heating

At this stage, we sought to investigate the use of MW heating to promote the acylation of N-TEG residues. As has been
explained in Section 1.3.1., MW irradiation improves the efficiency of couplings onto N-Me amino acids in solid-phase,

. . . . . 96,98
as it increases yields and purities and also reduces reaction times.”™ "

In order to find suitable conditions for the MW-assisted coupling onto N-TEG residues, we initially focused on the
DIPCDI/OxymaPure activation method (see Table 4). To optimize this reaction, we varied several parameters, such as
temperature, reaction time, solvent and excess of reagents. In our first experiments, almost no product was formed
when the coupling was carried out at 80 or 100 2C (entries 7-10). At these temperatures, decomposition of the
activated amino acid may have occurred, as evidenced by the change in the initial colour of the reaction mixture.
When the temperature was set at 60 2C, coupling times below 1 hour were found to be insufficient for an optimum
conversion (entries 3-6). A 1 hour-coupling at 60 2C afforded 53% conversion (entry 6), and an almost same coupling
yield was obtained at 50 2C (entry 1). This lower temperature was considered as preferrable to minimize possible side-
reactions. At 50 9C, raising the reaction time from 60 minutes to 90 minutes did not lead to a significant increase in
yield (entry 2). We then explored the effect of solvent, but none of the solvents tested gave better results than DMF
(see entries 1b-1f). Using a higher excess of reagents did not improve the coupling efficiency either (entry 1g).
Therefore, the best conditions for the DIPCDI/OxymaPure-mediated coupling under MW heating were established as
the following: DMF as solvent, a 5-fold excess of reagents, a temperature of 50 2C, and a coupling time of 1 hour.

Table 4. Optimization of the DIPCDI/OxymaPure-mediated coupling under MW heating.

i. Fmoc-Ala-OH (5.0 eq)
DIPCDI (5.0 eq), OxymaPure (5.0 eq)
solvent, MW, time, T

H-(N-TEG)Leu-Leu-Phe-0-Q » Fmoc-Ala-(N-TEG)Leu-Leu-Phe-OQ
ii. Fmoc-Cl, DIEA | + Fmoc-(N-TEG)Leu-Leu-Phe-0-Q |
A) Effect of time and temperature B) Effect of solvent
T Time Couplin T Time | Couplin
Entry | Solvent (C) | (min) efficipencgy Entry | Solvent (eC) | (min) efficii'ncgy
1 DMF 50 60 51% 1 DMF 50 60 51%
2 DMF 50 90 54% 1b THF 50 60 50%
3 DMF 60 5 5% 1c DMSO 50 60 55%
4 DMF | 60 | 10 10% 1d | diglyme | 50 | 60 36%
5 DMF 60 20 30% le ACN 50 60 33%
6 DMF 60 60 53% 1f dioxane 50 60 21%
7 DMF 80 5 Almost 0%
8 DMF 80 10 | Almost 0% C) Effect of amino acid excess
9 DMF 80 20 Almost 0% Er——T—T T T Time | Coupiing
0,
10 PMF 100 > 0% Entry (eq) Solvent (eC) | (min) | efficiency
1 5.0 DMF 50 60 51%
1g 10.0 DMF 50 60 51%

We investigated if performing several MW-assisted coupling cycles would allow for a complete acylation of the N-TEG
residue (see Table 5). The best results were obtained when performing two couplings of 90 minutes, but conversion

was not increased to the desired extent. Nevertheless, the 51% conversion reached after a single 1 hour-coupling was
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a positive result. In comparison with the overnight coupling in the absence of MW, irradiation with MW and heating at

50 C shortened the reaction time to 1 hour and rose conversion from 33% to 51%.

Table 5. Optimization of the DIPCDI/OxymaPure-mediated coupling under MW heating. Effect of coupling cycles.

i. Fmoc-Ala-OH (5.0 eq)
DIPCDI (5.0 eq), OxymaPure (5.0 eq)

H-(N-TEG)Leu-Leu-Phe-0-Q solvent, MW, time, T > Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0Q
ii. Fmoc-Cl, DIEA | + Fmoc-(N-TEG)Leu-Leu-Phe-0-Q |
T Time Couplin Couplin
7| | L (eC) (min) cy(E)Iesg efficrenc%/
1 DMF MW | 50 60 1 51%
2 DMF MW 50 60 2 56%
3 DMF MW 50 60 3 67%
4 DMF MW 50 90 1 54%
5 DMF MW | 50 90 2 72%
6 DMF - rt overnight 1 33%

At this stage, we tested the effectiveness of other activating reagents under MW heating for our model coupling
reaction (see Table 6). In these experiments, we applied the conditions optimized for DIPCDI/OxymaPure. The
coupling yields were compared with those obtained in the absence of MW for overnight couplings at room
temperature. For DIPCDI/HOAt, the use of MW increased conversion from 63% to 82% (entry 2). In the case of
HATU/HOAt and COMU, MW irradiation did not improve the coupling yield (entres 3 and 4). When the amino acid was
activated as its symmetric anhydride, MW heating promoted the coupling, but the yield was not satisfactory (entry 5).
The same happened for TCFH and TFFH (entries 6 and 7). These reagents were used for the in situ-generation of Fmoc-
Ala-Cl or Fmoc-Ala-F, respectively, which only reacted with the resin-bound (N-TEG)Leu when MW heating was
applied. The yields observed reflect the superiority of the acid chloride to the acid fluoride for the acylation of N-alkyl
residues,88 but none of the two methods provided a good conversion. Surprisingly, in the case of BTC activation, the
coupling under MW heating proceeded in lower efficiency than in the absence of MW (entry 8). This result was not
expected, since the use of BTC in combination with MW heating has proved to be efficient for the acylation of

hindered N-Me residues in solid-phase101 and has also been applied for couplings onto N-allyl residues.”®

Table 6. Evaluation of the efficiency of several coupling methods with and without MW heating.

i. Coupling of Fmoc-Ala-OH (5.0 eq)
H-(N-TEG)Leu-Leu-Phe-0-O solvent, MW, time, T ,  Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0-Q
ii. Fmoc-Cl, DIEA | + Fmoc-(N-TEG)Leu-Leu-Phe-0-Q |
. T Time Coupling
E
ntry Coupling method Solvent | MW (e0) G Ty
DMF - rt overnight 33%
1°° DIPCDI (5. .
IPCDI (5.0 eq)/OxymaPure (5.0 eq) DMF MW 1 50 60 1%
DMF - rt | overnight 63%
2P DIPCDI (5.0 HOAt (5.0
(5.0 eq)/HOAE (5.0 eq) DMF | MW | 50 60 82%
DMF - rt | overnight 27%
3 HATU (5.0 HOAt (5.0 DIEA (10.0
(50 eq)/HOAE (5.0 eq)/DIEA (10.0eq) - —p, -y T 5o 60 11%
DMF - rt overnight 14%
4 CoMU (5.0 DIEA (10.0
(5.0 €q)/DIEA (100 eq) DMF | MW | 50 60 13%
DCM - rt overnight 0%
5° DIPCDI (5.0 DMAP (0.2
(50 ea)/ (02 eq) DMF | MW | 50 60 25%
6 TCFH (5.0 eq)/DIEA (5.0 eq) THF - rt overnight 0%
+ DIEA (2.0 eq) THF MW | 50 60 25%
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50 TFFH (5.0 eq)/DIEA (5.0 eq) THF - rt | overnight 0%
+ DIEA (5.0 eq) THF | MW | 50 60 7%
THF - rt overnight 87%

8 | BTC(1.65 eq)/2,4,6-trimethylpyridine (14.0
(165 eq)/ rimethylpyridine (14.0 €q) |\ -0 45 60 51%

® For the DIPCDI-mediated couplings using HOAt or OxymaPure, we preactivated the amino acid for 3 min
prior to addition to the peptidyl-resin for the MW-assisted coupling. When this reaction was tested
without preactivation of the Fmoc-aa-OH, we only observed traces of product.

® For the DIPCDI-mediated couplings using HOAt or OxymaPure, we investigated the addition of 5.0 equiv.
of DIEA to the preactivation mixture. This led to a lower coupling efficiency (26%) after performing the
coupling under the same conditions (MW, 50 2C, 60 min).

¢ For the symmetric anhydryde method, we used a 10-fold excess of Fmoc-Ala-OH, so that Fmoc-aa-
OH/DIPCDI 2:1.

“For TCFH and TFFH-mediated couplings, we did not test the effectiveness of performing N-silylation prior
to coupling.

Method of choice for solid-phase couplings onto N-TEG residues

Taking all the results into consideration, we concluded that the best methods for the acylation of N-TEG residues in
solid-phase were: a) to use BTC activation and allow the coupling to proceed overnight at room temperature, b) to use
DIPCDI/HOAL activation and perform a 1 hour-coupling under MW heating at 50 2C (see Figure 16).

Figure 16. Comparison of the coupling efficiency of the BTC method vs. the MW-assisted DIPCDI/HOAt
method. HPLC analyses of cleaved samples after coupling Fmoc-Ala-OH onto the H-(N-TEG)Leu-peptidyl-
resin and subsequent Fmoc- protection, linear gradient from 40% to 100% ACN over 8 min.

i. Coupling of Fmoc-Ala-OH
Method A or B

H-(N-TEG)Leu-Leu-Phe-0-Q

Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0Q (EP)

ii. Fmoc-Cl, DIEA
A) Coupling conditions:
Fmoc-Ala-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, rt, 15 h
~rp
-L_ . 4— Fmoc-SM
- 1ha 2ha b ko =k__ sha rha sk A% dos | 1o

coupling efficiency = 87%

[+ Fmoc-(N-TEG)Leu-Leu-Phe-04Q)| (Fmoc-SM)

B) Coupling conditions:
Fmoc-Ala-OH (5.0 eq)
DIPCDI (5.0 eq)

HOAt (5.0 eq)
DMF, MW, 50 2C, 60 min

~—Fp

F -SM
§/ moc

coupling efficiency = 82%

Among these two methods, the BTC procedure is preferrable. This method proved to be efficient for the coupling of
other amino acids different than Fmoc-Ala-OH (see Table 7). In contrast, the coupling of such amino acids using

DIPCDI/HOAt under MW heating took place in lower yields, and differences in yield were considerable for Fmoc-Val-
OH (data not shown).
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Table 7. Evaluation of the efficiency of the BTC method for the coupling of various Fmoc-aa-OH.

i. Fmoc-aa-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)

H-(N-TEG)Leu-Leu-Phe-0-Q . 15h _ Fmoc-aa-(N-TEG)Leu-Leu-Phe-0-Q
ii. Fmoc-Cl, DIEA [ + Fmoc—(N—TEG)Leu—Leu—Phe—O—o ]
iy Frmoc-aa-OH® Coupling Co.u.plmg
cycles efficiency
1 87%
1 F -Ala-OH
moc-Ala > 98%
1 90%
2 F -Leu-OH
moc-Leu 5 100%
1 94%
3 Fmoc-Phe-OH
moc-rhe 2 100%
1 74%
4 F -Val-OH
moc-Va 2 o1%
® Although no Fmoc-amino acid bearing acid-labile side-
chain protecting groups was tested, its stability under
under BTC coupling conditions is well-established.”

1.5. Summary and conclusions

In this Chapter, we have established a methodology to synthesize peptides bearing a short N-OEG chain. Modification

of the peptide backbone with this chemical moiety has not been previously reported.

Our methodology involves the use of Fmoc-protected N-TEG amino acids as solid-phase building blocks. We found
that these derivatives can be easily obtained from their corresponding amino acid tert-butyl esters by reductive N°-
alkylation with 3,6,9-trioxadecanaldehyde, followed by Fmoc-protection and tert-butyl ester cleavage. With this

scalable protocol, we prepared several Fmoc-N-TEG derivatives with satisfying yields.

We found that Fmoc-N-TEG amino acids are efficiently coupled to a peptidyl-resin under standard coupling conditions,
but subsequent acylation of the N-TEG amine is hampered by steric hindrance. This coupling can be achieved in solid-
phase using BTC activation, a method that is very low-cost and experimentally simple. We also evaluated other
activating reagents recommended for difficult couplings and, in many cases, the use of MW heating dramatically
reduced the reaction time and increased the purity of the product. However, in terms of coupling efficiency, the use of
BTC as activating reagent proved to be superior to all the methods tested, including activation with HATU/HOAt or the
use of a pre-made Fmoc-amino acid chloride. After two BTC-mediated couplings, the acylation of a resin-bound N-TEG

amino acid is complete or almost complete.
In conclusion, Fmoc-N-TEG amino acids can be easily prepared from readily available starting materials, and they are

valuable building blocks to prepare N-TEG peptides in rapid and inexpensive manner. The feasibility of introducing the

N-TEG group into peptides may be useful for modifying physichochemical properties of pharmacological interest.
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N-triethylene glycol (N-TEG) as a surrogate for the N-Me group.

Application to Sansalvamide A peptide analogs.

Abstract: We have studied the N-triethylene glycol (N-TEG) group as a surrogate for the N-Me group in the example of
Sansalvamide A peptide. The five N-TEG and N-Me analogs of this cyclic pentapeptide were synthesized, and their

biological activity, hydrophobicity, and conformational features were compared.
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2.1. Introduction

In medicinal chemistry, backbone N-methylation is one of the most attractive modifications of a peptide structure.®
The replacement of natural amino acids for N-Me residues in biologically active peptides has resulted in analogs with
improved pharmacological properties. Peptides containing N-Me residues show higher hydrophobicity, increased
metabolic stability, and —in some cases— more membrane permeability, which can enhance their bioavailability, thus
amplifying their therapeutic potential. Furthermore, the introduction of backbone N-Me groups in bioactive peptides

can have a substantial impact on their conformation and, as a result, higher activity and selectivity may be achieved.

Surprisingly, little attention has been devoted to the comparison of the synthesis and properties of N-methylated
peptides with other N-alkylated peptides. We hypothesized that modification of a peptide with the N-triethylene
glycol (N-TEG) group would be comparable to modification with the N-Me group in terms of structural and biological
effects, whilst providing some of the features associated with oligoethylene glycol (see Figure 17). In both cases, N-
alkylation of the peptide backbone decreases the number of hydrogen bonds that can be formed and is expected to
have an impact on the original backbone conformation. These changes may affect the biological activity and certain

physicochemical properties.

Figure 17. The N-TEG unit as a surrogate for the N-Me group in a cyclic peptide backbone.
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To test this notion, we sought to incorporate N-TEG amino acids at the different positions of Sansalvamide A peptide
(1), a cyclic pentapeptide that shows anti-tumor activity against a variety of cancer cell lines (see Figure 18).123 This
cyclic peptide was considered a good model because it has a simple structure and well-characterized conformational
and biological properties. Its five N-Me analogs (1b-5b) have already been synthesized and some of them are cytotoxic

. . . 123a
against certain cancer cell lines.

Figure 18. Structure of Sansalvamide A peptide (1).
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The structures of the target N-TEG and N-Me analogs (1a-5a and 1b-5b) of Sansalvamide A peptide (1) are shown in
Figure 19. Replacement of the N-Me groups present in 1b-5b by an N-TEG group does not alter the amide proton
pattern of their cyclic backbone, and is expected to provide a minimal perturbation of their conformational state.
However, due to the amphiphilic nature of oligoethylene glycol, an alteration of certain physicochemical properties,

such as hydrophobicity, was expected.

Figure 19. Structure of the target N-TEG (1a-5a) and N-Me (1b-5b) analogs.
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2.2. Objectives
The objectives of this Chapter were:
1. To synthesize the five analogs of Sansalvamide A peptide (1) bearing an N-TEG chain at the different backbone
positions, and study the effect of N-TEG modification on the biological activity, lipophilicity, and conformational

state of the original peptide.

2. To compare the five N-TEG Sansalvamide A peptide analogs (1a-5a) and their N-Me homologues (1b-5b) with

respect to biological activity, hydrophobicity, and conformational features.
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2.3. Results and discussion

2.3.1. Synthesis of the N-TEG and N-Me analogs of Sansalvamide A peptide

Our synthetic strategy to obtain the five N-TEG and N-Me analogs of the Sansalvamide A peptide (1a-5a and 1b-5b) is
shown in Scheme 13. We sought to prepare their linear pentapeptide precursors (pla-p5a and p1lb-p5b) by SPPS and
cyclize them in solution. In all the pentapeptides, the N-substituted residue was placed in the middle of the sequence,
which minimizes steric hindrance during cyclization and is expected to facilitate this process due to the turn-inducing

properties of N-alkyl amino acids.™*

Scheme 13. Synthetic approach to obtain the N-TEG and the N-Me analogs (1a-5a and 1b-5b).

SPPS Cyclization
C|_O —> H-Phe-Leu-(N-TEG)Leu-Val-Leu-OH (pla) —> cyclo[Phe-Leu-(N-TEG)Leu-Val-Leu] (1a)
C'*O —> H-Leu-Leu-(N-TEG)Val-Leu-Phe-OH (p2a) —> cyclo[Leu-Leu-(N-TEG)Val-Leu-Phe] (2a)
C|_O —> H-Leu-Val-(N-TEG)Leu-Phe-Leu-OH (p3a) —> cyclo[Leu-Val-(N-TEG)Leu-Phe-Leu] (3a)
C'*O —> H-Val-Leu-(N-TEG)Phe-Leu-Leu-OH (p4a) —> cyclo[Val-Leu-(N-TEG)Phe-Leu-Leu] (4a)
C|_O —> H-Leu-Phe-(N-TEG)Leu-Leu-Val-OH (p5a) —> cyclo[Leu-Phe-(N-TEG)Leu-Leu-Val] (5a)
C|_O —>  H-Phe-Leu-NMeleu-Val-Leu-OH (p1b) —>  cyclo[Phe-Leu-NMeLeu-Val-Leu] (1b)
C'*O —>  H-Leu-Leu-NMeVal-Leu-Phe-OH (p2b) —> cyclo[Leu-Leu-NMeVal-Leu-Phe] (2b)
C|_O —>  H-Leu-Val-NMeleu-Phe-Leu-OH (p3b) —>  cyclo[Leu-Val-NMeLeu-Phe-Leu] (3b)
C|_O —>  H-Val-Leu-NMePhe-Leu-Leu-OH (p4b) —> cyclo[Val-Leu-NMePhe-Leu-Leu] (4b)
c|7O —>  H-Leu-Phe-NMeleu-Leu-Val-OH (p5a) —>  cyclo[Leu-Phe-NMeleu-Leu-Val] (5b)

For the SPPS of the N-TEG pentapeptides (pla-p5a), we applied the synthetic methodology developed in Chapter 1.
Thus, we prepared the required Fmoc-N-TEG amino acids (6-8) following the 3-step protocol that has been explained
in Section 1.4.1: the amino acid tert-butyl ester precursors were subjected to reductive N*-alkylation with 3,6,9-
trioxadecanaldehyde, followed by Fmoc-protection and tert-butyl removal. The structures of such N-TEG building
blocks are shown in Figure 20. For the SPPS of the N-Me pentapeptides (plb-p5b), we used commercially available

Fmoc-N-Me amino acids as building blocks.

Figure 20. Structure of the Fmoc-N-TEG derivatives of Val, Leu and Phe (6-8).
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R = CH(CH3)y : Fmoc-(N-TEG)Val-OH (6)
R = CH,CH(CHj3), : Fmoc-(N-TEG)Leu-OH (7)
R = CH,Ph : Fmoc-(N-TEG)Phe-OH (8)

The synthesis of pentapeptides pla-p5a and plb-p5b was performed on the CTC resin by stepwise assembly of the
corresponding Fmoc-amino acids (see Scheme 14). For standard couplings, we used a 3-fold excess of amino acid
activated with DIPCDI/OxymaPure, and acylation was complete after 1 hour (ninhydrin test). These conditions were

also found to work well for the couplings of Fmoc-N-TEG (6-8) and Fmoc-NMe amino acids, and the absence of
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epimerization was confirmed by HPLC. For couplings onto N-substituted residues, the following amino acid was
activated with BTC in the presence of a 2,4,6-trimethylpyridine excess. Activation was performed slowly at 0 oC to
avoid undesired side-reactions, and the resin-bound peptide was pretreated with 20% DIEA in THF to prevent peptide
cleavage from the acid-labile CTC resin.”’ With these precautions, the BTC procedure provided a clean coupling in all
cases, and no epimerization was detected. In the case of BTC-mediated couplings onto N-Me residues, no unreacted
peptide was detected in cleaved samples after a single treatment with the activated amino acid (as checked by HPLC-
MS). For the couplings onto the N-TEG residues, complete conversion was achieved after two treatments. Further
elongation and final cleavage afforded the desired pentapeptides (pla-p5a and plb-p5b), which were found to be

sufficiently pure to be directly cyclized.

Scheme 14. SPPS of the N-TEG and N-Me pentapeptides (pla-p5a and plb-p5b).

c-Q

(CTC resin)

i. Fmoc-aa-OH (1.2 eq)
DIEA (12.0 eq)
DCM, 1 h

ii. MeOH, 15 min

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

iv. Fmoc-aa,-OH (4.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

Fmoc—aaz—aa1—OO

/ f =0.25 mmolig

i. piperidine/DMF 1:4
3x5 min, 1x10 min

\

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-(N-TEG)aaz-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

ii. Fmoc-(N-Me)aa3-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

3-aa,-aay -O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

Fmoc—(N—TEG)aas—aag—aa1—OO Fmoc-(N-Me)aa
i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-aas-OH (5.0 eq)
BTC (1.65 eq)
2,4 ,6-trimethylpyridine (14.0 eq)
THF, 15 h
(x2 couplings)

ii. Fmoc-aa,-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, 15 h

Fmoc-aa,-(N-TEG)aaz-aay-aa, -OO Fmoc-aa,-(N —Me)aas—aaz—aaroo

i. piperidine/DMF 1:4
3x5 min, 1x10 min

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-aas-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

ii. Fmoc-aas-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

Fmoc-aas-aa4-(N-TEG)aa3-aa2-aa1-O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

Fmoc-aas-aa,-(N-Me)aaz-aa,-aa, -O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. 2% TFA in DCM
3x2 min

ii. 2% TFA in DCM
3x2 min

H-aas-aa,-(N-TEG)aas-aa,-aa,-OH

p1a: 78% crude yield purity = 72%
p2a: 15% crude yield, purity = 69%
p3a: 40% crude yield, purity = 60%
p4a: 92% crude yield, purity = 53%
p5a: 100% crude yield, purity = 66%

H-aas-aa,-(N-Me)aaz-aay-aa-OH

p1b: 100% crude yield, purity = 67%
p2b: 60% crude yield, purity = 78%

p3b: 100% crude yield, purity = 65%
p4b: 100% crude yield, purity = 82%
p5b: 100% crude yield, purity = 80%
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Before cyclizing our pentapeptides (pla-p5a and plb-p5b), we were aware of certain issues. The cyclization of
pentapeptides is often difficult because dimerization to a cyclodecapeptide can easily occur.””® To prevent this, the
linear peptide precursor should be cyclized in highly dilute conditions (10~°-10™ M), but then the cyclization may take
several hours or days to complete unless a highly efficient coupling reagent is used. Furthermore, for such slow
cyclizations, the increased lifetime of the activated peptide intermediate provides an opportunity for a-epimerization

at its C-terminal residue.

Taking these issues into consideration, we checked different cyclization protocols using H-Phe-Leu-Leu-Val-Leu-OH
(p1) as model substrate (see Table 8). For all the conditions tested, reactions were monitorized by HPLC and HPLC-MS.
Cyclization was initially assayed with HATU (0.7 eq)/DEPT (0.7 eq)/TBTU (0.7 eq)/DIEA (entry 1) at a 7 mM substrate
concentration. These cyclization conditions are reported as high-yielding for obtaining Sansalvamide A peptide

?® With this method, the cyclization proceeded extremely fast, with no remaining starting material after 1

derivatives.
hour, but the crude cyclic peptide was obtained in very low purity and the non-desired cyclodimer was also formed.
Similarly rapid cyclizations were observed with PyBOP (5.0 eq)/DIEA and HATU (5.0 eq)/DIEA (entries 2-3), but
cyclization was accompanied by the formation of a considerable amount of by-products. Perfoming the reaction at
more dilute conditions led to better results in terms of purity (entries 4-8). When the pentapeptide was cyclized at 0.5
mM using HATU (1.1 eq)/DIEA or PyAOP (1.1 eq)/DIEA (entries 4-5), the lowered concentration of linear precursor
decreased cyclodimerization, but the reaction was not complete after 20 hours. With these coupling reagents, more
than 1.1 equivalents seem to be required for an efficient cyclization at high dilution. Among all the conditions tested,
the best results were obtained with HBTU (4.0 eq)/DMAP and EDC-HCI (10.0 eq)/DMAP (entries 6-7). For these
methods, we investigated the reaction with a low concentration of linear precursor (0.5 mM) and a higher
concentration of coupling reagents (2-5 mM). Cyclizations proceeded slowly, but the desired cyclic pentapeptide was
formed with excellent purity and, for the EDC-mediated coupling (entry 7), the formation of the cyclodecapeptide was

totally suppressed.

Table 8. Conditions investigated for the cyclization of p1.

H-Phe-Leu-Leu-Val-Leu-OH (p1) ——— > cyclo[Phe-Leu-Leu-Val-Leu] (1)
Entry ety Solvent o, o Conditions Result
reagents substrate
1 HATU (0.7 eq) THF/ACN/DCM 7 mM rt,1h No remaining starting material.
DEPBT (0.7 eq) 2:2:1 Considerable formation of by-products.
TBTU (0.7 eq)
DIEA (6.0 eq)
2 PyBOP (5.0 eq) NMP 9 mM rt,2h No remaining starting material.
DIEA (15.0 eq) Considerable formation of by-products.
3 HATU (5.0 eq) DMF 9 mM rt,2h No remaining starting material.
DIEA (15.0 eq) Considerable formation of by-products.
4 HATU (1.1 eq) DMF 0.5 mM rt,20 h Remaining starting material.
DIEA (3.0 eq) Cyclodimer only detected at trace level.
Crude cyclopeptide obtained in good purity.
5 PyAOP (1.1 eq) DMF 0.5 mM rt,20 h Remaining starting material.
DIEA (3.0 eq) Cyclodimer only detected at trace level.
Crude cyclopeptide obtained in good purity.
6° HBTU (4.0 eq) DCM/DMF 9:1 0.5 mM rt,20 h No remaining starting material.
DMAP (6.0 eq) Cyclodimer only detected at trace level.
Crude cyclopeptide obtained in excellent purity
7° EDC-HCI (10.0 eq) | DCM/DMF 9:1 0.5 mM rt,20 h No remaining starting material.
DMAP (4.0 eq) No cyclodimerization.
Crude cyclopeptide obtained in excellent purity.
?In a study on the synthesis of cyclic pentapeptides and the factors that influence cyclization yield, Gao et. al. investigated the
effect of the DMAP proportion in the cyclizations mediated by HBTU and EDC-HCI. A 2:3 HBTU/DMAP ratio and a 5:2
EDC-HCI/DMAP ratio were stated as optimal for the cyclization of linear pentapeptide precursors.125C

57




Chapter 2

Therefore, we concluded that cyclization with EDC-HCI/DMAP was the preferrable method, as it combines the strong
activating power of EDC with the possibility of washing out the resultant urea by aqueous extraction. With these
conditions (entry 7 in Table 8), all the linear pentapeptides (pla-p5a and plb-p5b) were efficiently cyclized in small
scale (0.036 mmol). In all cases, the reactions were complete, almost no by-products were formed and, at a
concentration of 0.5 mM, cyclodimerization was prevented. However, epimerization of the C-terminal residue took
place in some cases. In particular, the highest degree of epimerization was observed in the cyclization of pentapeptide

p2a, for which a 25% of non-desired epimer was formed.

This model reaction was used to check for epimerization during the EDC-mediated cyclization under various conditions
(see Table 9). Decreasing the amount of DMAP (entries 2-3) or increasing the excess of coupling reagent (entry 4) did
not lead to any substantial reduction in the degree of epimerization detected. When lowering the temperature, no
significant improvement was observed either (entries 5-6). Since the prolonged existence of the activated carboxy
group increases the possibility of C-terminal epimerization, we investigated if the use of a stronger base could
preserve chiral integrity by accelerating the cyclization process. Replacement of DMAP by DIEA totally suppressed
epimerization, but more than 50% of the pentapeptide was consumed in the formation of the non-desired
cyclodecapeptide (entry 7). The extent of epimerization may be diminished by application of the azide method or its

125b

modification using DPPA,” " but these conditions were not assayed.

Table 9. Conditions investigated to minimize epimerization during the cyclization of p2a.

H-Leu-Val-Leu(N-TEG)-Phe-Leu-OH (p2a) ———>

2a

N—_-0,

*( »ﬁ ep|mer|zat\on at ofp/ j
o]

the C-terminal o

’

(o)

S
Entry Coupling Solvent Conc. of Conditions de5|red. prot;luct:
reagents substrate epimer
EDC-HCI (10.0 eq) | DCM/DMF ]
1 DMAP (4.0 eq) 9:1 0.5mM rt,20 h 0.75:0.25
EDC-HCI (10.0 eq) DCM/DMF .
2 DMAP (2.0 eq) 9:1 0.5mM rt, 20 h 0.77:0.23
EDC-HCI (10.0 eq) | DCM/DMF ]
3 DMAP (1.0 eq) 91 0.5mM rt,20 h 0.72:0.28
EDC-HCI (25.0 eq) | DCM/DMF ]
4 DMAP (10.0 eq) 9:1 0.5mM rt,20 h 0.69:0.31
EDC-HCI (25.0 eq) | DCM/DMF, 0°C,2h ]
> DMAP (10.0 eq) 9:1 05mM 1 5 20k 0.72:0.28
EDC-HCI (25.0 eq) DCM/DMF -15¢9C,2h .
6 DMAP (10.0 eq) 9:1 05mM 1 5t 20h 0.72:0.28
No epimer detected,
EDC-HCI (10.0 eq) DCM/DMF but a significant
/ DIEA (10.0 eq) 9:1 0.5mM ,20h amount of cyclodimer
(>50%) was formed.

?As determined by HPLC.

In our attempts to supress epimerization, we found that the amount of DMAP could be reduced from 4.0 to 2.0
equivalents without affecting the coupling efficiency (entry 2 in Table 9). Therefore, for the cyclization of
pentapeptides pla-p5a and plb-p5b in a larger scale, we only employed 2.0 equivalents of DMAP (see Scheme 15). All
the cyclization reactions proceeded smoothly, and the crude cyclopeptides (1a-5a and 1b-5b) were easily purified by

semipreparative RP-HPLC (see Figures 21 and 22). In those cases in which epimerization had taken place during the
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cyclization step, the non-desired epimer was separated without difficulties. After purification, the N-Me and N-TEG

cyclopeptides (1a-5a and 1b-5b) were isolated in >95% purity.

Scheme 15. Cyclization to obtain the N-TEG and the N-Me analogs (1a-5a and 1b-5b).”

H-aas-aas-(N-TEG)aaz-aay-aa,-OH

(p1a-p5a)

EDC-HCI (10.0 eq)
DMAP (2.0 eq)
DCM/DMF 9:1
c=0.5mM

rt, 15 h

’— aas-aa4-(N-TEG)aaa-aaz-aa1—|

1a
2a
3a
4a
5a

: yield = 53%, purity = 95%
: yield = 53%, purity = 98%
:yield = 42%, purity = 100%
:yield = 53%, purity = 100%
:yield = 42%, purity = 100%

H-aas-aas-(N-Me)aaz-aar-aa-OH

(p1b-p5b)

EDC-HCI (10.0 eq)
DMAP (2.0 eq)
DCM/DMF 9:1
c=0.5mM

rt, 15 h

’— aas-aas-(N-Me)aaz-aar-aa, —|

1b: yield = 60%, purity = 95%

2b: yield = 46%, purity = 100%
3b: yield = 51%, purity = 100%
4b: yield = 51%, purity = 100%
5b: yield = 46%, purity = 100%

?Yields of the isolated cyclic peptides (1a-5a and 1b-5b), calculated
with respect to the linear precursors (pla-p1lb and plb-p5b).

Figure 21. HPLC analysis of the crude and purified N-TEG cyclopeptides (1a-5a),
linear gradient from 40 to 100% ACN over 8 min.
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Figure 22. HPLC analysis of the crude and purified N-Me cyclopeptides (1b-5b),
linear gradient from 40 to 100% ACN over 8 min.
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In all cases, sufficient amounts of pure peptide were obtained in yields that are commonly achieved for cyclic
pentapeptides. Except for compound 2a, the overall yields of the syntheses of the N-TEG cyclopeptides (1a-5a) and
were not dramatically lower than those of the N-Me cyclopeptides (1a-5a). Thus, N-TEG peptides are accessible by the

same synthetic repertoire as that already established for N-Me peptides.

2.3.2. Effect of N-TEG vs. N-Me on biological activity

Sansalvamide A peptide (1) and its N-Me analogs (1b-5b) are reported to have modest or little activity against various
cancer cell lines.”® In order to investigate how N-Me-for-N-TEG substitution affects their anti-cancer activities, we
tested our compounds (1, 1a-5a and 1b-5b) for their cytotoxicity against GLC-4 (small cell lung cancer), MDA-MB-231

(breast cancer) and SW-480 (colon cancer) cells.

Cytotoxicity was evaluated through cell viability assays. For each each cancer cell line, cells were seeded into 96-well
plates and treated with the compounds of study at different concentrations and, after a certain period of time, the %
of cell viability was determined through MTT assay.204 Each experiment was performed 3 times (seeding the 3 plates
at 3 different times) and, for each plate, test conditions were assayed in triplicate wells. This work was carried out at
the Cancer Cell Biology Research Group of the UB Faculty of Medicine (Bellvitge campus), under the supervision of

Prof. Ricardo Pérez and Dr. Vanessa Soto-Cerrato.
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At a concentration of 10 uM, none of our compounds showed significant cytotoxicity (i.e. >70% reduction of cell
viability) against any of the cancer cell lines. At a concentration of 50 uM, we performed time-course experiments

with GLC-4 cells, and the highest cytotoxic effects were observed after a 72 hour-treatment (see Figure 23).

Figure 23. Cell viability of GLC-4 cancer cells after 50 uM treatment of 1, 1a-5a and 1b-5b for 24/48/72 h.
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Treatment of GLC-4, MDA-MB-231 and SW-480 cells with 50 uM of some compounds for 72 hours decreased the
viability of GLC-4 (1, 1a, 2a, 4a, 2b, 4b, 5b) and MDA-MB-231 (1a, 4a, 3b) cells up to 50-60%, whereas the only
compound that reduced viability of SW-480 cells below 60% was 2b (see Figure 24). Indeed, this colon cancer cell line

is reported to be strongly resistant against several anti-cancer agents.127

Figure 24. Cell viability of GLC-4, MDA-MB-231 and SW-480 cancer cells
after 50 uM treatment of 1, 1a-5a and 1b-5b for 72 h.
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Although the cytotoxic effects observed were rather modest, the activities of the N-TEG analogs 1a and 4a were very
similar to that of the parent peptide (1) against both GLC-4 and MDA-MB-231 cells. For 1 and these most potent N-
TEG analogs (1a and 4a), we estimated their ICsq (72 h) value. Such value is the compound concentration that reduces
cell viability to 50% after a 72 hour-treatment, and can be calculated by interpolation from the corresponding dose-
response curve. Sansalvamide A peptide (1) showed an ICsy around 85 uM against GLC-4 cells and superior to 100 uM
against MDA-MB-231 cells, whereas the 1Csy values of 1a and 4a were lower than 90 uM against these two cell types

(see Table 10).
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Table 10. Estimation of IC5y (72 h) of 1, 1a and 4a against GLC-4 and
MDA-MB-231 cancer cells. ICs, (72 h) values are given in uM.?

Peptide aglgisr?s(:éLhC)A againsltC ?\(;II(D7A2-:/I)B-231
) . >100
” o5 87
4a 74 67

As shown in Figure 24, the cytotoxic activities of the certain N-TEG analogs are within the same range of those of their
N-Me homologues for the tested cancer cell lines. These findings suggest that specific amino acid constituents may be

amenable to N-Me-for-N-TEG substitution without a loss in biological activity.

2.3.3. Effect of N-TEG vs. N-Me on lipophilicity

The incorporation of N-TEG or N-Me groups was expected to affect the lipophilicity of Sansalvamide A peptide (1). This
peptide is very hydrophobic, as it lacks ionizable N- and C-terminus and it is exclusively composed of non-polar amino
acids. The introduction of an N-alkyl group into a peptide decreases the number of amide protons that can act as
hydrogen bond donors and, hence, increases hydrophobicity. However, since TEG is an amphiphilic moiety, we

envisioned that N-TEG and N-Me could affect hydrophobicity/lipophilicity in a different manner.

Hydrophobicity and lipophilicity: definitions

Prior to discuss our results, we would like to make an explanatory comment concerning the terms “hydrophobicity”
and “lipophilicity”. Although both terms are widely used in relation to the sorption of organic compounds from water,

. . . 128
their exact meaning is somewhat vague or confused.™ "

The following definitions have been suggested by the IUPAC:'*®

= Hydrophobicity refers to the tendency of a non-polar molecule to prefer a non-agueous environment over an

aqueous _environment. The term “hydrophobicity” is related to the term “hydrophobic effect”, which is the

association of non-polar moieties/molecules in an aqueous environment. The driving force for this process is the

preference of water to form an ordered structure, thereby excluding non-polar moieties/molecules.

= Lipophilicity refers to the affinity of a molecule for a lipophilic environment, and encodes several types of

intermolecular interactions. It is commonly measured by the distribution behaviour of such a molecule between
two phases, either liquid-liquid (e.g. partition in octanol/water) or solid-liquid (e.g. retention in RP-HPLC,

permeation across biomembranes).

Measurements of lipophilicity express the net result of all the intermolecular forces involving the solute and the two
phases between which it partitions.128b Several equations have been proposed to factorize lipophilicity into a number
of parameters.130 As a result of such equations, it is common to factorize lipophilicity into two (or three) sets of terms,
namely: hydrophobicity (which accounts for hydrophobic and dispersion forces), polarity (which accounts for
hydrogen bonds, and orientation and induction forces), and ionic interactions (either attractive or repulsive).ugb‘13Oa

When measured in isotropic systems (i.e. octanol/water, RP-HPLC), lipophilicity mainly expresses the balance of
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hydrophobic and polar interactions [see “a)” below]. When measured in anisotropic systems (i.e. liposome/water,

membrane-like systems), it also encodes the influence of ionic interactions [see “b)” below].

a) Isotropic system: Lipophilicity = Hydrophobicity - Polarity

b) Anisotropic system: Lipophilicity = Hydrophobicity - Polarity + lonic interactions
Therefore, hydrophobicity is not synonymous with lipophilicity, but a mere component of it. For a series of
compounds with similar functional and ionizable groups, the more hydrophic the compound, the higher its

lipophilicity.
Throughout this Thesis, we will use the terms “lipophilicity” and “hydrophobicity” in the broad sense of their meaning.

However, for measurements from partition experiments and for refering to transport across biological membranes,

we will only use the term “lipophilicity”.

Methods to measure lipophilicity

One of the most common parameters to measure lipophilicity is the partition coefficient (logP), which is the ratio of
distribution of a compound between two immiscible solvents (usually octanol and water). This value can be
determined by the shake-flask method (see Figure 25).131 In this method, the compound is dissolved in the organic
solvent, water is added, the mixture is shaken for 2-3 days so that compound partition reaches equilibrium, and then
fraction of compound in each phase is assessed (e.g. UV detection). However, logP determination of poorly soluble
compounds by the shake-flask method is problematic. Along these lines, logP determination by the shake flask
method is prone to errors if the compound is extremely hydrophilic or hydrophobic, as its concentration in one of the

phases will be exceedingly small and thus difficult to quantify.

Figure 25. Determination of logP by the shake-flask method.
Acctanol aNd A,.cer refer to the HPLC peak areas of the compound in the octanol and aqueous phase, respectively.
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32 These methods

Besides the shake flask method, logP can be indirectly determined by chromatographic methods.
are based on the putative correlation of logP with chromatographic retention parameters, such as those derived from
RP-HPLC. The correlation equation is constructed from a set of reference compounds with known log P values. Several
RP-HPLC-based equations for logP estimation are reported, comprising a wide range of stationary and mobile phases.
However, most equations based on chemically bonded stationary phases do not work for logP estimation of a wide

128c

range of compounds of diverse structure. This is because the fundamental properties responsible for

chromatographic retention tend to be different to those responsible for partition between octanol and water,
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especially the contribution from hydrogen bonding interactions. Therefore, for new classes of compounds for which

there are no comparable reference structures, logP determination from chromatographic parameters is not suitable.

Despite this issue, for a series of modified analogs of similar MW, comparison of their RP-HPLC retention times is a
valid method to rank their hydrophobicities.133 The RP-HPLC behaviour of a compound depends on its interactions
with the non-polar stationary phase: the more hydrophobic a compound is, the stronger its retention on the column.
This does not allow to measure lipophilicity (logP) or hydrophobicity in an absolute manner, but allows to determine

the relative hydrophobicity of a series of compounds that are similar in size and structure.

Evaluation of the lipophilicity of our compounds

As previously mentioned, the incorporation of N-TEG or N-Me groups into Sansalvamide A peptide (1) was expected to

affect its lipophilicity in a different manner.

To investigate this, we attempted to determine the logP of our compounds (1, 1a-5a and 1b-5b) by the shake flask
method (see Table 11). First, we investigated their partition in octanol/water, for which we performed several
experiments changing the proportions between the two phases. In all cases, no compound was detected in the
aqueous phase and thus logP’s could not be calculated. Indeed, since the amide protons can form hydrogen bonds

with octanol, determination of the logP’s of peptides is often very difficult or even impossible.128d

This is specially true
for very hydrophobic peptides that are poorly soluble in water. Wishing to overcome this issue, we investigated
partition in other solvent systems with different hydrogen-bonding capacities, such as dodecane/ethyleneglycol or
dodecane/water. However, these solvent mixtures did not allow for logP determination either. With
dodecane/ethyleneglycol, all the compound went to the ethylene glycol phase, pressumably due to the capability of
this solvent to form hydrogen bonds. With dodecane/water, compounds separated between both phases, but the

experiments were not reproducible.

Table 11. Some of our attemps to determine logP by the shake-flask method.?

Peptide octanol/water Result log P
1 1:1,1:2,2:1 _
No compound in the aqueous phase.
5a 1:1,1:2,2:1,1:4
Peptide dodecane/ethyleneglycol Result log P
1 1:1 )
No compound in the dodecane phase. -
5a 1:1
Peptide dodecane/water Result log P
1 1:1 Partition takes place, but results are not reproducible. 0.60 +0.83
5a 1:1 Partition takes place, but results are not reproducible. 0.43 +0.66
5b 1:1 Partition takes place, but results are not reproducible. 0.63+0.42

® LogP determination experiments were performed as triplicates.Increasing the equilibration time from 2 to 4 days did lead to
any change in the results, and no difference was observed when using different types of shakers to mix the phases till partition.

Since we were not able to determine logP’s by the shake flask method, we evaluated the relative hydrophobicities of
1, 1a-5a and 1b-5b by comparing their RP-HPLC retention times (see Table 12). The increase in time at which the N-
TEG and the N-Me analogs (1a-5a and 1b-5b) eluted indicates that these analogs are more hydrophobic than
Sansalvamide A peptide (1). This can be attributed to the fact that N-alkylation with TEG or Me eliminates one amide

proton, which is a strong hydrogen bond donor.
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Table 12. RP-HPLC retention times of 1, 1a-5a, 1b-5b, linear
gradient from 10% to 90% ACN over 8 min, C18 column.

t. (min)
1:5.97
la:7.29 1b: 7.12
2a:7.22 2b: 7.07
3a:6.98 3b: 6.82
4a:7.34 4b: 6.97
5a:7.05 5b: 6.86

Interestingly, all the N-TEG analogs (1a-5a) were found to be slightly more hydrophobic than their corresponding N-
Me homologues (1b-5b). A possible explanation for this will be given in Section 3.3.9 of the next Chapter. However,
herein we would like to note that OEG oligomers, such as TEG, are amphiphilic moieties."” Their ether oxygen atoms
are weak hydrogen bond acceptors, whereas the presence of two methylene units per each ether functionality and
the lack of ionizable groups account for a certain hydrophobic character. Along these lines, we would like to make
another remark: although OEG-modified peptides often show better aqueous solubility than their corresponding non-
modified peptides, this is not due to a higher hydrophilicity; it is due to to their OEG chain preventing intermolecular

76136 Bacause of this same reason, the attachment of OEG onto peptides can also improve their solubility

76,137

aggregation.

in organic solvents.

Potential effect of N-TEG modification of peptides on their membrane permeability

Lipophilicity is one of the most influencing molecular properties in determining transport across biological barriers

B8 n particular, it favours passive diffusion through the

(e.g. intestinal epithelium layer, blood-brain-barrier, skin).
phospholipidic cell membranes, and thus favours crossing via passive transcellular diffusion, which is the most

common transport mechanism for the majority of drugs.

Since peptide modification with N-TEG increases hydrophobicity, it should influence permeability across biological
membranes. However, such an effect is difficult to predict. On one hand, the greater lipophilicity upon N-TEG
incorporation should enhance permeability by favouring passive diffusion. On the other hand, incorporation of N-TEG
increases the overall molecular size, which is disfavourable for passive diffusion and could offset the lipophilicity
effect.

N-methylated peptides generally show enhanced intestinal permeability with respect to their non-alkylated

9,18,19a

homologues. This has been attributed to their decreased hydrogen-bonding potential and increased

hydrophobicity —which enhance passive permeation—,20 and to certain conformational features which facilitate passive

9182190 pg N-methylation, peptide modification with N-TEG eliminates a strong hydrogen bond

permeation as well.
donor (i.e. a backbone amide proton), but it also introduces three weak hydrogen bond acceptors (i.e. the ether

oxygen atoms of the TEG chain).
It would be very interesting to evaluate the intestinal permeability of N-TEG vs. N-Me and/or unmodified peptides in

Caco-2 cell-based assays or parallel artificial membrane permeability (PAMPA) assays. However, this was beyond the

scope of the present PhD project.
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2.3.4. Effect of N-TEG vs. N-Me on conformation

The incorporation of N-TEG or N-Me groups was expected to perturbate the conformational state of Sansalvamide A
peptide (1). In small cyclic peptides, conformation is mainly dictated by the backbone stereochemistry and the
presence of N-alkyl groups, rather than by interactions with or among the amino acid side-chains.”* The introduction
of an N-alkyl group into a peptide: i. eliminates one hydrogen bond donor, ii. lowers the energy barrier for the trans-
to-cis isomerization of the N-alkylated amide bond," iii. can induce local backbone constraints to minimize steric
interactions, thereby providing conformational rigidity.16 These restraints can affect the original peptide conformation
by modulating its backbone torsional preferences due to steric reasons and/or by altering its intramolecular hydrogen-
bonding pattern.

To study if the effect the N-TEG group on the conformational state of 1 was similar to that of an N-Me group, we
analyzed all the compounds (1, 1a-5a and 1b-5b) by 'H and *C-NMR spectroscopy, and we compared their H", H, and
C”resonances, which are sensitive to conformational changes. An overlay of the "H-NMR spectra of 1, 1a-5a and 1b-5b
in the H"- and H%regions clearly showed that N-alkylation induced changes in the backbone conformation of the
parent peptide (see Figure 26). Depending on the position of N-alkylation, different signal patterns were observed;
however, the N-TEG and the N-Me analogs (1a-5a and 1b-5b) bearing the N-substituent at the same position were
found to have similar H"- and H%resonances, which indicates a similar backbone conformation regardless of the
nature of the N-substituent. The resemblance of their C®-chemical shifts gives further evidence of similar
conformational preferences for a same N-alkylation pattern (see Table 13).

Figure 26. "H-NMR spectra (in CDCl;) of 1, 1a-5a and 1b-5b in the
8.5-6.0 ppm region (A) and in the 5.5-3.5 ppm region (B).?
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®The partial assignment of the proton resonances of 1, 1a-5a and 1b-5b is shown in Annex 2.
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Table 13. C*-chemical shifts (ppm) of 1, 1a-5a and 1b-5b in CDCl;.?

1 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b

51.7 48.6 49.2 | 483 | 483 | 519 | 521 | 485 | 483 | 51.2 | 51.2
53.7 52.6 55.0 | 509 | 515 | 539 | 543 | 515 | 51.7 | 51.4 | 515
55.3 56.1 56.0 | 53.5 | 53.2 | 544 | 546 | 52.8 | 53.0 | 53.6 | 534
57.9 59.8 59.1 | 56.6 | 575 | 554 | 553 | 60.2 | 60.2 | 60.7 | 61.2
58.8 66.4 65.0 | 664 | 651 | 679 | 689 | 70.8 | 72.1 | 68.4 | 70.0

®The partial assignment of the carbon resonances of 1, 1a-5a and 1b-5b is shown in Annex 2.

As depicted in Figure 26, Sansalvamide A peptide (1) was found to exist as a single conformer on the NMR time scale
of chemical shift separation. The N-TEG and N-Me analogs (1a-5a and 1b-5b) also showed a clearly preferred
backbone conformation (i.e. for each peptide, only one set of HY-, H% and C%-signals was detected under
measurement conditions). However, for peptides 1a and 1b, a minor set of certain H"- and H%-signals was also present
in their "H-NMR spectra together with the major one. This indicates that for these peptides there are two conformers

in slow chemical exchange on the NMR time scale of chemical shift separation.

It is important to note that the single set of signals observed for 1, 2a-5a and 2b-5b (as the major set of signals
observed for 1a and 1b) could be the average of signals from various conformers in fast chemical exchange. To rule
out this possibility, we analyzed peptides 1, 5a and 5b by 'H-NMR at 5, 15, 25, 35 and 45 °C. For the three peptides, no

evidence of conformational equilibria was found in this temperature range.

For peptides 5a and 5b, we performed a more detailed NMR study in comparison with the parent peptide (1). For
each peptide, two-dimensional NMR experiments (COSY, TOCSY, NOESY and HSQC) were performed and their HN—, HE-
and C%signals were unequivocally assigned (see Table 14). The temperature coefficients of the amide protons were
determined from the variable temperature 'H-NMR experiments, and the NOEs between the amide protons were
analyzed (see Table 15). These experimental parameters, which are sensitive to conformational changes, were almost
identical for the N-TEG and N-Me analogs 5a and 5b, whilst considerably differing from those of the unmodified
Sansalvamide A peptide (1). These findings corroborate that N-TEG and N-Me groups exert similar constraints on the
backbone conformation of 1 when incorporated at the same residue.

Table 14. H"-, H% and C*-chemical shifts (ppm) of 1, 5a and 5b in CDCl; at 298 K.

8 (") [ppm] 8 (H*) [ppm]

1: H* [Leu?]
5a: H® [(N-TEG)Leu]
5b: H® [NMeLeu]

N N

Peptide HY HY | WY | H H H® H® HY | H®
[Leu®] | [Leu?] | [Val] | [Phe] | [Leu™] | [Phe] | [Leu?] | [Leu®] | [Val]

cyclo[Leu®-Phe-Leu®-Leu®-Val] (1) 712 | 751 |7.70 | 6.81 | 7.65 | 4.63 | 3.90 | 4.24 | 4.22 4.24
cyclo[Leu-Phe-(N-TEG)Leu-Leu>Val] (5a) | - 8.15 | 6.96 | 6.66 | 6.23 | 5.09 | 4.45 | 4.20 | 3.76 3.55
cyclo[Leu’-Phe-NMeLeu-Leu’-Val] (5b) - 8.07 | 6.93| 6.75 | 6.14 | 5.06 | 4.46 | 4.20 | 3.69 3.43
. 8 (C*) [ppm]
L ~a
Peptide 259 L0 o & c c

5a: C*[(N-TEG)Leu]

1 2
5b: C*[NMeLeu] | V21 | [eu'] | [Phel | [leu’]

1 3 2 51.8 or 51.8 or
cyclo[Leu™-Phe-Leu’-Leu”-Val] (1) 53.9° 58.7 £3 97 55.4 57.7
cyclo[Leu®-Phe-(N-TEG)Leu-Leu*-Val] (5a) 68.4 60.7 53.6 51.4 51.2
cyclo[Leu'-Phe-NMeLeu-Leu’-Val] (5b) 70.0 61.3 534 | 515 | 51.2

? For Sansalvamide A peptide (1), the C-NMR signals at 51.8 and 53.2 ppm could not be unambiguosly assigned to C*
[Leu’] and C* [Leu'], since the "H-NMR signals associated to H” [Leu’] and H* [Leu"] overlapped at 4.24 ppm. The HSQC
spectra showed cross-peaks at (4.24, 51.8) and (4.24, 53.2) ppm.
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Table 15. Temperature coefficients (ppb K'l) and NOE data for for the amide protons of 1, 5a and 5b in CDCl;.

AS8/AT [ppb K]

Peptide pN pN BN pN BN Significant NOEs
[Leu’] | [Leu?] | [Val] | [Phe] | [Leu']
cyclo[Leu’-Phe-Leu®-Leu®-Val] (1) 35 | 68 | -48 | 6.1 | -103 2

H" [Phe] - H [Leu?]
cyclo[Leu’-Phe-(N-TEG)Leu-Leu*-Val] (5a) - <01 | -87 | 63 | -6.0 H" [Phe] - H [Leu]
HY [val] - H" [Leu?]
H" [Phe] - H [Leu?]
cyclo[Leu’-Phe-NMeLeu-Leu-Val] (5b) - <0.1 1(;6 63 | -6.0 H" [Phe] - H" [Leu']
' HY [val] - Y [Leu?]

® For Sansalvamide A peptide (1), NOEs between the amide protons could not be detected under measurement conditions.
McAlpine et al. studied the conformation of 1 in DMSO-d6/H,0 4:1 and observed NOEs between H" [Phe] - H" [Leu'] and H"
[Val] - H" [Leu’]."*

On the basis of this study, replacement of a backbone N-Me group of a cyclic peptide by an N-TEG chain is expected to

provide a minimal perturbation of its backbone conformation.

2.4. Summary and conclusions

In this Chapter, we have investigated the N-TEG group as a surrogate for the N-Me group on the example of
Sansalvamide A peptide. For that, we synthesized five analogs of this cyclopentapeptide in which the N-TEG group was
incorporated at the different backbone positions. Such N-TEG chain was introduced during the SPPS of the peptide
using Fmoc-N-TEG amino acids as building blocks. Formation of the amide bond betweeen the N-TEG residue and the

following amino acid was achieved in solid-phase using BTC as activating reagent.

We studied how modification of Sansalvamide A peptide with N-TEG and N-Me affects its biological activity,
hydrophobicity, and conformational features. Several N-TEG and N-Me analogs exhibited low cytotoxic effects against
GLC-4 and MDA-MB-231 cancer cells. Although none of our compounds was highly active against any of the cell lines
tested, the activities of certain N-TEG analogs were within the same range as those of their N-Me homologues. The
introduction of N-TEG or N-Me groups into Sansalvamide A peptide led to analogs with increased hydrophobicity, as
indicated by their higher RP-HPLC retention times. Indeed, the N-TEG analogs were slightly more hydrophobic than
their N-Me counterparts. As expected, NMR data showed that the incorporation of N-TEG or N-Me residues at the
different positions of Sansalvamide A peptide altered its conformation in solution. Those N-TEG and N-Me analogs
bearing the N-substituent at the same position had similar H"-, H% and C%resonances, which gives evidence of a
similar backbone conformation. On the basis of these findings, the N-TEG group is expected to provide similar

conformational restraints as a backbone N-Me group when incorporated into a cyclic peptide.

In conclusion, peptides in which the backbone N-Me group has been replaced by a short N-OEG chain are accessible
by the same synthetic repertoire as that already established for N-Me peptides. The ten-atom chain of N-TEG does not
considerably alter the conformational preferences with respect to an N-Me group, and provides a slightly enhanced
hydrophobicity. Considering the high abundance of N-Me amino acids in biologically active peptides, modication at
this position may be a valuable alternative to introduce chemical diversity when modification at any other position of
the peptide is not sought or possible, and may be useful to optimize physichochemical properties that are of

pharmacological interest.
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Replacement of the N-methyl group of Cilengitide by
N-oligoethylene glycol (N-OEG) chains of increasing length:
effect on biological activity and lipophilicity.

Abstract: We have synthesized three analogs of cyclo[RGDfNMeV] (Cilengitide) in which the N-Me group has been
replaced by N-oligoethylene glycol (N-OEG) chains of increasing length; namely, N-OEG,, N-OEG;; and N-OEG,3, which
are respectively composed of 2, 11 and 23 repeating ethylene oxide monomer units. These three N-OEG cyclopeptides
were compared with Cilengitide with respect to biological activity and lipophilicity, as N-Me-for-N-OEG substitution
and OEG chain length were expected to affect these features.
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3.1. Introduction

In Chapter 2, we described that peptides bearing a short N-TEG chain are accessible using standard solid-phase
techniques. The formation of the amide bond between the N-TEG residue and the following amino acid can be

achieved in solid-phase using BTC as activating reagent.

We wanted to investigate if peptides modified with a larger N-OEG chain could also be prepared. To investigate this,
we chose Cilengitide (1) as a model (see Figure 27). This peptide is an Arg-Gly-Asp (RGD) peptide of sequence
cyclo[RGDfNMeV] that shows antagonistic activity for the a,Bs, a,fs and a,B; integrin receptors.139 These receptors
belong to the a,f integrin family, a family of transmembrane receptors that bind to several extracellular matrix (ECM)
proteins with the exposed RGD-tripeptide sequence.148 By interacting with ECM proteins, integrins play a crucial role
in controlling crucial events such as cell adhesion, growth, differentiation and apoptosis;149 hence, they are attractive
therapeutic targets for a number of diseases.'” Antagonists for the a,f; integrin, such as Cilengitide, hold significant
potential as anti-angiogenic drugs.196 Furthermore, since the a,f3, o,B5 and a,B; integrins are overexpressed in several
types of cancers, " RGD-cyclopeptides with high affinity for these receptors have been extensively used as targeting

m Along these lines, RGD-peptides are also employed for surface

197

vectors for tumor imaging and therapeutics.

modification of biomaterials, with a view to elicit selective cellular responses.

Figure 27. Structure of cyclo[RGDfNMeV] (23).
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For specific biomedical applications, RGD-based cyclopeptide ligands are often optimized by attachment of an OEG-
based polymer.142 Depending on their length and structure, these polymers can serve as pharmacokinetic modifiers,
linkers to support conjugation with a desired molecule, spacers to avoid non-specific interactions with the RGD motif,

and scaffolds to create multimeric constructs that can simultaneously target different receptors.

We sought to synthesize three analogs of cyclo[RGDfNMeV] (23) in which the N-Me group of Val was replaced by N-
OEG chains of increasing length, namely N-OEG,, N-OEG;; and N-OEG,;, which are respectively composed of 2, 11 and
23 repeating ethylene oxide monomer units (see Figure 28). The synthesis of these N-OEG cyclopeptides (24-26)
involves the coupling of D-Phe onto (N-OEG)Val. This coupling is not only hampered by the N-OEG substituent, but
also by the additional steric hindrance exerted by B-branched side-chain of Val. Therefore, this coupling reaction is a

very good model to investigate up to which OEG chain length the acylation of an N-OEG residue is feasible.
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Figure 28. Structure of the target N-OEG cyclopeptide analogs (24-26).
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As a second objective, we wanted to investigate how N-Me-for-N-OEG substitution affects the biological activity and
hydrophobicity of cyclo[RGDfNMeV] (23), and also the impact of OEG chain length on these two features. For this aim,
cyclo[RGDfNMeV] (23) can also be considered a good model, as its conformational and biological properties are well-

. 139
characterized.

The RGD-tripeptide sequence is a common regnition motif for various receptor subtypes of the a,p integrin family.148
Several RGD-cyclopentapeptides bind to certain integrins with high affinity because their cyclic structure constrains
the RGD sequence in a suitable orientation for binding.143 A receptor model for their optimal interaction with the o,B;

“* This model highlights the pharmacophoric features of cyclo[RGDfV], the lead
145

integrin is postulated (see Figure 29).
peptide from which 23 was discovered by N-Me scan.” According to this model, Arg and Asp are involved in ionic
interactions with the receptor, Gly imposes steric restrictions, and position 4 requires a hydrophobic residue at the D-
configuration (i.e. D-Phe) for optimal side-chain orientation and interaction with the receptor. The amide bond
between residues 3 and 4 also participates in the binding, probably as a hydrogen bond donor. Position 5 does not
make contact with the integrin surface, and can accommodate a number of residues without an impact on the
biological activity.

Figure 29. Receptor model for the binding of RGD-cyclopentapeptides to the a,fB;integrin, postulated by Kessler et al™

This Figure has been adapted from 139, and highlights the main pharmacophoric features of c[RGDfV] for a,Bs-binding.
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Since the fifth residue of the cyclo[RGDx,Xs] scaffold for is not essential for a,Bs-binding, N-Me-for-N-OEG substitution
in cyclo[RGDfNMeV] (23) may not result in a loss of biological activity. However, the affinity of RGD-cyclopeptides
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82 |n the case of cyclo[RGDfNMeV]

(23), the N-Me group at Val promotes conformational constraints that stabilize the RGD motif into its optimal

towards the distinct integrin subtypes is strongly dependant on their conformation.

orientation for a,Bs-binding; as a result, cyclo[RGDfNMeV] (23) is much more active and selective towards this integrin

than its non-methylated homologue, cycIo[RGDf\/].145

3.2. Objectives

The objectives of this Chapter were:

1. To synthesize three analogs of cyclo[RGDfNMeV] (23) in which the N-Me group has been replaced by N-OEG
chains of increasing length (namely N-OEG,, N-OEG;; and N-OEG,3), in order to investigate upon which OEG

chain length the acylation of an N-OEG amine is feasible.

2. To compare the N-OEG cyclopeptide analogs (24-26) and parent peptide (23) with respect to biological activity
and hydrophobicity in order to investigate how an increased OEG chain length affects these features.

3.3. Results and discussion
3.3.1. Synthetic approach

Our synthetic strategy to obtain cyclo[RGDfNMeV] (23) and the N-OEG cyclopeptides (24-26) is shown in Scheme 16.
We sought to prepare their linear pentapeptide precursors (p19-p22) by SPPS using an N-substituted Val derivative as
building block, and then cleave them for subsequent cyclization in solution and removal of side-chain protecting

groups.

Scheme 16. Synthetic approach to obtain cyclo[RGDfNMeV] (23) and its N-OEG cyclopeptide analogs (24-26).

Cyclization and

PP
SPPS deprotection

NMeVal
C'—O e > H-Asp(0'Bu)-D-Phe-NMeVal-Arg(Pbf)-Gly-OH (p19) —» cyclo[RGDfNMeV] (23)

(N-OEG,)Val
C|7O — > —» —» H-Asp(O'Bu)-D-Phe-(N-OEG,)Val-Arg(Pbf)-Gly-OH (p20) ——»  cyclo[RGDf(N-OEG,)V] (24)

(N-OEG,)Val
0—@Q —> —> —» H-Asp(0'Bu)-D-Phe-(N-OFGy:)Val-Arg(Pbf)-Gly-OH (p21) —  cyclo[RGDf(N-OEG11)V] (25)

(N-OEGy3)Val
C'*O — » —» — 3 H-Asp(O'Bu)-D-Phe-(N-OEG,3)Val-Arg(Pbf)-Gly-OH (p22) — cyclo[RGDf(N-OEG3)V] (26)

In all the pentapeptides (p19-p22), the N-substituted Val residue was placed in the middle of the sequence. This
renders Gly at the C-terminus, which minimizes steric hindrance during cyclization and rules out the possibility of
epimerization taking place during this process. In addition, positioning of N-alkyl groups in the middle of a peptide

sequence is expected to facilitate its cyclization due to the turn-inducing properties of N-alkyl amino acids.”*

For the solid-phase synthesis of these pentapeptides (p19-p22), we used the CTC resin. This resin was chosen as solid

support because it can be cleaved with very mild acid conditions that enable to obtain fully protected peptide acids. In
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all cases, we used a low functionalization (0.1-0.4 mmol/g resin), since it may facilitate the hindered coupling step by

increasing the accessibility of the a-amino group.146

As has been explained in the introduction of this Chapter, the syntheses of pentapeptides p19-p22 involves the
coupling of D-Phe onto N-substituted Val. This coupling is not only hampered by the N-substituent, but also by the B-
branched side-chain of Val (see Figure 30).

Figure 30. Solid-phase coupling of Fmoc-D-Phe-OH onto the N-substituted Val residue.
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N—OEG23 ‘R-= CH30(CH20H20)23CH2CH2-

3.3.2. Synthesis of the Fmoc-N-OEG valine derivatives

Our methodology for the synthesis N-OEG peptides relies on Fmoc-protected N-OEG building blocks. To prepare the
required Fmoc-N-OEG valine derivatives (12-14), we followed the 3-step protocol previously described in Section
1.4.4.1. Thus, tert-butyl valinate was subjected to reductive N®-alkylation with a suitable OEG-containing aldehyde,
followed by Fmoc-protection and tert-butyl removal (see Scheme 17). Remarkably, the increased length of the N-OEG
chain did not prevent the acylation of tert-butyl protected N-OEG Val with Fmoc-Cl, and still allowed for the
purification of 10 and 11 by flash chromatography. After acidic cleavage of the tert-butyl ester, the desired building
blocks (12-14) were isolated in 45-54% overall yields.

Scheme 17. Synthesis of the Fmoc-N-OEG valine derivatives (12-14).°

R-CHO (1.1 eq) Fmoc-Cl (1.2 eq) O R
\)OK NaBH,CN (1.34 eq) DIEA (2.0 eq) . ( o -
H,N /< > > O N /<
o0 MeOH/ACOH 99:1 DCM, N, O e \;_)KO
PN rt,2.5h rt, overnight (6] A
45-54%, 2 steps Fmoc-(N-OEG,)Val-O'Bu (9), R- = CH30(CH,CH,0),CHy-

Fmoc-(N-OEG4;)Val-O'Bu (10), R- = CH30(CH,CH,0)1CH,CH,-
Fmoc-(N-OEG,3)Val-0'Bu (11), R- = CH30(CH,CH,0),3CH,CHy-

TFA/DCM 1:1

rt, 30 min

100%
’ MOH °

Fmoc-(N-OEG,)Val-OH (12), R- = CH30(CH,CH,0),CHy-
Fmoc-(N-OEG44)Val-OH (13), R- = CH30(CH,CH,0);1CH,CHy-
Fmoc-(N-OEG3)Val-OH (14), R- = CHzO(CH,CH,0),3CH,CH,-

? CH30-(CH,CH,0),-CH,-CHO was obtained by Swern oxidation of triethylene glycol monomethyl ether, which is readily

available at low cost. CH30-(CH,CH,0);;-CH,CH,-CHO and CH30-(CH,CH,0),3-CH,CH,-CHO were purchased, but -as most
monodisperse PEG reagents- they are very expensive.
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3.3.3. Synthesis of cyclo[RGDfNMeV]

To obtain cyclo[RGDfNMeV] (23), we prepared its linear pentapeptide precursor (p19) on the CTC resin through Fmoc-
/'Bu- chemistry (see Scheme 18). The NMeVal residue was introduced in the middle of the peptide sequence using
commercially available Fmoc-NMeVal-OH. For couplings onto non-alkylated residues, we used DIPCDI/OxymaPure
activation. Acylation of NMeVal required HATU/HOAt as stronger coupling reagents. In a prior test, we found that
activation of Fmoc-D-Phe-OH with DIPCDI/OxymaPure resulted in an uncomplete acylation of NMeVal after two
treatments with a 3-fold excess of activated amino acid. In contrast, when 3.0 equivalents of Fmoc-D-Phe-OH were
activated with HATU/HOA, acylation was complete after two treatments. Peptide chain elongation and cleavage with

2% TFA in DCM afforded pentapeptide p19 with all side-chain protecting groups.

Scheme 18. SPPS of H—Asp(OtBu)—D—Phe—NMeVaI—Arg(be)—GIy—OH (p19).

i. Fmoc-Gly-OH (1.2 eq)
DIEA (12.0 eq)
DCM, 1h

ii. MeOH, 15 min
Fmoc-Arg(be)-GIy-O-O

piperidine/DMF 1:4 f =0.93 mmol/g
3x5 min, 1x10 min

\

c-Q

i. piperidine/DMF 1:4

iv. Fmoc-Arg(Pbf)-OH (3.0 eq) 3x5 min, 1x10 min
DIPCDI (3.0 eq)
OxymaPure (3.0 eq) ii. Fmoc-NMeVal-OH (3.0 eq)
DMF, 1 h DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

Fmoc-NMeVal-Arg(Pbf)-Gly-0Q)

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-D-Phe-OH (3.0 eq)
HATU (3.0 eq)
HOAt (3.0 eq)
DIEA (3.0 eq)
DMF, 2 h

\ x2 couplings

Fmoc-D-Phe-NMeVal-Arg(Pbf)-Gly-0{Q)

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

' iv. 2% TFA in DCM, 3x2 min

H-Asp(O'Bu)-D-Phe-NMeVal-Arg(Pbf)-Gly-OH (p19)
100% crude yield, purity = 67%

The crude linear pentapeptide (p19) was cyclized with EDC-HCI/DMAP (see Scheme 19). This method is particularly
suitable for the cyclization of peptides in solution, because the urea from EDC can be removed by simple aqueous
washings. To prevent cyclodimerization of p19, cyclization was carried out in very dilute conditions (1 mM) and
allowed to proceed overnight. After this time, the reaction was complete and the cyclopeptide 19 was obtained in
95% crude yield. Then, the Pbf- and ‘Bu- groups were cleaved with 95% TFA in the presence of H,0 and TIS, and the
unprotected peptide was precipitated in cold tert-butyl methyl ether. After purification by semipreparative RP-HPLC,
cyclo[RGDfNMeV] (23) was isolated in 100% purity (see Figure 31).
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Scheme 19. Cyclization of p19 and deprotection to obtain cyclo[RGDfNMeV] (23).
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Figure 31. A) HPLC analysis of crude cyclo[RGDfNMeV] (23) obtained after
deprotection, linear gradient from 30% to 100% ACN over 8 min. B) HPLC analysis of
purified cyclo[RGDfNMeV] (23), linear gradient from 10% to 50% ACN over 8 min.
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3.3.4. Synthesis of cyclo[RGDf(N-OEG,)V]

To obtain cyclo[RGDf(N-OEG,)V] (24), we prepared its linear pentapeptide precursor (p20) by stepwise assembly of
the corresponding Fmoc-amino acids on the CTC resin (see Scheme 20). Standard couplings were performed with
DIPCDI/OxymaPure. Coupling of Fmoc-N-OEG, valine (12) with this activation method took place efficiently and with
no detectable racemization. The small amount of unreacted peptide was capped with Ac,0 prior to the Fmoc-D-Phe-
OH coupling step. This coupling was found feasible using BTC as activating reagent. After two BTC-mediated couplings,
acylation of resin-bound N-OEG, Val was almost complete and no epimerization was observed. Traces of unreacted N-
OEG, peptide were detected by HPLC-MS, but since the N-terminal residue of this peptide is not acylated under
standard conditions, this species cannot lead to any deleition sequence which would compromise the purification of
the final product. Thus, we continued with the synthesis and, after cleavage with 2% TFA in DCM, pentapeptide p20
was obtained in 62% purity (see Figure 32).
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H-Asp(OtBu)-D-Phe-(N-OEGZ)VaI-Arg(be)-GIy-OH (p20).

Scheme 20. SPPS of

c—Q

l SPPS

Fmoc-Arg(Pbf)-Gly-04Q)
f=0.27 mmol/g

\

/

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-(N-OEG,)Val-OH (12, 4.0 eq)
DIPCDI (4.0 eq)
OxymaPure (4.0 eq)
DMF, 2 h

iii. Ac,0O (10.0 eq)
DIEA (10.0 eq)
DCM, 15 min

Fmoc-(N-OEG,)Val-Arg(Pbf)-Gly-0-Q)

\

/

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-D-Phe-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, overnight

x2 couplings

Fmoc-D-Phe-(N-OEG,)Val-Arg(Pbf)-Gly-0{Q)

\

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)

DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

iv. 2% TFA in DCM, 3x2 min

H-Asp(O'Bu)-D-Phe-(N-OEG,)Val-Arg(Pbf)-Gly-OH (p20)
100% crude yield, purity = 62%

Figure 32. A) HPLC analysis of a cleaved sample of peptidyl-resin after
the two BTC-mediated couplings of Fmoc-D-Phe-OH, linear gradient
from 40% to 100% ACN over 8 min. B) HPLC analysis of crude
pentapeptide p20, linear gradient from 20% to 70% ACN over 8 min.
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Crude pentapeptide p20 was cyclized with EDC-HCl in the presence of catalytic amounts of DMAP (see Scheme 21).

After 15 h, the reaction was complete and no cyclodimer was detected (as checked by HPLC-MS). After removing the

urea of EDC by aqueous washings, cyclopeptide 20 was obtained in high purity. Then, the side-chain protecting groups

were removed with TFA:TIS:H,0 95:5:5, and the unprotected peptide was precipitated in cold tert-butyl methyl ether.
After purification by semipreparative RP-HPLC, cyclo[RGDf(N-OEG,)V] (24) was isolated in >99% purity (see Figure 33).

Scheme 21. Cyclization of p20 and deprotection to obtain cyclo[RGDf(N-OEG,)V] (24).
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Figure 33. A) HPLC analysis of the crude cyclo[RGDf(N-OEG,)V] (24)
obtained after deprotection, linear gradient from 10% to 50% ACN
over 8 min. B) HPLC analysis of the purified cyclo[RGDf(N-OEG,)V] (24),
linear gradient from 10% to 50% ACN over 8 min.
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3.3.5. Synthesis of cyclo[RGDf(N-OEG,,)V]

SPPS of the N-OEG,; pentapeptide using the N-OEG,, Val derivative as building block

To obtain cyclo[RGDf(N-OEG;4)V] (25), we sought to synthesize its linear pentapeptide precursor (p21) using Fmoc-N-
OEG4; valine (13) as building block (see Scheme 22). The synthesis of p21 was carried out on the CTC resin using
DIPCDI/OxymaPure for standard couplings. Coupling of Fmoc-N-OEG,; valine (13) with DIPCDI/OxymaPure activation
took place efficiently and without racemization. The small amount of unreacted resin-bound peptide was capped with
Ac,0, and we proceeded to couple Fmoc-D-Phe-OH onto resin-bound N-OEG,; Val. In order to define a method under
which this coupling proceeds efficently, the peptidyl-resin was split into several portions and we tested several
reagents and conditions. In terms of coupling efficiency, the best results were obtained with BTC activation, with the
acid chloride of Fmoc-D-Phe-OH in the presence of DIEA and HOBt, and with DIPCDI/HOAt activation under MW
heating at 50 2C. These three methods gave very similar coupling yields, but the BTC and the acid chloride method
provided higher purities and were preferrable due to their low-cost and experimental simplicity. To avoid the prior
preparation of an Fmoc-amino acid chloride, the BTC protocol was selected as the method of choice for coupling
Fmoc-D-Phe-OH onto N-OEG;; Val. However, complete acylation of the secondary amine could not be achieved. After
two BTC-mediated couplings, a considerable amount of unreacted peptidyl-resin was detected in cleaved samples
and, after a third coupling using BTC activation, conversion did not improve (see Figure 34). Despite the unefficiency of
this coupling, we continued with the synthesis. Peptide elongation and clevage afforded pentapeptide p21 in its
stereochemically pure form (see Figure 34). However, the residue obtained after cleavage also contained a
considerable amount of unacylated H-(N-OEG;4)-Val-Arg(Pbf)-Gly-OH and, since several samples of peptidyl-resin were

taken for the coupling optimization experiments, a low amount of crude p21 was obtained.
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Scheme 22. SPPS of Figure 34. A) HPLC analysis of a cleaved sample of peptidyl-resin after
H-Asp(0'Bu)-D-Phe-(N-OEG,,)Val-Arg(Pbf)-Gly-OH (p21) the three BTC-mediated couplings of Fmoc-D-Phe-OH, linear gradient
using Fmoc-(N-OEG;;)Val-OH (13) as building block. from 40% to 100% ACN over 8 min. B) HPLC analysis of crude
pentapeptide p21, linear gradient from 20% to 70% ACN over 8 min.
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ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
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iv. 2% TFA in DCM, 3x2 min

H-Asp(O'Bu)-D-Phe-(N-OEG4)Val-Arg(Pbf)-Gly-OH (p21)
purity = 31%

SPPS of the N-OEG,; pentapeptide using a dipeptidic building block

The stepwise synthesis of pentapeptide p21 using Fmoc-N-OEGy; valine as building block is limited by the unefficiency
of the D-Phe-(N-OEG;)Val coupling step. To circumvent this issue, we sought to prepare a D-Phe-(N-OEG;,)Val
dipeptide (17) in solution and use it as solid-phase building block. In this way, the difficult formation of the D-Phe-(N-
OEG;4)Val amide bond in solid-phase is avoided. Achieving this coupling in solution was expected to be less difficult,
since the reactivity of secondary amines towards activated amino acids is lower when they are bound to a solid

147
support.

To prepare the required dipeptide (17), valine tert-butyl ester was subjected to reductive alkylation with a suitable
OEG-aldehyde (see Scheme 23), for which we employed the conditions established in Section 1.4.4.1. For the
subsequent coupling of Fmoc-D-Phe-OH onto the N-OEG,; Val derivative, we sought to use an acid chloride: acid
chlorides are highly reactive acylating species and have been successfully applied for hindered couplings between N-

Me residues in solution.®*® Thus, the acid chloride of Fmoc-D-Phe-OH was prepared in a prior step and then reacted
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with tert-butyl protected N-OEGi; Val in the presence of DIEA, which is required to trap the HCl released upon
acylation. This method enabled us to obtain dipeptide 15 with no detectable epimerization. Acidic cleavage of its tert-

butyl ester yielded the required Fmoc-protected dipeptide (17).

Scheme 23. Synthesis of the D-Phe-(N-OEG,,)Val dipeptide (17).
Fmoc-D-Phe-Cl was prepared by refluxing Fmoc-D-Phe-OH and SOCI, in DCM.

CH30(CH,CH,0)41CH,CH,CHO (1.1 eq)  Fmoc-D-Phe-Cl (1.5 eq) O
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Fmoc-D-Phe-(N-OEG)Val-O'Bu (15),

TFA/DCM 1:1 R. = Bu.

rt, 30 min

100%
Fmoc-D-Phe-(N-OEG44)Val-OH (17),

R- = H-

For the synthesis of pentapeptide p21 (see Scheme 24), dipeptide 17 was coupled onto the Arg(Pbf)-Gly-resin with
PyBOP/HOAL in the presence of DIEA. Since 17 is a very valuable building block, only 1.0 equivalent was used. The
efficiency of the coupling was acceptable, but considerable epimerization took place at the Val residue. The
occurrence of epimerization after dipeptide coupling was confirmed by the appearance of two HPLC peaks with the
mass of the desired product (see Figure 35). These two peaks were present in a 34:56 proportion, and the major one
was associated to the desired product by comparison with HPLC data from the synthesis of p21 using Fmoc-(N-
OEG4;)Val-OH, in which no epimerization was observed. Further peptide elongation and cleavage from resin yielded
the desired pentapeptide, which was obtained as a mixture of diastereomers (p21 and p21%*) differing at the

configuration of the Val residue (see Figure 35).
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Scheme 24. SPPS of

H-Asp(OtBu)-D-Phe-(N-OEGn)VaI-Arg(be)-GIy-OH (p21)
using Fmoc-D-Phe-(N-OEG;4)Val-OH (17) as building block.

c—Q

l SPPS

Fmoc-Arg(Pbf)-Gly-0<Q
f =0.20 mmol/g

i. piperidine/DMF 1:4
3x5 min, 1x10 min

PyBOP (1.0 eq)

HOAL (1.0 eq)

DIEA (2.0 eq)
MF, 3 h

ii. + PyBOP (1.0 eq)
+ DIEA (1.0 eq)
DMF, overnight

iv. Ac,O (10.0 eq)
DIEA (10.0 eq)
DCM, 15 min

Y

Fmoc-D-Phe-(N-OEG11)Val-Arg(Pbf)-Gly-0{)

Epimerized at (N-OEG,¢)Val.

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

v iv. 2% TFA in DCM, 3x2 min

H-Asp(0'Bu)-D-Phe-(N-OEG;)Val-Arg(Pbf)-Gly-OH (p21)

+ its Val-epimer (p21*)

ii. Fmoc-D-Phe-(N-OEG;¢)Val-OH (17, 1.0 eq)

Figure 35. A) HPLC analysis of a cleaved sample of peptidyl-resin after
the coupling of dipeptide 17, linear gradient from 40% to 100% ACN
over 8 min. B) HPLC analysis of crude pentapeptide p21, linear gradient
from 20% to 70% ACN over 8 min.
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The occurrence of epimerization during the coupling of dipeptide 17 was a predictable issue. Activated dipeptides are

very prone to C-terminal epimerization. This is because the dipeptidic residue undergoing activation is N-acylated,

which favours its base-catalyzed conversion to an oxazolone (see path B in Scheme 25), whereas in N-carbamate-

. . . . 110 . . . . . .
protected amino acids this process is less favoured.” The resulting oxazolone undergoes fast epimerization in basic

media, specially when N-aIkyIated.109 Along these lines, the presence of N-alkyl groups in dipeptides also facilitates

their epimerization via direct enolization (see path A in Scheme 25). This is due to: i. hyperconjugative stabilization of

the a-deprotonated carbanion, and ii. cis configuration favoured at the N-alkylated amide bond (a-proton abstraction

in a cis amido conformer requires less energy than in a trans).109 Taking into consideration that dipeptide 17 has an N-

alkyl group, the degree of epimerization observed is not surprising.
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Scheme 25. Mechanisms for the epimerization of dipeptides upon COOH-activation.
A) Via direct enolization. B) Via oxazolone formation.
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Cyclization and deprotection

The small amount of stereochemically pure N-OEG;, pentapeptide (p21) that was obtained using Fmoc-N-OEG; valine
as building block, was cyclized with EDC-HCI/DMAP (see Scheme 26). After side-chain deprotection with TFA:TIS:H,0

95:5:5 and precipitation with cold tert-butyl methyl ether, semipreparative RP-HPLC rendered traces of the desired
product, cyclo[RGDf(N-OEG,4)V] (25).

Scheme 26. Cyclization of p21 and deprotection to obtain cyclo[RGDf(N-OEG4,)V] (25).
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For the crude N-OEG;; pentapeptide epimerized at Val (p21 and its Val-epimer, p21*), EDC-mediated cyclization
proceeded smoothly. After side-chain deprotection and precipitation with cold tert-butyl methyl ether, HPLC analysis
of the resulting residue showed two different peaks with the mass of the desired product, 25 and 25* (see Figure 36).
The desired N-OEG;; cyclopeptide (25) and its non-desired Val-epimer (25%) were separated by semipreparative RP-
HPLC. The isolated product having a lower retention time (25) was found to co-elute with stereochemically pure

cyclo[RGDf(N-OEG;4)V] (25), confirming that this species was the product with the desired stereochemistry.

Figure 36. A) HPLC analysis of the crude stereoisomeric mixture of N-OEG;; cyclopeptides (25 and 25%)
obtained after cyclization deprotection, linear gradient from 10% to 50% ACN over 8 min. B) HPLC analysis of
the isolated N-OEG;, cyclopeptide having the desired stereochemistry, cyclo[RGDf(N-OEG,,)V] (25), linear
gradient from 10% to 50% ACN over 8 min. C) HPLC analysis of the isolated N-OEG;; cyclopeptide epimerized
at Val (25*), linear gradient from 10% to 50% ACN over 8 min.
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However, it shoud be noted that separation of the desired N-OEG,; cyclopeptide (25) from its Val-epimer (25*) was
difficult to accomplish. First, due to the small amount of crude residue to be purified, the conditions used for the RP-
HPLC purification of 23 and 24 (i.e. the use of a Sunfire™ C18 semipreparative column at a flow rate of 15.0 mL/min)
were not applicable in this case. For the purification of the crude mixture containing 25 and 25*, working at an
analytical scale was mandatory. Furthermore, finding a suitable gradient to separate 25 and 25* was not
straightforward. After performing several tests with different columns, the best conditions were found to be the use
of an Xbridge™ C18 column and a linear gradient from 25% to 33% ACN over 11 min at a 3.0 mL/min flow rate. With
these conditions, 25 and 25* were almost baseline-separated. Since complete baseline-separation could not be
achieved, fractions had to be collected manually, and only those fractions containing pure 25 or 25* were pooled
together. In this way, we were able to isolate the desired N-OEG;; cyclopeptide (25) and its Val-epimer (25%*) in >99%
purity, but the whole purification process was time-consuming and, due to the fact that fractions containing mixtures

of 25 and 25* were discarded, a low amount of 25 was obtained.
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3.3.6. Synthesis of cyclo[RGDf(N-OEG,;)V]

SPPS of the N-OEG,; pentapeptide using the N-OEG,; Val derivative as building block

We attempted to synthesize of the N-OEG,; pentapeptide (p22) using Fmoc-N-OEG,; valine as building block. Although
the stepwise synthesis of the N-OEG,; pentapeptide (p21) was limited by the uncomplete acylation of the N-OEGy;
residue, the synthesis of p21 by using a dipeptidic building block took place with epimerization, which was an issue.
Taking into account an expectably low conversion for the coupling Fmoc-D-Phe-OH onto resin-bound N-OEG,; Val, the
feasibility of this coupling would perhaps allow us to obtain sufficient amount of p22 in its stereopure form, and to

avoid extensive RP-HPLC purification of the final cyclic product.

In preliminary experiments, we observed that the coupling of Fmoc-N-OEG,; valine (14) onto the Arg(Pbf)-Gly-loaded
resin was hampered by its N-OEG,; chain. Activation of 14 with DIPCDI/OxymaPure resulted in an uncomplete
acylation after performing two couplings (1 h) with a 3-fold excess of reagents. Using PyBOP/HOAt for the coupling of

14 (4.0 equivalents, 15 h) led to a higher conversion, but the reaction was still not complete.

In the synthesis of pentapeptide p22, we used PyBOP/HOAt for coupling Fmoc-N-OEG,; valine (14) onto the Arg(Pbf)-
Gly-resin, and then we capped the unreacted resin-bound peptide with Ac,0 (see Scheme 27). To investigate the
coupling of Fmoc-D-Phe-OH onto N-OEG,; Val, we splitted the peptidyl-resin into several portions and we tested
several coupling methods, such as the BTC procedure or the DIPCDI/HOAt-mediated coupling under MW irradiation.
However, none of the methods tested enabled us to form the desired amide bond. With steric hindrance of this

magnitude, the practical limit of carbamate-protected amino acid coupling in solid-phase appears to have been

reached.
Scheme 27. SPPS of H-Asp(0'Bu)-D-Phe-(N-OEG,;)Val-Arg(Pbf)-Gly-OH (p22)
using Fmoc-(N-OEG,;)Val-OH (14) as building block.
SPPS
c—Q —> Fmoc-Arg(PbfH)-Gly-0Q
f =0.20 mmol/g
i. piperidine/DMF 1:4
3x5 min, 1x10 min
ii. Fmoc-(N-OEG,3)Val-OH (14, 2.0 eq)
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HOAt (2.0 eq)
DIEA (4.0 eq)
DMF, overnight
iii. Ac,O (10.0 eq)
DIEA (10.0 eq)
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coupling ’><-> H-Asp(O'Bu)-D-Phe-(N-OEG,3)Val-Arg(Pbf)-
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A possible approach for the difficult formation of the D-Phe-(N-OEG,3)Val amide bond in solid-phase would be to use
an a-amino acid protecting group for which oxazolone formation is precluded, thereby allowing activation of D-Phe as

a highly reactive acid chloride.®'®

For instance, o-nitrobenzylsulfonyl (oNBS)-protected amino acid chlorides have
been used for difficult solid-phase couplings in cases where the analogous Fmoc-amino acid chlorides failed to couple
well.'® Similarly, a-azido acid chlorides do not suffer from oxazolone formation and have been successfully used for

1971% However, since after three BTC-mediated couplings no product had been

hindered couplings in solid-phase.
formed, it seemed highly unlikely that coupling via a sulfonamide- or azido-protected D-Phe acid chloride would led to
an acceptable conversion. Therefore, these methods were not tested, and we discontinued the synthesis of p22 by

this stepwise approach.

SPPS of the N-OEG,; pentapeptide using a dipeptidic building block

Since no coupling could be achieved between Fmoc-D-Phe-OH and resin-bound N-OEGy; Val, the synthesis of p22
required the use of an Fmoc-protected D-Phe-(N-OEG,;3)Val building block. To prepare this dipeptide (18), we used the
same 3-step procedure with which we had obtained the D-Phe-(N-OEGy;)Val dipeptide of Section 3.3.5., but we
employed a distinct OEG-aldehyde in the reductive alkylation step (see Scheme 28). The solution-phase coupling
between the acid chloride of Fmoc-D-Phe-OH and tert-butyl protected N-OEG,; Val took place, though in low
conversion. The vyield of this coupling reaction may be improved by using a larger excess of acylating species.
Alternatively, this yield could be improved by several modifications of the acid chloride method that are reported to
prevent oxazolone formation. Such variations include performing the reaction in a two-phase system of DCM-aqueous
carbonate (Schotten-Baumann conditions) or using the potassium salt of HOBt instead of DIEA.® Nevertheless, since
we had obtained enough amount of dipeptide, conditions for the difficult coupling step were not optimized, and the
Fmoc-protected D-Phe-(N-OEG,;)Val dipeptide (18) was obtained in 26% overall yield.

Scheme 28. Synthesis of the D-Phe-(N-OEG,;)Val dipeptide (18).
Fmoc-D-Phe-Cl was prepared by refluxing Fmoc-D-Phe-OH and SOCI, in DCM.

CH30(CH,CH,0)p3CH,CH,CHO (1.1 eq) - Fmoc-D-Phe-Cl (1.5 eq) O
o - NaBH,CN (1.34 eq) DIEA (2.5 eq) . w O
N A - - o_N 0
T 0 MeOH/ACOH 99:1 DCM, N, I N X \<
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Fmoc-D-Phe-(N-OEG,3)Val-O'Bu (16),

TFA/DCM 1:1 R. = 'Bu.

rt, 30 min

100%
Fmoc-D-Phe-(N-OEG,;)Val-OH (18),

R- = H-

To synthesize pentapeptide p22, dipeptide 18 was coupled onto the Arg(Pbf)-Gly-resin with PyBOP/HOAt in the
presence of DIEA (see Scheme 29). Since 18 is a very valuable building block, we only used 1.0 equivalent. The

coupling proceeded with acceptable efficiency, but considerable epimerization took place at the Val residue. The
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occurrence of epimerization after dipeptide coupling was confirmed by the appearance of two peaks with the mass of
the desired product in the HPLC spectra of a cleaved peptidyl-resin sample (see Figure 37). Further assembly of the
peptide and cleavage from resin yielded the desired pentapeptide, which was obtained as a mixture of diastereomers
(p22 and p22*) differing at the configuration of the Val residue (see Figure 37).

Scheme 29. SPPS of Figure 37. A) HPLC analysis of a cleaved sample of peptidyl-resin
H-Asp(0'Bu)-D-Phe-(N-OEG,3)Val-Arg(Pbf)-Gly-OH (p22) after the coupling of dipeptide 18, linear gradient from 40% to 100%
using Fmoc-D-Phe-(N-OEG,;)Val-OH (18) as building block. | ACN over 8 min. B) HPLC analysis of crude pentapeptide p22, linear
gradient from 20% to 70% ACN over 8 min.
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Cyclization and deprotection

The crude mixture of stereoisomeric N-OEG,; pentapeptides (p22 and p22*) was cyclized with EDC-HCI and catalytic
amounts of DMAP (see Scheme 30). Then, the side-chain protecting groups were removed with 95% TFA and the
deprotected peptide was washed with cold tert-butyl methyl ether. HPLC analysis of the resulting residue showed two
different peaks with the mass of the desired product, 26 and 26* (see Figure 38).

The desired isomer of cyclo[RGDf(N-OEG,3)V] (26) was separated from its Val-epimer (26*) by semipreparative RP-
HPLC. Complete base-line separation of 26 and 26* could not be achieved but, at least, the use of an Xbridge™ C18
column and an appropriate gradient enabled us to isolate the two N-OEG,; cyclopeptides (26 and 26*) (see Figure 38).
HPLC analysis of pure 26 and 26* gave a single peak with the same mass and different retention time, and co-injection
of the two diastereomers into the HPLC apparatus gave two separate peaks. However, the whole purification process

was very tedious and, in the end, a very low amount of the desired peptide (26) was obtained.
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Scheme 30. Cyclization of p22 and deprotection to obtain cyclo[RGDf(N-OEG,3)V] (26).
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Figure 38. A) HPLC analysis of the crude stereoisomeric mixture of N-OEG,; cyclopeptides (26 and 26*) obtained
after cyclization deprotection, linear gradient from 10% to 50% ACN over 8 min. B) HPLC analysis of the isolated N-
OEG,; cyclopeptide having the desired stereochemistry, cyclo[RGDf(N-OEG,;)V] (26), linear gradient from 10% to
50% ACN over 8 min. C) HPLC analysis of the isolated N-OEG,; cyclopeptide epimerized at Val (26*), linear gradient
from 10% to 50% ACN over 8 min.
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Stereochemical validation of the N-OEG,; cyclopeptide

Since we did not have any sample of stereochemically pure cyclo[RGDf(N-OEG,;)V], the stereochemistry of the two
isolated N-OEG,; cyclopeptides (26 and 26*) could not be assessed by RP-HPLC co-elution experiments. Despite this,
we assumed that the isolated cyclopeptide having a lower retention time (26) was the desired stereisomer, as we had
confirmed for cyclo[RGDf(N-OEG;4)V] (25). This assumption is reasonable, since the the crude residues corresponding
to the different N-OEG,; and N-OEG,; intermediates had very similar HPLC spectra.
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Besides, comparison of 'H-NMR data of the two isolated N-OEGy; cyclopeptides (26 and 26*) versus the two isolated
N-OEG,; cyclopeptides (25 and 25%*) gave further evidence to our consideration of 26 as the desired product (see
Figure 39). For both N-OEG;; and N-OEG,; cyclopeptides, "H-NMR analysis of the isolated compounds with lower
retention times (25 and 26) showed two major signals for the two Me- groups of the Val side-chain (i.e. two doublets
in the 1.3-0.2 ppm region). In contrast, 'H-NMR analysis of the isolated compounds with higher retention times (25*
and 26*) showed several sets of signals in the 1.3-02 ppm region, suggesting the existence of more than one
conformer in the NMR time scale of chemical shift separation. The splitting of signals associated to the Me- groups of
Val had not been observed for cyclo[RGDfNMeV] (24) and cyclo[RGDf(N-OEG,)V] (24), which were obtained in its
stereochemically pure form. Thus, it is reasonable to assume that among the two isolated N-OEG,; cyclopeptides (26
and 26*) that may correspond to the desired product, the one showing only 2 main peaks in the 1.3-0.2 ppm region of
its "H-NMR spectra is the product with the desired stereochemistry, cyclo[RGDf(N-OEG,;)V] (26).

Figure 39. A) 'H-NMR spectra (in CD30D) of 25 and 26 in the 4.5-0.0 ppm region.
B) "H-NMR spectra (in CD;0D) of 25* and 26* in the 4.5-0.0 ppm region.’
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® Note: The 'H-NMR spectrum of 26 showed in panel A corresponds to a sample of 26 of
90% purity (HPLC spectrum of such sample shown in Figure 38B).

3.3.7. Evaluation of the serum stability of the N-OEG cyclopeptide analogs

After having synthesized cyclo[RGDfNMeV] (23) and its N-OEG analogs (24-26), we evaluated their stability in human
serum. This assay provides a general measure of the stability of compounds towards proteolytic enzimes. All our
compounds showed no degradation when incubated at 37 2C over a period of 48 hours (see Figure 40). Such a high
degree of stability was expectable, as cyclic peptides show increased resistance to proteolytic cleavage, and the

presence of D- and N-alkyl residues confers them further stability.*
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Figure 40. Stability of cyclo[RGDfNMeV] (23) and the N-OEG cyclopeptides (24-26) in human serum. Time-course evolution
of the integration areas of the HPLC peaks corresponding to 23-26 upon injection of an aliquot of serum-incubated sample.
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3.3.8. Evaluation of the biological activity of the N-OEG cyclopeptide analogs

The biological activity of cyclo[RGDfNMeV] (23) and the N-OEG analogs (24-26) was evaluated in cell adhesion
inhibition assays (see Table 16). These assays were performed by Dr. Jaume Adan, from Leitat technological center.
Compounds were tested for their capacity to inhibit the integrin-mediated adhesion of various cell lines onto two

% The cell lines used in this study were: HUVEC

immobilized ligands: vitronectin (VN) and fibrinogen (FN).
(endothelial), DAQY (glioblastoma), and HT-29 (colon cancer). The first two overexpress the a,B; and a,s receptors of
the a,-integrin family, whereas HT-29 cells only overexpresses the a,fs subtype. In the experiments using VN as
ligand, both HUVEC and DAOQY cells use integrins a5 and a,Bs for adhering, whereas the adhesion of HT-29 cells is
only o,Bs-dependent. In the experiments with FB, the adhesion of HUVEC and DAOY cells to this ligand is only
mediated by integrin a,B;. In this assay, compounds that bind to a,B; and/or a,Bs receptors, which are present at the
cell surface, inhibit the adhesion of cells onto their endogenous integrin ligands (i.e. VN and FB). Therefore, the
inhibitory activities of our RGD-cyclopeptides (23-26) provide an indirect measurement of their antagonistic activities

towards the distinct integrin suptypes.

Table 16. Adhesion inhibition assays of cyclo[RGDfNMeV] (23) and the N-OEG cyclopeptides (24-26).
ECs, values are given in uM. Standard deviations are between parentheses.’

Vitronectin (VN) Fibrinogen (FB)
a,B; + a,Bs a,B;
Compound
HUVEC on DAOY on HT-290on VN | HUVEC on DAOY on
VN VN (o, Bs only) FB FB

cyclo[RGDfNMeV] (23) 0.37 (0.05) 2.69 (0.09) 3.11 0.076 (0.06) | 0.44 (0.05)
cyclo[RGDf(N-OEG,)V] (24) 0.42 (0.03) 3.62 (0.02) 217 0.036 (0.10) 0.14 (0.06)
cyclo[RGDf(N-OEG,,)V] (25) 12.42 (0.07) | 171.5(0.39) n.d. 1.38 (0.06) | 4.55(0.04)
cyclo[RGDf(N-OEG,3)V] (26) 22.30(0.23) 143.1 (0.57) n.d. 0.28 (0.09) 2.31(0.05)

® The parent peptide, cyclo[RGDfNMeV] (23), was used as reference control in all the assays performed and, its activity
correlated well with existing data.”" Cell adhesion inhibition curves are shown in Annex 4.

For all the cell/ligand systems, all the compounds inhibited cell adhesion in a concentration-dependent manner,

resulting in the expected sigmoid curves. The inhibitory activities of the N-OEG, cyclopeptide (24) were very similar to
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those of cyclo[RGDfNMeV] (23), which indicates that replacement of its N-Me group by a short N-OEG, chain does not
affect binding affinity. In contrast, the N-OEG;; and N-OEG,; analogs (25 and 26) inhibited cell adhesion with less
potency, which is probably due their longer OEG chains interfering with the RGD-receptor interaction. Indeed, the
reduced biological activity of peptides upon attachment of a bulky OEG chain is an issue of major concern, especially

in the case of small peptides.152

3.3.9. Evaluation of the lipophilicity of the N-OEG cyclopeptide analogs

The attachment of OEG chain onto a molecule should have an impact on its lipophilicity. Predicting this effect is of
interest, as lipophilicity plays a crucial role in determining the ADMET (absorption, distribution, metabolism, excretion,

and toxicity) properties and the overall suitability of drug candidates.™*

To the far of our knowledge, there is no study on how modification of a molecule with OEG chains of varying length
affects its lipophilicity. We sought to investigate how replacement of a backbone N-Me group of a peptide by N-OEG
chains of increasing size affects this molecular property. For that, we evaluated the relative hydrophobicity of
cyclo[RGDfNMeV] (23) and the N-OEG cyclopeptides (24-26) from their RP-HPLC retention times. As mentioned in
Section 2.3.3., comparison of RP-HPLC retention parameters is as a valid method to rank the hydrophobicities of a
series of modified analogs.133 Upon co-injection onto a C18 column, all the N-OEG cyclopeptides (24-26) showed
higher retention times than the parent peptide (23), and their retention was systematically increased with the length
OEG chain (see Figure 41). In contrast, for Fmoc-NMeVal-OH and its N-OEG derivatives (12-14), the opposite trend was
observed: N-Me-for-N-OEG substitution decreased hydrophobicity, and N-OEG chains of increasing size provided an

less hydrophobic character (see Figure 42).*

Figure 41. HPLC chromatogram obtained after co-injection of cyclo[RGDfNMeV] (23) and the N-OEG
cyclopeptides (24-26), linear gradient from 10% to 50% ACN over 8 min, C18 column.
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" Note: The RP-HPLC retention of a compound depends on its hydrophobicity and, to a lesser extent, molecular size. An increase in
any of these two parameters should increase retention. In our case, it is very unlikely that size effects play an important role in
determining the RP-HPLC retention of the N-OEG cyclopeptides (24-26), as the correlation between their retention times and OEG
chain length was the opposite to that observed for the Fmoc-N-OEG Val derivatives (12-14). Thus, it is reasonable to assume that
the distinct retention times of our compounds are due to their different hydrophobicity.
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Figure 42. HPLC chromatogram obtained after co-injection of Fmoc-NMeVal-OH and the Fmoc-N-OEG Val
derivatives (12-14), isocratic flow of 50% ACN over 15 min, C18 column.
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Our findings upon N-Me-for-N-OEG substitution in cyclo[RGDfNMeVal] (23), which has two ionizable side-chain
functionalities, are consistent with our findings for the N-Me vs. N-OEG, analogs of the totally aliphatic Sansalvamide
A peptide (see Section 2.3.3.): for both model peptides, replacement of a backbone N-Me group by an amphiphilic N-
OEG chain provides a higher hydrophobicity.

Wishing to understand why N-Me-for-N-OEG substitution in peptides leads to more hydrophobic analogs, whereas in
an Fmoc-amino acid results in the opposite effect, we classified the structural elements of the compounds of study in
two different classes: those elements that can interact with the non-polar stationary phase (e.g. C18 column), and
those that can interact with the polar mobile phase (e.g. H,O/ACN containing 0.036-0.045% TFA). Such classification is
shown in Table 17.

Table 17. Structural elements of the N-Me vs. N-OEG derivatives of A) Fmoc-Val-OH, B) Cilengitide, C) Sansalvamide A peptide.
Classification based on their interactions with the stationary and mobile phases of RP-HPLC.

Stru.ctural elements Structural elements that interact with the polar mobile phase
] that interact w_|th the . : :
non-polar stationary lonizable Potential hydrogen Potential hydrogen
phase groups bond donors bond acceptors
= aliphatic side-chain ' [chgcr)t:ﬁonF\:.Lgca_]toms
Fmoc-NMeVal-OH = Fm- = COOH - !
. N-Me = Urethane O atom
A) [Fmoc-]
Fmoc-Val-OH = 2 carbonyl O atoms
derivatives Fmoc-(N-OEG;)Val-OH (12) | = aliphatic side-chain [COOH, Fmoc-]
Fmoc-(N-OEGy;)Val-OH (13) | = Fm- COOH - Urethanel O atom
Fmoc-(N-OEGy;)Val-OH (14) | = CH, from N-OEG [Fmoc-]
O from N-OEG
* aliphatic side-chains COOH [Asp] = 4 amide protons 5 carbonyl O atoms
cyclo[RGDfNMeV] (23) [Val, D-Phe] )
B) « N-Me guanidyl [Arg] [4xCONH] [4xCONH + CONR]
Cilengitide - — -
Lo cyclo[RGDf(N-OEG,)V] (24) |= aliphatic side-chains . 5 carbonyl O atoms
derivatives | |0 [RGDf(N-OEG1)V] (25) | [Val, D-Phe] COOH [Asp] | = 4 amide protons | 1) coNp -+ CONR]
cyclo[RGDf(N-OEGy3)V] (26) | = CH. from N-OEG guanidyl [Arg] [4xCONH] 0 from N-OEG
o Sanl-ll\\//;?naizzlzg;eftide = Side-chains ) = 4 amide protons 5 carbonyl O atoms
Sansalvamide (1b-5b) = N-Me [4xCONH] [4xCONH + CONR]
A p.ept.ide N-OEGZ.anangs of « Side-chains « 4 amide protons 5 carbonyl O atoms
derivatives Sansalvamide A peptide * CH,from N-OEG - [4XCONH] [4xCONH + CONR]
(1a-5a) 2 *= O from N-OEG
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For any N-methylated compound, N-Me-for-N-OEG substitution introduces ether oxygen atoms, which are weak
hydrogen bond acceptors. These oxygen atoms that can form hydrogen bonds with the aqueous mobile phase, and/or

with suitable hydrogen bond donors present in the molecule.

=  For the N-Me vs. N-OEG Val derivatives (Fmoc-NMeVal-OH vs. 12-14), the lowered retention time of 12-14 may be

attributed to the interaction between their N-OEG chains and the aqueous mobile phase through hydrogen-
bonding. The fact that increasing the length of the OEG chain decreases the retention of 12-14 is consistent with
this hypothesis: those derivatives that can form more hydrogen bonds with the mobile phase are the first ones to

be eluted.

=  For the N-Me vs. N-OEG derivatives of our two model peptides (Cilengitide: 23 vs. 24-26, and Sansalvamide A

peptide: 1b-5b vs. 1a-1b), there is a different scenario. In contrast to the N-substituted Val derivatives, these N-
substituted peptides contain backbone amide protons, which are strong hydrogen bond donors. Considering the
increased retention time of our N-OEG peptides with respect to their N-Me homologues, it seems reasonable to
assume that N-Me-for-N-OEG substitution leads to an interaction between the oxygen atoms from the OEG chain
(hydrogen bond acceptors) and the backbone amide protons (hydrogen bond donors). This intramolecular
interaction decreases the potential for hydrogen-bonding with the RP-HPLC mobile phase, thereby resulting in a
higher retention time, which -in turn- is indicative of an enhanced hydrophobicity. The fact that increasing the
length of the OEG chain enhances the retention of 24-26 is consistent with this hypothesis: those derivatives with
a larger N-OEG chain can potentially provide a better shielding of the backbone amide protons, and thus lower

their interaction with the aqueous mobile phase.

As previously mentioned in Section 2.3.3., lipophilicity is one of the most influencing properties in determining the
permeability of a molecule across biological barriers, such as the intestinal epithelium layer, the blood-brain-barrier,
or the skin. In particular, lipophilicity favours passive diffusion through the phospholipidic cell membrane; hence, it
favours transport across biological barriers via passive transcellullar diffusion,138 which is the most common transport

mechanism for the majority of drugs.

Unfortunately, many peptide drug candidates are highly hydrophilic, and this limits their passive membrane
permeation. Unless such hydrophilic peptides can cross biological barriers through other mechanisms (e.g. passive
paracellullar diffusion through the tight junctions, carrier-mediated transport), they generally show poor transport
rates, and they are not suitable for oral delivery due to poor gastrointestinal absorption.154 This is the case of
Cilengitide, cyclo[RGDfNMeV] (23), which recently failed to meet primary endpoint in clinical phase Il trials for the
treatment of glioblastoma and is currently in clinical phase Il for the treatment of other cancers.™ Although
Cilengitide displays remarkable metabolic stability and is highly soluble in water, it suffers from low intestinal

permeability. Thus, 50% of the drug is excreted in 3-5 hours when administered oraIIy.155

Providing membrane permeability to peptides is a major academic and industrial challenge. A possible approach to do
so is to increase the lipophilicity of the peptide itself.”™* In several reported examples, the covalent modification of
peptides by attaching lipophilic moieties proved to be effective to improve their intestinal permeability156 and oral
bioavailability.157 A relevant example is hexyl-insulin monoconjugate-2 (HIM2), an insulin-oligomer conjugate formed

7% This

covalently modified insulin product was developed by NOBEX Corporation as an orally active drug for diabetes

by attachment of a low-MW amphiphilic OEG chain to the Lys moiety at position b-29 (see Figure 43).

treatment. Clinical assays showed that oral administration of a liquid formulation of HIM2 can therapeutically affect

glucose levels of type | and type Il diabetics, whereas formulations of insulin are not orally active.
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Figure 43. Structure of insulin and hexyl-insulin monoconjugate-2 (HIM2). Insulin is shown in
black, whereas HIM2 is shown in grey.
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3.4. Summary and conclusions

In this Chapter, we have investigated upon which length of an OEG chain the acylation of an N-OEG residue is feasible.
To investigate this, we synthesized three analogs of cyclo[RGDfNMeV] (Cilengitide) in which the N-Me group of Val
was replaced by N-OEG chains of increasing size; namely, N-OEG,, N-OEG;; and N-OEG,;, which are respectively

composed of 2, 11 and 23 repeating ethylene oxide monomer units.

To obtain these N-OEG cyclopeptides, we synthesized their linear pentapeptide precursors on the CTC resin and we

cyclized them in solution, followed by side-chain deprotection.

We initially investigated the synthesis of the target N-OEG peptides using an Fmoc-N-OEG amino acid as solid-phase
building block. For that, we prepared the required Fmoc-protected N-OEG,, N-OEG;; and N-OEG,; Val derivatives in

solution by reductive N*-alkylation of tert-butyl valinate with a suitable OEG-aldehyde, followed by Fmoc- protection
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and tert-butyl ester cleavage. Remarkably, the increased length of the N-OEG chain did not prevent the acylation of N-
alkylated Val with Fmoc-Cl, and still allowed to purify the N-OEG building blocks by flash chromatography.

We found that the Fmoc-protected N-OEG, and N-OEG,; Val derivatives can be efficiently coupled to a peptidyl-resin
using DIPCDI/OxymaPure as activating reagents. In contrast, the coupling of Fmoc-N-OEG,; Val required the use of

PyBOP/HOAL as a stronger activation method, and still did not proceed to completion.

The use of Fmoc-N-OEG, Val as solid-phase building block enabled us to obtain cyclo[RGDf(N-OEG,)V]. Coupling of
Fmoc-D-Phe-OH onto resin-bound N-OEG, Val was achieved using BTC as activating reagent. After two BTC-mediated
couplings, acylation of N-OEG, Val was almost complete. Further peptide elongation and cleavage afforded the linear
N-OEG, pentapeptide. After cyclization and side-chain deprotection, the desired N-OEG, cyclopeptide was isolated by
semipreparative RP-HPLC.

In contrast, the efficient preparation of cyclo[RGDf(N-OEG;,)V] and cyclo[RGDf(N-OEG,3)V] using the corresponding
Fmoc-N-OEG Val derivatives was not possible, because the acylation of the N-OEG Val residue is severely hampered. In
the case of resin-bound N-OEG;; Val, a method under which Fmoc-D-Phe-OH couples efficiently could not be found.
The best results in terms of yield were obtained with BTC activation, but performing three coupling cycles provided a
poor conversion. Despite the unefficiency of this coupling step, we continued with the synthesis and we isolated the
N-OEG;; cyclopeptide, though in low amount. In the case of resin-bound N-OEG,; Val, the D-Phe-(N-OEG,3)Val amide
bond could not be formed. With steric hindrance of this magnitude, the practical limit of carbamate-protected amino

acid coupling in solid-phase appears to have been reached.

To avoid the difficult formation of the D-Phe-(N-OEG;;)Val or D-Phe-(N-OEG,;)Val amide bonds in solid-phase, the
synthesis of the N-OEGy; and N-OEG,; peptides required the use of a dipeptidic building block. The required Fmoc-
protected D-Phe-(N-OEG)Val dipeptides could be prepared, as the difficult coupling step was found feasible in solution
by using an acid chloride as acylating species. However, when these dipeptides were coupled to the Arg(Pbf)-Gly-resin
using PyBOP/HOAt, considerable epimerization took place at their dipeptidic C-terminus. Thus, further peptide
elongation and cleavage yielded the N-OEG;; and N-OEG,; pentapeptides epimerized at the Val residue. After
cyclization and deprotection, the desired N-OEG,; and N-OEG,; cyclopeptides were separated from their non-desired
Val-epimers by semipreparative RP-HPLC. In the case of cyclo[RGDf(N-OEG;;)V], the stereochemistry of the two
isolated products was assessed by RP-HPLC co-elution experiments with a sample of stereochemically pure peptide. In
the case of cyclo[RGDf(N-OEG,;)V], the product having the desired stereochemistry was identified by comparison of
RP-HPLC and "H-NMR data of the N-OEGy; versus the N-OEG; derivatives. However, the whole purification process

was tedious, and only rendered traces of the desired products.

We compared the three N-OEG cyclopeptides and cyclo[RGDfNMeV] (Cilengitide) with respect to lipophilicity and
biological activity. The RP-HPLC retention times of the N-OEG analogs were found to be higher than that of the parent
N-Me cyclopeptide, and increased with the OEG chain length. To explain this observation, we reasoned that N-Me-for-
N-OEG substitution leads to an interaction between the oxygen atoms of the OEG chain (hydrogen bond acceptors)
and the backbone amide protons (hydrogen bond donors). This intramolecular interaction decreases the potential for
hydrogen-bonding with the aqueous RP-HPLC mobile phase, thereby resulting in a higher retention time, which -in
turn- indicates a greater hydrophobicity. Remarkably, the N-OEG, cyclopeptide displayed the same capacity as
Cilengitide to inhibit integrin-mediated cell adhesion. In contrast, the inhibitory activities of the N-OEG;; and N-OEG,;
cyclopeptides were one order of magnitude lower. Taken together, these results show that, in the case of the cyclic
pentapeptide Cilengitide, substitution of a backbone N-Me group by a short N-OEG chain provides a more lipophilic

analog with analogous biological activity.
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With these observations, we conclude that replacement of a suitable backbone N-Me group by a short N-OEG chain is
a feasible strategy to confer lipophilicity whilst preserving biological activity, whereas for larger N-substituents

synthetic yields drop and receptor binding may be hampered.
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The backbone N-(4-azidobutyl) linker for the preparation of
peptide conjugates. Synthesis of an N-(4-azidobutylated)
analog of Cilengitide and conjugation with PEG.

Abstract: We have developed a robust protocol for the introduction of the N-(4-azidobutyl) group into peptides using
standard SPPS techniques. The introduction of this linker into a peptide allows conjugation of a desired molecule
either via click chemistry or -after azide reduction- via acylation or reductive alkylation. To demonstrate the
appliccability of our strategy, we synthesized an analog of cyclo[RGDfNMeV] (Cilengitide) in which the N-Me group of
Val was replaced by an N-(4-azidobutyl) group, which provided a minimal perturbation of its conformation. By
preparing various PEG conjugates from this N-(4-azidobutylated) cyclopeptide, we show that this linker allows

conjugation onto peptides under full conservation of their amino acid side-chains.
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4.1. Introduction

The site-specific covalent attachment of “unnatural” moieties, such as fluorophores, radiolabels, affinity labels or
polymers, to peptides has proved to be useful for a wide variety of applications.158 The conjugation of peptides with a
desired molecule is typically performed at the N-terminus or at naturally occurring side-chain functional groups.159
Cyclic peptides or even some linear peptides without derivatizable groups require the introduction of additional
residues to support side-chain-selective conjugation (i.e. Lys, Cys, unnatural amino acid with a bioorthogonal
functionality). Bioorthogonal conjugation methods that target unnatural amino acids are becoming valuable
alternatives to the more commonly used Lys- and Cys-based strategies, as they do not involve cumbersome protection

and deprotection protocols.160

However, in many cyclic peptides that lack conjugation sites, additional residues cannot be introduced, and finding a
suitable position for amino acid replacement is not straightforward. In particular: i. certain amino acid constituents are
essential for biological activity, ii. conformational changes upon amino acid substitution may cause a loss in biological
activity.

We envisaged that modification of the backbone amide groups with a functionalized N-substituent may be a valuable
addition to the chemist’s toolbox to perform peptide conjugation. With this aim, we sought to investigate the N-(4-
azidobutyl) group as a linker for the attachment of molecules (see Scheme 31). This N-substituent can be introduced
into a resin-bound peptide by reductive alkylation with 4-azidobutanal, providing an azide onto which alkyne-
functionalized molecules can be grafted by Cu(l)-catalyzed 1,3-dipolar cycloaddition. Alternatively, the azide group can
be reduced to an amine, onto which molecules can be conjugated via amide bond formation or via reductive
alkylation. The azide function is stable to common deprotection protocols used in peptide synthesis and chemically

inert to side-chain functional groups, thereby minimizing side-reactions and simplifying protection schemes.™

Scheme 31. Peptide modification through the backbone N-(4-azidobutyl) linker.
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In order to preserve the original peptide conformation, which may be crucial for its biological activity, we propose to
use our N-(4-azidobutyl) linker as a surrogate for the N-Me group, which is a common structural motif in many
bioactive peptides isolated from natural sources and is often introduced de novo in peptides to optimize their activity
or pharmacological properties.6 As described in Chapter 2, the backbone conformation of the N-Me analogs of
Sansalvamide A peptide underwent no significant changes upon N-Me-for-N-TEG substitution. Based on this findings,
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we expected that replacement of a backbone N-Me group of a cyclic peptide by our linker would provide a minimal
influence on its conformational state.

To demonstrate the applicability of our N-(4-azidobutyl) linker strategy, we chose Cilengitide™ (23) as a model (see
Figure 44). This Arg-Gly-Asp (RGD)-peptide is a good example of the difficulty involved in preparing conjugates of small
cyclic peptides that do not offer attachment sites and/or that are not amenable to structural modification whilst
preserving biological activity. The RGD-cyclopeptide sequence of Cilengitide, cyclo[RGDfNMeV], is the result of
systematic research to constrain the RGD motif in its optimum conformation for binding to the a,Bs-integrin
receptor,145 which is overexpressed in various malignant cancers and in tumor neovasculature.'*® The functionalization
of RGD-cyclopeptide ligands that target this receptor is of great interest, as it allows the conjugation of suitable
chemical entities for tumor imaging and therapeutics.141 Along these lines, PEG polymers have become increasingly
important in optimizing the in vivo pharmacokinetics of RGD-peptides for specific applications.142 However, Cilengitide
cannot be conjugated as it is. Among the five amino acids in its cyclic structure, three (RGD) are essential for binding
to a,B3, D-Phe is involved in hydrophobic interactions with the receptor, and, although the fifth residue does not make
contact with the receptor, NMeVal has no derivatizable functional group.144 Substitution of NMeVal by Lys led to
cyclo[RGDfK], one of the most conjugated peptide ligands and used in a number of biomedical applications (see Figure
44).141b
N-Me group of Val promotes constraints that stabilize the RGD motif in its preferred a,Bs-binding conformation.**

However, a decrease in biological activity has to be taken into account when replacing NMeVal by Lys, as the
5
Figure 44. Structure of cyclo[RGDfNMeV] (23) and its Lys-containing analog, cyclo[RGDfK].
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We sought to prepare an analog of cyclo[RGDfNMeV] in which the N-Me group of Val was replaced by an N-(4-
azidobutyl) group and to study the conformational effect of such replacement. Then, we sought to conjugate this N-
azidoalkylated cyclopeptide (27) with a polydisperse PEG chain of 2 KDa through various chemical transformations.
The structures of the target N-(4-azidobutylated) cyclopeptide (27) and the PEG conjugates (29-31) are shown in
Figure 45. For these PEG conjugates (29-31), we sought to compare their biological activity, lipophilicity and
conformational features with those of the non-modified peptide, cyclo[RGDfNMeV] (23).

Figure 45. Structure of cyclo[RGDf(N-CH,CH,CH,CH,N3)V] (27) and the target PEG conjugates (29-31).
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4.2. Objectives

The objectives of this Chapter were:

1. To synthesize an analog of cyclo[RGDfNMeV] (23) in which the N-Me group of Val has been replaced by a N-(4-
azidobutyl) group and study the conformational effect of such replacement.

2. To use the N-(4-azidobutylated) cyclopeptide (27) to prepare several conjugates with a polydisperse PEG chain of

2 KDa through different chemical transformations.

3. To compare the PEG conjugates (29-31) and the original peptide, cyclo[RGDfNMeV] (23), with respect to

biological activity, hydrophobicity and conformational features.

4.3. Results and discussion

4.3.1. Synthesis of the N-(4-azidobutylated) cyclopeptide

4.3.1.1. Synthetic approach

The synthetic strategy to obtain cyclo[RGDf(N-CH,CH,CH,CH,N3)V] (27) is shown in Scheme 32. We sought to prepare
its linear peptide precursor on a solid support and then cyclize it in solution, followed by removal of side-chain

protecting groups.

Scheme 32. Synthetic approach to obtain cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27).

Strategy A) cl 0 Strategy B) cl O
SPPS * ¢ SPPS
H-Arg(Pbf)-Gly-04Q) H-Arg(Pbf)-Gly-04Q)
Coupling of Reductive alkylation with
Fmoc-(N-CH,CH,CH,CH,N3)Val-OH (34) N3CH,CH,CH,CHO (38)
Fmoc-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-04Q) B H'(N'CHzcHZCHonst)Va"Afg(be)-G'Y-Ooi

-, .

H-Asp(0'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)

1. Cyclization
2. Side-chain deprotection

cyclo[RGDF(N-CH,CH,CH,CH,N3)V] (27)
NH
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To obtain cyclopeptide 27, pentapeptide 39 was considered as the most suitable linear precursor. Positioning of N-(4-
azidobutylated) Val in the middle of the sequence minimizes steric hindrance during cyclization and is expected to
facilitate this process due to the turn-inducing properties of N-alkyl amino acids.™* Moreover, this renders Gly at the C-

terminus, which rules out the possibility of epimerization taking place during the cyclization step.

For the solid-phase synthesis of this pentapeptide (39), we initially considered two different strategies. In the first
strategy (A), the N-(4-azidobutyl) group is introduced into the resin-bound peptide by using Fmoc-N-(4-azidobutyl)
valine (34) as building block. In the second strategy (B), the N-(4-azidobutyl) group is introduced by reductive N°-
alkylation of resin-bound Val with 4-azidobutanal (38).

4.3.1.2. Synthesis of 4-azidobutanal

Our synthetic approach to introduce the N-azidoalkyl group into peptides involves the use of 4-azidobutanal (38).
Other w-azido aldehydes could have been chosen for this purpose, but 3-azidopropanal and 2-azidoacetaldehyde are
ill-advised due to their high unstability and volatility. Along these lines, 4-azidobutanal (38) was preferred to larger w-
azido aldehydes, such as 5-azidopentanal or 6-azidohexanal, since the resulting N-azidoalkylated residues would be

more difficult to acylate due to increased steric hindrance.

We synthesized 4-azidobutanal (38) following a reported procedure (see Scheme 33).** The first step was the THF
opening by iodide to form 4-iodobutanolate, which was acylated in situ with benzoyl chloride yielding 35 in 90% yield.
Treatment of this compound with sodium azide gave 4-azidobutylbenzoate (36), which was then hydrolyzed to the
corresponding alcohol (37). Finally, Swern oxydation of 37 furnished 4-azidobutanal (38) in 77% yield. The oxidation of
4-azidobutanol (37) can alternatively be performed with Dess-Martin periodinane (DMP), which is an efficient method
to oxidize alcohols to aldehydes in very mild conditions. However, for the preparation of large amounts of alcohol, the

Swern protocol is preferrable due to the high cost of the Dess-Martin reagent.

Scheme 33. Synthesis of 4-azidobutanal (38).°

Nal (1.0 eq) o o
<—> PhCOCI (1.0 eq) | J\ NaNj3 (1.5 eq) )J\
N
o ACN SN0 Ph OVE N0 ph
0°C, overnight 35 0°C, overnight 36
90% 100%
i. (COCl), (1.5eq) ii. NEt3 (6.0 eq)
DMSO (3.0 eq) -78 °C, 30 min, then
-78 °C, 15 min from -78 °C to rt, then o
LiOH (1.5 eq) DCM, N, rt, 20 min
Na\/\/\OH N3\/\)J\H
THF/H,O/MeOH, 10:4:1 o
rt, overnight 37 7% 38
) k4
85% .
DMP (1.3 eq)
DCM, N,

rt, 1 h

100%

® Regular analysis by 'H-NMR showed that aldehyde 38 is stable when kept under argon at -20 °C.
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4.3.1.3. Synthesis of Fmoc-N-(4-azidobutyl) valine

For the preparation of Fmoc-N-(4-azidobutyl) valine (34), we sought to N-alkylate the a-amino group of Val with 4-
azidobutanal (38) in the presence of a reducing agent.

Initially, we investigated the feasibility of carrying out this transformation with no protection at the carboxy group (see
Scheme 34). Treatment of unprotected valine with 1.5 equivalents of 4-azidobutanal (38) and a excess of NaBH;CN
gave a mixture of the desired N-alkylated product and non-alkylated starting material. This mixture was subjected to
Fmoc-protection conditions, but the desired product (34) and Fmoc-valine were found to be inseparable by flash
chromatography.

Scheme 34. Attempt to synthesize Fmoc-N-(4-azidobutyl) valine (34) starting from unprotected valine.

N3
i. TMSCI (2.2 eq)
N3CH,CH,CH,CHO (38, 1.5 eq) DCM
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H OH MeOH \i)kOH \XKOH ii. DIEA (2.0 eq)
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min
80% crude yield
NV%H

N\)J\OH

Fmoc-(N-CH,CH,CH,CH,N3)Val-OH (34)

In contrast, Fmoc-N-(4-azidobutyl) valine (34) was straightforward to obtain from its tert-butyl COOH-protected
precursor (see Scheme 35). Reductive alkylation of valine tert-butyl ester with 38 gave a mixture of starting material,
N-alkylated product (32) and N,N-dialkylated product. The N-alkylated product (32) was isolated and acylated with
Fmoc-Cl, after which the Fmoc-protected product (33) was easily purified. In this Fmoc- protection step, the choice of
solvent was a crucial issue. Using dioxane as solvent enabled to obtain the desired product, whereas no product was
formed when the reaction was performed in DCM. Finally, acidic cleavage of the tert-butyl ester of 33 yielded Fmoc-N-
(4-azidobutyl) valine (34) in 55% overall yield.

Scheme 35. Synthesis of Fmoc-N-(4-azidobutyl) valine (34) starting from valine tert-butyl ester.

N3 N3
N3CH,CH,CH,CHO (38, 1.1 eq)
NaBH;CN (1.34 eq) Fmoc-Cl (1.5 eq)
\ﬁ /:< NEt; (1.1 eq) o - Na2003 (2.5 eq) o -
HoN ' HN /< /<
T 0 MeOH \AO dioxane, N, N\.AO
X ight - rt, 4 h =
/\ rt, overnig /\ /\
65% 84%
32 Fmoc-(N-CH,CH,CH,CH,N3)Val-O'Bu (33)
TFA/DCM 1:1
rt, 30 min
100%
N3

9 O
O OYN\E)KOH
° A

Fmoc-(N-CH,CH,CH,CH,N3)Val-OH (34)

103



Chapter 4

4.3.1.4. Synthesis of H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH

The synthesis of pentapetide 39, H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH, involves a difficult
coupling step: the coupling of Fmoc-D-Phe-OH onto N-(4-azidobutylated) Val (see Figure 46). This coupling is
hampered by the N-(4-azidobutyl) group and the B-branched side-chain of Val.

Figure 46. Coupling of Fmoc-D-Phe-OH onto the N-(4-azidobutylated) Val residue.

L

Ny HN=

NH
/ /
Pbf Pbf

As previously explained, we initially considered two different strategies for the synthesis of this pentapeptide (see
Scheme 36). The first strategy (A) involves the use of Fmoc-N-(4-azidobutyl) valine (34) as solid-phase building block,
while in the second strategy (B) the N-(4-azidobutyl) group is introduced into the resin-bound peptide by reductive N°-
alkylation of resin-bound Val with 4-azidobutanal (38). However, the overall yield of these two strategies was not
reproducible when the syntheses were upscaled so, in order to obtain larger amounts of pentapeptide 39, we had to

conceive an alternative synthetic approach (C).

Scheme 36. Synthetic strategies to obtain pentapeptide 39.

Strategy A) Strategy B) Strategy C)
a-Q a-Q " H-Val(N-CH,CH,CH,CH,N3)-Arg(Pbf)-Gly-OH (41)
SPPS SPPS l /
H-Val(N-CH,CH;CH,CH,Na)-Arg(Pbf)-Gly-OMe (42)
H-Arg(Pbf)-Gly-0Q) H-Arg(Pbf)-Gly-04D)
Coupling of Reduciive akytation with Fmoc-D-Phe-Val(N-CH,CH;CH,CH,Na)-Arg(Pbf)-Gly-OMe (43)
Fmoc-(N-CH,CH,CH,CH,N;)Val-OH (34) NoCH,CH,CH,CHO (38) | | |
|
Fmoc-D-Phe-Val(N-CH,CH;CH,CH,N3)-Arg(Pbf)-Gly-OH (44)
Frmoc-(N-CHyCHoCH;CH,Na)Val-Arg(Pbf)-Gly-04Q)  H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-04Q) 2 j 22t
SPPS \ //SPPS Fmoc—D—Phe—VaI(N—CHZCHZCH20H2N3)—Arg(be)—GIy-O—O
SPPS

H-Asp(0'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)

For the three synthetic strategies (A, B and C), we chose the CTC resin as solid support. This resin was chosen because
it can be cleaved with very mild acid conditions that enable to obtain fully protected peptide acids. The peptide chain
was elongated by stepwise assembly of the Fmoc-protected amino acids and, for standard couplings, we used
DIPCDI/OxymaPure activation. In all cases, cleavage was performed with 2% TFA in DCM to obtain the desired peptide

(39) without removal of the side-chain protecting groups.

Strategy A: SPPS using Fmoc-N-(4-azidobutyl) valine

First, we investigated the solid-phase synthesis of pentapeptide 17 using Fmoc-N-(4-azidobutyl) valine (34) as building
block (see Scheme 37). A low resin functionalization was employed, since it may facilitate the hindered coupling step.
The coupling 34 onto the Arg(Pbf)-Gly-resin was not efficient under standard conditions. Activation of a 3-fold excess

of 34 with DIPCDI/OxymaPure resulted in an uncomplete acylation of the peptidyl-resin, and a second coupling had to
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be performed to reach an almost complete conversion. The small amount of unreacted starting material was capped

with Ac,0 and we continued with the synthesis.

Scheme 37. Small-scale SPPS of H-Asp(0'Bu)-D-Phe-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH (39)
using Fmoc-N-(4-azidobutyl) valine (34) as building block (strategy A).

c—Q

¢ SPPS

Fmoc-Arg(Pbf)-Gly-04Q)
f=0.30 mmol/g

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-(N-CH,CH,CH,CH,N3)Val-OH (34, 3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 2 h

(x2 couplings)

iii. Ac,0 (10.0 eq)
IEA (10,0 eq)
\ DCM, 15 min

Fmoc-(N—CH20HZCHZCH2N3)VaI-Arg(be)-GIy-OO

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-D-Phe-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, overnight

(x5 couplings)

\J
Fmoc-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-04Q)

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

iv. 2% TFA in DCM, 3x2 min

Y
H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)
45% crude yield, purity = 63%

For the coupling of Fmoc-D-Phe-OH onto N-(4-azidobutylated) Val, we run a series of experiments with various
coupling methods, followed by HPLC analysis with regard to coupling efficiency (data not shown). Activation with
DIPCDI/OxymaPure failed to give the desired peptide. When using PyBOP/HOAt or HATU/HOAL, the desired product
was not formed either. Attempts failed to achieve this coupling even after several treatments and extended reaction
times. The poor reactivity of N-azidoalkylated Val was confirmed by treatment of a sample of peptidyl-resin with a
mixture of Ac,0 and DIEA in DCM, which resulted in no N-acetylation of this residue. At this stage, we investigated if
the MW irradiation could promote the coupling. Several experiments were performed using DIPCDI/HOAt activation
and under MW heating at 50 2C, but no conversion was observed. Finally, coupling onto N-(4-azidobutylated) Val was
found feasible using BTC as activating reagent. After performing 5 treatments with the in situ-generated acid chloride
(3x3 h, 2x20 h), an 85% conversion was achieved and no epimerization was observed. The rest of the synthesis was
continued and, after cleavage from the solid support, the desired pentapeptide (39) was obtained in 45% crude yield

and 63% purity (see Figure 47).
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Figure 47. HPLC analysis of crude pentapeptide 39 obtained by strategy
A, linear gradient from 5% to 100% ACN over 8 min.
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Strategy B: SPPS by reductive N®-alkylation of resin-bound valine with 4-azidobutanal

The solid-phase synthesis of 17 by using Fmoc-N-(4-azidobutyl) valine (34) as building block presents some limitations.
Coupling of 34 to the peptidyl-resin seems to require a stronger activation method to be efficient. An acceptable
conversion can be achieved after two DIPCDI/OxymaPure-mediated couplings, but this requires a considerable
amount of 34 (3 equivalents/coupling), which is time-consuming to synthesize. To circumvent these issues, we
investigated the introduction of the N-(4-azidobutyl) group by reductive alkylation of resin-bound Val with 4-
azidobutanal (38).

We assembled the Val-Arg(Pbf)-Gly-resin and we tested its reductive alkylation with aldehyde 38 under several
conditions (see Table 18). In all the experiments, the resin-bound peptide was first treated with the aldehyde to
ensure complete imine formation. Then, the medium was acidified with a few drops of AcOH and 4.0 equivalents of
NaBH;CN were added to reduce the imminium ion. The excess of NaBH;CN was not found to be relevant and was
always kept at 4.0 equivalents. The reaction was tested with different amounts of aldehyde and the desired N-
alkylated product was formed in all cases. With 0.5 equivalents of aldehyde, a considerable amount of starting
material and an unknown species with [M+57] * (M being the mass of the desired product) were present in the crude
(entry 1). With 1.0 equivalent of aldehyde, the amount of unreacted peptide and unknown species decreased, but was
still significant (entry 2). When 1.5 equivalents of aldehyde were used, the N-alkylated peptide was formed as a major
product and the presence of starting material and unknown species was negligible (entry 3). When using 2.0 or more
equivalents of aldehyde, all the starting material was converted, but a considerable amount of N,N-dialkylated
product was formed (entries 4-7). The formation of N,N-dialkylated product would not compromise the purification of
the final peptide, since the N-terminus of the N,N-dialkylated product is capped and thus the peptide cannot lead to
any deletion sequence. However, N,N-dialkylation should be prevented. Therefore, we concluded that the reductive
alkylation step should be performed with 1.5 equivalents of aldehyde using THF as solvent (entry 3). THF was
preferred to DMF, because the latter seemed to favour over-alkylation when 2.0 equivalents of aldehyde were

employed (entries 4 vs. 5 and 6 vs. 7).
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Table 18. Conditions investigated for the reductive N®-alkylation of resin-bound Val with 4-azidobutanal (38).

i. N3CH,CH,CH,CHO (38, x eq) H-Val-Arg(Pbf)-Gly-04)
solvent, 1 h
H-Val-Arg(Pbf)-Gly-0-C) > H-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-040)
ii. + NaBH3CN (y eq)
+ AcOH (3 drops) (N-CH,CH,CH,CH,Na),Val-Arg(Pbf)-Gly-0)
solvent, 2 h
Result®
Aldehyde NaBH;CN N,N-
Entry | Solvent " e:) - e;) Starting | N-alkylated dialk’ lated Subproductb
material | product ¥ with [Mgp+57]"
product
1 THF 0.5 4.0 +++ + - +++
2 THF 1.0 4.0 ++ ++ - ++
3 THF 1.5 4.0 + +++ - +
4 THF 2.0 4.0 - +++ ++ -
5 DMF 2.0 4.0 - ++ +t -
6 THF 5.0 4.0 - ++ ++++ -
7 DMF 5.0 4.0 - + e+ -

?As determined by HPLC and HPLC-MS analysis of cleaved samples of peptidyl-resin.
® This unknown species was not found to interfere in the subsequent Fmoc-D-Phe-OH coupling step.

The reason why N,N-dialkylation should be prevented is the following (see Scheme 38). Double N-alkylation proceeds
first at the less hindered sites of the peptidyl-resin bead, and introduces more steric hindrance. Upon N,N-dialkylation,
certain sites of the resin bead will become less accessible. N-alkylated amines located at very hindered sites will be
more difficult to acylate in the next coupling step, which is hampered by the N-alkyl group. Therefore, conditions that
minimize formation of the N,N-dialkylated product are preferrable, even if they lead to uncomplete conversion.

Scheme 38. Schematic representation of a bead of Val-Arg(Pbf)-Gly-resin after reductive N®-alkylation with 4-
azidobutanal (38). A) With 1.0-1.5 equiv. of 38, traces of N,N-dialkylated product detected, but reaction not
complete. B) With 2.0-5.0 equiv. of 38, almost complete reaction, but considerable N, N-dialkylation.

H,N NH;

NH,
A) B)
NH,
N3CH,CH,CH,CHO (38, 1.0-1.5 eq) N3CH,CH,CH,CHO (38, 2.0-5.0 eq)
NaBH3;CN (4.0 eq) NaBH3CN (4.0 eq)
AcOH (3 drops) NH; AcOH (3 drops)

THF, 3 h THF,3h

_.- Hindered site of
the peptidyl-resin
bead.

non-alkylated peptide > N,N-dialkylated peptide non-alkylated peptide < N,N-dialkylated
peptide
HNrAAD) = HvalArg(Pbh)-Gly-0-0)

E)NJWQ = H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-040)

(N-CHCH,CH,CHoNg)Val-Arg(Pbf)-Gly-040)
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After having optimized the reductive alkylation step, we proceeded to apply this transformation in the solid-phase
synthesis of pentapeptide 39 (see Scheme 39). When the resin-bound N-terminal Val was treated with 1.5 equivalents
of 4-azidobutanal (38) and a excess of NaBH;CN, the desired N-alkylated product was formed and no N,N-dialkylated
product was detected. The small amount of unreacted starting material was capped with Ac,0, and we continued with
the synthesis. Fmoc-Phe-OH was coupled onto the N-azidoalkylated Val residue with BTC activation. After three
overnight treatments, a good conversion was achieved and the lack of racemization was confirmed by HPLC analysis.
The rest of the synthesis was continued without any particular difficulty and, after cleavage from the solid support, the

desired pentapeptide (39) was obtained in 48% crude yield and 43% purity (see Figure 48).

Scheme 39. Small-scale SPPS of H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH (39)
by reductive alkylation of resin-bound Val with 4-azidobutanal (strategy B).

SPPS
=@ —> Fmoc-Arg(Pbf)-Gly-0-Q
f=0.28 mmol/g
- . i. N3CH,CH,CH,CHO (38, 1.5 eq)
l piperidine/DMF 1:4 NaBH4CN (4.0 eq)

3x5 min, 1x10 min AGOH (3 drops)
THF, 3 h

H-VaI-Arg(be)-GIy-O-O > H-(N-CHQCHZCHzcH2N3)VaI-Arg(be)-GIy-O-O
ii. Acy0 (10.0 eq)
DIEA (10.0 eq) Fmoc-D-Phe-OH (5.0 eq)
DCM, 15 min BTC (1.65 eq)

2,4,6-trimethylpyridine (14.0 eq)
HF, 15 h

(x3 couplings)

Fmoc-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-0-Q)

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

iv. 2% TFA in DCM, 3x2 min

\
H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)
48% crude yield, purity = 43%

Figure 48. HPLC analysis of crude pentapeptide 39 obtained by strategy B,
linear gradient from 5% to 100% ACN over 8 min.
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To sum up, the two solid-phase strategies for the synthesis of 39 (A and B) enabled us to obtain mg-amounts of this
peptide (39) with good purities and acceptable crude yields (see Table 19). However, both synthetic approaches

required multiple coupling cycles to achieve an efficient coupling onto the N-(4-azidobutylated) Val residue.

108



Chapter 4

Table 19. Comparison of the efficiency of the two synthetic strategies
(A and B) for the small-scale synthesis of pentapeptide 39.

Synthetic [ Amount of | Functionalization Acnr'\l:)duen;;)f Purity of | Crude
strategy | CTC resin (mmol/g) obtained 39 yield
A l4¢g 0.30 189 mg 63% 45%
13g 0.28 177 mg 43% 48%

Unfortunately, when the solid-phase synthesis of pentapeptide 39 was performed usin a higher amount of resin (>3 g
of resin) and/or a higher functionalization (>0.50 mmol/g), the yields were not so satisfactory. Apparently, the

efficiency of the BTC-mediated D-Phe-to-[N-(4-azidobutyl)Val] coupling is not reproducible on large scale.

Strategy C: Synthesis by a combined solid-phase/solution approach

To obtain larger amounts of pentapeptide 39, we developed a alternative protocol in which the difficult coupling step
is performed in solution and the rest of the peptide elongation in solid-phase (see Scheme 40). In this approach, we
sought to prepare N-(4-azidobutylated) tripeptide 41 on the CTC resin and cleave it for subsequent acylation with
Fmoc-D-Phe-OH. Performing this coupling in solution was expected to be less difficult than in solid-phase, since the
reactivity of secondary amines towards activated amino acids is lower when they are bound to a solid support.**’ To
perform this coupling in solution, protection at the C-terminus of the N-azidoalkylated peptide fragment is required
and, for our aim, the protecting group of choice should be orthogonal to Fmoc- and Pbf-. In this way, the product
obtained in the coupling step can be selectively deprotected at the C-terminus and then loaded again onto the solid

support for further elongation of the peptide chain.

Scheme 40. Synthesic strategy to obtain 39 by a combined
solid-phase/solution approach (strategy C).

c—-Q

l SPPS

H-Val(N-CH,CHoCHoCH,N3)-Arg(Pbf)-Gly-OH (41)

|

H-Val(N-CHyCH,CH,CH,N3)-Arg(Pbf)-Gly-OMe (42)

'

Fmoc-D-Phe-Val(N-CH,CH,CH,CH,N3)-Arg(Pbf)-Gly-OMe (43)

/

Fmoc-D-Phe-Val(N-CH,CH,CH,CH,N3)-Arg(Pbf)-Gly-OH (44)

|

Fmoc-D-Phe-Val(N-CH,CH,CH;CH,Na3)-Arg(Pbf)-Gly-0{Q)

l SPPS

H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)

We started off by assembling the Val-Arg(Pbf)-Gly tripeptide on the CTC resin (see Scheme 41). The N-(4-azidobutyl)
group was incorporated into the growing peptide by reductive N*-alkylation with 4-azidobutanal (38), and cleavage
from the solid support yielded the N-azidoalkylated tripeptide (41).
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Scheme 41. SPPS of the N-azidoalkylated peptide fragment (41).

N3CH,CH,CH,CHO (38, 1.5 eq)

SPPS NaBH;CN (4.0 eq)
CHQ ——> H-Val-Arg(Pbf)-Gly-0Q H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-04Q)
f=1.0 mmolig AcOH (3 drops) .
THF, 3 h 2% TFA in DCM,

3x2 min

H-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (41)
100% crude yield, purity = 70%

The C-terminus of this peptide (41) was protected as a methyl ester by treatment with trimethylsilyldiazomethane
(see Scheme 42). For the coupling between Fmoc-D-Phe-OH and the N-azidoalkylated peptide segment (42), we
sought to use an acid chloride. In couplings via acid chlorides, the required Fmoc-amino acid chloride is usually
prepared in a prior step. We found it more convenient to generate the acid chloride of Fmoc-D-Phe-OH in situ by
treatment of this amino acid with BTC and 2,4,6-trimethylpyridine. The coupling was allowed to proceed overnight
and no epimerization was detected. This procedure enabled us to obtain the desired peptide segment (43), which was
isolated in 48% yield. Then, the methyl ester of 43 was hydrolyzed under alkaline conditions in the presence of CaCl,,
an effective additive to widely suppress base-catalyzed Fmoc- decomposition.163 Since both the starting methyl ester
(43) and its saponification product (44) can suffer Fmoc- cleavage, the reaction should be monitorized by HPLC and
quenched when an acceptable conversion is achieved. After 2 hours, saponification of 34 was almost complete and no
side-product from Fmoc- decomposition was detected (as checked by HPLC-MS). Thus, the hydrolisate was neutralized

at this point. The desired product (44) was straightforward to isolate by simple aqueous extraction.

Scheme 42. Coupling of Fmoc-D-Phe-OH onto N-azidoalkylated peptide 42.

Fmoc-D-Phe-OH (8.5 eq)
BTC (2.48 eq)

o TMSCHN, (excess) L(H o 2,4,6-trimethylpyridine (21.0 eq) o o
H 2 H H
N o
HNL(N\:)LN/YOH HN \)LH/Y ~ S N\:)kN/Yo\
o Mo MeOH 0 3 0 DCM, N, o i H o
? rt, 30 min rt, overnight ?
NH 100% NH 48Y% NH
Ny HN= ’ N HN:<NH 0 N N
NH / NH
Pbf pof Pbf
41 42 43
NaOH (1.3 eq)
0.8 M CaCl,
'PrOH/H,0 7:3
c=1mM
rt, 1h

100% crude yield

y o y O
Emoc N N\:)LN/YOH
o } H o
NH
Ny HN=
NH

Pl bf/
44

The crude tetrapeptide 44 was loaded again onto the CTC resin (see Scheme 43). The reaction was allowed to proceed
overnight to ensure maximum incorporation, and a large excess of DIEA was used. With these conditions, the
incorporation of 44 took place with an acceptable efficiency for a low functionalization (i.e. 80% peptide incorporation
for an expected functionalization of 0.10 mmol/g) and, since 44 has a C-terminal Gly, epimerization was not an issue

to be assessed. After loading 35 onto the resin, the N-terminal residue was deprotected and Fmoc-Asp(O'Bu)-OH was

110



Chapter 4

assembled. Then, the Fmoc- was removed and cleavage of the peptidyl-resin with 2% TFA in DCM yielded
pentapeptide 39 in 63% purity (see Figure 49).

Scheme 43. SPPS elongation to obtain 39.

i. Tetrapeptide 44 (1.0 eq)

DIEA (10.0 eq) i. piperidine/DMF 1:4
DCM, overnight 3x5 min, 1x10 min
c-Q Fmoc-D-Phe-(N-CHCH,CH,CH,N3)Val-Arg(Pbf)-Gly-04g)  — :
ii. MeOH, 15 min ii. Fmoc-Asp(O'Bu)-OH (3.0 eq)
f (expected) = 0.10 mmol/g DIPCDI (3.0 eq)
f (experimental) = 0.08 mmol/g OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-04Q)

2% TFA in DCM
3x2 min

H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)
(100% crude yield, purity = 65%)

Figure 49. HPLC analysis of crude pentapeptide 39 obtained by
strategy C, linear gradient from 20% to 70% ACN over 8 min.
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4.3.1.5. Cyclization and deprotection

The cyclization of pentapeptide 39 was not expected to be difficult. As previously mentioned, the presence of Gly at
the C-terminus of 39 minimizes steric hindrance during cyclization and rules out the possibility of epimerization taking
place. Moreover, the presence of turn-inducing residues -such as N-alkyl and D-amino acids in linear peptides favours

their cyclization due to backbone preorganization.124

For the three synthetic strategies discussed in Section 4.3.1.4., the crude pentapeptide 39 was found to be sufficiently
pure to be directly cyclized. In the case of 39 obtained by strategy C (63% purity), cyclization with EDC-HCI/DMAP
afforded 40 in 90% crude yield (see Scheme 44). The reaction was complete, almost no by-products were observed
and, at a concentration of 1 mM, no cyclodimer was formed (see Figure 50). After cyclization, the Pbf- and ‘Bu- groups
were removed with TFA:H,0:TIS 95:5:5. The unprotected cyclopeptide was precipitated with cold tert-butyl methyl and
isolated by semipreparative RP-HPLC. In this way, the pure N-(4-azidobutylated) cyclopeptide (27) was obtained in 39%
two-step yield, the overall yield of the synthesis being 18% (see Figure 49).
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Scheme 44. Cyclization of 39 and deprotection to obtain cyclo[RGDf(N-CH,CH,CH,CH,N3)V] (27).

EDC-HCI (10.0 eq) Pbf~ /\/\} o iy N0
:}Y L{ _ DMAP (20eq) NN " Nﬁf// TFAH,O/TIS 95:5:5 ™2 H/\/\ﬁf“ﬁf .

o O\< ° m
DCM,c=1mM \?\N HNH N rt, 3h \?\N HN 5

rt, overnight CZ/_/-., °© 100% crude yield (%7_/" °
NH 90% crude yield @ é

[\ N3
be
39 40 27

isolated in 39% yield
with respect to 39

Figure 50. A) HPLC analysis of the cyclization crude, linear gradient from 40% to 100% ACN over 8 min. B) HPLC analysis of the
deprotection crude, linear gradient from 10% to 50% ACN over 8 min. C) HPLC analysis of the purified cyclic peptide (27), linear
gradient from 10% to 50% ACN over 8 min.
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purity = 60% purity = 54% purity = 97%

4.3.2. Effect of N-(4-azidobutyl) vs. N-Me on conformation

In order to investigate if the incorporation of an N-(4-azidobutyl) group into a cyclic peptide exerts similar
conformational restrictions as a backbone N-Me group, we analyzed cyclo[RGDfNMeV] (23) and its N-(4-
azidobutylated) analog (27) by NMR spectroscopy. For both peptides, 'H- and BC-NMR data were found to be almost
identical. The similarity of their HN-, H% and C%chemical shifts, which are sensitive to backbone conformational
changes, is outlined in Table 20. The amide protons of 23 and 27 had almost identical temperature coefficients and
very similar vicinal scalar coupling constants (see Tables 21 and 22). The close resemblance of these NMR parameters
indicates that replacement of the N-Me group of cyclo[RGDfNMeV] (23) by an N-(4-azidobutyl) group caused a
minimal perturbation of its original conformation, which is reported to stabilize the RGD-motif in its optimum
orientation for binding to the a,B; integrin receptor.145

Table 20. H"-, H% and C%chemical shifts (ppm) of 23 and 27 in H,0 (pH 6.0) at 288 K.?

8 (H") [ppm] 8 (H*) [ppm]
Peptide HY | Y HY | BY 1: H* [NMeV] HE | HE | R H®
[Asp] | [Arg] | [D-Phe] | [Gly] | 2: H* [(N-CH,CH,CH,CH,N3)V] | [Asp] | [Arg] | [D-Phe] [Gly]
cyclo[RGDfNMeV] (23) 8.68 | 8.47| 821 |8.02 437 457|3.93| 521 |3.54,4.14
cyclo[RGDF(N-CH,CH,CH,CH,N3)V] (27) | 8.68 | 8.55 | 8.14 |7.83 4.37 4.65|3.86| 5.01 |3.56,4.09
5 (C%) [ppm]
Peptide 1: C*[NMeV] | c" c°
2: C*[(N-CH,CH,CH,CH,N3)V] | [Asp] | [Arg] | [D-Phe] | [Gly]
cyclo[RGDfNMeV] (23) 66.9 52.9 | 57.6 | 53.8 |46.1
cyclo[RGDF(N-CH,CH,CH,CH,N3)V] (27) 67.1 53.2 | 58.0 | 54.6 |459

*The complete assignment of all the proton and carbon resonances of 23 and 27 at 288 K is shown in Annex 3.
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Table 21. Temperature coefficients (ppb K™) of the Table 22. Vicinal scalar coupling constants (Hz) for the

amide protons of 23 and 27 in H,O (pH 6.0). amide protons of 23 and 27 in H,0 (pH 6.0) at 288 K.
AS/AT [ppb K] *J(H"-H?) [H2]
Peptide| yN | N BN HN Peptide| pN | N HN HY
[Asp] | [Arg] | [D-Phe] | [Gly] [Asp] | [Arg] | [D-Phe] | [Gly]
23 -7.5|-11.1| -55 |-54 23 83 |75 9.6 8.2
27 -7.51-10.0f -54 |-5.1 27 78 | 7.3 9.1 7.8

On the basis of these results, we can expect that an N-(4-azidobutyl) group will exert similar conformational
restrictions as a backbone N-Me group when incorporated into other cyclic peptides. This finding widens the
applicability of the N-(4-azidobutyl) group as a linker to support conjugation, as many bioactive cyclopeptides contain
N-Me residues within their structure. Therefore, replacement of an N-Me group present in a cyclopeptide with our
linker is a feasible way to functionalize the peptide providing a little impact on its original conformation, which may be
crucial for biological activity.

4.3.2. Synthesis of the PEG conjugates

4.3.2.1. Synthetic approach

The synthetic transformations to obtain the PEG conjugates 29-31 are shown in Scheme 45. PEG conjugate 31 can be
obtained from 27 by cycloaddition of its azide with an alkyne-functionalized PEG. The preparation of PEG conjugates
29 and 30 requires the prior azide-to-amine reduction of 27 to obtain 28. Then, reductive N-alkylation of 28 with a
PEG-aldehyde would yield PEG conjugate 30, whereas its acylation with an amine-reactive PEG derivative would

furnish PEG conjugate 31.

Scheme 45. Synthetic transformations to obtain PEG conjugates 29-31.
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4.3.3.2. Issues in the conjugation of peptides with polydisperse PEG

In conjugation chemistry, the majority of applications of PEG involve the use of a PEG reagent that is polydisperse.76

Such polydisperse PEG reagents do not have an exact number of repeating ethylene oxide units; what they actually
have is a Gaussian distribution of PEG chain lengths. This distribution is characterized by an average MW and a degree

of polydispersity.

The conjugation of peptides with polydisperse PEG requires reliable methods for the analysis, purification and
characterization of peptide-PEG conjugates (see Table 23).76 Due to the polydispersity of PEG, several issues have to

be considered.

Table 23. Common methods for the detection, characterization and purification of petide-PEG conjugates.

PEGylating reagents Peptide-PEG conjugates
Detection = MS detector = UV detector
= Alternatively: Rl detector, light = MS detector

scattering techniques

Characterization = RP-HPLC (MS or Rl detection) = RP-HPLC (UV or MS detection)
= MS (for polydisperse PEG, MALDI- | = MS (for polydisperse PEG, MALDI-
TOF preferred to ESI) TOF preferred to ESI)
* 'H-NMR, ®C-NMR * 'H-NMR, ®C-NMR
Purification = ultrafiltration/diafiltration

= RP-HPLC (UV or MS detection)

= For peptide-PEG conjugates of high
MW with a size difference with
respect to the compounds to be
separated, SEC-HPLC may be
applicable.

= For protein-PEG conjugates with a
net charge difference with respect to
the compounds to be separated, IEC
chromatography and SDS-PAGE may
be applicable.

For the monitorization of peptide-PEG conjugates, RP-HPLC is often used due to its high resolution and the possibility
of coupling the technique with an online MS detector. PEG-modified peptides can be detected by measuring the UV
absorbance at 220 nm. On the contrary, unreacted PEG derivatives do not absorb in the UV-visible and they have to

be detected using an MS detector, a refractive index (RI) detector or light scattering techniques.

The MS determination of peptide-PEG conjugates can be difficult because of polymer polydispersity, which leads to a

distribution of mass signals in the mass spectra. For such MS determinations, MALDI is the preferred technique
164
The MALDI mass

spectrum of a PEG-containing compound typically shows a distribution of MW values with the main mass signals
165

because it mainly produces monocharged ions, thus generating mass spectra of low complexity.
spaced apart by Am/z = 44, in agreement with the mass of the ethylene oxide monomer unit (see Figure 51). In
contrast with MALDI, the electrospray ionization (ESI) method tends to produce multiply charged ions. As a
consequence, the ESI mass spectra of polydisperse PEG conjugates show several distributions of mass signals and are
very difficult to interpretate.
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Figure 51. MALDI-TOF analysis of the polydisperse PEG reagents used in the present work.

mPEGzooo'NH'CO'CHchz'a|kyne mPEGZDOD'CHchz'COOSU mPEGzooo'CHchz'CHo
(average MW = 1982.88) (average MW =1912.81) (average MW =2000.88)

469

- e i — L f= i
16644 w2 e 16644 20862 24080 16644 2862 2%8.0

Despite MALDI is the preferred technique for the MS determination of polydisperse PEG conjugates, it presents some
limitations. First, MALDI shows a poor ionization efficiency for molecules containing large polymers, which decreases
the sensitivity of the method. Second, the presence of salts in the MALDI sample should be avoided, since it may
hamper the ionization of the PEG-containing molecules thus impeding their detection.

After conjugating PEG to a peptide, a purification step is always required to eliminate the unreacted starting material,
the excess of PEGylating reagent, and possible by-products. Dialysis or ultrafiltration of the reaction mixture may be
used to remove low-MW components but, to isolate the the peptide-PEG conjugate in high purity, chromatographic
separation is required. For this aim, semipreparative RP-HPLC is the most common technique. Although the method is
very rapid, only a limited amount of sample material can be loaded at once. Moreover, the fact that PEG-modified
peptides appear as broad HPLC peaks due to polymer polydispersity may compromise their resolution to different
extents. Besides, it should be mentioned that the chromatographic instrument should be equipped with an online MS
detector in order to ensure that unreacted PEG is well-ressolved from the peptide-PEG conjugate. Otherwise, the
absence of residual PEG should be assessed by MS analysis of each of the fractions collected.

Besides semipreparative RP-HPLC, there are other chromatographic techniques for the purification of PEG-modified
compounds. lon-exchange (IEX) chromatography may be applicable in those cases in which the net charge of the
conjugate is altered with respect to the original molecule. Size-exclusion (SEC)-HPLC may be applied in those cases in
which there is considerable difference in size between the non-modified compound, the conjugation product and the
unreacted PEG. These two chromatographic methods are widely used for the purification of PEGylated proteins, but
they are not suitable for the purification of peptide-PEG conjugates of low MW.

After purification of a peptide-PEG conjugate, determination of the net peptide content (g pure peptide-100/g sample)

by amino acid analysis is highly recommended. Since PEG is a very hygroscopic polymer, samples PEGylated peptides
may contain a considerable amount of residual water and thus have a relatively low net peptide content. To obtain

reproducible results in quantitative studies, the net peptide content of the sample should be assessed.

For the characterization of a peptide-PEG conjugate, determination of the average MW by MALDI-TOF mass
spectrometry and determination of the purity by RP-HPLC are mandatory. Assessment of the lack of impurities by 'H-
NMR spectroscopy is highly recommended. Size-exclusion (SEC)-HPLC can be used to evaluate the homogeneicity of
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the conjugate; however, this technique cannot provide an accurate determination of the average MW of the PEG-
modified peptide. Since PEG is transparent to light at UV-visible wavelenght, circular dichroism may be applied to
characterize the secondary structure.

4.3.3.3. Azide reduction

We investigated conditons to reduce the azido group of cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27). Among the various

% e decided to use Zn and NH,4Cl. This method enables to reduce azides to

167

protocols reported for azide reduction,’

amines in very mild conditions and is compatible with a variety of functional groups

The reduction of 27 with 1.3 equivalents of Zn and 2.3 equivalents of NH,Cl was very slow. When performing the
reaction at room temperature, it took several days for the reaction to be complete. When the reduction was carried
out at 60 2C, unreacted 27 remained after 4 hours. After refluxing overnight, complete conversion was achieved.
However, elimination of the azido group took place (see Scheme 46). In addition to the N;-elimination side-product (1),
another non-desired product (1) was also formed, having [M+H]" = 647. HPLC monitorization showed that the N;-
elimination side-product was progressively transformed into this unknown species (see Figure 52). Thus, this species

was assumed to be the side-product from hydration of the double bond that is formed upon N;-elimination.

Scheme 46. Undesired side-reactions during the azide reduction step.? Figure 52. HPLC monitorization of the azide reduction
step, linear gradient from 10% to 50% ACN over 8 min.
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The degree of formation of these two side-products did not decrease when the reaction was performed at room
temperature. Therefore, we found it preferrable to perform the azide reduction step at 60 2C. With these conditions
and using a higher excess of NH,Cl (5.0 equivalents) to ensure acidic media, the desired peptide (28) was formed as
major product (70%), whereas the Ns-elimination side-product and the species with [M+H]" = 647 were present in a
8% and 23% proportion, respectively (as determined by HPLC). After semipreparative RP-HPLC purification, we
isolated 28 in 24% yield (see Scheme 47).

Scheme 47. Azide reduction to obtain 28.
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4.3.3.4. Conjugation with PEG via amide bond formation

The conjugation of PEG onto an amine moiety is commonly achieved by using an N-hydroxysuccinimidyl ester PEG
derivative (PEG-COOSu) as acylating PEG. Several PEG-COOSu derivatives are commercially available and they differ in
the distance between the active ester (-COOSu) and the first ethylene oxide monomer unit. This distance affects the

reactivity of the active ester towards nucleophiles, such as amines and water (see Table 24).

Table 24. Reactivity (hydrolysis and aminolysis in 0.1 M phophate buffer, pH 8.0) of
various N-hydroxysuccinimidyl ester PEG derivatives.®®

Hydrolysis® | Hydrolysis® | Aminolysis®
PEG-(CH,),-COOSu Name typat25°C | t3pat10°C | ty,at 10°C
(min) (min) (min)
PEG-CH,-COOSu PEG-carboxymethyl succinimidyl ester 0.75 2 0.4
PEG-CH,CH,-COOSu PEG-propionate succinimidyl ester 17.1 67 9.5
PEG-CH,CH,CH,-COOSu PEG-butyrate succinimidyl ester 23.3 100 10.3
PEG-CH,CH,CH,CH,-COOSu PEG-valerate succinimidyl ester 33.6 n.a. n.a.

® Hydrolysis half lives were calculated assuming a pseudo first-order mechanism with respect to -COOSu.

e Aminolysis half life was calculated on a low-MW substrate (N-acetyl-L-lysine methyl ester 0.3 mM) and using a 10- or 20-fold excess
of reactive PEG to mimic a first-order mechanism.

For the conjugation of cyclo[RGDf(N-CH,CH,CH,CH,NH,)V] (28) with PEG, we used a polydisperse PEG-propionate
succinimidyl ester (PEG-CH,CH,-COOSu) of 2 KDa. The reaction was investigated in a basic aqueous buffer using
different amounts of activated PEG (see Table 25). Basic media is required to prevent the w-amino group from being
protonated and consequently no reactive towards the activated PEG (pKa of the e-amine of Lys = 10.5, pKa of the a-
amino group at the N-terminus of a peptide = 8.0).169 In aqueous solution, the coupling should be complete in about
30 minutes to 1 hour, since the hydrolysis half-life of PEG-CH,CH,-COOSu at pH 8.0 and 25 oC is around 17.1
minutes."®® When we used an excess of PEG-CH,CH,-COOSu (5.0 equivalents), there was no starting material (28) after
1 hour at room temperature (entry 1). The PEG conjugate (29) appeared as a broad HPLC peak with the expected
average MW (as confirmed by MALDI-TOF analysis). However, the hydrolized PEG derivative and the conjugation
product (29) were hardly separable by semipreparative RP-HPLC, since their HPLC peaks overlapped with each other

for a variety of conditions. Even when using a stoichometric amount of PEG-CH,CH,-COOSu (entry 2), the desired
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product (29) could not be isolated from residual PEG-CH,CH,-COOH. Moreover, the fact that the hydrolized PEG
derivative is not detectable by UV complicated the purification; since we did not have a semipreparative RP-HPLC
apparatus equipped with an MS detector, the presence of hydrolized PEG in the collected fractions had to be assessed
by MALDI-TOF analysis.

Table 25. Conditions investigated for the N-acylation of 28 with PEG-CH,CH,-COOSu.

A 0 J o
HoN uwu/y [MPEGy000-CHoCH,-COOSU]  HaN ﬁ/\/\%u/\f/
o NH " HN OH o NH " HN OH
N HNU N)]_H/Nm
4 /O -
28 MPEGg000
PEG-CH,CH,-
Entry COOSu Solvent c(peptide) | Conditions Result
(eq)

Complete conversion.

EtOH/0.2 M borate Considerable amount of hydrolyzed

1 5.0 2 mg/mL rt,2 h R o
buffer (pH 8.5) 1:1 4 PEG derivative, difficult to separate
from 29 by RP-HPLC.
Complete conversion.
EtOH/0.2 M borate Considerable amount of hydrolyzed
2 1.0 2 L t,2h
buffer (pH 8.5) 1:1 mg/m r PEG derivative, difficult to separate
from 29 by RP-HPLC.
Around 50% of unreacted peptide.
3 05 EtOH/0.2 M borate 2 ma/mlL rt, 2h | Low amount of hydrolized PEG

buffer (pH 8.5) 1:1 derivative, difficult to separate
from 29 by RP-HPLC.

A possible way to circumvent this problem is to use an excess of peptide substrate (28) to ensure that most of the
activated PEG is consumed (entry 3). Although this approach implies a sacrifice of 28, which is time-consuming to

synthesize, it enables to minimize the presence of PEG-CH,CH,-COOH in the conjugation product (29).

Wishing to obtain the pure PEG conjugate (29), we reacted 2.0 equivalents of 28 with 1.0 equivalent of PEG-CH,CH,-
COOSu (see Scheme 48). After 1 hour, the reaction mixture contained the desired product (29), unreacted 28 and a
certain amount of hydrolized PEG derivative (as confirmed by HPLC-MS analysis). No more conversion took place after
stirring for a further 1 hour-period, so the reaction was quenched at this stage. The unreacted peptide (28) was easy
to separate from the product (29) by semipreparative RP-HPLC. However, a certain amount of residual PEG-CH,CH,-
COOH was still present in the 29-containing fraction and this fraction had to be re-purified. In this way, we were able

to isolate the pure PEG conjugate (29) in 99% purity (see Figure 53), but a low amount of product was obtained.

Scheme 48. N-acylation of 28 with PEG-COOSu.
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Figure 53. A) HPLC analysis of pure PEG conjugate 29, linear gradient from 10% to 50% ACN over 8 min. B) MALDI-TOF analysis of
pure PEG conjugate 29 showed a distribution of MW values around 2421.38 (average MW), with the main mass signals spaced apart
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4.3.3.5. Conjugation with PEG via reductive alkylation

For the conjugation of cyclo[RGDf(N-CH,CH,CH,CH,NH,)V] (28) with PEG by reductive alkylation, we used a
polydisperse PEG-propionaldehyde (PEG-CH,CH,-CHO) of 2 KDa. This aldehyde was preferred to PEG-acetaldehyde
(PEG-CH,-CHO) because the latter is reported to undergo rapid decomposition in basic media, pressumably by aldol
condensation. In contrast, PEG-propionaldehyde (PEG-CH,CH,-CHO) is reported to be stable in basic aqueous

solutions, and yet enough reactive for an efficient reductive alkylation.170

We investigated the N-alkylation of 28 with PEG-CH,CH,-CHO using NaBH;CN as reducing agent (see Table 26). In our
initial experiments, we used 2.0 equivalents of PEG-CH,CH,-CHO (entries 1-4). Since this aldehyde is stable in basic and
acidic media, reactions were allowed to proceed overnight. When the reaction was carried out in a pH 6.0 aqueous
buffer, no N-alkylated product (30) was detected (entry 1). When performing the reaction at pH 8.5, the desired PEG
conjugate (30) was formed, but a considerable amount of unreacted 28 was present in the reaction mixture (entry 2).
Better results were obtained when using MeOH as solvent in the presence of AcOH or NEt; (entries 3-4). In both cases,
the HPLC profile of the reaction mixture was identical: the PEG conjugate (30) was formed, but the reaction was not
complete and conversion did not increase after stirring for a further 15 hour-period. To achieve a quantitative yield,
more than 2.0 equivalents of PEG-aldehyde are required (entries 5-6). However, a minimum excess should be used,
because the marginal HPLC retention time difference between the residual PEG-aldehyde and the PEG conjugate (30)
jeopardizes the purification of 30 by RP-HPLC.

Table 26. Conditions investigated for the reductive N-alkylation of 28 with PEG-CH,CH,-CHO.

NH o NH 0
PEG 06-CH,CH,-CHO]
N /\/\)L o [m 2000 2V M /\/\)J\ ]
HN" N N HNT N N
© H NH HHN OH [Red] ©H NH T HN

119



Chapter 4

PEG-
Entry | aldehyde NaBH,CN Solvent c(peptide) | Conditions Result
(eq)
(eq)
EtOH/50 mM phosphate
1 2.0 4.0 buffer (pH 6.0) 1:1 2 mg/mL rt,15h Product not formed.
EtOH/0.2 M borate .
2 2.0 4.0 buffer (pH = 8.5) 1:1 2 mg/mL rt, 15 h Very low conversion.
3 2.0 4.0 MeOH/AcOH 99:1 2 mg/mL rt, 15 h Poor conversion.
4 2.0 4.0 MeOH + NEt; (1.2 eq) 2 mg/mL rt, 15h Poor conversion.
5 3.0 6.0 MeOH + NEts (1.2 eq) | 2mg/mL | rt, 15h Higher conversion,
though not complete.

6 4.0 8.0 MeOH + NEt; (1.2 eq) 8 mg/mL rt, 15h Complete conversion.

For obtaining PEG conjugate 30, we decided to use 3.0 equivalents of PEG-aldehyde; the use of only 2.0 equivalents

provides a low conversion, and the use of a higher excess would severely hamper the purification step. With this

amount of aldehyde, reductive alkylation of 28 gave a mixture of the desired product (30), a little amount of

unreacted peptide (28), and unreacted PEG-aldehyde (see Scheme 49). After semipreparative RP-HPLC purification,

we obtained a fraction of 30 that still contained a certain amount of PEG-aldehyde and had to be re-purified. The

whole purification process was very tedious and, since certain fractions of non-pure 30 were discarded, a low amount

of pure PEG conjugate (30) was obtained (see Figure 54).

Scheme 49. Reductive N-alkylation of 28 with PEG-CH,CH,-CHO.
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Figure 54. A) HPLC analysis of pure PEG conjugate 30, linear gradient from 10% to 50% ACN over 8 min. B) MALDI-TOF analysis of
pure PEG conjugate 30 showed a distribution of MW values around 2654.85 (average MW), with the main mass signals spaced apart
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4.3.3.6. Conjugation with PEG via azide-alkyne cycloaddition

The Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition between azides and alkynes to form 1,2,3-triazoles"’" belongs to
a group of reactions referred to as click chemist“ry.172 This reaction is regiospecific, yielding exclusively the 1,4-
substituted product (see Scheme 50). It has a large thermodynamic driving force and proceeds as much as 10 times
faster than the uncatalyzed version. In general, quantitative yields are obtained in mild conditions, and the reaction
can be performed over a wide range of temperatures (0-160 2C), in a variety of solvents (including water), and over a
wide range of pH values (5-12). Several variations are tolerated in both the azide and the alkyne components. Other
convenient features of this reaction are experimental simplicity, reliability, and ease of product purification. Most
importantly, azides and alkynes are stable under standard conditions and are largely inert towards other
functionalities, thereby avoiding the requirement for protecting groups.161

Scheme 50. Cu(l)-catalyzed Huisgen 1,3-dipolar
cycloaddition between an azide and a terminal alkyne.

cu(l) r2__N
R'-N; + RP—= ——> /

Because of all these reasons, the Cu(l)-catalyzed azide-alkyne cycloaddition has found many applications in a variety of
research areas, including polymer chemistry, materials sciences and medicinal chemis’cry.171c This reaction has also
drawn a lot of attention in the field of peptide and protein chemistry. Noteworthily, the 1,2,3-triazole moiety is an
isostere of a trans peptide bond with the advantage of being stable to hydrolytic and proteolytic cIeavage.173

For the generation of the active Cu(l) catalytic species, several methods are reported. The most common is the in situ-
reduction of a Cu(ll) salt, such as CuSO,4-5H,0, to form Cu(l). Sodium ascorbate is typically used as the reducing agent

175
and

in a 2- to 10-fold excess,””* but other reducing agents, such as tris(2-carboxyethyl)phosphine (TCEP)
hydrazine,176 can also be employed. The advantages of the in situ-generation strategy over the direct use of Cu(l) are
that it does not require a deoxygenated atmosphere, and it allows the use of water as solvent, which removes the
need for a base. The main inconvenience is that the reducing agent may reduce Cu(ll) down to Cu(0), but this can be

prevented by using a proper ratio of reducing agent to catalyst and/or by adding a copper stabilizing agent.

We sought to apply the Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition for the conjugation of PEG with
cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27). For this aim, we used a polydisperse PEG-NH-CO-CH,CH,-alkyne of 2 KDa as
alkyne moiety. The presence of an amide group between the PEG chain and the terminal triple bond does not respond
to any particular purpose; PEG-NH-CO-CH,CH,-alkyne was the only commercially available PEG-alkyne with an average
MW of 2 KDa.

We investigated conditions for the Cu(l)-catalyzed reaction between the N-azidoalkylated peptide (27) and the
aforementioned PEG-alkyne (see Table 27). The Cu(l) that is required to catalyze the reaction was generated by in situ
reduction of CuSO, with sodium ascorbate. This method was preferred over the direct use of Cu(l) due to the ease
with which this species is oxidized to non-catalytic Cu(ll). Initial optimisation experiments were performed in
dioxane/H,0 1:1 (entries 1-2), but our 27 was poorly soluble in this solvent mixture. Using ‘BUOH/H,0 1:1 was found
to be preferrable. In preliminary experiments, we observed that after a certain period of time (1-2 hours), no more
conversion takes place. This means that there is no more active Cu(l)-catalytic species in the media and more CuSO,
and sodium ascorbate should be added. When stoichometric amounts of PEG-alkyne and peptide (27) were reacted in
the presence of 0.2 equivalents of CuSO, and 0.5 equivalents of sodium ascorbate (entry 3), the click product (31) was
formed after 1 hour, though in low conversion, and our attempts to drive the reaction to completion by adding more

CuS0O,/sodium ascorbate were not successful. The presence of unreacted peptide (27) in the reaction mixture should
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be avoided, because its HPLC peak overlaps with the broad HPLC peak of the PEG conjugate (31) and its purification by

semipreparative RP-HPLC is not feasible.

Table 27. Conditions investigated for the click reaction between 27 and the PEG-alkyne.

NH o NH o
HzN)LH/\/\eLH/\fO [MPEGp0-NH-CO-CH,CH,-alkyne] HZNJ\NWJ\N/\%O
o M OH [Cu(h] LR VPL Y on
N HNH N HNH
?3’4’/ ’ ?) . °
O o
N3 | ’\f,N é
N
27 o
NH 3
MPEG 000
PEG- CuSO, . .
Entry alkyne ) NaAsc Solvent c(peptide) Conditions Result
(eq)
1 1.0 0.1 02 | dioxane/H,01:1 | 45mM | rt, overnight | ©oor solubility of the
peptide substrate.
2 1.0 1.0 20 | dioxane/H,01:1 43mM | rt, overnight | F0OT solubility of the
peptide substrate.
3 1.0 0.2 0.5 tBuOH/HZO 1:1 4.3 mM rt, overnight Low conversion.
4 2.0 0.2 0.5 tBuOH/HZO 1:1 4.3 mM rt, overnight Low conversion.
5 2.0 1.0 2.0 tBuOH/HZO 1:1 4.3 mM rt, 6 h Complete conversion.
6 1.5 1.0 2.0 tBuOH/HZO 1:1 4.3 mM rt, 6 h Complete conversion.
7 2.0 1.0 2.0 tBuOH/HZO 1:1 4.3 mM 60¢9C,2h Uncomplete conversion.
[ Complete conversion.
8 2.0 1.0 2.0 DMF/H,0 95:5 43 mM MW, 100 2C, ) P i
15 min Side-product formation.

In order to achieve the total conversion of 27, we sought to use an excess of PEG-alkyne. While investigating our click
reaction with 2.0 equivalents of PEG-alkyne (entry 4), we realized that a higher amount of catalyst was required. By
increasing the amount of Cu,SO, up to 1.0 equivalent, the reaction was complete after stirring for 6 hours at room
temperature (entry 5), and the amount of PEG-alkyne could be lowered to 1.5 equivalents without affecting
conversion (entry 6). This amount of copper is unusual for a click reaction between an alkyne and an azide. We think
that our peptide may bind to Cu(l) and Cu(ll) species through the backbone amide groups and/or through the formed

triazole ring, thereby lowering the activity of the catalyst.177

We investigated if the reaction could be accelerated by heating. However, after stirring for 2 hours at 60 2C, a little
amount of unreacted peptide (27) was still present in the reaction mixture (entry 7). The use of MW heating (100 2C,
15 min) led to complete conversion, but an unidentified side-product was formed in a considerable proportion (entry
8). This side-product had distribution of mass signals in its MS spectra, indicating polydispersity, and did not evolve

after addition of more CuSQO,/sodium ascorbate.

Since heating did not prove to be advantageous, we decided to obtain PEG conjugate 31 using the cycloaddition
conditions shown in entry 6. The N-azidoalkylated peptide (27) and 1.5 equivalents of PEG-alkyne were reacted at
room temperature in the presence of 1.0 equivalents of CuSO, and 2.0 equivalents of sodium ascorbate (see Scheme
51). After stirring overnight, complete conversion was achieved. The excess of PEG-alkyne could be separated from
the click product (31) by semipreparative RP-HPLC, as their HPLC peaks are sufficiently apart from each other. This
enabled us to obtain the desired PEG conjugate (31) in 100% purity, though in low amount (see Figure 55).
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Scheme 51. Click reaction between 27 and the PEG-alkyne.
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Figure 55. A) HPLC analysis of pure PEG conjugate 31, linear gradient from 10% to 50% ACN over 8 min. B) MALDI-TOF analysis of
pure PEG conjugate 31 showed a distribution of MW values around 2676.45 (average MW), with the main mass signals spaced apart
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4.3.3.7. A possible strategy to circumvent purification problems
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As explained in Sections 4.3.3.4., 4.3.3.5. and 4.3.3.6., we were able to attach a 2 KDa PEG moiety onto the amino

group of cyclo[RGDf(N-CH,CH,CH,CH,NH,)V] (28) via amide bond formation or reductive alkylation, and we were able
to graft a 2 kDa PEG-alkyne onto the azido group of cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27) via click chemistry (see
Scheme 52). However, the desired PEG conjugates (29-31) were obtained in low amount due to problems

encountered during their purification. In the case of PEG conjugates 29 and 30, the marginal retention time difference

between the conjugation product and the corresponding PEG reagent did not allow to separate the unreacted PEG by

semipreparative RP-HPLC. In contrast, the PEG conjugate obtained via click chemistry (31) was easy to separate from

the unreacted PEG-alkyne, but its HPLC peak overlapped with that of the unreacted peptide (27).
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Scheme 52. Synthesis of PEG conjugates 29-31.
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To minimize the presence of residual PEG in PEG conjugates 29 and 30, we used a minimum amount of PEGylating
reagent in the conjugation step. For PEG conjugate 29, we only used 0.5 equivalents of PEG-COOSu, but the presence
of hydrolized PEG-CH,CH,-COOH in the conjugation product was still an issue. In the case of PEG conjugate 30, a 3-fold
excess of PEG-aldehyde was required to achieve an acceptable conversion, and thus the unreacted PEG was difficult to
separate.

Separation of the unreacted PEG from a PEG-modified molecule is often achieved by dialysis/ultrafiltration of the
reaction mixture, but this technique was not applicable in our case. The smallest MW cuttoff available for diafiltration
centrifugal devices is 1000 Da. Such a device does not allow to separate the excess of PEG reagent (average MW =
2000 Da) from the PEG conjugate (29 or 30, average MW around 2600 Da), because their average MW’s are not
sufficiently different. Using a 1000 Da-diafiltration device may allow to separate the unreacted peptide (28, MW =
645) from the conjugation product (29 or 30, average MW around 2600 Da) but, in any case, separation of the
unreacted peptide (28) was not problematic and, after diafiltration, purification by RP-HPLC would still be required to
isolate the desired products in high purity.

To isolate the PEG conjugates 29 and 30 in good overall yields, the final purification step should be revised or an
alternative synthetic approach should be conceived. A possible solution would be to perform the conjugation reaction
in the presence of side-chain protecting groups (see Scheme 53). Protection of the Arg and Asp side-chains should
change the HPLC retention time of the conjugates, thereby facilitating their isolation from unreacted PEG.
Nevertheless, we had already obtained enough amount of the target products, and we did not investigate this
strategy.
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Scheme 53. Synthetic strategy to obtain 29-31 performing side-chain deprotection at the last stage.
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4.3.4. Evaluation of the biological activity of the PEG conjugates

For the synthesized PEG conjugates (29-31) and cyclo[RGDfNMeV] (23), we tested their biological activity such as
inhibition of cell adhesion using two different cell types and two integrin ligands for each cell line: vitronectin (VN) and
fibrinogen (FB).150 The cell lines of study were HUVEC endothelial and DAQY glioblastoma cells, both of which
overexpress the a,B; and a,B5 receptors of the a,-integrin family. These assays were performed by Dr. Jaume Adan,

from Leitat technological center, and the results are summarized in Table 28.

Table 28. Adhesion inhibition assays of cyclo[RGDfNMeV] (23) and PEG conjugates 29-31.
ICs values are given in pM. Standard deviations are between parentheses.’

Vitronectin (VN) Fibrinogen (FB)
Compound a,Bs + a,Bs a,Bs
HUVEC on VN DAOY on VN HUVEC on FB DAOY on FB
cyclo[RGDfNMeV] (23) 0.37 (0.05) 2.69 (0.09) 0.076 (0.06) 0.44 (0.05)
PEG conjugate 29 3.06 (0.03) 28.76 (0.01) 0.23 (0.09) 1.77 (0.03)
PEG conjugate 30 3.40 (0.06) 49.56 (0.03) 0.41(0.11) 2.71(0.03)
PEG conjugate 31 8.90 (0.05) 75.21 (0.02) 0.53 (0.04) 4.36 (0.04)

® The original peptide, cyclo[RGDfNMeV] (23), was used as reference control in all the assays performed and,
its activity correlated well with existing data.”" Cell adhesion inhibition curves are shown in Annex 4.

For all the cell/ligand systems, all the compounds inhibited cell adhesion in a concentration-dependent manner,
resulting in the expected sigmoid curves. In the adhesion of HUVEC and DAOQY cells to VN, which is mediated by
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integrins a,B; and a,Bs, PEG conjugates 29 and 30 showed ICs, values in the low puM range, albeit 1 order of magnitude
lower than that of the original peptide (23). PEG conjugate 31 also inhibited cell adhesion, but with less potency than
29 and 30. In the experiments with FB, in which the adhesion is only a,f;-dependent, compounds 29-31 showed the
same pattern of inhibitory potency as for the HUVEC/DAOY-to-VN system.

The decreased inhibitory activities of the PEG conjugates (29-31) with respect to the unmodified peptide (23) indicates
their binding affinities towards integrins a3 and a,s are lower, which is probably due to an interference of their PEG
chains with the RGD-receptor interaction. This hypothesis is consistent with the assays of the N-OEG cyclopeptide
analogs (24-26) from Chapter 3, in which those cyclopeptides bearing a longer N-OEG chain were considerably less
active. Along these lines, CD data seems to indicate that the PEG conjugates (29-31) and cyclo[RGDfNMeV] (23) adopt
the same backbone conformation (see Section 3.3.6.). Thus, no evidence has been found to attribute the lowered
activity of the PEG conjugates (29-31) to a distinct conformational state in which the RGD maotif is not optimally
oriented for integrin binding.

A reduction in biological activity upon attachment of a PEG chain has been reported for several pep’cides178 and
proteins.152 For instance, in the case of PEG-interferon a2a (Pegasys), used in the treatment of hepatitis C, only 7% of
the interferon a2a activity remains after PEG modification."”® The cause of this is postulated to be interference in
receptor binding due to PEGylation, either through steric crowding efects or through hydrophobic-hydrophobic
interactions between the amphiphilic PEG and the hydrophobic domains within the protein. As for other PEGylated
proteins, the reduced in vitro biological activity of PEG-interferon a2a is more than counterbalanced by its enhanced
in vivo half-life due to PEGylation. However, in many PEGylated peptides, the improved pharmacokinetics upon

PEGylation do not offset the biological activity loss.

4.3.5. Evaluation of the lipophilicity of the PEG conjugates

In order to evaluate the relative hydrophobicity of PEG conjugates 29-31 with respect to cyclo[RGDfNMeV] (23), we
compared their RP-HPLC retention times (see Table 29). The retention times of the PEG conjugates were found to be
superior to that of the unmodified peptide, indicating a higher hydrophobic character. This is consistent with our
previous findings for the N-OEG cyclopeptide analogs (24-26) from Chapter 3 (see Section 3.3.9). Such analogs were
increasingly more hydrophobic upon increasing the OEG chain length. Herein, all the PEG conjugates (29-31) result
from the attachment of a 2 KDa polydisperse PEG chain. Consistently, PEG conjugates 29 and 31 showed similar
retention times. PEG conjugate 30 displayed a lower retention, but this can be attributed to the presence of an amine
between the N-butyl chain and the PEG moiety, whereas in 29 and 31 the linking units are an amide and a triazole,

respectively.

Table 29. RP-HPLC retention times cyclo[RGDfNMeV] (23), the N-OEG cyclopeptides (24-26),
and the PEG conjugates (29-31), linear gradient from 10% to 60% ACN over 8 min, C18 column.

Compound t, (min) Compound t, (min)
cyclo[RGDfNMeV] (23) 4.79 PEG conjugate 29 6.11
cyclo[RGDf(N-OEG,)V] (24) 5.17 PEG conjugate 30 5.53
cyclo[RGDf(N-OEG;1)V] (25) 5.74 PEG conjugate 31 6.02
cyclo[RGDf(N-OEG,3)V] (26) 5.93

For cyclo[RGDfNMeV] (23), the N-OEG cyclopeptides (24-26), and the PEG conjugates (29-31), we plotted their RP-
HPLC retention time versus their MW (see Figure 56). The resulting graphic suggests that the influence of OEG chain
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length on hydrophobicity is limited: the retention of the N-OEG analogs does not increase linearly with OEG chain
length. Along these lines, the retention times of PEG conjugates 29 and 31 (average MW = 2421.38 and 2676.45,
respectively) do not substantially differ from that of the N-OEG,; cyclopeptide (26, MW = 1659.94).

Figure 56. Plotting of the RP-HPLC retention times (linear gradient from 10% to 60% ACN over 8 min, C18 column)
of cyclo[RGDfNMeV] (23), the N-OEG cyclopeptides (24-26), and the PEG conjugates (29-31) vs. their MW.
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This observation is compatible with our previously formulated hypothesis for the higher hydrophobicity of N-OEG vs.
N-Me peptide analogs. As explained in Section 3.3.9, we reasoned that N-Me-for-N-OEG substitution may lead to an
interaction between the oxygen atoms of the OEG chain (hydrogen bond acceptors) and the backbone amide protons
(hydrogen bond donors). This intramolecular interaction should decrease the potential for hydrogen-bonding with the
aqueous RP-HPLC mobile phase, thereby resulting in a higher retention time, which —in turn— indicates a higher
hydrophibicity. According to this hypothesis, it is reasonable to expect that a limit will be reached, in which all the

backbone amide protons are shielded by the ether oxygen atoms.

To estimate the lipophilicity of cyclo[RGDfNMeV] (23), the N-OEG cyclopeptides (24-26), and the PEG conjugates (29-
31), we determined their logP values in octanol/water (see Table 30). No significant differences were found. The
parent peptide (23), which is known to be highly hydrophilic, consistently showed a logP value of -1.91. The rest of
compounds had logP values between -1.24 and -2.15, which are typical of hydrophilic RGD-derivatives."® Reported

logP values of PEG-modified RGD-cyclopeptides are also within this range.181

Table 30. LogP values of cyclo[RGDfNMeV] (23), the N-OEG cyclopeptides (24-26), and the
PEG conjugates (29-31) in octanol/water, determined by the shake-flask method.’

Compound logP Compound logP
cyclo[RGDfNMeV] (23) -1.91+0.02 PEG conjugate 29 | -1.88 +0.26
cyclo[RGDf(N-OEG,)V] (24) -2.15+0.01 PEG conjugate 30 | -1.98 +0.13
cyclo[RGDf(N-OEG;,)V] (25) | -1.53+0.10 PEG conjugate 31 | -1.24 + 0.03
cyclo[RGDf(N-OEG,3)V] (26) -1.83+£0.04

® LogP determination experiments were performed as triplicates using a 1:1 octanol/water proportion.

The similarity among the logP values of our compounds is compatible with the trends observed in RP-HPLC retention

data. Two things should be pointed out. First, the fundamental properties responsible for RP-HPLC retention are
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different to those responsible for partition between octanol and water, especially the contribution from hydrogen

. . 128¢,132
bonding interactions.

This is specially true for RP-HPLC measurements on chemically bonded stationary phases,
such as C18. Second, for highly hydrophilic compounds, logP determination by the shake flask method is not very
accurate: if the compound is extremely hydrophilic or hydrophobic, its concentration in one of the phases will be

exceedingly small and thus difficult to quantify.131

In conclusion, the higher retention times of 24-26 and 29-31 with respect to cyclo[RGDfNMeV] (23) indicate that
replacement of a backbone N-Me group of a peptide by an N-OEG chain or an N-linker-attached PEG chain provides a
higher hydrophobicity.

4.3.6. Study of conformational features of the PEG conjugates

We sought to investigate if the PEG conjugates (29-31) have a similar backbone conformation as cyclo[RGDfNMeV]
(23). The conformation of RGD-cyclopeptide ligands is of interest, as it determines their affinity towards integrin

182
receptors.

The conformation of cyclo[RGDfNMeV] (23) in aqueous solution is characterized by a fast equilibrium between two
inverse y (yi)-turns centered at Arg and Asp, and a permanent y-turn centered at Gly (see Figure 57).145 This
conformation is different from that of cyclo[RGDfV], the lead RGD-cyclopeptide from which 23 was discovered by N-
Me scan.'® Cyclic pentapeptides of the LDLDL-series usually exhibit a BlII’/y conformation in which the D-amino acid
residues are placed at the j+1 positions of the turns. Since Gly can act as a D-amino acid, cyclo[RGDfV] also adopts this
typical conformation: a BII’ turn with an internal hydrogen bond between H" [Arg] and CO [Asp] and a y turn centered
at Gly. However, in cyclo[RGDfNMeV] (23), the formation of the hydrogen bond between H" [Arg] and CO [Asp] is
blocked by the N-Me group of Val, and thus a BII’-turn can no longer be present. Furthermore, the conformation of
cyclo[RGDfNMeV] (23) differs to that of cyclo[RGDfV] in the following feature: to avoid steric clash with the N-Me
group, the Asp-D-Phe and NMeVal-Arg amide bonds are placed in a more perpendicular orientation with respect to
the plane of the peptide backbone. As a result, the Asp and Arg side-chains of 23 move towards a more

pseudoequatorial orientation, whereas in cyclo[RGDfV] these side-chains are placed in a pseudoaxial conformation.'*

Figure 57. Chemical structure of cyclo[RGDfV] and cyclo[RGDfNMeV] (23). Adapted from 139 Dashed lines represent the essential

hydrogen bonds required to stabilize the y; and y turns of 23, and the BII’/y conformation of cyclo[RGDfV].
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In order to investigate if the PEG conjugates (29-31) adopt the same backbone conformation as cyclo[RGDfNMeV]
(23), we analyzed our compounds by CD spectroscopy, a sensitive technique to monitor changes in a peptide
secondary structure.'® The different types of chiral secondary elements found in peptides give rise to characteristic

features in the far UV region of their CD spectra (see Figure 58). Because CD reflects the overall conformational
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ensemble, one cannot simply correlate a measured CD spectra with any specific backbone conformation.

Nevertheless, CD is a valid tool to compare the secondary structures of a series of modified peptide analogs.
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Figure 58. CD features of various peptide secondary structures. Adapted from 18
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compounds, we performed

preliminary experiments with the original peptide, cyclo[RGDfNMeV] (23) (see Figure 59). CD spectra were recorded in

the range from 190 to 250 nm using water as solvent. In these first experiments, we studied the effect of having

different percentages of trifluoroethanol (TFE) on the sample (0%, 10%, 20% and 50%). This solvent is frequently used

in CD experiments due to its ability to stabilize helical or B-turn like structures.'®® However, in our case, the magnitude

of CD decreased upon increasing the amount of TFE, and when using 50% TFE the secondary structure of the peptide

was totally destabilized. We also studied the effect of having the peptide at different concentrations (0.25 mM, 0.5

mM and 1.0 mM). Within this range of concentrations, the molar ellipticities per residue remained unchanged.

Figure 59. CD spectra of cyclo[RGDfNMeV] (23) in H,0 at various % TFE and various concentrations.
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The CD spectrum of cyclo[RGDfNMeV] (23) showed a negative band at 238 nm (A.,i,) and a positive band at 212 nm
(Amax)- The CD spectra of the PEG conjugates (28-31) were very similar to that of 23, which indicates that all the
compounds have a similar backbone conformation (see Figure 60).

Figure 60. CD spectra of cyclo[RGDfNMeV] (23) and the PEG
conjugates (29-31) in H,0 at a 0.5 mM concentration.
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These CD measurements are consistent with a conformation featuring two inverse y (y;)-turns in conformational
exchange and a y-turn, as compared with recently published CD data of three model y-turn peptides: cyclo[Ala-B-Ala-
Pro-B-Ala], cyclo[Pro-B-Ala-Pro-B-Ala] and cyclo[Ala-B-Ala-Ala-B-Ala]."® CD analysis of these peptides, which are
reported to exist as one predominant conformer with two inverse y (y;)-turns, revealed a negative band near 230 nm
(Amin) and a positive band below 200 nm (A..,,) with a long wavelength shoulder.

It is important to note that for peptides for which structural information from NMR is lacking, the CD spectrum can
only be taken as a hint that a chiral secondary structure is present, since an unambiguous assignment of a CD
spectrum to a specific backbone conformation is currently impossible.187 Also worth to note is that there is almost no
data on the CD spectroscopic properties of y-turn-containing peptides. Whereas the CD features of a-helix and B-
sheet structures are well-defined, the CD characterization of y-turns is still uncertain, and their distinction from -
turns is difficult.”®

Despite these issues, CD data indicates that replacement of the backbone N-Me group of cyclo[RGDfNMeV] (23) by an
N-butyl-linked PEG chain caused a minimal perturbation of its backbone conformation.

4.4. Summary and conclusions

In this Chapter, we have developed a methodology to introduce a backbone N-(4-azidobutyl) group into peptides. The
introduction of this linker allows conjugation in peptides that do not have suitable attachment sites.

We found that the N-(4-azidobutyl) group can be introduced into a growing peptide by reductive alkylation of its a-
amino group with 4-azidobutanal, which proceeds efficiently and in a reproducible manner. This method is preferrable
to using an Fmoc-N-(4-azidobutylated) building block, as this derivative has to be previously prepared and then
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coupled in excess. The subsequent acylation of the N-(4-azidobutylated) amine can be achieved in solid-phase using
BTC as activating reagent. However, several coupling cycles are required for an optimum conversion, and the
efficiency of such BTC-mediated couplings may not be reproducible when the synthesis is upscaled. To prepare of N-
(4-azidobutylated) peptides on large scale, we developed an efficient protocol in which the difficult coupling step is
performed in solution via an acid chloride. This protocol is based on a double SPPS scheme in which the CTC is used for
peptide elongation, de- and re-attachment of the fully protected peptide, and final elongation again.

To demonstrate the applicability of our strategy, we synthesized an analog of cyclo[RGDfNMeV] (Cilengitide) in which
the N-Me group of Val was replaced by the N-(4-azidobutyl) group. With the synthesis of this peptide, we show that N-
(4-azidobutylated) peptides are accessible using standard SPPS protocols that are compatible with common protecting
groups used in peptide synthesis. Taking into account that the acylation of the N-alkylated residue was achieved on a
small scale using BTC, we consider that the detour from solid-phase to solution chemistry in the synthesis of
cyclo[RGDf(N-CH,CH,CH,CH,N;)V] was necessary because of the additional steric hindrance exerted by the B-branched
side-chain of Val, and that this alternate route may not be a general requirement for the synthesis of other N-(4-
azidobutylated) peptides.

Comparison of NMR data of cyclo[RGDfNMeV] and its N-(4-azidobutylated) analog indicated that replacement of the
N-Me group by our linker caused a minimal perturbation of its original conformation. On the basis of this finding, we
can expect that an N-(4-azidobutyl) group will exert the same conformational restrictions as a backbone N-Me group
when incorporated into other cyclic peptides. This is potentially useful, since backbone N-Me groups are common
structural motifs in many bioactive peptides. Therefore, for a given N-methylated cyclopeptide, replacement of a
backbone N-Me group by our linker is expected to have little influence on its conformation, which may be crucial for
biological activity.

Next, we used cyclo[RGDf(N-CH,CH,CH,CH,N;)V] to prepare several conjugates with a polydisperse PEG chain of 2
KDa. On one hand, an alkyne-functionalized PEG was conjugated with our azidoalkylated-peptide via Cu(l)-catalyzed
Huisgen 1,3-dipolar cycloaddition. On the other hand, the azide function was reduced to an amine with the mild
Zn/NH,CI reducing system, and the resulting aminoalkylated-peptide was either reductively N-alkylated with a PEG-
aldehyde or N-acylated with a PEG-COOSu derivative. All the conjugation reactions took place in high yield but, due to
the polydispersity of PEG, conditions had to be optimized to facilitate the purification of the PEG conjugates by RP-
HPLC. With the preparation of these conjugates, we show that our linker allows conjugation through several chemical

transformations.

The PEG conjugates and cyclo[RGDfNMeV] had similar logP values that were within the typical range of hydrophilic
molecules. Interestingly, the PEG conjugates were found to be more hydrophobic than the unmodified peptide, as
indicated by their higher RP-HPLC retention times. For all the RGD-cyclopeptide derivatives, we evaluated their
antagonistic activity towards integrins a,f; and a,fs in cell adhesion inhibition assays, which were performed with two
different cell types and two integrin ligands for each cell line. In all cases, the PEG conjugates inhibited integrin-
mediated cell adhesion in a concentration-dependent manner, though with less potency than the original peptide.
Their decreased inhibitory activity is probably due to an interference of the PEG chain with the RGD-receptor
interaction, resulting in lower binding affinities. This hypothesis is consistent with the results of the assays with the N-
OEG cyclopeptide analogs (Chapter 3), in which those cyclopeptides bearing a longer N-OEG chain were considerably
less active. Furthermore, CD data indicated that the PEG conjugates and cyclo[RGDfNMeV] have the same backbone
conformation. Thus, we found no evidence to attribute the lowered activity of the PEG conjugates to a distinct
conformational state in which the RGD-sequence is not optimally oriented for binding.

In conclusion, we have shown that a backbone N-(4-azidobutyl) group can be incorporated into a peptide using
standard SPPS techniques and allows conjugation at a late stage of the synthesis. Due to the orthogonal properties of
the azide, our linker is compatible with protecting groups, linkers and resins commonly used in peptide synthesis.
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Moreover, the chemical versatility of the azide function, which can be reduced to an amine prior to conjugation,
allows for flexibility in the design of peptide conjugates. Along these lines, the possibility of using click chemistry in the
conjugation step is an advantageous feature, since it permits conjugation in the presence of side-chain functional
groups and thus implies a minimal requirement for protection.

More importantly, modification of peptides with our N-(4-azidobutyl) linker is a useful strategy to allow conjugation in
peptides that do not have derivatizable groups. In contrast to other strategies used for this purpose, such as the
introduction of Lys or Cys, our approach allows conjugation under full conservation of the amino acid side-chains,
which may be essential for biological activity, and with a minimal requirement of protecting groups.

On the basis of all these considerations, we strongly believe that our N-(4-azidobutyl) linker will have broad utility in
peptide chemistry and will widen the application of established conjugation methods.
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Global Conclusions

The present Thesis was devoted to the synthesis of novel backbone N-substituted peptides, and to the study of their

properties in comparison to N-Me peptides.

In Chapter 1, we investigated Fmoc-N-triethylene glycol (N-TEG) amino acids as building blocks for the SPPS of
backbone N-substituted peptides. We found that Fmoc-N-TEG amino acids can be easily prepared through a 3-step
protocol that involves reductive alkylation of the a-amino group with 3,6,9-trioxadecanaldehyde. The main difficulty
for the incorporation of these building blocks into peptides is the acylation of the N-TEG amine. Several coupling
conditions reported as efficient for the acylation of N-Me amino acids in solid-phase failed to provide good yields in
the case of couplings onto N-TEG amino acids, but these couplings were found feasible using BTC as activating
reagent. This activation method, which leads to the in situ-generation of a highly reactive acid chloride, is compatible
with the acid-labile CTC resin.

Chapter 2 describes then the synthesis of N-Me and N-TEG analogs of Sansalvamide A peptide with the methodology
established in Chapter 1. NMR data indicated that the incorporation of N-Me and N-TEG groups into this cyclic
pentapeptide imposes similar constraints to its backbone conformation. The biological activities of all the N-Me and N-
TEG analogs of Sansalvamide A peptide were found to be quite low, but -interestingly- the RP-HPLC retention times of
the N-TEG analogs were found to be slightly superior to those of their N-Me homologues, indicating a higher
hydrophobicity for the N-TEG peptides. With these observations, we reasoned that the N-TEG group can be used as
surrogate for the N-Me group to provide a slightly more lipophilic peptide with a minimal perturbation of the

backbone conformation.

In Chapter 3, we chose Cilengitide as model peptide, and we replaced its NMeVal constituent by (N-OEG)Val
derivatives of increasing size. We observed that there is a cutting edge for the stepwise SPPS of N-OEG peptides with
respect to the OEG chain length: upon a certain length, the solid-phase acylation of an N-OEG amine becomes
impossible even with the BTC activation method. The two N-OEG cyclopeptides bearing the larger OEG chains were
obtained by segment condensation. The RP-HPLC retention times of the N-OEG analogs were found to be superior to
that of parent N-Me cyclopeptide, and increased with the OEG chain length. We reasoned that N-Me-for-N-OEG
substitution leads to an interaction between the oxygen atoms from the OEG chain (hydrogen bond acceptors) and
the backbone amide protons (hydrogen bond donors). This intramolecular interaction decreases the potential for
hydrogen-bonding with the aqueous RP-HPLC mobile phase, thereby resulting in a higher retention time, which -in
turn- indicates an enhanced lipophilicity. Remarkably, the N-TEG analog displayed the same biological activity as
Cilengitide, whereas the analogs having larger N-OEG chains were found to be less active. With these observations, we
reasoned that substitution of the N-Me group of a peptide by the N-TEG group is a feasible strategy to confer
lipophilicity whilst preserving biological activity, whereas for larger N-substituents synthetic yields drop and receptor

binding may be hampered.

In Chapter 4, we studied the N-(4-azidobutyl) group as a backbone linker to permit conjugation in peptides that lack
suitable sites for the attachment of molecules. We synthesized an analog of Cilengitide in which its backbone N-Me
group was replaced by the N-(4-azidobutyl) group, and we used this N-(4-azidobutylated) analog to prepare several
PEG conjugates having different linking moieties. It was shown that the N-(4-azidobutyl) linker can be introduced into
peptides by reductive alkylation of their a-amino group in solid phase. Although the subsequent coupling onto the N-
azidoalkylated residue can be achieved in small-scale SPPS, the preparation of larger amounts of peptide required a
deattachment step to perform the dificult coupling in solution, and a subsequent reattachment of the peptide
segment onto the resin to continue with the elongation. NMR data indicated that Cilengitide and its N-(4-
azidobutylated) analog have the same backbone conformation. Therefore, substitution of a backbone N-Me group by
our N-(4-azidobutyl) linker is a valuable strategy provide a bioorthogonal conjugation site without altering the original

amino acid side-chains and conformation of the parent N-Me peptide.
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MATERIALS AND METHODS

1. SOLVENTS AND REAGENTS

Solvents
Solvent Quality Commercial brand
ACN HPLC analysis SDS
Acetone Synthesis SDS
AcOEt Synthesis SDS
AcOH Synthesis SDS
CHCl; Analysis SDS
Dioxane Analysis SDS
DCM Synthesis SDS
DMF Peptide synthesis SDS
DMSO ACS Panreac
Et,0 Synthesis SDS
EtOH Absolute Panreac
Hexane Synthesis SDS
H,0 MilliQ -
MeOH HPLC analysis SDS
‘BuOMe Synthesis SDS
TFA Analysis Fluorochem
TFA HPLC analysis Fluorochem
THF Analysis Scharlau
Toluene Synthesis Scharlau
Reagents

Fmoc-protected amino acids were purchased from Iris Biotech GmbH (Marktredwitz, Germany) or Bachem (Basel,
Switzerland), except for Fmoc-protected N-methyl amino acids, which were purchased from Sigma-Aldrich
(Milwaukee, USA). Amino acid tert-butyl ester hydrochlorides were also purchased from Sigma-Aldrich (Milwaukee,
USA).

2-chlorotrityl chloride (CTC) resin was purchased from Iris Biotech GmbH (Marktredwitz, Germany) or Novabiochem

(Laufelfingen, Switzerland).
OxymaPure, HOAt, HOBt and HATU were obtained from Luxembourg Industries (Tel Aviv, Israel).
Piperidine was purchased from SDS (Peypin, France).

Monodisperse CH;-O-(CH,CH,0),;-CH,CH,-CHO and CH;-O-(CH,CH,0),3-CH,CH,-CHO were purchased from Iris Biotech
(Marktredwitz, Germany). Polydisperse mPEG,qqo-CH,CH,-COOSu (average MW = 2 KDa) and polydisperse mPEGggq-
CH,CH,-CHO (average MW = 2 KDa) were purchased from Nanocs Inc. (NY, USA). Polydisperse mPEG,q0-NH-CO-
CH,CH,-alkyne (average MW = 2 KDa) was purchased from Iris Biotech (Marktredwitz, Germany).

The rest of chemicals used in the present Thesis were purchased from Sigma-Aldrich (Milwaukee, USA).
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2. GENERAL INSTRUMENTATION

Instrument

Trading house, model

centrifuges

Eppendorf, models 5415D and 5415R

Beckman Coulter, model Allegra 21R

freeze dryer

Virtis, model Freezemobile 12 EL; connected to an Edwards RV12

vacuum pump

IR spectrometer

Termo Nicolet, model 510FT

magnetic stirrer

IKA, model RCT basic

MilliQ water Millipore, model Milli-Q A10
MW system CEM corporation, model CEM Discover
pH meter Crison, model GLP21

orbital shaker

Heidolph, model Unimax 1010

polarimeter

Perkin-Elmer, model 241

rotatory evaporator

Heidolph, model Laborota 4003; connected to a Boc Edwards vacuum

pump or to a Vacuubrand MZ 2C vacuum pump

scales

Mettler Toledo, model PB303-S (2 significant digits, precision 1.0 mg)

Mettler Toledo, model AB204-S (4 significant digits, precision 0.1 mg)

Mettler Toledo, model AT-261 (5 significant digits, precision 0.01 mg)

spectropolarimeter

Jasco, model J-810

stove

Selecta, model Digitronic

sonicator baths

Branson, models 250 and 1510

UV-VIS spectrometer

Shimadzu, model mini 1240

3. CHROMATOGRAPHIC METHODS

Thin layer chromatography (TLC)

Analytical TLC was carried out on Merck Kieselgel 60 F,s, plates. Compound spots were visualized by UV light (254 nm)

and/or using the following staining solutions:

Anisaldehyde solution. The spray solution was prepared by dissolving 9.2 mL of 4-methoxybenzaldehyde in a
mixture of 338 mL of EtOH, 3.8 mL of AcOH and 12.5 mL of H,SOy4 (conc)- When the TLC plate is sprayed and

heated at 110 2C for 1 min, the presence of compounds is evidenced by the appearance of coloured spots.

Vainilline solution. The spray solution was prepared by dissolving 0.05 g of vanillin in a mixture of 8.5 mL of
MeOH, 1 mL of AcOH and 0.5 mL of H,SO4 (conc)- When the TLC plate is sprayed and heated at 110 °C for 1 min,

the presence of compounds is evidenced by the appearance of coloured spots.

= Phosphomolibdic acid solution. The spray solution was prepared by dissolving 12 g of phosphomolibdic acid in

100 mL of EtOH. When the TLC plate is sprayed and heated at 110 2C for 1 min, the presence of compounds is

evidenced by the appearance of coloured spots.

= Ninhidrine solution. The spray solution was prepared by dissolving 0.5 g of ninhydrine in 100 mL of EtOH. The TLC

plate was sprayed and heated at 110 2C for 1 min. When the TLC plate is sprayed and heated at 110 C for 1 min,

the presence of primary amine groups is evidenced by the appearance of violet spots.
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= Basic KMnO, solution. The spray solution was prepared by dissolving 3 g of KMnO, and 20 g of K,CO5 in a mixture
of 300 mL of H,0 and 5 mL of 5% NaOH (,q). When the TLC plate is sprayed and heated at 110 2C for 1 min, the

presence of alcohols and/or double bonds is evidenced by the appearance of yellow spots.

Flash chromatography

Flash chromatography was performed on silica gel (60 mesh, 35-70 um), which was purchased from SDS (Pepypin,

France). Separations were performed manually using glass columns of variable size.

Analytical HPLC

Analytical HPLC was carried out on a Waters instrument comprising a Sunfire™ C18 reversed-phase analytical column
(3.5 um, 4.6 x 100 mm), a separation module (Waters 2695), automatic injector, and photodiode array detector
(Waters 2298). Data were managed with Empower 2 software (Waters). UV detection was performed at 220 nm, and
linear gradients of ACN (+0.036% TFA) into H,0 (+0.045% TFA) were run at a flow rate of 1.0 mL/min over 8 min.

Semipreparative HPLC

For compounds 1, 1a-5a and 1b-5b [from Chapter 2], cyclo[RGDfNMeV] (23), cyclo[RGDf(N-OEG,)V] (24) and
cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27) [from Chapters 3 and 4], semipreparative HPLC was carried out on a Waters
instrument comprising a Sunfire™ C18 reversed-phase semipreparative column (5.0 um, 18 x 100 mm), a separation
module (Waters Delta 600), Waters 600 controller, automatic injector, and a dual absorbance detector (Waters 2487).
Data were managed with Millenium 3.2 software (Waters). UV detection was at 220 nm, and linear gradients of ACN
(+0.036% TFA) into H,O (+0.045% TFA) were run at a flow rate of 15.0 mL/min or in the conditions specified for each

case. Fractions were collected with a Waters Fraction Collector II.

For cyclo[RGDf(N-OEG4,) V] (25) and cyclo[RGDf(N-OEG,3)V] (26) [from Chapter 3], semipreparative HPLC was carried
out on a Waters instrument comprising an Xbridge™ C18 reversed-phase column (5.0 um, 10 x 100 mm), a separation
module (Waters 2695), an automatic injector, and a photodiode array detector (Waters 2298). Data were managed
with Empower 2 software (Waters). UV detection was performed at 220 nm, and linear gradients of ACN (+0.036%
TFA) into H,0 (+0.045% TFA) were run at a flow rate of 3.0 mL/min in the conditions specified for each case. Fractions

were collected manually.

For cyclo[RGDf(N-CH,CH,CH,CH,NH,)V] (28) and PEG conjugates 29-31 [from Chapter 4], semipreparative HPLC was
carried out on a Waters instrument comprising a SunFire™ C18 reversed-phase column (5.0 um, 10 x 150 mm), a
separation module (Waters 2545), a Waters 2767 sample manager, an automatic injector, photodiode array detector
(Waters 2998), and mass detector (Waters 3100). Data were managed with MassLynx V4.1 software (Waters). UV
detection was performed at 220 nm, and linear gradients of ACN (+0.1% TFA) into H,0 (+0.1% TFA) were run at a flow

rate of 3.0 mL/min in the conditions specified for each case.

4. STRUCTURAL DETERMINATION TECHNIQUES

NMR spectroscopy

'"H-NMR (400 MHz) and “C-NMR (100 MHz) spectroscopy were performed on a Varian Mercury 400 MHz
spectrometer. 'H-NMR (500 MHz) and *C-NMR (125 MHz) spectroscopy were performed on a Varian VNMRS 500
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MHz spectrometer. "H-NMR (600 MHz) and BC-NMR (150 MHz) spectroscopy were performed on a Bruker Digital
Avance 600 MHz spectrometer. Chemical shifts (8) are expressed in parts per million and the deuterated solvent signal
was used as reference (unless otherwise stated). Coupling constants are expressed in Hertz. The following
abbreviations are used to indicate multiplicity: s, singlet; d, doublet, dd, double doublet; t, triplet; dt, double triplet;

m, multiplet; and bs, broad signal.

Mass spectrometry

= HPLC coupled to an MS detector (HPLC-MS). HPLC-MS analyses of samples were carried out on a Waters

instrument comprising a Sunfire™ C18 reversed-phase analytical column (3.5 pm, 4.6 x 100 mm), a separation
module (Waters 2695), automatic injector, photodiode array detector (Waters 2298), and a Waters micromass
ZQ unit. Data were managed with MassLynx V4.1 software (Waters). UV detection was performed at 220 nm, and
linear gradients of ACN (+0.07% formic acid) into H,0 (+0.1% formic acid) were run at a flow rate of 0.3 mL/min

over 8 min.

= High-resolution mass spectrometry (HRMS). High resolution mass spectra (HRMS) were obtained with an Agilent

1100 series LC/MSD trap spectrometer using the electrospray ionization (ESI-MS) method in positive or negative

mode (as indicated).

= MALDI-TOF spectrometry. MALDI-TOF mass spectra were obtained with a 4700 Proteomics Analyzer (Applied

Biosystems) spectrometer using the a-cyano-4-hydroxycinnamic acid (ACH) matrix. Acquisition of mass spectra
was performed in the MS reflector positive ion mode. For the acquisition of mass spectra of the PEG conjugates
(29-31), typical parameters were set to source and grid voltages 20 and 14 kV, respectively, fixed laser intensity
of 3300, signal-to-noise threshold 50, and noise window width 200. In all cases, data handling was performed
using the Data Explorer 4.0 programme (Applied Biosystems). [Sample preparation: 1 pL of sample solution (a
solution of the sample in ACN/H,0 1:1) was mixed with 1 uL of a-cyano-4-hydroxycinnamic acid (ACH) matrix (a 2
mg/mL solution of ACH in ACN/H,0 1:1 with 0.5% TFA). 1 uL of this mixture was overlaid on each spot and the

plate was analyzed.]

IR spectroscopy

IR spectra were recorded with a Termo Nicolet 510FT spectrometer and processed with the Omnic 6.0 program
(Termo Nicolet Corporation). Samples were prepared by the film technique, which consists in placing a dry film of the

compound over the KBr disk.

Polarimetry

Optical rotation measurements were performed with a 241 Perkin-Elmer polarimeter using the sodium D-line at 589

nm of. Measurements were done at 22 2C using a cell of 10 cm path length and 1 mL capacity.

CD spectroscopy

CD spectroscopy was performed on a Jasco J-810 spectropolarimeter fitted with a thermostatted cell holder.
Measurements were done at room temperature using a quartz cell of 1 mm path length. CD spectra were recorded
from 190 nm to 250 nm at a scanning speed of 50 nm/min. The spectra were obtained with a time response of 4 s and
a step resolution of 0.2 nm. Each CD spectrum was the average of 4 accumulations. Data were processed with Jasco's
Spectra Manager software (Jasco). All measurements were taken in ellipticities (8) and converted to molar ellipticities

([B]nm) according to the following formula:
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[Blw=(6)/(c-1)

where: [B]y: molar ellipticity (mdeg cm® dmol™ res'l), 0: ellipticity (mdeg cm’ res"l), c: concentration (M), I: path

length (cm).

5. EXPERIMENTAL PROCEDURES FOR SPPS

General considerations for SPPS

All the SPPS described in this Thesis were performed on the CTC resin using Fmoc-/‘Bu- chemistry. SPPS were
performed in polypropylene syringes provided with a porous polyethylene filter and attached to a vacuum manifold.
The syringes volumes used were 2, 5, 10 or 20 mL, depending on the scale of the synthesis. Reagents and solvents
were added to the syringe containing the resin and the mixture was stirred in an orbital shaker. After each treatment,
the solvent and the excess of reagents were removed by filtration through the vacuum system. After each synthetic
step, the resin was washed with DCM (3x1 min), DMF (3x1 min) and DCM (3x1 min) unless otherwise stated.

Colorimetric tests
The following colorimetric tests were used for qualitative monitoring of couplings performed on solid phase:

] Ninhydrin test." The ninhydryn test allows the detection of primary amine groups on the resin. This test was
used to monitor conventional couplings during the elongation of the peptide in solid phase. To perform the
ninhydryn test, the peptidyl-resin was washed with appropriate solvents and dried. A small amount of peptidyl-
resin (0.5-2 mg) was transferred to a small glass tube. To this tube were added 6 drops of the reagent solution A
and 3 drops of the reagent solution B. The mixture was heated at 100 2C for 3 min. The formation of a blue color
on the beads or the supernatant is indicative of the presence of free primary amines (positive test) and thus of an
uncomplete coupling. Conversely, a yellow coloration indicates the absence of free primary amines (negative

test). The method is highly sensitive and a negative test ensures an amino acid incorporation higher than 99.5%.

o Preparation of reagent solution A: Phenol (40 g) was dissolved in EtOH (10 mL) and the mixture was heated

until complete dissolution of the phenol. A solution of KCN (65 mg) in H,0O (100 mL) was added to pyridine
(freshly distilled over ninhydrin, 100 mL). Both solutions were stirred for 45 min with 40 g of Amberlite MB-3

ion exchange resin, filtered and combined.

o Preparation of reagent solution B: Ninhydryn (2.5 g) was dissolved in EtOH (50 mL). The resulting solution was

kept in a flask protected from light.

] Chloranil test." The chloranyl test allows the detection of primary or secondary amine groups on the resin. This
test was sometimes used to monitor couplings onto N-alkylated residues. To perform the chloranil test, the
peptidyl-resin was washed with appropriate solvents and dried. A small amount of peptidyl-resin (0.5-2 mg) was
transferred to a small glass tube. To this tube were added 20 drops of acetone and 5 drops of a saturated
chloranil solution (0.75 mg of 2,3,4,5,6-tetrachloro-1,4-benzoquinone in 25 mL of toluene). The mixture was
stirred for 5 min at room temperature. The formation of a blue-greenish color is indicative of the presence of
free secondary amines (positive test) and thus of an uncomplete coupling. Conversely, a yellow, amber or brown
coloration indicates the absence of free secondary amines (negative test). The method is less sensitive than the

De Clerq test.
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"® The De Clercq test allows the detection of primary or secondary amine groups on the resin. This

. De Clercq test.
test was the preferred method to monitor couplings onto N-alkylated residues because it is more sensitive than
the chloranyl test. To perform the De Clerq test, the peptidyl-resin was washed with appropriate solvents and
dried. A small amount of peptidyl-resin (0.5-2 mg) was transferred to a small glass tube. To this tube were added
5 drops of De Clerq reagent (0.002 M p-nitrophenyl ester of disperse Red 1 in ACN). The mixture was heated at
70 oC for 10 min. The resin was washed extensively with MeOH (3x), DMF (3x) and DCM (3x). The formation of a
red color on the beads is indicative of the presence of free primary amines (positive test) and thus of an

uncomplete coupling. Conversely, colorless beads indicate the absence of free primary amines (negative test).

o  Synthesis of p-nitrophenyl ester of Disperse Red 1: p-nitrophenyl ester of Disperse Red 1 is readily accessible

from commercial Disperse Red 1 by a 3-step procedure. Step 1. To a solution of Disperse Red 1 (6.28 mg, 20
mmol) and Rh,(OAc), (150 mg, 0.34 mmol) in a mixture of DCM (100 mL) and toluene (100 mL) is added at
40 °C a solution of ethyl diazoacetate (8.4 mL, 80 mmol), in toluene (40 mL) over a period of 1 h. After
overnight stirring at room temperature, the crude is by flash chromatography. Step 2. The product obtained
in step 1 (5 g, 12.5 mmol) was dissolved in a mixture of MeOH (300 mL) and toluene (70 mL). To this solution
was added KOH (4.062 g, 62.5 mmol) and the resulting mixture was refluxed under N, atmosphere for 1.5 h.
The desired product was purified by a series of extractions. Step 3. The product obtained in step 2 (2.322 g,
6.0 mmol) was dissolved in DCM (120 mL) and a solution of p-nitrophenol (0.834 g, 6.0 mmol) in pyridine
(100 mL). The resulting mixture was cooled at -15 2C and a solution of POCI; (10.8 mmol, 1.00 mL) in DCM

(10 mL) was added over a 1 h-period. The desired product was purified by a series of extractions.

General considerations about the CTC resin

In all the SPPS described in this Thesis, the 2-chlorotrityl chloride (CTC) resin™" was used as solid support. This acid-
labile resin is commonly used for the synthesis of peptide acids through Fmoc-/"Bu- chemistry. Since peptide cleavage
can be performed with very mild acid conditions (1% TFA in DCM, 3x1 min), CTC resin allows to obtain fully protected
peptide acids and minimizes possible side-reactions, such as acid-catalyzed fragmentation of N-alkylated amide bonds.
The steric bulk of CTC is also useful to prevent side-reactions, such as DKP formation at the dipeptide and tripeptide
stage. Furthermore, the incorporation of the first Fmoc-protected amino acid onto the CTC resin takes place with

essentially no epimerization.

Since CTC resin is moisture-sensitive, the resin was stored at -20 2C and was allowed to warm to room temperature

before opening. Once opened, the resin was stored in a KOH dessicator.

Initial conditioning of the CTC resin

The CTC resin was swelled in DCM (15 min). Then, the resin was washed with DCM (3x1 min), DMF (3x1 min) and DCM
(3x1 min).

Incorporation of the first amino acid onto the CTC resin

Incorporation of the first Fmoc-aa-OH onto the CTC resin is achieved through a nucleophilic substitution. The initial
loading of the CTC resin (1.6 mmol/g) is normally decreased in order to prevent interchain aggregation during SPPS. To

decrease the initial loading of the CTC resin, less than 1.0 equiv. of the first Fmoc-aa-OH are used.
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It should be considered that, in general, incorporation of the first Fmoc-aa-OH onto the CTC is not quantitative.
Typically, the use of 0.7 equiv. of Fmoc-aa-OH is expected to give a loading of 0.5 mmol/g. However, the degree of

incorporation depends on the steric hindrance of the Fmoc-aa-OH to be incorporated.

Since the use of 1.2 equiv. of Fmoc-aa-OH is expected to give a loading of 1.0 mmol/g, to achieve an approximate
loading of 1.0 mmol/g, a solution of the first Fmoc-aa-OH (1.2 equiv.) and DIEA (12.0 equiv.) in DCM was added to the
resin and the mixture was shaken for 1 h. Then, MeOH (0.8 mL/g resin) was added to cap the free sites of the resin
and the mixture was stirred for 15 min. Finally, the solvent and the excess of reagents were filtered, and then, the

resin was washed.

Fmoc- group elimination

The Fmoc- group was removed by treating the resin with piperidine/DMF 1:4 (2x5 min, 1x10 min). Fmoc- removal from
N-alkylated residues was carried out using an extra treatment with DBU/toluene/piperidine/DMF 5:5:20:70 (1x5 min).
After the basic treatments, the resin was washed with DMF (5x1 min), till the filtrate had a neutral pH.

5.7. Determination of the resin loading by quantification of the Fmoc- group

Resin loading was determined by quantification of the UV-absorbance of dibenzofulvene-piperidine adduct measured
at 290 nm. After incorporating the first amino acid, the Fmoc- group was removed and the washes of all treatments
were collected in a volumetric flask. The piperidine washes were diluted with DMF and the absorbance of the resulting

solution was measured at 290 nm. The resin loading was calculated using the following formula:

Z=(A-V)/(e-Y-1)

where: Z: resin loading (mmol/g resin), A: absorbance, V: volume of solvent (mL), €: molar extinction coefficient of

Fmoc- (€ =5800 L mol™ cml), Y: weight of resin (g), |: path length (cm).

Peptide chain elongation

Peptide chain elongation was performed following the cycles described in the Table below.

Stage | Operation Solvents Treatments

1 Washes DMF 3x1 min
DCM 3x1 min
DMF 3x1 min

2 Deprotection | piperidine/DMF 1:4 2x5 min, 1x10 min

Washes DMF 3x1 min

DCM 3x1 min
DMF 3x1 min

4 Coupling Fmoc-aa-OH 1x 60 min
Coupling reagent

5 Washes DMF 3x1 min
DCM 3x1 min
DMF 3x1 min
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After the final washings, the resin was filtered and a ninhydryn or a De Clerq test was performed. If the test was
positive (i.e. uncomplete coupling), then recoupling was required, and the procedure starting from the third stage of
the cycle was repeated. If the test was negative (i.e. complete coupling), the procedure starting from the first stage of

the cycle was repeated to remove the Fmoc- and incorporate the next amino acid residue.

The coupling method was chosen depending on the difficulty of the specific coupling. Carbodiimide activation was

used for couplings over unhindered amino acids. In most carbodiimide-mediated couplings, we used OxymaPure as
additive to suppress racemization and improve coupling efficiency. In terms of these effects, the performance of

OxymaPure is superior to HOBt and comparable to HOAt. Activation with phosphonium and uronium salts was used

for some difficult couplings, like for the coupling of hindered amino acids or for the coupling of dipeptidic segments
onto a peptidyl-resin. BTC activation was used for couplings onto N-alkylated residues. Activation of an Fmoc-amino
acid with BTC is likely to proceed through the in situ-generation of the corresponding acid chloride, which is a highly

reactive acylating species.

= Coupling with DIPCDI/OxymaPure, DIPCDI/HOAt or DIPCDI/HOBt (carbodiimide procedure). The Fmoc-aa-OH
(3.0 equiv.) and the additive (3.0 equiv.) were dissoved in DMF. DIPCDI (3.0 equiv.) was added and, after 3 min

of preactivation, the solution was poured to the resin. The peptidyl-resin was shaken for 1 h. Then, the excess

of reagents was filtered off and the resin was washed.

= Coupling with PyBOP/HOAt/DIEA (phosphonium salts procedure). The Fmoc-aa-OH (3.0 equiv.) and HOAt (3.0
equiv.) were dissolved in DMF in the presence of DIEA (6.0 equiv.). PyBOP (3.0 equiv.) was added and the

solution was poured to the resin. The peptidyl-resin was shaken for 1 h (unless otherwise stated). Then, the

excess of reagents was filtered off and the resin was washed.

= Coupling with HATU/DIEA or HBTU/DIEA (uronium salts procedure). The Fmoc-aa-OH (3.0 equiv.) was dissoved
in DMF and DIEA (6.0 equiv.) was added. In a different vessel, HATU or HBTU (2.9 equiv.) was dissolved in DMF

and mixed with the first solution and the final mixture was preactivated for 30 s. The resulting solution was

poured to the resin. The peptidyl-resin was shaken for 1 h (unless otherwise stated). Then, the excess of

reagents was filtered off and the resin was washed.

Ll Coupling with BTC.** The peptidyl-resin was pre-swollen in THF ,,)/DIEA 4:1 for 15 min. The Fmoc-aa-OH

(5.00 equiv.) and BTC (1.65 equiv.) were weighed in a 2 mL-eppendorf and dissolved in THF ;) to @ 0.1-0.2 M
concentration. 2,4,6-trimethylpyridine (14.0 equiv.) was added and a white precipitate was formed. The
suspension was stirred with a Pasteur pippete during 1 min to ensure quantitative formation of the Fmoc-
amino acid chloride. This supension was added to the peptidyl-resin and the mixture was shaken for 3 h or
overnight (as specified for each case). The resin was washed with MeOH (3x1 min), DCM (2x1 min), MeOH (2x1
min), DCM (2x1 min), DMF (2x1 min) and DCM (3x1 min). [Hazard: BTC is highly toxic and may cause death by

inhalation. This substance should be handled in well-ventilated hood with extreme caution.]

N-acetylation of unreacted amino groups

In general, when a coupling is uncomplete, another coupling should be performed in hope that all the free amino
groups will be N-acylated. However, if free amino groups are still present after repeating the coupling or if the amino
acid to be coupled is very valuable, then a possible solution is to N-acetylate the unreacted peptide. This technique
avoids the occurrence of mistmatch sequences in the final peptide, which would hamper the purification of the final

peptide product.
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Our procedure for capping unreacted N-terminal amino groups was the following. The resin was washed with DCM
(5%x1 min). Then, a solution of Ac,0 (10.0 equiv.) and DIEA (10.0 equiv.) in DCM was added to the resin. After shaking

for 15 min, the excess of reagents was filtered and the resin was washed.

Solid-phase reductive alkylation of the N-terminal amino group

The reaction was carried out in THF unless otherwise stated. The peptidyl-resin was pre-swollen in THF for 15 min. A
solution of the aldehyde (x equiv.) in THF was added to the resin. The resin was shaken for 1 h to ensure complete
imine formation. Then, NaBH;CN (2x equiv.) was added, 2-3 drops of AcOH were added and the reaction mixture was

shaken for a further 2 h-period. Finally, the excess of reagents was filtered off and the resin was washed.

Mini-cleavage and HPLC/HPLC-MS analysis

The progress of solid-phase reactions can be monitored by HPLC and HPLC-MS. To do so, a small amount of resin (1-2
mg) was cleaved with a solution of 2% TFA in DCM, the filtrate was concentrated under a stream of N,, redissolved in

ACN/H,0 1:1 and injected into the chromatographic instrument.

Peptide cleavage from the CTC resin

Peptides were cleaved from resin using a solution of 2% TFA in DCM (3x2 min). After cleavage, TFA was removed

under reduced pressure by coevaporation with toluene. The residue was redissolved in ACN/H,0 1:1 and lyophilized.

Determination of peptide purity

Purities of the peptides synthesized were determined by analytical HPLC using the area percentage method on the UV

trace recorded at a wavelength of 220 nm.

Determination of the net peptide content

The net peptide content of a given sample is the fraction of peptidic material relative to counter-ions, residual water

and non-peptidic impurities. It can be determined by amino acid analysis.

|Net peptide content = (g pure peptide/g sample) - 100|

It should be noted that there is an important difference between peptide content and peptide purity. Peptides
inevitably contain both counter-ions and residual water as they are often isolated as salts (such as acetates) after
lyophilization. So, even if a peptide is 98% pure, the net amount of peptide may only represent 70-85% of the total

weight of the peptide sample (depending on its amino acid composition, last purification step and lyophilization).

In the case of PEG-modified peptides, a relatively low peptide content can be expected. Since PEG is a very
hygroscopic polymer, PEG-modified peptides isolated after semipreparative RP-HPLC may retain a considerable
amount of water. Therefore, determination of their net peptide content is highly recommended to obtain

reproducible results in quantitative studies.
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Amino acid analysis

Amino acid analysis was carried out by acid hydrolysis of the peptide sample and analysis of the individual amino acid
constituents by RP-HPLC after precolumn derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC).

i. Acid hydrolysis. An exact amount of dry peptide sample (1-5 mg) was placed in a dry hydrolysis tube. The sample
was dissolved in HCl (,q) 6 M (200-300 pL) and a known amount of 2-aminobutyric acid was added [This compound is
used as internal standard to correct for physical and chemical losses that may take place during amino acid analysis].
The sample was hydrolyzed at 120 2C for 20 h. Then, the acid was removed under reduced pressure and the
hydrolyzed sample was redissolved in HCl (54, 20 mM (1000 pL). The resulting solution was filtered and diluted with
more HCl (5q) 20 mM to an estimated amino acid concentration of 0.1-0.2 M and final known 2-aminobutyric acid

concentration of 0.1 M.

ii. Amino acid derivatization. The amino acids present in the hydrolyzed sample were derivatized using an AccQ-

Fluor™ reagent kit (Waters). Amino acid derivatization was conducted according to the manufacturer’s protocol.
Briefly, 10 uL of the diluted hydrolyzed sample were placed in a nynhydrin tube and mixed with AccQ-Tag ultra borate
buffer (70 pL). AccQ-Tag™" reagent (20 pL) was added. The reaction was allowed to proceed for 10 min at 55 °C.
Finally, the derivatized amino acid solution was mixed with AccCl-TagT'vI Ultra concentrate solvent A (100 pL) prior to

injection into the RP-HPLC apparatus.

iii. RP-HPLC analysis. RP-HPLC analysis was performed on a Waters 600 instrument, equipped with a delta 600 pump, a
Waters 717 automatic injector and a Waters 2487 UV detector. The separation column was a Waters AccQ-TagTNI
amino acid analysis column Nova-pak Cyg (4.0 um, 3.9 x 150 mm). A gradient of AccQ:Tag'" Ultra concentrate solvent
A into ACN was run at a flow rate of 1.0 mL/min over 45 min. Data were managed with MassLynx software (Waters).
The concentrations of the individual derivatized amino acids present in the injected sample were calculated from

calibration curves.

EXPERIMENTAL PROCEDURES FOR CHAPTER 1

1.1. SYNTHESIS OF STARTING MATERIALS

1.1.1. Synthesis of 3,6,9-trioxadecanaldehyde

o A solution of oxalyl chloride (222.8 mmol, 25.0 mL) in DCM (5nn) (75 mL) was prepared
/o\/\o/\/o\)J\H under N, and cooled in a dry ice-acetone bath. To this solution was carefully added a
solution of DMSO (445.5 mmol, 31.6 mL) in DCM (4 (40 mL). The resulting mixture was
stirred at -78 2C for 10 min, and then a solution of triethylene glycol monomethyl ether (148.5 mmol, 25.0 mL) in DCM

(anh) (50 mL) was added slowly. After stirring for 15 min, NEt; (891.0 mmol, 91.1 mL) was added dropwise over a period
of 20 min. The reaction mixture was left for 30 min at -78 2C and then allowed to reach room temperature. The
reaction was quenched with NaHCOj3 () (100 mL). Phases were separated. The organic phase was washed with NaCl
sat) (2x50 mL). Aqueous phases were combined and further extracted with DCM (2x50 mL). The combination of
organic phases was dried over MgSOy (,nh), filtered and concentrated under reduced pressure. The crude product was
purified by flash chromatography (AcOEt/MeOH, 95:5) affording 16.91 g (70%) of pure aldehyde (0). 'H-NMR and “c-

171

NMR spectral data matched literature values." 'H-NMR analysis of the purified product left for 48 h in an open flask
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showed that 3,6,9-trioxadecanaldehyde (0) is very susceptible to polymerize via aldol condensation, as has been
described for mPEG-acetaIdehyde.74 To prevent decomposition, the aldehyde should be stored at -20 2C under N,

atmosphere.

1.1.2. Synthesis of Fmoc-Ala-Cl

A solution of Fmoc-Ala-OH (2.50 mmol, 0.78 g) in DCM (10 mL) was treated with
O SOCl, (25.00 mmol, 1.81 mL) and the mixture was refluxed for 2 h under N,

O
. o H atmosphere. Solvents and excess of SOCl, were removed under reduced pressure
O \‘)kCI and the resulting residue was dissolved in DCM (2 mL). Addition of hexane (12 mL)

precipitated 0.78 g (95%) of pure Fmoc-Ala-Cl, which was obtained as a white solid.
To assess the identity of this product, a small amount of recristallized Fmoc-Ala-Cl (1 mg) was added to dry methanol
to form its methyl ester derivative. HPLC-MS analysis upon esterification showed 99% of Fmoc-Ala-OMe along with 1%

of Fmoc-Ala-OH, which indicates that recristallized Fmoc-Ala-Cl contained a negligible amount of residual acid.

1.2. SYNTHESIS OF THE FMOC-N-TEG AMINO ACIDS

1.2.1. General procedure for reductive alkylation + Fmoc- protection

To a solution of 3,6,9-trioxadecanaldehyde (0, 11.26 mmol, 1.421 g) and amino acid tert-butyl ester hydrochloride
(10.23 mmol) in MeOH/AcOH 99:1 (80 mL) was added NaBH;CN (13.71 mmol, 0.862 g) over a period of 30 min. The
resulting solution was stirred at room temperature for 2.5 h and then poured into 30 mL of NaHCO3; (s.t). The product
was extracted with AcOEt (2x50 mL). The combination of organic phases was washed with NaCl (s, (2x50 mL), dried
over MgSOy (ann), filtered and concentrated under reduced pressure. The resulting residue consisted of an unseparable
mixture of the expected product and N,N-dialkylated amino acid. This residue was dissolved in DCM (60 mL) and
treated with Fmoc-Cl (12.28 mmol, 3.177 g) in the presence of DIEA (20.46 mmol, 2.93 mL) under N, atmosphere.
After overnight stirring at room temperature, the solvent was removed under reduced pressure and the residue was
redissolved in AcOEt (100 mL). The organic phase was washed with HCl ,4) 1 M (2x40 mL), dried over MgSOy (anh,,
filtered and concentrated under reduced pressure. The crude was purified by flash chromatography (Hexane/AcOEt

75:25) to give the desired product.

A0~ Fmoc-(N-TEG)AIa-OtBu (1). Following the general procedure described above

O Q with alanine tert-butyl ester hydrochloride (5.50 mmol, 1.000 g), compound 1

. o - (1.977 g, 70%) was obtained as colorless oil. 'H-NMR (400 MHz, CDCl5): 6 1.38-

O O\H/N\__)J\o/:4 1.46 (m, 12H), 3.13-3.75 (m, 15H), 4.38 (m, 4H), 7.31 (t, J = 7.4 Hz, 2H), 7.39 (t,

o = J=7.3Hz, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.75 (d, J = 7.5 Hz, 2H); *C-NMR (100

MHz, CDCl,): 6 15.3, 15.9, 27.9, 45.7, 46.1, 47.2, 56.1, 56.6, 58.9, 67.0, 67.6, 69.5, 69.7, 70.3, 70.4, 71.8, 81.1, 81.3,

119.8, 124.7, 127.0, 127.5, 141.2, 141.2, 143.9, 143.9, 155.8, 156.0, 171.0, 171.0; IR (KBr): v = 2876.88, 1734.65,

1704.72, 1451.07, 1415.02, 1367.99, 1287.42, 1245.49, 1150.10, 1103.05, 761.38, 737.59 cm’; [a]p -20.2 (CHCl,,
0.01 g/mL); HRMS (ES"): calc. for [CyoH39NO, + NH,]* 531.3064, found 531.3065.
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Fmoc-(N-TEG)Val-0'Bu (2). Following the general procedure described above
with valine tert-butyl ester hydrochloride (11.00 mmol, 2.500 g), compound 2
(4.090 g, 69%) was obtained as colorless oil. 'H-NMR (400 MHz, CDCl,): & 0.66-
0.81 (m, 3H), 0.84-0.99 (m, 3H), 1.41 (s, 9H), 1.98-2.23 (m, 1H), 3.20-3.72 (m,
15H), 3.82-4.14 (m, 1H), 4.23 (m, 1H), 4.28-4.63 (m, 2H), 7.31 (t, J = 7.4 Hz,
2H), 7.39 (t, J = 7.4 Hz, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.75 (d, J = 7.5 Hz, 2H); *C-NMR (100 MHz, CDCl5): 6 19.3, 20.2,
28.2, 44.7, 47.6, 47.7, 59.2, 66.6, 66.3, 67.2, 67.6, 68.9, 69.3, 70.5, 70.7, 72.1, 81.5, 81.6, 120.2, 125.0, 125.1,
125.2,127.3,127.4,127.9, 141.6, 144.1, 144.2, 156.5, 156.8, 170.0, 170.3; IR (KBr): v = 2965.39, 2928.51, 1730.75,
1703.74, 1451.78, 1416.11, 1368.26, 1279.93, 1140.40, 1129.49, 759.78, 741.14 cm™’; [a], -32.5 (MeOH, 0.01
g/mL); HRMS (ES): calc. for [Ca1Ha3sNO5 + NH,]* 559.3378, found 559.3374.

O/\/O\/\o/

)
O. o\[rgN_yokoZ
° A

Fmoc-(N-TEG)Leu-O'Bu (3). Following the general procedure described above

/\/O\/\o
Q 8 with leucine tert-butyl ester hydrochloride (10.23 mmol, 2.290 g), compound
3 (3.410 g, 60%) was obtained as colorless oil. '"H-NMR (400 MHz, CDCl,): &
. N\)J\ /<

O

0.77-0.95 (m, 6H), 1.41 (bs, 9H), 1.45-1.74 (m, 3H), 3.00-3.73 (m, 15H), 4.22
W— (m, 1H), 4.30-4.62 (m, 3H), 7.31 (t, J = 7.4 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.59

(d, J = 7.4 Hz, 2H), 7.75 (d, J = 7.4 Hz, 2H); *C-NMR (100 MHz, CDCl3): 6 21.4,
21.6, 22.8, 22.9, 24.6, 27.8, 38.1, 38.4, 45.2, 45.5, 47.2, 47.3, 58.8, 58.8, 66.7, 67.3, 69.0, 69.3, 70.2, 70.3, 71.7,
81.1,81.3,119.8, 124.6, 124.7, 126.9, 127.5, 141.1, 141.2, 141.2, 143.6, 143.7, 143.8, 143.9, 156.3, 170.8; IR (KBr):
v = 2955.29, 2870.64, 1732.09, 1704.06, 1451.60, 1413.68, 1367.73, 1277.06, 1244.55, 1145.61, 1111.21, 759.30,

740.88 cm™; [a]p -31.0 (MeOH, 0.01 g/mL); HRMS (ES’): calc. for [C3,H4sNO; + NH,]" 573.3534, found 573.3535.
o/\/o\/\o/ Fmoc-(N-TEG)Phe-O'Bu (4). Following the general procedure described above
O with phenylalanine tert-butyl ester hydrochloride (17.88 mmol, 4.564 g),
. 0 ;4 compound 4 (4.219 g, 40%) was obtained as colorless oil. "H-NMR (400 MHz,
Q O\[]/N\:)J\O CDCl;): & 1.35-1.46 (m, 9H), 2.60-3.15 (m, 2H), 3.21-3.71 (m, 15H), 4.17-4.30
° —D (m, 2H), 4.32-4.43 (m, 1H), 4.48-4.84 (m, 1H), 6.89-7.27 (m, 5H), 7.31 (m, 2H),
7,39 (m, 2H), 7.58 (m, 2H), 7.75 (m, 2H); *C-NMR (100 MHz, CDCl,): & 28.2,

35.5, 36.0, 47.5, 47.8, 28.0, 48.1, 59.2, 67.1, 67.3, 69.3, 69.4, 70.5, 70.7, 70.7,
72.1,120.2,120.2, 120.3, 125.0, 125.1, 125.2, 126.6, 127.3, 127.3, 127.9, 128.0, 128.6, 129.3, 129.4, 129.4, 138.3,
138.6, 141.6, 141.7, 144.0, 144.2, 155.8, 156.3, 169.8, 170.0; IR (KBr): v = 2928.03, 2875.22, 1732.26, 1703.89,
1452.02, 1418.10, 1367.92, 1280.44, 1244.34, 1138.27, 758.43, 740.98 cm; [a]p -62.7 (MeOH, 0.01 g/mL); HRMS
(ES"): calc. for [C3sHa3sNO5 + NH,]* 607.3378, found 607.3378.

1.2.2. General procedure for tert-butyl ester acidic cleavage

The tert-butyl protected amino acid (5.00 mmol) was dissolved in DCM (25 mL) and TFA (25 mL) was added. After

stirring for 1 h at room temperature, the mixture was concentrated under reduced pressure. The remaining TFA was

removed by co-evaporation with toluene at 50 °C.

A~ O~y Fmoc-(N-TEG)Ala-OH (5). Following the general procedure described above

Q Q with 1 (0.319 g, 0.62 mmol) compound 5 (0.300 g, 100%) was obtained as

% o yellowish oil. "H-NMR (400 MHz, CDCl): & 2.97 (d, J = 7.1 Hz, 3H), 3.17-3.73

Q. O\H/N\:)l\OH (m, 15H), 4.24 (t, J = 5.9 Hz, 1H), 4.45 (m, 2H), 4.57 (d, J = 5.3 Hz, 1H), 7.31 (t, J
o = = 7.3 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.59 (m, 2H), 7.75 (d, J = 7.5 Hz, 2H); “*C-

NMR (100 MHz, CDCl5): 6 14.6, 15.2, 45.8, 46.3, 47.2, 55.9, 56.2, 58.8, 67.1, 67.8, 69.9, 70.0, 70.2, 70.3, 71.8,
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119.9, 125.2, 128.2, 129.0, 141.3, 143.9, 155.8, 156.0, 173.7, 174.2; IR (KBr): v = 2924.05, 1732.09, 1701.88,
1451.50, 1417.58, 1288.00, 1199.99, 1100.90, 762.67, 739.88 cm ’; [a]p -26.2 (CHCl5, 0.01 g/mL); HRMS (ES"): calc.
for [CosH3NO, + NH,]* 475.2439, found 475.2439.

Fmoc-(N-TEG)Val-OH (6). Following the general procedure described above

o O .
Q with 2 (3.999 g, 7.36 mmol) compound 6 (3.576 g, 100%) was obtained as
2 o yellowish oil. 'H-NMR (400 MHz, CDCl,): & 0.67-0.77 (m, 3H), 0.94-1.20 (m,
O OTN%OH 3H), 2.11-2.39 (m, 1H), 3.00-3.74 (m, 15H), 3.94 (d, J = 10.7 Hz, 1H), 4.25 (m,
0 A 1H), 4.32-4.70 (m, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H), 7.60 (m,

2H), 7.73 (d, J = 7.5 Hz, 2H), 8.8 (bs, 1H); “*C-NMR (100 MHz, CDCl,): & 18.6,
18.7, 20.2, 20.5, 27.1, 27.5, 46.7, 47.2, 47.3, 58.6, 58.7, 66.2, 67.0, 67.5, 69.1, 69.2, 69.8, 69.9, 70.1, 70.2, 70.4,
71.6, 119.8, 124.6, 127.1, 127.6, 141.3, 141.3, 141.4, 143.7, 143.8, 143.8, 143.9, 155.9, 156.5, 171.7, 171.1; IR
(KBr): v = 3063.88, 2890.62, 1739.90, 1703.63, 1451.94, 1419.21, 1274.55, 1243.43, 1138.12, 1107.59, 758.96,
741.78 cm™; [a]p -29.4 (MeOH, 0.01 g/mL); HRMS (ES*): calc. for [C,;H3sNO; + Na]* 508.2306, found 508.2303.

Fmoc-(N-TEG)Leu-OH (7). Following the general procedure described above

o >0 .

Q with 3 (2.000 g, 3.60 mmol), compound 7 (1.799 g, 100%) was obtained as
o iﬂ yellowish oil. *H-NMR (400 MHz, CDCls): & 0.79-0.93 (m, 6H), 1.39-1.84 (m,
O Y o 3H), 3.00-3.72 (m, 15H), 4.22 (m. 1H), 4.30-4.62 (m, 3H), 7.30 (t, J = 7.4 Hz,

© ﬁ— 2H), 7.37 (m, 2H), 7.58 (m, 2H), 7.73 (d, J = 7.4 Hz, 2H), 8.71 (bs, 1H); *C-NMR

(100 MHz, CDCly): & 21.5, 22.9, 24.4, 37.4, 37.8, 45.6, 47.0, 47.1, 58.3, 58.6,
66.8, 67.4, 69.3, 69.7, 69.9, 70.0, 71.6, 119.7, 124.5, 124.5, 124.6, 126.8, 126.9, 127.4, 141.1, 141.1, 143.6, 143.6,
143.7, 156.1, 156.3, 174.0, 174.4; IR (KBr): v = 2955.10, 2871.21, 1738.72, 1703.09, 1451.09, 1415.57, 1285.96,
1232.62, 1146.95, 1110.04, 759.38, 741.11 cm™; [a]p -24.9 (MeOH, 0.01 g/mL); HRMS (ES"): calc. for [C,gH3,NO; +
NH,]* 517.2908, found 517.2907.

o/\/o\/\o/ Fr.noc-(N-TEG)Phe-OH (8). Following the general procedure described. above

O with 4 (3.688 g, 6.26 mmol), compound 8 (3.340 g, 100%) was obtained as
. 8 o yellowish oil. "H-NMR (400 MHz, CDCl3): 6 2.55-2.81 (m, 2H), 3.00-3.70 (m,
O O\H/N\-:)J\OH 15H), 4.15-4.34 (m, 2H), 4.44-4.56 (m, 1H), 4.58-4.72 (m, 1H), 6.82-7.25 (m,
° = 5H), 7.26-7.42 (m, 4H), 7.50 (m, 2H), 7.63 (m, 2H), 7.73 (m, 2H), 9.39 (bs, 1H);

\® BC-NMR (100 MHz, CDCl3): & 34.2, 34.7, 46.7, 46.8, 47.9, 58.1, 58.1, 63.3, 66.6,

66.7, 68.7, 68.8, 69.4, 69.5, 69.6, 71.2, 119.4, 119.5, 124.2, 124.3, 125.9,
126.0, 126.6, 126.7, 127.1, 127.2, 127.9, 128.0, 128.5, 128.6, 137.3, 137.5, 140.8, 140.8, 140.9, 143.2, 143.3,
143.4, 154.5, 155.0, 172.3, 172.6; IR (KBr): v = 2925.17, 2739.77, 1703.16, 1451.45, 1417.01, 1282.94, 1244.52,
1143.83, 1113.31, 759.62, 741.20 cm™; [a], -82.2 (MeOH, 0.01 g/mL); HRMS (ES"): calc. for [C5;H3sNO; + Na]”
556.2306, found 556.2300.

1.3. USE OF Fmoc-N-TEG AMINO ACIDS IN SPPS

1.3.1. Preparation of peptidyl-resin H-(N-TEG)Leu-Leu-Phe-O-CIT (0.25 mmol/g)

The CTC resin (1.0 g, 1.6 mmol/g) was placed in a polypropylene syringe, swollen and washed. The first amino acid,
Fmoc-Phe-OH (116 mg, 0.30 mmol), was incorporated in the presence of DIEA (513 pL, 3.00 mmol), the Fmoc- group
was removed and a 0.25 mmol/g. resin loading was assessed. Then, Fmoc-Leu-OH (265 mg, 0.75 mmol) was coupled

using DIPCDI (116 pL, 0.75 mmol) and OxymaPure (110 mg, 0.75 mmol) as activating reagents, and the Fmoc- group
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was removed. Fmoc-(N-TEG)Leu-OH (7, 500 mg, 0.75 mmol) was coupled using DIPCDI (116 uL, 0.75 mmol) and
OxymaPure (110 mg, 0.75 mmol) as activating reagents, the Fmoc- group was removed and the resin was dried. All

these steps were carried out following the previously described SPPS procedures.

1.3.2. General procedure for the coupling tests onto the resin-bound (N-TEG)Leu residue

The H-(N-TEG)Leu-Leu-Phe-O-CIT (0.100 g, 0.25 mmol/g) was placed in a polypropylene syringe and swollen in the
solvent of choice for 15 min. After filtering off the solvent, the amino acid to be coupled was activated with the
reagents of choice and added to the peptidyl-resin. The peptidyl-resin was shaken for the time specified for each case.
Then, the solvent and the excess of reagents were filtered off, the resin was washed and a De Clerq test was
performed to check for unreacted amino groups. For the Fmoc- protection step, the peptidyl-resin was swollen in
DCM, DIEA (32 pL, 0.19 mmol) was added, and then a solution of Fmoc-Cl (16 mg, 0.063 mmol) in DCM was added.
The peptidyl-resin was shaken overnight. The solvent and excess of reagents were filtered off, the resin was washed

and a small sample of peptidyl-resin (1-2 mg) was cleaved and analyzed by HPLC.

1.3.3. General procedure for the coupling tests onto the resin-bound (N-TEG)Leu residue under MW heating

The H-Leu(N-TEG)-Leu-Phe-O-CIT (0.100 g, 0.25 mmol/g) was placed in a polypropylene syringe and swollen in the
solvent of choice for 15 min. Then, the solvent was filtered off and the resin was transferred to a MW vessel (i.e. a
heavy-walled glass vial sealed with an aluminium crimp cap fitted with a silicon septum, the inner diameter of the vial
being 1.3 cm). The amino acid to be coupled was activated with the reagents of choice and added to the peptidyl-
resin. The reaction mixture was irradiated in the MW apparatus using the PowerMAX irradiation mode (i.e. non-
continuous irradiation power). During the irradiation (time and temperature specified for each case), reaction
mixtures were stirred with a magnetic bar. The temperature, pressure and irradiation power were monitored. The
average pressure for reactions run in DMF was 1-2 bar, whereas for reactions run in THF it was 5-6 bar. After
completed irradiation, the reaction tube was cooled with high-pressure air until the temperature had fallen below 39
oC. Then, the peptidyl-resin was tranferred back to the original propylene syringe using a Pasteur pipette. The solvent
and the excess of reagents were filtered off, the resin was washed and a De Clerq test was performed to check for
unreacted amino groups. For the Fmoc- protection step, the peptidyl-resin was swollen in DCM, DIEA (32 uL, 0.19
mmol) was added, and then a solution of Fmoc-Cl (16 mg, 0.063 mmol) in DCM was added. The peptidyl-resin was
shaken overnight. The solvent and excess of reagents were filtered off, the resin was washed and a small sample of

peptidyl-resin (1-2 mg) was cleaved and analyzed by HPLC.

1.3.4. Coupling procedures tested

= Coupling with DIPCDI/OxymaPure, DIPCDI/HOBt or DIPCDI/HOAt (carbodiimide procedure). The Fmoc-aa-OH
(5.0 equiv.) and the additive (5.0 equiv.) were dissoved in DMF. DIPCDI (5.0 equiv.) was added and, after 3 min

of preactivation, the solution was poured to the resin.

= Coupling with HATU/HOAt. The Fmoc-aa-OH (5.0 equiv.) and HOAt (5.0 equiv.) were dissoved in DMF and DIEA
(10.0 equiv.) was added. In a different vessel, HATU (4.9 equiv.) was dissolved in DMF and mixed with the first

solution and the final mixture was preactivated for 30 s. The resulting solution was poured to the resin.

= Coupling with COMU. The Fmoc-aa-OH (5.0 equiv.) and COMU (5.0 equiv.) were dissoved in DMF. DIEA (10.0

equiv.) was added and the resulting solution was poured to the resin.
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Coupling via a symmetrical anhydride. The Fmoc-aa-OH (10.0 equiv.) was dissolved in DCM and DIPCDI (5.0

equiv.) was added. The resulting solution was stirred for 10 min to ensure quantitative formation of the

symmetrical anhydride and then poured to the resin.

Coupling via a symmetrical anhydride in the presence of DMAP. The Fmoc-aa-OH (10.0 equiv.) was dissolved in

DCM, DIPCDI (5.0 equiv.) was added and the mixture was stirred for 10 min to ensure quantitative formation of
the symmetrical anhydride. Then, DMAP (0.2 equiv.) was added and the resulting solution was poured to the

resin.

Coupling via a pre-made Fmoc-amino acid chloride. The pre-made Fmoc-aa-Cl (5.0 equiv.) was dissolved in

DCM, DIEA (5.0 equiv.) was added and the resulting solution was immediately poured to the resin.

Coupling via a pre-made Fmoc-amino acid chloride in the presence of HOBt. The pre-made Fmoc-aa-Cl (5.0

equiv.) was added to a solution of HOBt (5.0 equiv.) and DIEA (5.0 equiv.) in DCM. The resulting solution was

poured to the resin.

Coupling via an in situ-generated Fmoc-amino acid chloride. The Fmoc-aa-OH (5.0 equiv.) was dissolved in DCM

in the presence of DIEA (5.0 equiv.). TCFH (5.0 equiv.) was added and the mixture was stirred for 15 min to
ensure quantitative formation of the acid fluoride. To this solution DIEA (5.0 equiv.) was added and the

resulting solution was poured to the resin.

Coupling via an in situ-generated Fmoc-amino acid fluoride.

a. Coupling in the absence of base. The Fmoc-aa-OH (5.0 equiv.) was dissolved in DCM in the presence of DIEA

(5.0 equiv.). TFFH (5.0 equiv.) was added and the mixture was stirred for 15 min to ensure quantitative

formation of the acid fluoride. Then, this solution was poured to the resin.

b. Coupling in the presence of base. The Fmoc-aa-OH (5.0 equiv.) was dissolved in DCM in the presence of

DIEA (5.0 equiv.). TFFH (5.0 equiv.) was added and the mixture was stirred for 15 min to ensure quantitative
formation of the acid fluoride. To this solution DIEA (2.0 equiv.) was added and the resulting solution was

poured to the resin.

Coupling via an in situ-generated Fmoc-amino acid fluoride after prior N-silylation of the resin-bound peptide.

The resin was swollen in DCM and treated with BTSA (5.0 equiv.). N-silylation was allowed to proceed overnight
prior to perform the coupling. In a separate vessel, the Fmoc-aa-OH (5.5 equiv.) was dissolved in DCM in the
presence of DIEA (5.0 equiv.). TFFH (5.0 equiv.) was added and the mixture was stirred for 15 min to ensure

guantitative formation of the acid fluoride. Then, this solution was poured to the resin.

Coupling with BTC. The peptidyl-resin was pre-swollen in THF zn) for 15 min. The Fmoc-aa-OH (5.00 equiv.)

and BTC (1.65 equiv.) were weighed in a 2 ml-eppendorf and dissolved in THF () to a 0.1-0.2 M
concentration. 2,4,6-trimethylpyridine (14.0 equiv.) was added and a white precipitate was formed. The
suspension was stirred with a Pasteur pippete during 1 min to ensure quantitative formation of the amino acid
chloride. This supension was added to the peptidyl-resin and the mixture was shaken for 3 h or overnight. The
resin was washed with MeOH (3x1 min), DCM (2x1 min), MeOH (2x1 min), DCM (2x1 min), DMF (2x1 min) and
DCM (3x1 min). [Hazard: BTC is highly toxic and may cause death by inhalation. This substance should be

handled in well-ventilated hood with extreme caution.]
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EXPERIMENTAL PROCEDURES FOR CHAPTER 2

2.1. SYNTHESIS OF THE FMOC-N-TEG AMINO ACIDS

The synthesis and characterization of Fmoc-(N-TEG)Val-
O'Bu (2), Fmoc-(N-TEG)Leu-O'Bu (3), and Fmoc-(N-
TEG)Phe-O'Bu (4) is described in the experimental
procedures for Chapter 1 (see Subsection “1.1. General

procedure for reductive alkylation + Fmoc- protection”).

Q O/\/O\/\o/
s ewk 2

R = CH(CH,), : Fmoc-(N-TEG)Val-O'Bu (2)
R = CH,CH(CH3), : Fmoc-(N-TEG)Leu-O'Bu (3)
R =CH,Ph : Fmoc-(N-TEG)Phe-O'Bu (4)

The synthesis and characterization of Fmoc-(N-
TEG)Val-OH (6), Fmoc-(N-TEG)Leu-OH (7), and Fmoc-
(N-TEG)Phe-OH (8) is described in the experimental
procedures for Chapter 1 (see Subsection “1.2. General

procedure for tert-butyl ester acidic cleavage”).

BeR!

o
\)J\OH

R = CH(CHj3), : Fmoc-(N-TEG)Val-OH (6)
R = CH,CH(CH3), : Fmoc-(N-TEG)Leu-OH (7)
R =CH,Ph: Fmoc-(N-TEG)Phe-OH (8)

2.2. SPPS OF THE N-TEG AND N-Me LINEAR PENTAPEPTIDES

Pentapeptides p1, pla-p5a and plb-p5b were synthesized as shown in Scheme 54. The SPPS were performed on the

CTC resin at a 0.50 mmol scale. For each of the syntheses, the CTC resin (2.00 g, 1.60 mmol/g) was swollen in DCM for
15 min. A solution of the first amino acid (1.2 equiv., 0.60 mmol) and DIEA (12.0 equiv., 60.0 mmol, 10.5 mL) was

poured onto the resin and the mixture was shaken for 1 h. After this time, the free sites of the resin were capped with

MeOH (4.0 mL, 15 min) and the resin was washed. The Fmoc- group was removed and the resin loading was

determined to be 0.25 mmol/g. Elongation of the peptide chain was accomplished by stepwise assembly of the

following Fmoc-protected amino acids. Standard couplings were performed with DIPCDI/OxymaPure using a 3-fold

excess of amino acid (1.50 mmol). Couplings onto N-alkyl amino acids were performed via the corresponding amino

acid chloride, which was generated in situ by the BTC method and left to react overnight. In the case of couplings onto

the N-TEG residues, two overnight couplings were performed. After cleavage from solid support, the crude

pentapeptides were lyophilized and obtained in purities between 53% and 89%.
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o-Q
(CTC resin)

i. Fmoc-Leu-OH (1.2 eq)
DIEA (12.0 eq)
DCM, 1h

ii. MeOH, 15 min

iii. piperidine/DMF 1:4
3x5 min, 1x10 min
iv. Fmoc-Val-OH (4.0 eq)

DIPCDI (3.0 eq)
OxymaPure (3.0 eq)

DMF, 1 h
Fmoc-VaI-Leu-O—O
f =0.25 mmol/g

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Leu-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

iv. Fmoc-Leu-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

v. piperidine/DMF 1:4
3x5 min, 1x10 min

vi. Fmoc-Phe-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

Fmoc-Phe-Leu-Leu-VaI-Leu-O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. 2% TFA in DCM
3x2 min

H-Phe-Leu-Leu-Val-Leu-OH (p1)
100% crude yield purity = 89%

Scheme 54. SPPS of pentapeptides p1, pla-p5a and p1lb-p5b.

o-Q

(CTC resin)

i. Fmoc-aa;-OH (1.2 eq)
DIEA (12.0 eq)
DCM, 1 h

ii. MeOH, 15 min l

iii. piperidine/DMF 1:4
3x5 min, 1x10 min

iv. Fmoc-aa,-OH (4.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

i. piperidine/DMF 1:4
3x5 min, 1x10 min

DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1h

Fmoc-(N-TEG)aas-aa,-aa4 -O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-aa4-OH (5.0 eq)
BTC (1.65 eq)

THF, 15 h
x2 couplings

Fmoc-aa4-(N-TEG)aa3-aa2-aa1-00

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-aas-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

Fmoc-aas-aa,-(N-TEG)aas-aay-aa4 -O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. 2% TFA in DCM
3x2 min

H-aas-aas-(N-TEG)aas-aa,-aa-OH

p1a: 78% crude yield purity = 72%
p2a: 44% crude yield, purity = 69%
p3a: 15% crude yield, purity = 60%
p4a: 92% crude vyield, purity = 53%
p5a: 100% crude yield, purity = 66%

ii. Fmoc-(N-TEG)aaz-OH (3.0 eq)

2,4,6-trimethylpyridine (14.0 eq)

Fmoc-aaz-aa1-O-O
f =0.25 mmol/g

. piperidine/DMF 1:4
3x5 min, 1x10 min

i. Fmoc-(N-Me)aa;-OH (3.0 eq)
DIPCDI (3.0 eq)

OxymaPure (3.0 eq)

DMF, 1 h

Fmoc-(N-Me)aas-aar-aa, -O-O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-aas-OH (5.0 eq)
BTC (1.65 eq)

THF, 15 h

Fmoc-aas-(N-Me)aaz-aay-aa, —O—O

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-aas-OH (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 1 h

Fmoc-aas-aas-(N-Me)aas-aa,-aa, —OO

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. 2% TFA in DCM
3x2 min

H-aag-aa,-(N-Me)aaz-aay-aa-OH

p1b: 100% crude yield, purity = 67%
p2b: 60% crude yield, purity = 78%

p3b: 100% crude yield, purity = 65%
p4b: 100% crude yield, purity = 82%
p5b: 100% crude yield, purity = 80%

2,4,6-trimethylpyridine (14.0 eq)

*  H-Phe-Leu-Leu-Val-Leu-OH (p1, 301 mg, quant. crude yield). HPLC (linear gradient from 10% to 90% ACN over 8

min): t, = 4.98 min, purity = 89%; HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 8.09 min, [M+H]"
=604.48.

H-Phe-Leu-(N-TEG)Leu-Val-Leu-OH (pla, 291 mg, 78% crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.42 min, purity = 72%; HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 8.81 min,
[M+H]" = 750.41.

H-Leu-Leu-(N-TEG)Val-Leu-Phe-OH (p2a, 165 mg, 44% crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.36 min, purity = 69%; HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 8.79 min,
[M+H]" = 750.41.

H-Leu-Val-(N-TEG)Leu-Phe-Leu-OH (p3a, 55 mg, 15% crude yield). HPLC (linear gradient from 10% to 90% ACN

over 8 min): t, = 5.56 min, purity = 60%; HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 9.09 min,
[M+H]" = 750.41.
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=  H-Val-Leu-(N-TEG)Phe-Leu-Leu-OH (p4a, 346 mg, 92% crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.58 min, purity = 53%; HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 9.03 min,
[M+H]" = 750.41.

=  H-Leu-Phe-(N-TEG)Leu-Leu-Val-OH (p5a, 438 mg, quant. crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.45 min, purity = 66%; HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 9.01 min,
[M+H]" = 750.41.

=  H-Phe-Leu-NMeleu-Val-Leu-OH (p1b, 497 mg, quant. crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.20 min, purity = 67%; HPLC-MS (linear gradient from 10% to 70% ACN over 8 min): t, = 5.40 min,
[M+H]" = 618.11.

=  H-Leu-Leu-NMeVal-Leu-Phe-OH (p2b, 541 mg, 60% crude yield). HPLC (linear gradient from 10% to 90% ACN over
8 min): t, = 5.10 min, purity = 77.9%. HPLC-MS (linear gradient from 0% to 60% ACN over 8 min): t, = 8.37 min,
[M+H]" = 618.43.

=  H-Leu-Val-NMelLeu-Phe-Leu-OH (p3b, 541 mg, quant. crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.22 min, purity = 65%; HPLC-MS (linear gradient from 10% to 70% ACN over 8 min): t, = 5.40 min,
[M+H]" = 618.15.

= H-Val-Leu-NMePhe-Leu-Leu-OH (p4b, 403 mg, quant. crude yield). HPLC (linear gradient from 10% to 90% ACN
over 8 min): t, = 5.41 min, purity = 82%; HPLC-MS (linear gradient from 10% to 70% ACN over 8 min): t, = 5.46 min,
[M+H]" = 618.16.

=  H-Leu-Phe-NMeleu-Leu-Val-OH (p5b, 456 mg, quant. crude yield). HPLC (linear gradient from 10% to 90% ACN

over 8 min): t, = 5.22 min, purity = 80%; HPLC-MS (linear gradient from 10% to 70% ACN over 8 min): t, = 5.39 min,
[M+H]" = 618.15.

2.3. CYCLIZATION OF THE N-TEG AND N-Me LINEAR PENTAPEPTIDES

The crude linear pentapeptide (approx. 0.036 mmol) was dissolved in DCM/DMF 9:1 (72 mL). EDC-HCI (0.36 mmol, 69
mg) and DMAP (0.072 mmol, 9 mg) were added to the solution. After stirring overnight at room temperature, the
mixture was concentrated to 25 mL and washed with 2% citric acid (2x15 mL), Na;COs (s5t) (2x15 mL) and NaCl ()
(2x15 mL). The organic phase was dried over MgSOy (ann,), filtered and concentrated under reduced pressure at 50 2C
for 30 min to remove the maximum amount of DMF. The residue was purified by semipreparative RP-HPLC using a
Sunfire™ C18 column (linear gradient from 30:70 to 60:40 ACN/H,0 in 15 min, flow rate = 15 mL/min; alternatively:
isocratic 60:40 ACN/H,0 in 20 min, flow rate = 15 mL/min). Fractions were collected, pooled and lyophilized to afford
the pure cyclic peptides. [Note: The isolated yields herein described correspond to the cyclization reactions performed
in small scale (i.e. 0.036 mmol of linear pentapeptide substrate). For the cyclization reactions performed on a larger
scale (i.e. 0.45 mmol of linear pentapeptide substrate), the isolated yields could not be properly determined due to
problems with the HPLC equipment during the purification.]
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above. This afforded cyclic peptide c1 (12 mg, 58%). HPLC (linear gradient from 40% to
100% ACN over 8 min): t, = 5.97 min, purity = 100%; "H-NMR (400 MHz, CDCl;): & 0.78
ij W (d, J = 6.5 Hz, 6H), 0.88 (d, J = 6.5 Hz, 3H), 0.90-1.01 (m, 15H), 1.26-1.49 (3H), 1.49-1.74

(m, 4H), 1.87 (m, 1H), 2.02 (m, 2H), 2.95 (dd, J = 14.0, 8.9 Hz, 1H), 3.16 (dd, J = 14.0, 6.0
Hz, 1H), 3.91 (dd, J = 14.2, 6.8 Hz, 1H), 4.59-4.80 (m 3H), 4.66 (dd, J = 14.4, 7.7 Hz, 1H), 6.88 (bs, 1H), 7.12 (bs,
1H), 7.15-7.30 (m, 5 H), 7.67 (bs, 1H), 7.80 (m, 2H); *C-NMR (100 MHz, CDCl3): & 18.6, 19.3, 22.0, 22.2, 22.3, 22.4,
22.6, 22.7, 24.6, 24.9, 25.4, 37.7, 38.6, 39.0, 39.7, 51.7, 53.7, 55.3, 57.9, 58.8, 127.0, 128.6, 129.0, 136.2, 171.2,
172.0, 172.6, 173.2, 173.4; HRMS (ES'): calc. for [C3,HsiNsOs + H]" 586.3963, found 586.3940.

cyclo[Phe-Leu-Leu-Val-Leu] (1). Crude pentapeptide pl (22 mg, 89% purity, approx.
A\/Q f 0.036 mmol) was cyclized and purified following the general procedure described

/o cyclo[Phe-Leu-(N-TEG)Leu-Val-Leu] (1a). Crude pentapeptide pla (27 mg, 72% purity,
approx. 0.036 mmol) was cyclized and purified following the general procedure
m described above. This afforded cyclopeptide 1a (14 mg, 53%). HPLC (linear gradient
% from 40% to 100% ACN over 8 min): t, = 7.53 min, purity = 95%; ‘H-NMR (400 MHz,

CDCl5): 6 0.63-1.04 (m, 24H), 1.05-1.74 (m, 7H), 1.87-2.22 (m, 2H), 3.19-3.48 (m, 6H),

W 3.45-3.90 (m, 12H), 3.91 (m, 1H), 4.01-4.27 (m, 2H), 4.47 (m, 1H), 4.95 (m, 1H), 6.28
3 (bs, 1H), 6.97 (bs, 1H), 7.11-7.36 (m, 5H), 7.38-7.68 (m, 1H), 7.78 (bs, 1H); BC-NMR (100
MHz, CDCl5): 6 19.0, 19.1, 21.9, 22.4, 22.6, 22.7, 22.7, 23.0, 24.5, 24.8, 25.7, 29.7, 31.9,

34.2, 37.2, 39.8, 41.6, 48.6, 50.5, 52.6, 56.1, 58.9, 59.8, 66.4, 68.6, 70.2, 70.7, 71.6, 127.4, 128.8, 129.0, 136.0,
170.2, 172.6, (2C), 173.0 (2C); HRMS (ES): calc. for [C3sHgsNsOg + H]* 732.4906, found 732.4910.

cyclo[Leu-Leu-(N-TEG)Val-Leu-Phe] (2a). Crude pentapeptide p2a (27 mg, 69% purity,
approx. 0.036 mmol) was cyclized and purified following the general procedure
wNH AN o described above. This afforded cyclopeptide 2a (14 mg, 53%). HPLC (linear gradient
NH N0 | from 40% to 100% ACN over 8 min): t, = 7.22 min, purity = 98%; ‘"H-NMR (400 MHz,
h oj CDCl;): 6§ 0.75 (d, J = 6.6 Hz, 3H), 0.64 (d, J = 6.4 Hz, 3H), 0.84-0.97 (m, 18H), 1.17-1. 83
ﬁ (m, 9H), 2.92-3.24 (m, 3H), 3.38 (s, 3 H), 3.50-3.72 (m, 12H), 3.67 (m, 1H), 3.97 (m, 1H),
° 4.27 (m, 1H), 4.46 (m, 1H), 4.97 (dd, J = 16.2 Hz, 7.6 Hz, 1H), 5.74 (bs, 1H), 6.51 (d, J =
8.6 Hz, 1H), 7.12-7.33 (m, 6H), 8.15 (d, J = 8.9 Hz, 1H); *C-NMR (100 MHz, CDCl3): & 19.1, 20.1, 21.1, 21.9, 22.6,
22.8, 22.9, 23.0, 24.4, 24.7, 24.8, 27.3, 29.7, 31.9, 34.2, 36.8, 39.5, 40.4, 41.3, 48.3, 50.4, 50.9, 53.5, 56.6, 59.0,
66.4, 68.5, 70.3, 70.4, 71.9, 127.1, 128.8, 128.9, 135.9, 170.8, 171.6 (2C), 173.0, 173.7; HRMS (ES+): calc. for
[C3oHesNsOg + H]* 732.4906, found 732.4920

cyclo[Leu-Val-(N-TEG)Leu-Phe-Leu] (3a). Crude pentapeptide p3a (27 mg, 60% purity,
M approx. 0.036 mmol) was cyclized and purified following the general procedure
@\j"“" HNC described above. This afforded cyclopeptide 3a (11 mg, 42%). HPLC (linear gradient
from 40% to 100% ACN over 8 min): t, = 6.98 min, purity = 100%; ‘H-NMR (400 MHz,
ip/ CDCl5): 6 0.77-1.01 (m, 24H), 1.24-2.02 (m, 8H), 2.02-2.17 (m, 2H), 2.94 (dd, J = 13.7,
\ 2 8.0 Hz, 1H), 3.04-3.24 (m, 1H), 3.30-3.41 (m, 4H), 3.45-3.67 (m, 11H), 3.63-3.83 (m, 1H),
4.13-4.23 (m, 2H), 4.52-4.64 (m, 2H), 6.40 (d, J = 5.1 Hz, 1H), 6.45 (d, J = 9.5 Hz, 1H),
7.11-7.34 (m, 5H), 6.82 (d, J = 7.5 Hz, 1H), 8.42 (d, J = 9.4 Hz, 1H); >C-NMR (100 MHz,
CDCl3): 6 18.1,19.4, 21.4, 22.2,22.3, 22.4,22.7, 22.8, 24.5, 25.2, 25.4, 29.7, 31.1, 36.9, 38.5, 39.8, 40.9, 51.2, 51.9,
53.9, 54.4, 55.4, 59.0, 67.9, 69.0, 70.3, 70.5, 70.6, 71.9, 126.7, 128.5, 129.1, 136.7, 171.5, 171.6, 171.7, 172.0,
173.5; HRMS (ES"): calc. for [CsgHgsNsOg + H]* 732.4906, found 732.4919.
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cyclo[Val-Leu-(N-TEG)Phe-Leu-Leu] (4a). Crude pentapeptide p4a (27 mg, 53% purity,

approx. 0.036 mmol) was cyclized and purified following the general procedure
z ©\jNH HNC described above. This afforded cyclopeptide 4a (14 mg, 53%). HPLC (linear gradient
W from 40% to 100% ACN over 8 min): t, = 7.34 min, purity = 100%; 'H-NMR (400 MHz,
CDCl3): 6 0.88-1.09 (m, 24H), 1.33-1.79 (m, 9H), 2.22-2.39 (m, 1H), 3.05-3.22 (m, 2H),
3.22-3.33 (m, 3H), 3.34-3.44 (m, 4H), 3.49-3.61 (m, 7H), 3.68 (dd, J = 13.2, 10.2 Hz, 1H),
3.79 (dd, J = 9.9, 6.3 Hz, 1H), 4.13 (dd, J = 7.3, 5.8 Hz, 1H), 4.22 (dd, J = 14.6, 7.7 Hz, 1H), 4.42 (dd, J = 15.7, 7.1 Hz,
1H), 4.87 (dd, J = 15.8, 7.2 Hz, 1H), 6.35 (bs, 1H), 6.65 (d, J = 6.8 Hz, 1H), 7.05 (bs, 1H), 7.13-7.29 (m, 5H), 8.10 (bs,
1H); C-NMR (100 MHz, CDCl,): & 17.8, 19.5, 22.2, 22.2, 22.6, 22.6, 22.8, 22.9, 24.8, 24.8, 24.9, 29.4, 35.2, 39.7,
39.9,41.5, 48,5, 51.0, 51.5, 52.8, 59.0, 60.2, 68.4, 70.3, 70.8, 71.9, 126.9, 128.5, 129.1, 137.3, 170.0, 171.2, 171.8,
173.5, 173.6; HRMS (ES’): calc. for [C3sHgsNsOg + H]* 732.4906, found 732.4917.

/ cyclo[Leu-Phe-(N-TEG)Leu-Leu-Val] (5a). Crude pentapeptide p5a (27 mg, 66% purity,

///O approx. 0.036 mmol) was cyclized and purified following the general procedure described

? above. This afforded cyclopeptide 5a (11 mg, 42%). HPLC (linear gradient from 40% to

f QO 100% ACN over 8 min): t, = 7.05 min, purity = 100%; 'H-NMR (400 MHz, CDCls): 6 0.83 (d,

1 J =6.6 Hz, 3 H), 0.84-1.01 (m, 21H), 1.20-1.35 (m, 1H), 1.35-1.50 (m, 1H), 1.49-1.69 (m,

@\‘j“ ”Nf 4H), 1.92 (m, 1H), 2.01 (m, 2H), 2.10 (bs, 2H), 2.88 (dd, J = 13.1, 5.8 Hz, 1H), 3.08 (dd, J =

© 13.1, 9.0 Hz, 1H), 3.17-3.29 (m, 1H), 3.32-3.43 (m, 4 H), 3.45 (m, 1H), 3.45-3.66 (m, 9H),

in/N\\O)Y 3.79 (t, J = 8.9 Hz, 1H), 4.20 (m, 1H), 4.45 (dd, J = 16.3, 7.3 Hz, 1H), 5.10 (td, J = 8.9, 6.0

Hz, 1H), 6.37 (bs, 1H), 6.74 (d, J = 8.6 Hz, 1H), 7.13 (bs, 1H), 7.14-7.33 (m, 5H), 8.08 (d, J =

9.1 Hz, 1H); *C-NMR (100 MHz, CDCl3): & 19.1, 19.1, 21.1, 22.3, 22.3, 22.6, 22.8, 22.9, 24.9, 25.0, 25.3, 29.5, 38.3,

38.5, 40.1, 40.5, 51.2, 51.2, 51.3, 53.6, 58.9, 60.6, 68.0, 68.8, 70.3, 70.4, 70.5, 71.9, 126.6, 128.6, 129.6, 136.8,
171.1,171.5,171.7, 172.7, 173.4. HRMS (ES"): calc. for [C3sHgsNsOg + H]* 732.4906, found 732.4908.

cyclo[Phe-Leu-NMeleu-Val-Leu] (1b). Crude pentapeptide plb (22 mg, 67% purity,

m approx. 0.036 mmol) was cyclized and purified following the general procedure

f described above. This afforded cyclopeptide 1b (13 mg, 60%). HPLC (linear gradient

from 40% to 100% ACN over 8 min): t, = 7.36 min, purity = 95%; "H-NMR (400 MHz,

ip/ W CDCl5): 6 0.63-1.04 (m, 24H), 1.05-1.74 (m, 7H), 1.87-2.22 (m, 2H), 3.19-3.48 (m, 6H),

3.45-3.90 (m, 12H), 3.91 (m, 1H), 4.01-4.27 (m, 2H), 4.47 (m, 1H), 4.95 (m, 1H), 6.28 (bs,

1H), 6.97 (bs, 1H), 7.11-7.36 (m, 5H), 7.38-7.68 (m, 1H), 7.78 (bs, 1H); C-NMR (100 MHz, CDCl,): 6 19.0, 19.1,

21.9, 22.4, 22.6, 22.7, 22.7, 23.0, 24.5, 24.8, 25.7, 29.7, 31.9, 34.2, 37.2, 39.8, 41.6, 48.6, 50.5, 52.6, 56.1, 58.9,

59.8, 66.4, 68.6, 70.2, 70.7, 71.6, 127.4, 128.8, 129.0, 136.0, 170.2, 172.6, (2C), 173.0 (2C); HRMS (ES+): calc. for
[Ca3Hs3NsOs + H]* 600.4119, found 600.4131.

M cyclo[Leu-Leu-NMeVal-Leu-Phe] (2b). Crude pentapeptide p2b (22 mg, 78% purity,

approx. 0.036 mmol) was cyclized and purified following the general procedure

@\,INH HN? described above. This afforded cyclopeptide 2b (10 mg, 46%). HPLC (linear gradient
N— from 40% to 100% ACN over 8 min): t, = 7.07 min, purity = 100%; ‘H-NMR (400 MHz,

OﬁNﬁ CDCl5): 6 0.62 (d, J = 5.0 Hz, 3 H), 0.73 (m, 3H), 0.84-0.99 (m, 18H), 1.20-1.34 (m, 2H),

° 1.34-1.51 (m, 2H), 1.45-1.79 (m, 5H), 2.84-3.14 (m, 6 H), 3.68 (m, 1H), 3.97 (m, 1H), 4.20

(m, 1H), 4.47 (m, 1H), 4.85 (d, J = 6.8 Hz, 1H), 5.71 (bs. 1H), 6.87 (bs, 1H), 7.04-7.31 (m, 5H), 8.04 (bs, 1H), 8.14 (bs,
1H); ®C-NMR (100 MHz, CDCl,): & 19.1, 19.9, 21.0, 21.9, 22.6, 22.6, 22.7, 23.1, 24.2, 24.6, 25.0, 27.4, 29.7, 31.9,

34.2, 36.5, 39.3, 40.3, 40.9, 48.3, 51.5, 53.2, 57.5, 65.1, 127.1, 128.8, 128.9, 136.0, 170.6, 171.6, 172.2, 172.4,
174.3; HRMS (ES"): calc. for [C33Hs3NsOs + H]* 600.4119, found 600.4112.
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cyclo[Leu-Val-NMeLeu-Phe-Leu] (3b). Crude pentapeptide p3b (22 mg, 65% purity,
approx. 0.036 mmol) was cyclized and purified following the general procedure
@\INH HN{ described above. This afforded cyclopeptide 3b (11 mg, 51%). HPLC (linear gradient
from 40% to 100% ACN over 8 min): t, = 6.82 min, purity = 100%; 'H-NMR (400 MHz,
oé/ | ( CDCl3): 6 0.77 (d, J = 6.3 Hz, 3H), 0.84 (d, J = 6.4 Hz, 6H), 0.95-0.82 (m, 12H), 0.97 (d, J =
6.2 Hz, 3H), 1.22-1.36 (m, 2H), 1.36-1.51 (m, 2H), 1.51-1.90 (m, 4H) 2.14 (m, 2H), 2.92-
3.02 (m, 1H), 3.02-3.13 (m, 1H), 3.07 (s, 3H), 3.44 (t, J = 7.6 Hz, 1H), 4.05-4.27 (m, 2H),
4.49 (t, J=9.4 Hz, 1H), 4.58 (dd, J = 16.7, 8.5 Hz, 1H), 6.54 (bs, 1H), 6.73 (bs, 1H), 7.03 (bs, 1H), 7.07-7.58 (m, 5H),
8.13 (bs, 1H); *C-NMR (100 MHz, CDCl5): 6 18.1, 19.6,21.3, 21.9, 22.0, 22.5, 22.7, 22.8, 24.4, 25.2, 25.5, 29.7, 30.6,
31.9, 34.2, 36.7, 37.7, 39.8, 40.6, 52.1, 54.3, 54.6, 55.3, 68.9, 126.8, 128.5, 129.1, 136.6, 171.9, 172.1, 172.4,
172.6, 174.3; HRMS (ES*): calc. for [C33Hs3NsOs + H]* 600.4119, found 600.4109.

cyclo[Val-Leu-NMePhe-Leu-Leu] (4b). Crude pentapeptide pdb (22 mg, 83% purity,
approx. 0.036 mmol) was cyclized and purified following the general procedure

wNH HNC described above. This afforded cyclopeptide 4b (11 mg, 51%). HPLC (linear gradient
from 40% to 100% ACN over 8 min): t, = 6.97 min, purity = 100%; 'H-NMR (400 MHz,

é/ W CDCl,): & 0.84 (d, J = 6.6 Hz, 6 H), 0.87-0.99 (m, 18 H), 1.27-1.73 (m, 9H), 2.33 (m, 1H),
2.74 (s, 3 H), 3.22 (dd, J = 11.6, 7.3 Hz, 1H), 3.69 (m, 1H), 3.70 (m, 1H), 4.11 (m, 1H),

4.24 (d, J = 6.9 Hz, 1H), 4.45 (dd, J = 15.5 Hz, 7.3 Hz, 1H), 4.73 (dd, J = 15.3 Hz, 7.2 Hz,
1H), 6.38 (bs, 1H), 6.85 (d, J = 8.3 Hz, 1H), 7.05-7.35 (m, 6H), 8.04 (bs, 1H); *C-NMR (100 MHz, CDCl5): & 17.6, 19.5,
22.2, 223, 22.4, 225, 22.5, 22.7, 24.6, 24.8, 24.9, 29.1, 29.7, 34.9, 39.6, 40.0, 41.2, 48.3, 51.7, 53.0, 60.2, 72.1,

127.0, 128.6, 128.8, 137.0, 170.1, 171.3, 172.6, 172.8, 173.6; HRMS (ES'): calc. for [C33Hs3NsOs + H]* 600.4119,
found 600.4130.

cyclo[Leu-Phe-NMeleu-Leu-Val] (5b). Crude pentapeptide p5b (22 mg, 80% purity,

ow approx. 0.036 mmol) was cyclized and purified following the general procedure

@\j f described above. This afforded cyclopeptide 5b (10 mg, 46%). HPLC (linear gradient

from 40% to 100% ACN over 8 min): t, = 6.86 min, purity = 100%; 'H-NMR (400 MHz,

/i’>/ h CDCl3): 6 0.78 (d, J = 6.4 Hz, 3 H), 0.92-0.97 (m, 21 H), 1.07-1.26 (m, 1H), 1.33-1.48 (m,

1H), 1.45-1.80 (m, 5H), 1.99 (m, 1 H), 2.23 (m, 1H), 3.10 (m, 1 H), 3.41 (m, 1H), 3.74 (m

1H), 4.21 (m, 1H), 4.45 (m, 1H), 5.06 (m, 1H), 6.49 (bs, 1H), 6.99 (bs, 1H), 7.09-7.37 (m, 5H), 7.45 (bs, 1H), 7.86 (bs,

1H); ®C-NMR (100 MHz, CDCl,): & 19.1, 19.2, 20.9, 21.5, 22.3, 22.5, 23.0, 23.1, 24.9, 25.0, 25.1, 29.4, 29.7, 36.3,

38.0, 39.8, 40.3, 51.3, 51.6, 53.5, 61.2, 69.3, 126.7, 128.3, 129.6, 137.0, 171.1, 172.0, 172.1, 173.0, 173.9; HRMS
(ES"): calc. for [C33Hs3NsOs + H] 600.4119, found 600.4125.

2.4. CELL CULTURE PROTOCOLS AND BIOLOGICAL ACTIVITY EVALUATION

2.4.1. Cell culture protocols

Cancer cell lines. The cancer cell lines used in this study were: GLC-4 (small cell lung cancer), MDA-MB-231 (breast

cancer) and SW-480 (colon cancer). All of them proceeded from the American Type Culture Collection (ATCC).

Cryopreservation of cell lines. Cells were centrifuged to remove medium. Then, they were re-suspended its
culture medium supplemented with 10% sterile DMSO at a concentration between 1 and 2-10° cells/mL. 2 mL

aliquotes of this suspension were transferred to sterile cryovials conveniently placed on a freezing rack. These
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cryovials were kept at -80 2C during 24 h and then transferred to a liquid nitrogen tank for permanent storage at

this temperature.

= Defrosting of cell lines. The appropriate cell culture medium was warmed up to 37 2C. The cryovial containing cells

in frozen medium was taken from the nitrogen tank and placed in a 37 2C water bath. When the content of the
tube was almost defrosted, it was transferred to a 15 mL falcon containing a 10-fold volume of warm culture
medium. Cells were centrifuged 5 min at 800 rpm to remove the DMSO-containing medium. Then they were re-
suspended in fresh medium and seeded in a plate or flask. After initial cell cultivation, it is recommended to

freeze 3 to 4 vials for each vial of cells thawed as soon as possible.

= Growing of cell lines. GLC-4 cancer cells were grown in suspension, while MDA-MB-231 and SW-480 cancer cells

were grown as an adherent culture. As indicated in the following table, cells were grown in RPMI 1640 (Roswell
Park Memorial Institute medium), DMEM (Dubelco’s modified Eagle’s medium) or L-15 (Leibovitz medium). In all
cases, the medium was supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 u/mL penicillin and
100 pg/mL streptamicin. The medium was changed every few days. Cells were maintained at 37 eC in humidified
5% CO,.

Cell line Description Medium | Serum | L-Glutamine | Penicillin | Streptamicin
GLC-4 SCLC RPMI 10% FBS 2 mM 100 u/mL | 100 pg/mL
MDA-MB-231 | Breast adenocarcinoma | DMEM | 10% FBS 2mM 100 u/mL 100 pg/mL
SW-480 Colon adenocarcinoma L-15 10% FBS 2mM 100 u/mL | 100 pg/mL

Suspension cells were regularly seeded into 25 cm’or 75 cm” flasks. Adherent cells were regularly seeded into 60
mm or 100 mm plates. Cell growth was monitorized every few days under a phase-contrast microscope. When an
80% confluence was reached, cells were split. In case of adherent cell cultures, they have to be digested with

trypsin prior to split.

=  Change of medium.

= Suspension cells. The appropriate medium and the PBS were warmed up to 37 2C. Cells were centrifuged 5
min at 800 rpm and the supernatant was removed. Cells were re-suspended in PBS (5 mL) and centrifuged 5
min at 800 rpm. The PBS was removed and the cells were re-suspended in fresh medium (5 mL for a 25 cm®
flask, 20 mL for a 75 cm’ flask)

= Adherent cells. The appropriate medium and the PBS were warmed up to 37 2C. The cell-culture medium was
removed. Cells were washed with PBS (2x3 mL for a 60 mm plate, 2x5 mL for a 100 mm plate). Fresh medium

was added to the plate (5 mL for a 60 mm plate, 10 mL for a 100 mm plate).

=  Trypsinization of adherent cells. Trypsinization is the process of using trypsin to dissociate adherent cells from the

vessel in which they are being cultured. When added to a cell culture, trypsin breaks down the proteins which
enable the cells to adhere to the vessel. Our protocol to trypsinize an adherent cell culture was the following. The
appropriate medium, the PBS and the trypsin were warmed up to 37 2C. The cell-culture medium was removed.
Cells were washed with PBS (2x3 mL for a 60 mm plate, 2x5 mL for a 100 mm plate). Trypsin-EDTA 0.25% was
added (0.5 mL for 60 mm plate, 1 mL for a 100 mmm plate) ensuring that trypsin covered the entire surface ion
which cells were adhered. The plate was incubated for 2 or 3 minutes. The cell culture was observed under a
phase-contrast microscope. If detachment was low, the plate was incubated for another minute and detachment
was checked every minute thereafter (trypsinization time varies depending on the cell type). When the cells had
rounded up and were coming off the plate, they were re-suspended in an excess of serum-containing medium (4

mL for a 60 mm plate, 10 mL for a 100 mmm plate) to inactivate trypsin.
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= Determination of cellular density. The density of our cell suspensions (cells/mL) was determined using a

hemocytometer. This device consists of a thick glass microscope slide with a rectangular indentation that creates
a chamber. The chamber is engraved with a laser-etched grid of perpendicular lines. The device is carefully
crafted so that the chamber’s volume is exactly known. The chamber is filled with a sample of the cell suspension
and the cells in the chamber are counted. By dividing the number of cells in the chamber between the chamber’s

volume, the concentration of the cells in the original sample can be determined.

i. Filling the chamber. The chamber is carefully cleaned with lens paper with ethanol to remove any grease. The

appropriate coverslip is positioned over chamber. A 10 pL sample of cell suspension (which has been just gently
shaken to ensure homogeneicity) is withdrawn with a pipette. The pipette should be held at a 45 2 angle to the
chamber. The cell suspension is applied to the edge of the coverslip. The sample quickly fills the chamber by

capillary action.

Barnple J'Idrodumii:un polnt / Corver glass\
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ii. Cell counting. The chamber is observed through a phase-contrast microscope. The chamber has four 4 corner
squares and each of them has 4x4 subdivisions. The number of cells in each of the 4 squares is counted,
scanning the subdivisions from left to right updown. Different kinds of cells are counted separately as long as
they are visually distinguishable. After counting the number of cells in each square, the average number of

cells/square is calculated.

wih bk @k

iii. Determination of the cellular density. The volume overlying each of the 4 squares is 0.1 pl. Therefore, the

number of cells/mL in the mixture where the sample comes from can be calculated by multiplying the average

number of cells/square per 10,

|(ce||s/mL) = (average number of cells/square) - 1O4|

2.4.2. Determination of cell viability through MTT assay

The cytotoxicity of our compounds was evaluated by treating the cancer cells with our compounds and monitoring cell
viability through MTT assay. This assay is a colorimetric method to determine cell growth.192 It is frequently used to

evaluate the cytotoxity of potential therapeutic agents, since these agents would stimulate or inhibit cell viability and
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growth. The test is based on the reduction of the yellow tetrazolium salt MTT to purple formazan crystals. This
transformation only takes place in viable cells, because mitochondrial succinic dehydrogenase -the enzyme that
metabolyzes MTT- is only active in living cells. In the MTT assay, the purple formazan crystals are dissolved in
isopropanol and the absorbance at 570 nm is measured in an spectrophotometer. The net absorbance is directly
proportional to the number of metabolically active cells. However, it should be pointed out that a decrease in cell
growing determined by the MTT assay can be due to cell death, due to a decrease in cell proliferation of drug-treated

cells (in comparison with untreated cells), or due to both.

=  Procedure for MTT assay. To each well (containing a volume of 100 uL), 10 uL of MTT reagent (i.e. a 5 mg/mL

solution of MTT in PBS) were added and the plate was incubated for 4 h. Then, the purple formazan crystals were
dissolved by adding 100 pL of isopropanol/HCl (54, 1 M 24:1. The absorbance at 570 nm was measured in an ELISA
plate reader. 100% cell viability was given to the net absorbance of the untreated cells, which were used as a

control, and the % of cell viability was expressed as a percentage of the untreated control cells.

=  Evaluation of compound cytotoxicity against various cancer cell lines. GLC-4 cells were seeded into 96-well plates
at a concentration of 20000 cells/well. MDA-MB-231 and SW-480 cells were seeded into 96-well plates at a
concentration of 5000 cells/well and incubated at 37 9C during 24 h prior to drug addition. The different

compounds were added at a 10 or 50 uM concentration (depending on the experiment), the final volume in each
well being 100 pL. The DMSO concentration was kept constant at 1% in all wells. Cells were cultured with and
without the compounds for 24, 48 and/or 72 h (depending on the experiment). After this time, the MTT assay was
performed using the above-described procedure. The % of cell viability was expressed as a percentage of the
untreated control cells. Each experiment was performed three times, seeding the three plates three different
times and, for each plate, all test conditions were assayed in triplicate wells. Results were averaged and expressed

with the corresponding standard deviation.

* Determination of the ICs, (72 h) of the most potent compounds. Cells were seeded into 96-well plates at a

concentration of 20000 cells/well. The compound was added at different concentrations between 5 and 100 pM
(final volume in each well = 100 pL). The DMSO concentration was kept constant at 1% in all wells. Cells were
incubated with and without the compound for 72 h. After this time, MTT assay was performed using the above-
described procedure. The % of cell viability was plotted for the different concentrations of the compound. ICs,
was calculated by interpolation from the dose-reponse curve. All test conditions were assayed in triplicate wells

and results were averaged.

2.5. ATTEMPTS TO DTETERMINE logP BY THE SHAKE-FLASK METHOD

Our procedure to try to determine logP by the shake-flask method was the following. 0.03 mmol (or 500 pg) of the
compound of study were placed in a 1.5 mL eppendorf. The compound was redissolved in 200 pL of octanol
(previously saturated with H,0) and 200 pL of H,O (previously saturated with octanol) were added, so that the final
concentration of the compound was 75 uM (1.25 pg/uL). The mixture was shaken in a mechanical shaker for 2 days to
ensure that equilibrium between both phases was reached. Then, the eppendorfs were centrifuged, phases were
separated and an aliquot of each phase was injected into the HPLC apparatus. UV detection was performed at 220
nnm. The relation between the HPLC peak areas of the compound in each phase was used to calculate logP. Since the
initial compound concentration is known, retention of compound of study in the interphase can be detected.

[Presaturation of the solvent: Before partition experiments, the two phases of the solvent system were mutually
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saturated. For doing this, two large stock bottles of octanol and H,0 with a sufficient quantity of the other solvent

were stirred for 2 days. Then, phases were separated using an extraction funnel.]

2.6. NMR STUDIES OF PEPTIDES 1, 5a AND 5b

»  Variable temperature "H-NMR experiments: For compounds 1, 5a and 5b, 'H-NMR spectra were acquired in the

range from 278 K to 318 K with a step size of 10 K. All spectra were recorded on a Bruker Digital Avance 600 MHz
spectrometer equipped with a TCI cryoprobe. Measurements were done with 5-20 mM sample solutions in CDCl5.
Calibration was performed with reference to the residual solvent signal (*H, 7.26 ppm). Under these conditions, a
single set of H"- and H%signals was observed for each peptide and no evidence of conformational equilibria was

found.

»  Assignment of the H"-, H* and C%signals: For compounds 1, 5a and 5b, two-dimensional NMR experiments
(COSY, HSQC, TOCSY and NOESY) were carried out. All spectra were recorded at 298 K on a Bruker Digital Avance

600 MHz spectrometer. Measurements were done with 5-20 mM sample solutions in CDCl;. Calibration was

performed with reference to the residual solvent signal ('H, 7.26 ppm; B¢, 77.0 ppm). TOCSY spectra were
recorded with a mixing time of 70 ms, and NOESY spectra with a mixing time of 500 ms. The assignment of the H-
, H% and C" ressonances was accomplished using by through-bond connectivities from the two-dimensional
spectra. In particular, we used the (H)-(HM)ias cross-peaks from the NOESY spectra, the (Hu)i—(HB)i cross-peaks
from the COSY spectra, the (H“)i-(HB)i-(HB)i-(HN)i the cross-peaks from the TOCSY spectra, and the (H®)-(C"); cross-

peaks from the HSQC spectra. All the signals could be unequivocally assigned.

= Determination of temperature coefficients for the amide protons: For compounds 1, 5a and 5b, the temperature

coefficients for the amide protons were determined from the variable temperature 'H-NMR experiments. The HM-
chemical shifts were plotted versus the acquisition temperature (278 K, 288 K, 298 K, 308 K, 318 K) and the data
points were adjusted to a linear fit using an Excel software package. In all cases, a good linear correlation was
observed.

EXPERIMENTAL PROCEDURES FOR CHAPTER 3

3.1. SYNTHESIS OF THE N-OEG BUILDING BLOCKS

3.1.1. Synthesis of Fmoc-D-Phe-Cl

A suspension of Fmoc-D-Phe-OH (3.87 mmol, 1.50 g) and SOCI, (38.71 mmol, 2.81 mL) in

Q DCM (10 mL) was stirred at room temperature under N, atmosphere. After 6 h a clear
O. O\H/N\_)'\CI solution had formed but subsequently the acid chloride began to precipitate. The
o} —\O mixture was stirred overnight and then concentrated under reduced pressure. The

resulting yellow solid was triturated and washed onto a filter funnel with hexane. The

precipitate was dissolved in DCM (4 mL) and addition of hexane (12 mL) precipitated the
pure Fmoc-D-Phe-Cl. Recrystallization from Hexane/DCM 3:1 afforded 1.57 g (100%) of pure product, which was

obtained as a white solid. "H-NMR spectral data matched literature values." To check for any residual acid content, a
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small amount of recristallized Fmoc-D-Phe-Cl (1 mg) was added to dry methanol and analyzed by HPLC-MS, which
reveals the ratio of acid chloride (as methyl ester) and free acid. HPLC-MS analysis upon esterification showed 100% of
Fmoc-D-Phe-OMe ([M+4]" = 402.61) and no residual acid.

3.1.2. General procedure for reductive alkylation + Fmoc- protection

To a solution of aldehyde (1.1 equiv.) and amino acid tert-butyl ester hydrochloride (1.0 equiv.) in MeOH/AcOH 99:1
(aprox. 8 mL/mmol of substrate) was added NaBHsCN (1.34 equiv.) over a period of 30 min. The resulting solution was
stirred at room temperature for 2.5 h and then was poured into 30 mL of NaHCOj (s5). The product was extracted with
AcOEt (2x50 mL). The combination of organic phases was washed with NaCl (s, (2x50 mL), dried over MgSOy4 (anh),
filtered and concentrated under reduced pressure. The resulting residue consisted of an unseparable mixture of the
expected product and N,N-dialkylated amino acid. This residue was dissolved in DCM (50 mL) and treated with Fmoc-
Cl (1.5 equiv.) in the presence of DIEA (2.5 equiv.) under N, atmosphere. After overnight stirring at room temperature,
the solvent was removed under reduced pressure and the residue was redissolved in AcOEt (100 mL). The organic
phase was washed with HCl 5q) 1M (2x40 mL), dried over MgSOy (ann), filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography (9: Hexane/AcOEt 75:25; 10 and 11: AcOEt/MeOH/AcOH
90:10:1), which afforded the desired product.

O/\/O\/\O/ Fmoc-(N-OEG,)Val-O'Bu (9). Following the general procedure described above
Q with 3,6,9-trioxadecanaldehyde (1.421 g, 11.26 mmol) and valine tert-butyl
. %N\).J\ ;4 ester hydrochloride (2.325 g, 10.23 mmol), compound 9 (2.992 g, 54%) was
O Tg H O obtained as colorless oil. "H-NMR (400 MHz, CDCl5): 6 0.66-0.81 (m, 3H), 0.84-
0.99 (m, 3H), 1.41 (s, 9H), 1.98-2.23 (m, 1H), 3.20-3.72 (m, 15H), 3.82-4.14 (m
1H), 4.23 (m, 1H), 4.28-4.63 (m, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.75 (d,
J=7.5Hz, 2H); BC-NMR (100 MHz, CDCl;): 6 19.3, 20.2, 28.2, 44.7, 47.6, 47.7, 59.2, 66.6, 66.3, 67.2, 67.6, 68.9,
69.3, 70.5,70.7, 72.1, 81.5, 81.6, 120.2, 125.0, 125.1, 125.2, 127.3, 127.4, 127.9, 141.6, 144.1, 144.2, 156.5, 156.8,
170.0, 170.3; IR (KBr): v = 2965.39, 2928.51, 1730.75, 1703.74, 1451.78, 1416.11, 1368.26, 1279.93, 1140.40,
1129.49, 759.78, 741.14 cm™"; [alp -32.5 (MeOH, 0.01 g/mL); HRMS (ES'): calc. for [C3;H4sNO; + NH,]* 559.3378,
found 559.3374. [Note: This compound is the same as Fmoc-(N-TEG)Val-O'Bu (2) from Chapters 1 and 2.]

o/\/o\/\o/\/o\/\o/\/o\/\o Fmoc-(N-OEG,;)Val-O'Bu  (10). Following the general
o\/\o/\/o\/\o/\/o procedure described above with CH;-O-(CH,CH,0),-CH,CH,-
CHO (320 mg, 0.56 mmol) and valine tert-butyl ester
hydrochloride (106 mg, 0.51 mmol), compound 10 (232 mg,
48%) was obtained as a colorless oil. ‘H-NMR (400 MHz,
CDCl;): 6 0.67-0.79 (m, 3H), 0.86-0.97 (m, 3H), 1.42 (s, 9H),
2.89-3.73 (m, 52H), 3.85-4.08 (m, 1H), 4.23 (t, J = 5.9 Hz, 1H), 4.27-4.62 (m, 2H), 7.30 (t, J = 7.1 Hz, 2H), 7.38 (t, J =
7.4 Hz, 2H), 7.60 (m, 2H), 7.75 (d, J = 7.4 Hz, 2H); *C-NMR (100 MHz, CDCl5): & 19.0, 19.9, 28.0, 29.7, 31.9, 42.9,
47.4,59.0, 65.7, 65.8, 66.7, 67.2, 69.1, 69.2, 69.9, 70.5, 71.9, 81.2, 119.9, 124.7, 127.0, 127.6, 141.4, 144.1, 156.6,
170.2; IR (KBr): v = 2921.06, 2868.70, 1729.81, 1700.55, 1451.62, 1418.07, 1367.81, 1348.92, 1282.12, 1249.81,
1108.94, 741.64 cm'l; [a]p -20.5 (CHCl3, 0.01 g/mL); HRMS (ES’): calc. for [CsoHgiNOg + NH,]* 969.5894, found
969.5895.
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r\o/\/o\/\o/\/o\/\o/\/o\
O\/\O/\/O\/\O/\/O\/\O/\
o /\/O\/\O /\/O\/\O _~_O

o\/\o/\/o\/\o/\/o\/\o

N

° A

O. OTN\::)?\OZ

Fmoc-(N-OEG,3)Val-O'Bu (11). Following the general procedure
described above with CH;-O-(CH,CH,0),3-CH,CH,-CHO (66 mg,
0.06 mmol) and valine tert-butyl ester hydrochloride (11 mg, 0.05
mmol), compound 11 (31 mg, 44%) was obtained as a colorless
oil. "H-NMR (400 MHz, CDCl5): & 0.67-0.79 (m, 3H), 0.86-0.97 (m,
3H), 1.42 (s, 9H), 2.95-3.95 (m, 100H), 3.88-4.10 (m, 1H), 4.23 (t, J
= 5.8 Hz, 1H), 4.29-4.62 (m, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.39 (t, J =
7.3 Hz, 2H), 7.61 (m, 2H), 7.75 (d, J = 7.5 Hz, 2H); *C-NMR (100

MHz, CDCl;): & 19.0, 19.9, 27.9, 28.0, 28.5, 42.9, 47.4, 59.0, 65.6,
65.8, 66.7, 67.2, 69.0, 69.2, 69.9, 70.5, 71.9, 81.2, 81.3, 119.9, 124.7, 124.9, 127.0, 127.6, 141.3, 144.0, 144.0,
156.0, 156.6, 169.9, 170.2; IR (KBr): v = 2870.59, 1728.69, 1700.91, 1451.42, 1418.04, 1368.10, 1349.48, 1282.68,
1250.22, 1110.59, 740.90 cm™; [a]p -25.1 (CHCl5, 0.01 g/mL); HRMS (ES™): calc. for [C74H129NO,g + NH,]* 1497.9039,
found 1497.9010.

3.1.3. General procedure for reductive alkylation + acylation with Fmoc-D-Phe-OH

To a solution of aldehyde (1.1 equiv.) and amino acid tert-butyl ester hydrochloride (1.0 equiv.) in MeOH/AcOH 99:1
(aprox. 8 mL/mmol of substrate) was added NaBHsCN (1.34 equiv.) over a period of 30 min. The resulting solution was
stirred overnight at room temperature and then poured into 30 mL of NaHCO3 (.,t). The product was extracted with
AcOEt (2x50 mL). The combination of organic phases was washed with NaCl (s, (2x50 mL), dried over MgSOy (anh),
filtered and concentrated under reduced pressure. The resulting residue consisted of an unseparable mixture of the
expected product and N,N-dialkylated amino acid. This residue was dissolved in DCM (aprox. 5 mL/mmol of substrate)
and treated with Fmoc-D-Phe-Cl (1.5 equiv.) in the presence of DIEA (2.5 equiv.) under N, atmposhere. The mixture
was stirred overnight at room temperature. Then, the solvent was removed under reduced pressure and the residue
and redissolved in AcOEt (100 mL). The organic phase was washed with HCI (,4) 1M (2x40 mL) and then NaHCOj3 (5.t
(2x40 mL), dried over MgSOy (;nh), filtered and concentrated under reduced pressure. The resulting residue was
purified by flash chromatography (AcOEt/MeOH/AcOH 90:10:1), which afforded the desired product.

O Fmoc-D-Phe-(N-OEG,;)Val-O'Bu  (15). Following the general
o § o] t('ro procedure described above with CH;-O-(CH,CH,0),,-CH,CH,-CHO
O \ég‘\"‘ I \< (1.000 g, 1.75 mmol) and valine tert-butyl ester hydrochloride (333

2 mg, 1.59 mmol), compound 15 (638 mg, 37%) was obtained as a

o colorless oil. "H-NMR (400 MHz, CDCl5): & 0.60-1.05 (m, 6H), 1.34-
1.52 (m, 9H), 1.57-2.40 (m, 2H), 2.85-3.11 (m, 1H), 3.12-3.82 (m,
53H), 3.90-4.43 (m, 4H), 4.96 (m, 1H), 6.12-6.42 (m, 1H), 7.15-7.31
(m, 7H), 7.36 (t,J = 7.4 Hz, 2H), 7.54 (d, J = 7.4 Hz, 2H), 7.72 (d, J =
7.3 Hz, 2H); Bc-NMR (100 MHz, CDCl5): 6 19.1, 19.2, 27.5, 27.6, 27.9, 28.0, 29.6, 29.8, 39.1, 41.2, 46.9, 47.0, 52.5.,
52.6, 66.8, 66.9, 67.0, 67.0, 68.2, 68.2, 69.3, 69.8, 70.1, 70.3, 70.4, 71.8, 81.3, 81.4, 125.1, 125.1, 125.2, 126.8,
126.9, 126.9, 127.5, 128.3, 128.4, 129.4, 129.5, 136.0, 136.3, 141.1, 141.1, 143.7, 143.8, 155.6, 155.9, 168.9,
169.0, 172.9, 173.1; IR (KBr): v = 3287.94, 2871.78, 1782.00, 1639.03, 1532.42, 1452.26, 1351.58, 1250.12,

1110.62, 1037.62, 952.33, 800.76, 760.61, 742.44, 703.60 cm ; [a]p -16.9 (CHCl5, 0.01 g/mL); HRMS (ES"): calc. for
[CsoHooN,017 + NH,]* 1116.6578, found 1116.6573.

(o) (0]
O/\/O\/\O/\/ ~ o J

&O\/\O/\/O\/\O/\/O\
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Fmoc-D-Phe-(N-OEG,3)Val-O'Bu  (16). Following the general

o § o L(O procedure described above with CH;3-O-(CH,CH,0),5-CH,CH,-CHO
O g” i \< (1.000 g, 0.91 mmol) and valine tert-butyl ester hydrochloride (174
é mg, 0.83 mmol), compound 16 (374 mg, 28%) was obtained as a
o) colorless oil. '"H-NMR (400 MHz, CDCl5): & 0.65-1.06 (m, 6H), 1.38-

O/\/O\/\o/\/o\/\o/\/o\) 1.53 (m, 9H), 1.61-2.36 (m, 2H), 2.83-3.26 (m, 1H), 3.27-3.85 (m,
Lo OO0 101H), 3.94-4.45 (m, 4H), 4.95 (m, 1H), 5.58 (m, 1H), 7.11-7.34 (m,
o/vox/\o/vo\/\owod 7H), 7.38 (m, 2H), 7.52 (m, 2H), 7.75 (m, 2H); *C-NMR (100 MHz,
Lo ~gm OO CDCly): & 18.5, 19.2, 19.3, 20.5, 27.6, 27.7, 27.9, 29.6, 30.0, 38.4,

39.6, 41.1, 47.0, 47.1, 51.8, 52.4, 59.0, 66.7, 66.8, 66.9, 68.4, 69.3, 69.9, 70.1, 70.2, 70.5, 70.8, 71.9, 81.3, 82.7,
119.9, 125.0, 125.2, 126.9, 127.0, 127.6, 128.3, 128.5, 129.4, 129.6, 135.9, 136.3, 141.2, 141.2, 143.7, 143.8,
143.8, 155.4, 155.5, 168.9, 169.7, 171.5, 172.3; IR (KBr): v = 3287.15, 2868.84, 1723.24, 1648.89, 1529.73,
1451.39, 1349.20, 1248.17, 1107.27, 1036.50, 950.48, 848.61, 760.21, 742.19, 701.78 cm"; [a]p -28.2 (MeOH, ¢ =
0.01 g/mL); HRMS (ES"): calc. for [CgsH13sN,049 + NH,4]" 1644.9724, found 1644.9714.

3.1.4. General procedure for tert-butyl ester acidic cleavage

The tert-butyl protected amino acid (approx. 5.0 mmol) was dissolved in DCM (25 mL) and TFA (25 mL) was added.
After stirring for 30 min at room temperature, the mixture was concentrated under reduced pressure. The remaining

TFA was removed by co-evaporation with toluene at 50 2C.

O/\/o\/\o/ Fmoc-(N-OEG,)Val-OH (12). Following the general procedure described above

O with 9 (2.992 g, 5.52 mmol), compound 12 (2.682 g, 100%) was obtained as
. o %NJ(J)\ yellowish oil. "H-NMR (400 MHz, CDCl3): & 0.67-0.77 (m, 3H), 0.94-1.20 (m, 3H),
O \[Of : OH 2.11-2.39 (m, 1H), 3.00-3.74 (m, 15H), 3.94 (d, J = 10.7 Hz, 1H), 4.25 (m, 1H),
AN 4.32-4.70 (m, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H), 7.60 (m, 2H),

7.73 (d, J = 7.5 Hz, 2H), 8.8 (bs, 1H); BC-NMR (100 MHz, CDCl5): 6 18.6, 18.7, 20.2, 20.5, 27.1, 27.5, 46.7, 47.2,
47.3, 58.6, 58.7, 66.2, 67.0, 67.5, 69.1, 69.2, 69.8, 69.9, 70.1, 70.2, 70.4, 71.6, 119.8, 124.6, 127.1, 127.6, 141.3,
141.3, 141.4, 143.7, 143.8, 143.8, 143.9, 155.9, 156.5, 171.7, 171.1; IR (KBr): v = 3063.88, 2890.62, 1739.90,
1703.63, 1451.94, 1419.21, 1274.55, 1243.43, 1138.12, 1107.59, 758.96, 741.78 cm'l; [a]p -29.4 (MeOH, 0.01
g/mL); HRMS (ES"): calc. for [C,7H3sNO, + Na]™ 508.2306, found 508.2303. [Note: This compound is the same as
Fmoc-(N-TEG)Val-OH (6) from Chapters 1 and 2.]

ﬁo/\/o\/\o/\/o\/\o/\/o\/\o/ Fmoc-(N-OEG,,)Val-OH (13). Following the general procedure
O™ OO described above with 10 (170 mg, 0.179 mmol), compound 13
O (159 mg, 100%) was obtained as yellowish oil. ‘H-NMR (400

. o NJOJ\ MHz, CDCl3): 6 0.68-0.79 (m, 3H), 0.92-1.00 (m, 3H), 2.89-3.73

O Y oH (m, 52H), 3.87-4.10 (m, 1H), 4.23 (m, 1H), 4.29-4.70 (m, 2H),

° A 5.26 (bs, 1H), 7.31 (t, J = 7.1 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H),

7.62 (m, 2H), 7.75 (d, J = 7.5 Hz, 2H); C-NMR (100 MHz, CDCl,): & 18.6, 18.9, 19.9, 20.2, 27.5, 27.7, 27.9, 28.5,
449, 47.3, 58.9, 67.1, 67.6, 68.3, 68.6, 69.9, 70.4, 71.8, 119.9, 124.6, 125.2, 127.1, 127.6, 128.1, 128.9, 141.4,
143.8, 157.3, 171.8; IR (KBr): v = 2921.85, 1735.56, 1699.53, 1451.75, 1419.92, 1349.59, 1287.42, 1249.66,
1109.80, 751.24, 742.20 cm’™’; [ap -12.3 (CHCl3, 0.01 g/mL); HRMS (ES"): calc. for [C4H73NO16 + NH,]* 913.5268,
found 913.5270.
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ﬁo/\/o\/\o/\/o\/\o/\/o\ Fmoc-(N-OEGy;)Val-OH (14). Following the general procedure

described above with 11 (36 mg, 0.024 mmol), compound 14 (34
mg, 100%) was obtained as yellowish oil. 'H-NMR (400 MHz, CDCl,):
6 0.67-0.81 (m, 3H), 0.90-1.10 (m, 3H), 1.49 (m, 1H), 1.86-2.30 (m,
1H), 2.95-3.95 (m, 100H), 3.88-4.88 (m, 4H), 5.02 (bs, 1H), 7.31 (t, J
Q =7.2 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.61 (m, 2H), 7.75 (d, /= 7.3 Hz,

0 13
2H); "C-NMR (100 MHz, CDCl;): 6 18.8, 19.8, 27.5, 28.4, 44.1, 47.2,
O. O\H/N\)I\OH ) ( 3)

fo) /\ 47.4,58.9, 67.0, 68.4, 70.3, 71.8, 119.9, 124.6, 125.1, 127.1, 127.6,

141.4, 143.9, 157.2, 169.4; IR (KBr): v = 3374.41, 2917.17, 1737.11,
1462.40, 1377.46, 1259.67, 1105.54, 709.00 cm™’; [a]p -15.7 (CHCl;, ¢ = 0.01 g/mL); HRMS (ES'): calc. for
[C7oH121NO5g + NH,]" 1441.8413, found 1441.8374.

O OO
o O O O

O\/\o/\/ O\/\O/\/ O\/\o

Fmoc-D-Phe-(N-OEG,)Val-OH (18). Following the general
e procedure described above with 15 (638 mg, 0.58 mmol),
O O\I(N NI[(OH compound 18 (605 mg, 100%) was obtained as yellowish oil. -
g © NMR (400 MHz, CDCl,): & 0.69-1.05 (m, 6H), 1.22-2.59 (m, 2H),
2.87-3.17 (m, 1H), 3.12-3.82 (m, 53H), 3.98-4.50 (m, 4H), 4.97 (m,
Q 1H), 5.69-5.97 (m, 1H), 5.90 (bs, 1H), 7.15-7.33 (m, 7H), 7.39 (t, / =
7.4 Hz, 2H), 7.54 (m, 2H), 7.76 (d, J = 7.4 Hz, 2H); *C-NMR (100
k/O\/\O/\/O\/\O/\/O\ MHz, CDCl;): 6 19.0, 19.1, 20.1, 20.1, 26.9, 27.2, 29.1, 29.6, 39.2,
39.3,47.0,47.0,52.8,52.9, 58.9, 66.9, 67.0, 67.7, 68.0, 69.7, 70.1, 70.1, 70.2, 70.3, 70.4, 70.6, 71.8, 119.9, 125.0,
125.1, 125.2, 126.8, 127.0, 127.6, 127.6, 128.5, 128.6, 129.4, 129.4, 136.0, 136.1, 143.7. 143.8, 143.8, 155.5,
155.6, 172.2, 174.1; IR (KBr): v = 3290.79, 2917.41, 1720.36, 1645.83, 1532.30, 1452.05, 1351.31, 1254.69,
1107.03, 1034.42, 952.05, 797.90, 761.07, 742.72, 703.06 cm’’; [a]p -5.0 (CHCl5, 0.01 g/mL); HRMS (ES"): calc. for
[CssHgaN,017 + NH,]" 1060.5952, found 1060.5948.

o o
O/\/O\/\O/\/ ~ o N \)

Fmoc-D-Phe-(N-OEG,;)Val-OH (18). Following the general
y O K( procedure described above with 16 (374 mg, 0.23 mmol),
O OYN N o compound 18 (362 mg, 100%) was obtained as yellowish oil. 'H-
gé © NMR (400 MHz, CDCl3): 6 0.69-1.14 (m, 6H), 1.48-2.38 (m, 2H),
2.83-3.26 (m, 1H), 3.25-3.94 (m, 101H), 4.04-4.52 (m, 4H), 4.97
7 (m, 1H), 5.76 (m, 1H), 6.46 (bs, 1H), 7.15-7.32 (m, 7H), 7.38 (t, J =
7.4 Hz, 2H), 7.53 (m, 2H), 7.75 (d, J = 7.6 Hz, 2H); *C-NMR (100
MHz, CDCl;): 6 18.4, 19.0, 19.7, 20.1, 26.9, 27.2, 29.1, 29.6, 38.6,
39.3,41.2,47.0,47.0,52.0,52.9, 58.9, 66.9, 67.0, 67.7, 68.1, 68.6,
69.7, 70.4, 71.8, 119.8, 119.9, 124.9, 125.0, 125.1, 125.2, 126.8,
127.0, 127.1, 127.6, 127.6, 128.2, 128.6, 129.3, 129.6, 135.7, 136.1, 141.2, 143.6, 143.6, 143.7, 143.8, 155.5,
155.6, 171.2, 171.3, 174.1, 174.2; IR (KBr): v = 3300.02, 2877.07, 1784.02, 1644.60, 1525.29, 1452.68, 1352.33,
1298.25, 1211.99, 1165.74, 1109.70, 953.54, 847.05, 809.96, 761.07, 743.14, 699.88 cm™’; [a]p -7.2 (MeOH, ¢ =
0.01 g/mL); HRMS (ES"): calc. for [C;oH130N;059 + NH,]* 1588.9098, found 1588.9077.

0/\/0\/\0/\/0\/\0/\/0J
K/OV\O/\/O\/\O/\/O\/\O
0O OO
K/O\/\o/\/o\/\o/\/ox

3.2. SPPS OF THE N-OEG LINEAR PENTAPEPTIDES

The pentapeptides p19-p22 were synthesized on the CTC resin as described for each case. Standard couplings were

performed using DIPCDI/OxymaPure and a 3-fold excess of Fmoc-amino acid. In the SPPS of pentapeptides p19-p21
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using an N-substituted Val derivative, Fmoc-D-Phe-OH was coupled onto N-alkylated Val using BTC activation. In the
SPPS of pentapeptides p21 and p22 using a dipeptidic building block (17 and 18, respectively), the dipeptide was
coupled onto the peptidyl-resin using PyBOP/HOALt. After cleavage from the solid support and lyophilization, the crude

pentapeptides were obtained in >49% crude yield and they were found to be enough pure to be directly cyclized.

Scheme 55. SPPS of pentapeptides p19-p21 using an Scheme 56. SPPS of pentapeptides p21-p22 using a
N-substituted Val derivative. dipeptidic building block.
a,b,cd a,b,cd
ca-@ ———  Fmoc-Arg(Pb)-Gly-0Q @ ——>  Fmoc-Arg(Pbf)-Gly-0Q
(CTC resin) l e (CTC resin) l cef
Fmoo-(N-CH,R)Val-Arg(Pbf)-Gly-04Q) Fmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-04Q)

l of l ¢ g.¢h

Fmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-O
{ 2R) Por)-61y-0Q H-Asp(O'Bu)-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-OH

l ¢.g.ch p21: N-CH,R = N-CH,CH,CH,(OCH,CH,)11OCHS;
p22: N-CH,R = N-CH,CH,CH,(OCH,CH,),30CH;

H-Asp(O'Bu)-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-OH

p19: N-CH,R = N-CHj

p20: N-CH,R = N-CH,CH,(OCH,CH,),OCH;

p21: N-CH,R = N-CH,CH,CHy(OCH,CH,);,OCH;

Reagents and conditions: a. Fmoc-Gly-OH (1.2 equiv.), DIEA (12.0 Reagents and conditions: a. Fmoc-Gly-OH (1.2 equiv.), DIEA
equiv.), DCM, 1 h; b. MeOH, 15 min; c. piperidine/DMF 1:4, 3x5 (12.0 equiv.), DCM, 1 h; b. MeOH, 15 min; c. piperidine/DMF
min, 1x10 min; d. Fmoc-Arg(Pbf)-OH (3.0 equiv.), DIPCDI (3.0 1:4, 3x5 min, 1x10 min; d. Fmoc-Arg(Pbf)-OH (3.0 equiv.),
equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; e. Fmoc-(N-CH,R)Val- DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; e.
OH (Fmoc-NMeVal-OH or 12-13, 3.0 equiv.), DIPCDI (3.0 equiv.), Fmoc-D-Phe-Val(N-CH,R)-OH (17 or 18, 1.0 equiv.), PyBOP
OxymaPure (3.0 equiv.), DMF, 2 h; f. Fmoc-D-Phe-OH (5.0 equiv.), (1.0 equiv.), HOAt (1.0 equiv.), DIEA (2.0 equiv.), DMF, 3 h;
BTC (1.65 equiv.), 2,4,6-trimethylpyridine (14.0 equiv.), THF, 15 h, then + PyBOP (1.0 equiv.), + DIEA (1.0 equiv.), 15 h; f. Ac,0
double coupling; g. Fmoc-Asp(OtBu)-OH (3.0 equiv.), DIPCDI (3.0 (10.0 equiv.), DIEA (10.0 equiv.), DCM, 15 min; g. Fmoc-
equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; h. 2% TFA in DCM, 3x2 Asp(O'Bu)-OH (3.0 equiv.), DIPCDI (3.0 equiv.), OxymaPure
min. Note: For the synthesis of p19: f. Fmoc-D-Phe-OH (3.0 (3.0 equiv.), DMF, 1 h; h. 2% TFA in DCM, 3x2 min.

equiv.), HATU (3.0 equiv.), HOAt (3.0 equiv.), DIEA (3.0 equiv.),
DMF, 2 h, double coupling.

= H-Asp(OtBu)-D-Phe-NMeVaI-Arg(be)-GIy-OH (p19). The SPPS was carried out as shown in Scheme 55 using
Fmoc-NMeVal-OH as building block and working at a 0.93 mmol scale. Starting from 1.0 g of CTC resin (1.6
mmol/g), the first Fmoc-amino acid was incorporated and the resin loading was determined to be 0.93 mmol/g.
Elongation of the peptide chain was performed by stepwise assembly of the Fmoc-protected amino acids as
shown in Scheme 55. After cleavage and liophilization, pentapeptide p19 was obtained (240 mg, quant. crude
yield). HPLC (linear gradient from 5% to 100% ACN over 8 min): t, = 6.02 min, purity = 67%; HPLC-MS (linear
gradient from 5% to 100% ACN over 8 min): t, = 7.36 min, [M+H]" = 915.70.

*  H-Asp(O‘Bu)-D-Phe-(N-OEG,)Val-Arg(Pbf)-Gly-OH (p20). The SPPS was carried out as shown in Scheme 55 using
Fmoc-(N-OEG,)Val-OH (12) as building block and working at a 0.81 mmol scale. Starting from 1.7 g of CTC resin
(1.6 mmol/g), the first Fmoc-amino acid was incorporated and the resin loading was determined to be 0.27
mmol/g. Elongation of the peptide chain was performed by stepwise assembly of the Fmoc-protected amino acids
as shown in Scheme 55. For the acylation of the N-OEG, Val residue with Fmoc-D-Phe-OH, two BTC-mediated
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couplings were performed, which lead to an an almost complete conversion (traces of unreacted N-OEG, peptide
were detected by HPLC-MS). After cleavage and liophilization, pentapeptide p20 was obtained (950 mg, quant.
crude yield). HPLC (linear gradient from 20% to 70% ACN over 8 min): tr = 5.88 min, purity = 62%; HPLC-MS (linear
gradient from 20% to 70% ACN over 8 min): tr = 7.58 min, [M+H]" = 1047.77.

H-Asp(0‘Bu)-D-Phe-(N-OEG,,)Val-Arg(Pbf)-Gly-OH (p21).

a. Using Fmoc-(N-OEGy;)Val-OH (13) as building block. The SPPS was carried out as shown in Scheme 55 using
Fmoc-(N-OEG;;)Val-OH (13) as building block and working at a 0.03 mmol scale. Starting from 150 mg of CTC

resin (1.6 mmol/g), the first Fmoc-amino acid was incorporated and the resin loading was determined to be

0.20 mmol/g. Elongation of the peptide chain was performed by stepwise assembly of the Fmoc-protected
amino acids as shown in Scheme 55. For the acylation of the N-OEG,, Val residue with Fmoc-D-Phe-OH using
BTC, acylation was not complete after two treatments with the in situ-generated acid chloride, and
performing a third BTC-mediated coupling did not improve conversion. Final cleavage and liophilization
afforded a crude residue (17 mg, 37% crude vyield) containing pentapeptide p21. This crude residue also
contained a considerable amount of unacylated H-(N-OEG,,)Val-Arg(Pbf)-Gly-OH. HPLC (linear gradient from
20% to 70% ACN over 8 min): t, = 6.99 min, purity = 31%; HPLC-MS (linear gradient from 20% to 70% ACN
over 8 min): t, = 7.45 min, [M+3]" = 1459.2.

b. Using Fmoc-D-Phe-(N-OEG,;)Val-OH (17) as building block. The SPPS was carried out as shown in Scheme 56
using Fmoc-D-Phe(N-OEG;4)Val-OH (17) as building block and working at a 0.19 mmol scale. Starting from

0.95 g of CTC resin (1.6 mmol/g), the first Fmoc-amino acid was incorporated and the resin loading was
determined to be 0.20 mmol/g. Elongation of the peptide chain was performed by stepwise assembly of the
Fmoc-protected amino acids as shown in Scheme 56. For the coupling of the dipeptidic segment (17) onto the
peptidyl-resin using PyBOP/HOAt, the procedure was the following. To a solution of dipeptide (2.0 equiv.),
HOAt (1.0 equiv.) and DIEA (2.0 equiv.) in DMF, PyBOP (1.0 equiv.) was added and the resulting mixture was
poured onto the peptidyl-resin; after 3 h shaking, further PyBOP (1.0 equiv.) and DIEA (1.0 equiv.) were
added and the coupling was allowed to proceed overnight. The unreacted resin-bound peptide was
acetylated, and the occurrence of epimerization was confirmed by the appearance of two peaks having the
mass of the desired product in the HPLC spectra of a cleaved peptidyl-resin sample. These two peaks were
present in a 34:56 proportion, and the major one was associated to the desired product by comparison with
HPLC data from the SPPS of p21 using Fmoc-(N-OEG4;)Val-OH (13), in which no epimerization was observed.
After final cleavage and liophilization, a mixture of pentapeptide p21 and its epimer at the Val residue (p21%*)
was obtained (138 mg, 50% crude yield). HPLC (linear gradient from 20% to 70% ACN over 8 min): t, = 6.78
min (pressumably the desired stereoisomer), 7.15 min (pressumably the Val-epimer); HPLC-MS (linear
gradient from 20% to 70% ACN over 8 min): t, = 7.00-7.90 min, [M+3]" = 1459.2 (stereoisomers do not

separate).

H-Asp(OtBu)-D-Phe-(N-OEGZ3)VaI-Arg(be)-GIy-OH (p22). The SPPS of was carried out as shown in Scheme 56
using Fmoc-D-Phe(N-OEG,;)Val-OH (14) as building block working at a 0.06 mmol scale. Starting from 0.30 g of
CTC resin (1.6 mmol/g), the first Fmoc-amino acid was incorporated and the resin loading was determined to be
0.20 mmol/g. Elongation of the peptide chain was performed by stepwise assembly of the Fmoc-protected amino
acids as shown in Scheme 56. For the coupling of the dipeptidic segment (18) onto the peptidyl-resin using
PyBOP/HOAL, the procedure was the following. To a solution of dipeptide (2.0 equiv.), HOAt (1.0 equiv.) and DIEA
(2.0 equiv.) in DMF, PyBOP (1.0 equiv.) was added and the resulting mixture was poured onto the peptidyl-resin;
after 3 h shaking, further PyBOP (1.0 equiv.) and DIEA (1.0 equiv.) were added and the coupling was allowed to
proceed overnight. The unreacted sresin-bound peptide was acetylated, and the occurrence of epimerization was

confirmed by the appearance of two peaks having the mass of the desired product in the HPLC spectra of a
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cleaved peptidyl-resin sample. After final cleavage and liophilization, a mixture of pentapeptide p22 and its
epimer at the Val residue (p22*) was obtained (59 mg, 49% crude yield). HPLC (linear gradient from 20% to 70%
ACN over 8 min): t, = 7.59 min, purity = 45% (stereoisomers do not separate); HPLC-MS (linear gradient from 20%
to 70% ACN over 8 min): t, = 7.46 min, [M+4]" = 1989.31 (stereoisomers do not separate).

3.3. CYCLIZATION AND DEPROTECTION TO OBTAIN THE N-OEG CYCLOPEPTIDES

3.3.1. General procedure for the cyclization of the linear pentapeptides

The crude linear pentapeptide (1.0 equiv.) was dissolved in DCM (¢ = 1 mM). EDC-HCI (10.0 equiv.) and DMAP (2.0
equiv.) were added to the solution. After stirring at room temperature overnight, the mixture was concentrated and
washed with 2% citric acid (2x20 mL), NayCOj3 (55t (2x20 mL) and NaCl (s;¢) (2x20 mL). The organic phase was dried over

MgSOy (anh.), filtered and concentrated under reduced pressure.

»  cyclo[Asp(O'Bu)-D-Phe-NMeVal-Arg(Pbf)-Gly] (19). Crude pentapeptide p19 (240 mg, 67% purity, approx. 0.18
mmol) was cyclized with EDC-HCI (345 mg, 1.80 mmol) and DMAP (44 mg, 0.36 mmol) following the general
procedure. This afforded cyclopeptide 19 (157 mg, 95% crude yield). HPLC (linear gradient from 5% to 100% ACN
over 8 min): t, = 7.73 min, purity = 39%; HPLC-MS (linear gradient from 30 to 100% over 11 min): t, = 8.42 min,
[M+H]" = 897.66.

»  cyclo[Asp(O'Bu)-D-Phe-(N-OEG,)Val-Arg(Pbf)-Gly] (20). Crude pentapeptide p20 (690 mg, 62% purity, approx.
0.41 mmol) was cyclized EDC-HCI (786 mg, 4.10 mmol) and DMAP (100 mg, 0.82 mmol) following the general
procedure. This afforded cyclopeptide 20 (384 mg, 92% crude yield). HPLC (linear gradient from 40% to 100% ACN
over 8 min): t, = 4.99 min, purity = 28%; HPLC-MS (linear gradient from 60% to 100% ACN over 11 min): t, = 6.55
min, [M+H]" = 1028.93.

*  cyclo[Asp(O‘Bu)-D-Phe-(N-OEG,,)Val-Arg(Pbf)-Gly] (21).

a. From crude pentapeptide p21 obtained as a single stereoisomer. The crude pentapeptide p21 (17 mg, 31%

purity, approx. 0.01 mmol) was cyclized with EDC-HCI (19 mg, 0.10 mmol) and DMAP (2 mg, 0.02 mmol)
following the general procedure. This afforded cyclopeptide 21 (21 mg, quant. crude yield). HPLC (linear
gradient from 40% to 100% ACN over 8 min): t, = 4.57 min, purity = 28%; HPLC-MS (linear gradient from 40%
to 100% ACN over 8 min): t, = 6.91 min, [M+H]" = 1028.93.

b. From the crude mixture of pentapeptide p21 and its Val-epimer (p21*). The crude diastereomeric mixture of

pentapeptides p21 and p21* (138 mg, approx. 0.03 mmol) was cyclized with EDC-HCI (56 mg, 0.30 mmol) and
DMAP (7 mg, 0.06 mmol) following the general procedure. This afforded a mixture of the corresponding
diasteretereomeric cyclopeptides, 21 and 21* (158 mg, quant. crude yield). HPLC (linear gradient from 40% to
100% ACN over 8 min): t, = 5.68 min (pressumably the desired stereoisomer), 5.93 min (pressumably the Val-
epimer); HPLC-MS (linear gradient from 40% to 100% ACN over 11 min): t, = 7.46 min, [M+3]" = 1441.1

(stereoisomers do not separate).

Note: The retention time of stereopure 21 (4.57 min) differs from the retention of the desired sterecisomer
of 21 (5.68 min) that was present in the mixture of diastereomeric cyclopeptides, although the two crude
residues obtained cyclization were analyzed under the same HPLC conditions. Such a retention time
difference is because stereopure 21 was analyzed in a distinct HPLC apparatus that had a shorter connector

between the column and the detector.
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*  cyclo[Asp(O'Bu)-D-Phe-(N-OEG3)Val-Arg(Pbf)-Gly] (22). The crude diastereomeric mixture of pentapeptides p22
and p22* (59 mg, 37% purity, approx. 0.06 mmol) was cyclized with EDC-HCI (115 mg, 0.60 mmol) and DMAP (15
mg, 0.12 mmol) following the general procedure. This afforded a mixture of the corresponding
diasteretereomeric cyclopeptides, 22 and 22* (97 mg, 81% crude yield). HPLC (linear gradient from 40% to 100%
ACN over 8 min): t, = 5.69 min, purity = 18% (stereoisomers do not separate); HPLC-MS (linear gradient from 40%
to 100% ACN over 11 min): t, = 6.72 min, [M+4]" = 1971.35 (steroisomers do not separate at a base-line level, but
two peaks can be distinguished at 6.46 min and 6.72 min).

3.3.2. General procedure for ‘Bu- and Pbf- removal

The crude obtained from the cyclization was dissolved in TFA/H,0/TIS 95:5:5 (0.03 mL/mg of crude). After stirring for
3 h, the reaction mixture was concentrated under reduced pressure. Traces of TFA were removed by co-evaporation
with toluene at 50 2C. The deprotected peptide was precipitated two times by addition of cold tert-butyl methyl ether
and subsequent centrifugation (3500 rpm, 5 min). The precipitate was redissolved in ACN/H,0 1:1 and lyophilized. The
resulting residue was purified by semipreparative RP-HPLC. Fractions were collected, pooled and lyophilized to afford

the pure cyclopeptides. The peptides were redissolved in 1% AcOH in H,0 and lyophilized again.

NH cyclo[RGDfNMeV] (23). Following the general procedure with crude
cyclopeptide 19 (157 mg, 39% purity) afforded the pure peptide 23 (36 mg,

N/\fo
\?( m 34% two-step vyield with respect to pentapeptide p19) after RP-HPLC
N HN

purification using a Sunfire™ 18 reversed-phase semipreparative column

mL/min). HPLC (linear gradient from 10% to 50% ACN over 8 min): t, = 5.39
min, purity = 100%; HPLC-MS (linear gradient from 30% to 100% ACN over 8
min): t, = 2.29 min, [M+H]" = 589.51; "H-NMR (500 MHz, CD;0D): & 0.48 (d, J = 6.6 Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H),
1.60 (m, 2H), 1.99 (m, 2H), 2.04 (m, 1H), 2.61 (dd, J = 16.7 Hz, J = 6.6 Hz, 1H), 2.92 (dd, J = 16.8 Hz, J = 7.6 Hz, 1H),
2.84 (s, 3H), 2.96 (dd, J = 13.0 Hz, / = 7.6 Hz, 1H), 3.08 (dd, J = 13.0 Hz, J = 7.6 Hz, 1H), 3.19 (m, 2H), 3.48 (d, J =
14.5 Hz, 1H), 3.85 (dd, J = 8.6 Hz, J = 6.3 Hz, 1H), 4.06 (d, J = 14.3 Hz, 1H), 4.34 (d, J = 10.6 Hz, 1H), 4.70 (dd, /= 7.6
Hz, 6.7 Hz, 1H), 5.12 (dd, J = 10.1 Hz, J = 5.3 Hz, 1H), 7.14-7.27 (m, 5H); *C-NMR (125 MHz, CD;0D): 19.9, 20.2,
27.3, 27.7, 31.8, 35.3, 39.5, 42.1, 44.7, 51.1, 52.5, 56.4, 65.3, 127.9, 129.6, 130.5, 138.1, 158.7, 171.7, 172.1,
172.8,173.6, 174.0, 174.4; HRMS (ES"): calc. for [Cr7HaoNgO; + H]* 589.3093, found 589.3086; NPC = 74%.

% (linear gradient from 0:100 to 70:30 ACN/H,0 over 15 min, flow rate = 15

NH o) cyclo[RGDf(N-OEG,)V] (24). Following the general procedure with crude
HZN*HMHWO cyclopeptide 20 (384 mg, 28% purity) afforded the pure peptide 24 (79 mg,
oM Hb(o"' 27% two-step yield with respect to pentapeptide p20) after RP-HPLC

0 N)]_H/N o © purification using a Sunfire™ C18 semipreparative column (linear gradient
\/\O/\/o Oé from 15:85 to 60:40 ACN/H,0 over 20 min, flow rate = 15 mL/min). HPLC
(linear gradient from 10% to 50% ACN over 8 min): t, = 5.81 min, purity =

99%; HPLC-MS (linear gradient from 10% to 60% ACN over 8 min): t, = 7.65
min, [M+H]" = 721.24; "H-NMR (500 MHz, CD;0D): & 0.64 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.6 Hz, 3H), 1.60 (m, 2H),
1.81 (m, 1H), 1.90 (m, 1H), 2.02 (m, 1H), 2.62 (dd, J = 16.6 Hz, J = 5.2 Hz, 1H), 2.92 (dd, J = 16.8 Hz, J = 7.9 Hz, 1H),
3.00 (d, J = 7.6 Hz, 2H), 3.18 (m, 2H), 3.26 (m, 3H), 3.40 (m, 2H), 3.45 (d, J = 14.5 Hz, 1H), 3.50-3.70 (m, 10H), 4.03
(d, J=14.5Hz, 1H), 4.04 (d, J = 10.5 Hz, 1H), 4.34 (dd, / = 9.2 Hz, J = 5.6 Hz, 1H), 4.78 (dd, J = 8.2 Hz, / = 6.4 Hz, 1H),
5.12 (dd, J = 8.4 Hz, J = 7.6 Hz, 1H), 7.19-7.30 (m, 5H); C-NMR (125 MHz, CD;0D): 20.2, 21.8, 27.0, 27.6, 29.3,
41.0, 42.0, 44.6, 44.8, 51.0, 52.9, 55.2, 59.2, 68.4, 71.3, 71.4, 71.4, 71.7, 73.0, 128.2, 129.8, 130.6, 137.8, 158.6,
171.8,172.0, 173.8, 173.9, 175.2; HRMS (ES"): calc. for [C33Hs,NgO1o + H]* 721.3879, found 721.3875; NPC = 67%.
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cyclo[RGDf(N-OEG4,)V] (25).

a.

From crude cyclopeptide 21 obtained as a single stereoisomer. Following the general procedure with crude

cyclopeptide 21 (21 mg, 28% purity) afforded the pure peptide 25 (3 mg) after RP-HPLC purification using an
XBridge™ C18 semipreparative column (linear gradient from 15:85 to 40:60 ACN/H,0 over 20 min, flow rate
=3 mL/min). HPLC (linear gradient from 40% to 100% ACN over 8 min): tr = 6.55 min, purity = 100%; HPLC-
MS (linear gradient from 40% to 100% ACN over 8 min): tr = 6.92 min, [M+H]" = 1132.7.

From the crude mixture of cyclopeptide 21 and its Val-epimer (21*). Following the general procedure with

the crude mixture of 21 and 21* (158 mg) afforded a residue containing the desired N-OEG,; cyclopeptide
(25) and its Val-epimer (25%). The two stereoisomeric products (25 and 25*) were isolated by RP-HPLC
purification using an XBridge™ C18 semipreparative column (linear gradient from 25:75 to 33:66 ACN/H,0
over 8 min, flow rate = 3 mL/min). The isolated N-OEG;, cyclopeptide with the lower retention time (25)
was identified as the product with the desired stereochemistry, as it was found to co-elute with a sample of
stereopure 25. HPLC (linear gradient from 10% to 50% ACN over 8 min): t, = 6.45 min, purity = 97%; HPLC-
MS (linear gradient from 0% to 60% ACN over 8 min): t, = 7.79 min, [M+2]" = 1132.55.

"H-NMR (500 MHz, CD;0D): & 0.53 (d, J = 6.5 Hz, 3H), 0.93 (d, J = 6.6 Hz,
3H), 1.53 (m, 2H), 1.62 (m, 1H), 1.99 (m, 1H), 2.04 (m, 1H), 2.61 (dd, J =
16.9 Hz, J = 6.1 Hz, 1H), 2.94 (m, 1H), 2.92 (dd, J = 16.8 Hz, J = 6.3 Hz, 1H),
3.11 (dd, J = 12.3 Hz, J = 10.3 Hz, 1H), 3.19 (m, 2H), 3.36 (s, 3H), 3.36-3.73
(m, 49H), 3.78 (dd, J = 8.6 Hz, J = 7.3 Hz, 1H), 4.03 (d, J = 14.5 Hz, 1H), 4.33
Jore (d, J = 10.6 Hz, 1H), 4.76 (dd, J = 8.3 Hz, J = 6.1 Hz, 1H), 5.04 (dd, J = 10.3
Hz, J = 4.9 Hz, 1H), 7.17-7.32 (m, 5H); *C-NMR (125 MHz, CD;0D): & 20.2,
20.6, 27.3, 27.5, 27.8, 31.8, 34.7, 40.5, 42.2, 43.0, 44.5, 51.1, 53.1, 56.9,
59.2, 66.0, 69.7, 71.0, 71.1, 71.2, 71.3, 71.4, 71.5, 73.0, 128.1, 129.7,
130.6, 138.0, 158.6, 171.8, 172.3, 173.3, 174.0, 174.9; HRMS (ES"): calc.

for [CssHooNgO16 + HI* 1131.6395, found 1131.6379; HRMS (ES'): calc. for [Cs;HooNgO1e + HI* 1131.6395, found

1131.6379; NPC = 69%.

NH 0 cyclo[RGDf(N-OEG,;)V] (26). Following the general procedure with
/\/\%L O . .

HN" N " ﬂﬁf the crude mixture of 22 and 22* (97 mg, 18% purity) afforded a

o OH . . . . .
?N HNU residue containing the desired N-OEG,; cyclopeptide (26) and its
(47_/:, Val-epimer (26*). The two stereoisomeric products (26 and 26*)
Ié O?O o were isolated by RP-HPLC purification using an XBridge™ C18
HO oj}o O/ semipreparative column (linear gradient from 25:75 to 33:66
IOIOHHO oI ACN/H,0 over 8 min, flow rate = 3 mL/min). We assumed that the
OHO IO oH isolated N-OEG,; cyclopeptide with the lower retention time (26)
(OJ/OHOHO was the product with the desired stereochemistry, as we had
° [OIO confirmed for cyclo[RGDf(N-OEG;4)V] (25). This assumption is

(0]

reasonable, based on the N-OEG,; vs. N-OEG;; ressemblance of: i.

HPLC spectra of the crude mixture of stereoisomeric cyclopeptides obtained after cyclization and deprotection
(crude mixture of 25 and 25* vs. crude mixture of 26 and 26*), ii. "H-NMR data of the different isolated

cyclopeptides (25 vs. 26*, and 25* vs. 26*). [Note: see “Stereochemical validation of the N-OEG,; cyclopeptide”,
in Section 3.3.6.] HPLC (linear gradient from 10% to 50% ACN over 8 min): t, = 7.27 min, purity = 90%; HPLC-MS
(linear gradient from 10% to 60% ACN over 8 min): t, = 6.96 min, [M+4]" = 1662.55; HRMS (ES’): calc. for
[C76H135N5O31 + NH, + H]** 838.9939, found 839.9910; NPC = n.d.
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3.6. BIOLOGICAL ACTIVITY EVALUATION

Cell adhesion inhibition assays. Cells were grown at 37 °C and 5% CO, and expanded when they reached 90%
confluence. For DAQY and HT-29 cells, the medium was DMEM High Glucose, supplemented with 10% FCS; for HUVEC
cells, the medium was EBM, supplemented with 10% FCS. Non-tissue culture treated ELISA plates were coated with

the appropriate concentration of the ligand (for HUVEC: vitronectin at 0.75 pg/mL and fibrinogen at 10 pug/mL, for
DAOQY: vitronectin at 0.5 pug/mL and fibrinogen at 40 ug/mL, for HT-29: vitronectin at 4 pg/mL) and incubated
overnight at room temperature. Plates were then washed two times with PBS and incubated with the blocking
solution (PBS containing 1.5% BSA; 60 min at 37 2C) to block unspecific interaction sites. The blocking solution was
discarded by flicking and serial dilutions of the compounds were plated in duplicates. Immediately, harvested cells
were seeded into the same plate at a given concentration (for DAOY and HUVEC: 600000 cells/well, for HT-29:
1000000 cells/well). Plates were incubated for 90 min at 37 C to allow cell adhesion and spreading of the ligands.
Plates were then washed three times with PBS to remove non-adhered cells and 60 pL/well of hexosaminidase
substrate solution (p-nitrophenol-N-acetyl-f-D-glucosaminide 3.75 mM, containing 50 mM of sodium citrate at pH 5.0)
was added. The plates were incubated at 37 2C during 4 h and then 60 pL of stop solution (0.2 M NaOH, 5 mM EDTA at
pH 10.4) was added. The number of cells that remained attached to the plate was evaluated by measuring the
absorbance of the plates at 405 nm with a spectrophotometer. Each plate contained positive and negative controls
and compounds were tested as duplicates. The adhesion inhibition ICsy was calculated using the Prism-4 software
based on the sigmoidal dose-response (variable slope) equation. Standard deviations were at the most in the same
order of the ICs values.

3.7. SERUM STABILITY ASSAYS

Stability assays in human serum. Stability in human serum (from human male AB) was carried out by incubation at 37

oC of the peptides with the serum (diluted 9:1 in HBSS buffer). The peptides were assayed at a final concentration of
20-50 uM. Aliquots (30 uL) were periodically taken at 0 to 120 h and then ACN (150 plL) was added in order to
precipitate the proteins and cooled to 4 2C. After 30 min, the sample was centrifuged at 12000 rpm for 5 min, the
supernatant was filtered and analyzed 20 uL were injected into the HPLC apparatus. For the blank sample, the
procedure used as the same described above, except that H,O was used instead of human serum. For each of the
aliquots analyzed, the area of the HPLC peak corresponding to the peptide was plotted versus time.

EXPERIMENTAL PROCEDURES FOR CHAPTER 4

4.1. SYNTHESIS OF 4-AZIDOBUTANAL'®

i. 4-iodobutyl benzoate (35). To a suspension of Nal (27.66 g, 185.0 mmol) in THF (15.0 mL, 185.0 mmol) and ACN (7.5
mL), cooled at 0 2C, was added benzoyl chloride (21.5 mL, 185.0 mmol) in one portion. The reaction mixture was
stirred overnight in the absence of light and was then diluted with H,0 (100 mL) and Et,0 (100 mL). Phases were
separated and the aqueous phase was extracted with Et,0 (3x30 mL). The combination of organic phases were
washed with NaHCO; (st (50 mL), then with Na,COj s5t) (50 mL), dried over MgSOy (ann, and filtered. The solvent was
then removed under reduced pressure to give 50.6 g (90%) of 4-iodobutyl benzoate (35), which was obtained as
brown oil. *H-NMR (400 MHz, CDCl3): § 1.9-2.0 (m, 4H), 3.2 (t, 2H), 4.3 (t, 2H), 7.5 (t, 1H), 7.4 (t, 2H), 8.0 (m, 2H).
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ii. 4-azidobutyl benzoate (36). NaN; (16.36 g, 251.5 mmol) was added portion wise to a solution of 4-iodobutyl
benzoate (35, 50.60 g, 166.0 mmol), in DMF (25 mL) cooled at 0 2C. The reaction mixture was stirred overnight in
absence of light, then diluted with Et,0 (100 mL) and H,0 (100 mL). The organic phase was separated and the aqueous
layer was further extracted with Et,O (3x50 mL), the combined organic phases were concentrated in vacuo. The
resulting residue was redissolved in hexane (50 mL), washed with H,0 (25 mL), NaHCO3; (st (15 mL) dried over MgSO,
@anh) and filtered. The solvent was then removed under reduced pressure to give 32.93 g (100%) of 4-azidobutyl
benzoate (36), which was obtained as a colorless oil. "H-NMR (400 MHz, CDCls): & 1.7-2.0 (m, 4H), 3.4 (t, 2H), 4.3 (t,
2H), 7.4 (t, 2H), 7.5 (dt, 1H), 8.0 (dd, 2H).

0
Na\/\/\OJ\Ph

iii. 4-azidobutanol (37). LiOH (7.52 g, 179.1 mmol) was added to a solution of 4-azidobutyl benzoate (36, 32.93 g,
123.0 mmol) in THF (100 mL), H,O (40 mL) and MeOH (10 mL). The reaction mixture was stirred overnight and then
was diluted with H,0 (50 mL). The layers were then separated and the aqueous layer was further extracted with Et,0
(3x50 mL). The combined organic layers were washed with NaHCO3 s,t) (50 mL), dried over MgSOy (ann) and filtered.
The solvent was then removed under reduced pressure to give 13.6 g (85% crude yield) of 4-azidobutanol (37), which
was obtained as a pale yellow oil. 'H-NMR (400 MHz, CDCl5): 6 1.7-1.6 (m, 4H), 3.3 (t, 2H), 3.7 (t, 2H).

N3\/\/\OH

iv. 4-azidobutanal (38)

a. Oxidation with DMP. 4-azidobutanol (37, 1.00 g, 8.7 mmol) was added to a solution of Dess-Martin periodinane

(4.70 g, 11.1 mmol) in DCM (zn) (85 mL) under N, atmosphere. After stirring 1 h at room temperature, the
mixture was and filtered through a thick pad of celite, which was thoroughly washed with CH,Cl,. The filtrate was
concentrated under reduced pressure. The crude was purified by flash chromatography (AcOEt/Hx, 2:3) affording
0.70 g (100%) of 4-azidobutanal (38). Regular "H-NMR analysis showed that this aldehyde was stable when kept

under argon at -20 eC.

b. Swern oxidation. A solution of oxalyl chloride (4.50 mL, 52.2 mmol) in DCM ;o) (65 mL) was prepared under N,
and cooled in a dry ice-acetone bath. To this solution was carefully added a solution of DMSO (8 mL, 113 mmol) in
DCM (ann) (13.0 mL). The resulting premix was stirred at -78 2C for 30 min, and then a solution of 4-azidobutanol
(37,5.00 g, 43.5 mmol) in DCM (3nh) (17.4 mL) was added slowly. The mixture was stirred for 30 min and then NEt;
(30.2 mL, 217.5 mmol) was added dropwise. The reaction mixture was left for 30 min at -78 2C and then allowed
to reach room temperature. The reaction was quenched with H,0 (50 mL). Phases were separated. The organic
phase was washed with NaCl () (1x50 mL). The aqueous phase was extracted with DCM (3x50 mL). The
combination of organic phases was dried over MgSOy (anh), filtered and concentrated under reduced pressure. The
crude was purified by flash chromatography (Hexane/AcOEt 1:1), affording 3.79 g (77%) of 4-azidobutanal (38).
Regular 'H-NMR analysis showed that this aldehyde was stable when kept under argon at -20 °C. 'H-NMR (400
MHz, CDCl5): 6 1.9 (dt, 2H,), 2.6 (g, 2H), 3.4 (t, 2H), 9.8 (s, 1H).

N\/\)J\
3 H
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4.2. SYNTHESIS OF FMOC-N-(4-AZIDOBUTYL) VALINE

i. H-(N-CH,CH,CH,CH,N;)Val-0'Bu (32). To a solution of valine tert-butyl ester hydrochloride (871 mg, N3
4.1 mmol) in 40 mL of MeOH was added NEt; (0.57 mL, 4.1 mmol). 4-azidobutanal (38, 500 mg, 4.6
mmol) dissolved in MeOH was then added and the reaction mixture was stirred at room temperature
for 1 h. To this solution, was added NaBH;CN (0.29 g, 4.6 mmol) and stirring was continued for 12 h o =
at room temperature. After, the solvent was removed under reduced pressure and the residue was HN;_QJ\O/<
extracted with AcOEt, washed with 5% KHSO,4, NaHCO3 (,t), and NaCl (st solution. The organic phase /\

was dried over MgSOy, (;nh) and the solvent was removed by evaporation under reduced pressure. The crude product

was obtained as a viscous oil, which was purified by flash chromatography (Hexane/AcOEt 3:1) to give 700 mg (65%) of
the desired product (33). 'H-NMR (400 MHz, CDCl5): §0.93 (d, J = 6.8 Hz, 6H), 1.47 (s, 9H,), 1.52 (m, 2H), 1.65 (m, 2H),
1.84 (d7,/=6.9 Hz,J=6.8 Hz ,1H), 2.42 (dt, /= 11.3 Hz, / = 6.9 Hz, 1H), 2.64 (dt, J = 11.3 Hz, J=6.9 Hz, 1H), 2.80 (d, J =
6.1 Hz, 1H), 3.28 (t, J = 6.9 Hz, 2H); C-NMR (100 MHz, CDCl3): & 18.7, 19.2, 16.6, 27.3, 31.7, 47.9, 51.3, 67.8, 80.8,
174.7; IR (KBr): v = 2965.91, 2934.35, 2096.37, 1724.38, 1367.81, 1252.13, 1149.95, 771.69 cm™; [a], -33.3 (MeOH,
0.01 g/mL); HRMS (ES"): calc. for [C13H,¢N40, + H]* 271.2129, found 271.2122.

ii. Fmoc-(N-CH,CH,CH,CH,N;)Val-0'Bu (33). To a suspension of compound 32 (1.81 g, N,
6.6 mmol) in dioxane (100 mL) was added Na,CO;(0.69 g, 6.6 mmol) in H,0 (80 mL) to
achieve pH = 9. Then, Fmoc-Cl (2.19 g, 8.5 mmol) was added. The solution was stirred O
at room temperature for 4 h. Then, the solvent was removed under reduced pressure . o N\)OJ\ ;<
and the residue was extracted with AcOEt. The resulting residue was purified by flash O \C[)]/ H o
chromatography (Hexane/AcOEt 3:1) to give 2.50 g (84%) of the desired product (33), /N

which was obtained as a colorless oil. "H-NMR (400 MHz, CDCl3): 0.67-0.72 (m, 3H), 0.85-0.96 (m, 3H), 1.12-1.23 (m,
2H), 1.36-1.52 (m, 9H), 1.50-1.91 (m, 4H), 2.71-2.92 (m, 1H), 2.94-3.05 (m, 1H), 3.11-3.42 (m, 2H), 4.00-4.07 (m, 1H),
4.16-4.81 (m, 2H), 7.33 (t, J = 7.4 Hz, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.69 (m, 2H), 7.78 (m, 2H); *C-NMR (100 MHz, CDCl,):
18.8, 19.7, 26.2, 26.2, 27.9, 28.1, 44.2, 47.6, 50.9, 51.2, 65.2, 67.2, 81.3, 124.5, 127.0, 127.6, 141.4, 144.0, 156.5,
170.2; IR (KBr): v = 2967.02, 2095.81, 1729.62, 1701.22, 1451.02, 1368.48, 1276.96, 1155.87, 1137.38, 770.94, 741.23
cm'l; [a]p -18.2 (MeOH, 0.01 g/mL); HRMS (ES"): calc. for [C,gH3gN,0, + H]"493.2809, found 493.2811.°

iii. Fmoc-(N-CH,CH,CH,CH,;N;)Val-OH (34). Compound 33 (1.50 g, 3.1 mmol) was N3
dissolved in DCM (25 mL) and TFA (25 mL) was added. After stirring for 30 min at room

temperature, the mixture was concentrated under reduced pressure. The remaining TFA O

was removed by co-evaporation with toluene at 50 2C. This gave compound 34 (1.41 g, . ° N\)Ok
100%) as colorless oil. "H-NMR (400 MHz, CDCl;): & 0.56-1.07 (m, 6H), 0.81-2.00 (m, 4H), O h H OH
2.19-2.82 (m, 2H), 2.89-2.09 (m, 2H), 3.12-3.47 (m, 1H), 3.50-3.87 (m, 1H), 4.17-4.26 (t, ° A

1H), 4.39-4.82 (m, 2H), 7.33 (t, J = 7.3 Hz, 2H), 7.41 (t, J = 7.2 Hz, 2H), 7.57 (d, J = 7.3 Hz, 2H), 7.78 (d, J = 7.6 Hz, 2H),
8.28 (bs, 1H); *C-NMR (100 MHz, CDCl,): § 19.0, 19.8, 25.7, 25.9, 27.5, 28.0, 47.4, 50.8, 67.6, 69.9, 120.0, 124.4, 127.2,
127.7, 141.4, 143.6, 151.2, 174.2; IR (KBr): v = 2967.03, 2095.68, 1729.80, 1701.66, 1470.88, 1451.09, 1277.19, 155.75,

! Note: The 'H- and *C-NMR spectra of 33 were difficult to interpretate, since most signals were split due to the existence of
rotamers. For the "H-NMR spectrum, the peaks herein described correspond to all the signals appearing in the spectrum. For the
BC-NMR spectrum, the peaks herein described correspond to those signals associated to the major rotamer. All the signals
appearing in the spectrum are the following: 18.8, 19.7, 25.7, 26.2, 26.2, 26.5, 27.9, 28.1, 44.2, 44.5, 47.3, 47.6, 50.9, 51.2, 64.8,
65.2, 65.5,66.1, 67.1,67.2, 81.3,119.9,124.5,124.8, 124.9, 127.0, 127.6, 141.4, 141.4, 144.0, 144.0, 156.5, 170.2.
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1137.03, 741.08 cm™; [a], -33.4 (MeOH, 0.01 g/mL); HRMS (ES®): calc. for [CraHsN4O4 + H]* 437.2183, found 437.2182.
§

4.3. SYNTHESIS OF THE N-AZIDOALKYLATED PENTAPEPTIDE

4.3.1. Small-scale SPPS of pentapeptide 39 using Fmoc-N-(4-azidobutyl) valine (34) (strategy A)

The small-scale synthesis of pentapeptide 39 through strategy A was performed as shown in Scheme 57.

Scheme 57. Small-scale SPPS of pentapeptide 39 through strategy A.

a,b,c,d,c

oD — H-Arg(Pbf)-Gly-04Q)
(CTC resin) l e

Fmoc-(N—CHZCHZCHZCHQN3)VaI-Arg(be)-GIy-OO

l cf

Fmoc-D-Phe-(N—CHZCHzcHZCH2N3)VaI-Arg(be)-GIy-OO

l c,g,¢h

H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)

Reagents and conditions: a. Fmoc-Gly-OH (1.2 equiv.), DIEA (12.0 equiv.), DCM, 1 h; b.
MeOH, 15 min; c. piperidine/DMF 1:4, 3x5 min, 1x10 min; d. Fmoc-Arg(Pbf)-OH (3.0 equiv.),
DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; e. Fmoc-(N-CH,CH,CH,CH, N3)Val-OH
(34, 3.0 equiv.), DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 2 h, x2 couplings; f. Fmoc-
D-Phe-OH (5.0 equiv.), BTC (1.65 equiv.), 2,4,6-trimethylpyridine (14.0 equiv.), THF, 15 h, x3
couplings; g. Fmoc-Asp(O'Bu)-OH (3.0 equiv.), DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.),
DMF, 1 h; h. 2% TFA in DCM, 3x2 min.

The CTC resin (1.4 g, 1.6 mmol/g) was swollen in DCM for 15 min. A solution of Fmoc-Gly-OH (153 mg, 0.50 mmol) in
DIEA (872 uL, 5.00 mmol) was poured onto the resin and the mixture was shaken for 1 h. After this time, the free sites
of the resin were capped with MeOH (1.8 mL, 15 min) and the resin was washed. The Fmoc- group was removed and
the resin loading was determined to be 0.30 mmol/g. The peptide chain was elongated with the two following amino
acids, Fmoc-Arg(Pbf)-OH and then Fmoc-N-(4-azidobutyl) valine (34), which were coupled in a 3-fold excess (1.26
mmol) using DIPCDI (204 pL, 1.26 mmol) and OxymaPure (188 mg, 1.26 mmol) as described in the general procedure.
After a first coupling of 34, the peptidyl-resin was not completely acylated, and a second coupling had to be
performed to reach an almost complete conversion. At this stage, the Fmoc- group was removed, and Fmoc-D-Phe-OH
(813 mg, 2.10 mmol) was activated with BTC (206 mg, 0.69 mmol) in the presence of 2,4,6-trimethylpyridine (777 pL,
5.88 mmol) and coupled onto the N-(4-azidobutylated) Val residue following the general procedure. This coupling was
repeated three times. The small amount of unreacted resin-bound was capped by a 15 min-treatment with a solution
of Ac,0 (398 pL, 4.20 mmol) and DIEA (735 uL, 4.20 mmol) in DCM. [Note: The poor reactivity of resin-bound N-(4-

azidobutylated) Val was confirmed by treatment of a small sample of peptidyl-resin with Ac,0/DIEA, wich resulted in

S Note: The 'H- and *C-NMR spectra of 34 were difficult to interpretate, since most signals were split due to the existence of
rotamers. For the "H-NMR spectrum, the peaks herein described correspond to all the signals appearing in the spectrum. For the
BC-NMR spectrum, the peaks herein described correspond to those signals associated to the major rotamer. All the signals
appearing in the spectrum are the following: 19.0, 19.8, 25.7, 25.9, 27.5, 28.0, 47.4, 50.8, 67.6, 69.9, 120.0, 124.4, 127.2, 127.7,
141.4, 143.6, 151.2, 174.2.
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no N-acetylation of this residue.] Then, the Fmoc- group was removed and Fmoc-Asp(O'Bu)-OH was assembled in a 3-
fold excess (1.26 mmol) using DIPCDI (204 pL, 1.26 mmol) and OxymaPure (188 mg, 1.26 mmol) as described in the
general procedure. The excess of reagents was filtered off, the Fmoc- group was removed, the resin was washed, and
the peptide was cleaved from the solid support. After liophilization, pentapeptide 39 (189 mg, 45% crude yield) was
obtained. The crude peptide was found to be enough pure to be cyclized without prior purification. HPLC (linear
gradient from 5% to 100% ACN over 8 min): t, = 6.18 min, purity = 63%; HPLC-MS (linear gradient from 5% to 100%
ACN over 8 min): t, = 7.36 min, [M+H]" = 999.51.

4.3.2. Small-scale SPPS of pentapeptide 39 by reductive N*-alkylation with 4-azidobutanal (strategy B)

The small-scale synthesis of pentapeptide 39 through strategy B was performed as shown in Scheme 58.
Scheme 58. Small-scale SPPS of pentapeptide 39 through strategy B.
a,b,c,d,cec

cl _O > H-VaI-Arg(be)-GIy-OO

(CTC resin) l f

H-(N—CHZCH2CHzCH2N3)VaI-Arg(be)-GIy-OO

lg

Fmoc-D-Phe-(N—CHchZCHZCHZN3)VaI-Arg(be)-GIy-OO

l c, hci

H-Asp(0'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)

Reagents and conditions: a. Fmoc-Gly-OH (1.2 equiv.), DIEA (12.0 equiv.), DCM, 1 h; b.
MeOH, 15 min; c. piperidine/DMF 1:4, 3x5 min, 1x10 min; d. Fmoc-Arg(Pbf)-OH (3.0 equiv.),
DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; e. Fmoc-Val-OH (3.0 equiv.), DIPCDI
(3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 2 h; f. N;CH,CH,CH,CHO (38, 1.5 eq), NaBH;CN
(4.0 eq), 1% AcOH, THF, 3 h; g. Fmoc-D-Phe-OH (5.0 equiv.), BTC (1.65 equiv.), 2,4,6-
trimethylpyridine (14.0 equiv.), THF, 15 h, x3 couplings; h. Fmoc-Asp(0'Bu)-OH (3.0 equiv.),
DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; i. 2% TFA in DCM, 3x2 min.

The CTC resin (1.2 g, 1.6 mmol/g) was swollen in DCM for 15 min. A solution of Fmoc-Gly-OH (86 mg, 0.29 mmol) in
DIEA (502 puL, 2.88 mmol) was poured onto the resin and the mixture was shaken for 1 h. After this time, the free sites
of the resin were capped with MeOH (1.8 mL, 15 min) and the resin was washed. The Fmoc- group was removed and
the resin loading was determined to be 0.25 mmol/g. The peptide chain was elongated with the two following amino
acids, Fmoc-Arg(Pbf)-OH and then Fmoc-Val-OH, which were coupled in a 3-fold excess (0.90 mmol) using DIPCDI (146
uL, 0.90 mmol) and OxymaPure (134 mg, 0.90 mmol) as described in the general procedure. After Fmoc- removal, the
N-terminal Val of the resin-bound peptide was subjected to reductive alkylation with 4-azidobutanal (38, 51 mg, 0.45
mmol) in the presence of NaBH;CN (75 mg, 1.20 mmol) as described in the general procedure. The resin was washed
and the small amount of non-alkylated starting material was capped by a 15 min-treatment with a solution of Ac,0
(284 uL, 3.00 mmol) and DIEA (525 uL, 3.00 mmol) in DCM. [Note: The poor reactivity of resin-bound N-(4-
azidobutylated) Val was confirmed by treatment of a small sample of peptidyl-resin with Ac,0/DIEA, wich resulted in
no N-acetylation of this residue.] At this stage, the Fmoc- group was removed, and Fmoc-D-Phe-OH (581 mg, 1.50
mmol) was activated with BTC (149 mg, 0.50 mmol) in the presence of 2,4,6-trimethylpyridine (555 L, 4.20 mmol)

and coupled onto the N-(4-azidobutylated) Val residue following the general procedure. This coupling was repeated
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three times. The Fmoc- group was removed and Fmoc-Asp(O'Bu)-OH was assembled in a 3-fold excess (0.90 mmol)
using DIPCDI (146 pL, 0.90 mmol) and OxymaPure (134 mg, 0.90 mmol) as described in the general procedure. The
excess of reagents was filtered off, the Fmoc- group was removed, the resin was washed, and the peptide was cleaved
from the solid support. After liophilization, pentapeptide 39 (260 mg, 78% crude yield) was obtained. The crude
peptide was found to be enough pure to be cyclized without prior purification. HPLC (linear gradient from 5% to 100%
ACN over 8 min): t, = 5.65 min, purity = 52%; HPLC-MS (linear gradient from 5% to 100% ACN over 11 min): t, = 7.52
min, [M+H]" = 998.56.

4.3.3. Synthesis of pentapeptide 39 in a larger scale by a combined solid-phase/solution approach (strategy C)

o i. SPPS of H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH (41). Tripeptide 41 was synthesized as
HNI”/H\_.)]\N/\[(OH described in Scheme 59. The CTC resin (6.00 g, 1.6 mmol/g) was swollen in DCM for 15 min.
o "o A solution of Fmoc-Gly-OH (2.140 g, 7.20 mmol) and DIEA (12.5 mL, 72.0 mmol) in DCM was

2 poured onto the resin and the mixture was shaken for 1 h. After this time, the free sites of

Nj HN:(NH the resin were capped with MeOH (5.0 mL, 15 min) and the resin was washed. The Fmoc-
O:\S/NH group was removed and the resin loading was determined to be 1.00 mmol/g. The peptide

o chain was elongated with the two following amino acids, Fmoc-Arg(Pbf)-OH and then Fmoc-

o Val-OH, which were coupled in a 3-fold excess (18.0 mmol) using DIPCDI (2818 L, 18.0

mmol) and OxymaPure (2.588 g, 18.0 mmol) as described in the general procedure. After
Fmoc- removal, the a-amino group of the resin-bound peptide was subjected to reductive alkylation with 4-
azidobutanal (38, 1.018 g, 9.0 mmol) in the presence of NaBH;CN (1.508 g, 24.0 mmol) as described in the general
procedure. The excess of reagents was filtered off, the resin was washed, and the peptide was cleaved from the solid
support. After liophilization, tripeptide 31 (4.72 g, quant. crude yield) was obtained. HPLC (linear gradient from 30% to
70% ACN over 8 min): t, = 3.53 min, purity = 70%; HPLC-MS (linear gradient from 30% to 70% ACN over 11 min): t, =
2.53 min, [M+H]" = 680.91; HRMS (ES"): calc. for [C3oHasNgO; + H]* 680.3548, found 680.3565.

Scheme 59. SPPS of H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH (41).

a,b,c,d,cec
CIO > H-Val-Arg(be)-GIy-O-O

(CTC resin) l f

H-(N-CHZCHZCH2CH2N3)VaI-Arg(be)-GIy-OO

lg

H-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (41)

Reagents and conditions: a. Fmoc-Gly-OH (1.2 equiv.), DIEA (12.0 equiv.), DCM, 1 h;
b. MeOH, 15 min; c. piperidine/DMF 1:4, 3x5 min, 1x10 min; d. Fmoc-Arg(Pbf)-OH
(3.0 equiv.), DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 1 h; e. Fmoc-Val-OH
(3.0 equiv.), DIPCDI (3.0 equiv.), OxymaPure (3.0 equiv.), DMF, 2 h; f.
N;CH,CH,CH,CHO (38, 1.5 eq), NaBH;CN (4.0 eq), 1% AcOH, THF, 3 h; g. 2% TFA in
DCM, 3x2 min.
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o ii. Methyl esterification to obtain H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OMe (42). The
HN\/Q(H\)J\NWO\ crude tripeptide (41, 4.72 g, 70% purity) was dissolved in MeOH (25 mL) and an excess of
o "o TMSCHN, (6.0 mL of TMSCHN, 2.0 M in hexane, 12.0 mmol) was added. The mixture was
? allowed to react for 30 minutes at room temperature. Then, unreacted TMSCHN, was
N, HN:<NH destroyed by adding AcOH (700 pL, 12.0 mmol) and stirring for a further period of 30
0. NH minutes. Next, the reaction mixture was concentrated under reduced pressure. The
o*° resulting residue was purified by flash chromatography (AcOEt/MeOH/AcOH 90:10:1)
affording 4.19 g (100% yield) of the desired product (42), which was obtained as a white

o]

solid. HPLC (linear gradient from 30% to 70% ACN over 8 min): t, = 3.85 min, purity = 93%;
HPLC-MS (linear gradient from 30% to 50% ACN over 8 min): t, = 0.95 min, [M+H]" = 695.00; HRMS (ES"): calc. for
[C3;Hs1NgO-S + H]" 694.3705, found 694.3721.

iii. Acylation with Fmoc-D-Phe-OH to obtain Fmoc-D-Phe-(N-

‘O h o © CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OMe (43). Fmoc-D-Phe-OH (8.949 g,
O O\H/N I{N\Eﬂ\u/\(o\ 23.1 mmol) and BTC (2.257 g, 7.61 mmol) were weighed in a 100 mL-
} © rounded flask and dissolved in THF (5o, (50 mL). The system was purged

NH with N, and cooled at 0 °C. 2,4,6-trimethylpyridine (8.6 mL, 64.5 mmol)

Ns HN:<NH was added in three portions and a white precipitate was formed. The

g:js/ suspension was stirred for 3 min to ensure quantitative formation of the

amino acid chloride. This supension was filtered and the filtrate was

o added to a solution of 42 (3.20 g, 4.61 mmol) in THF ;o) (50 mL) under N,

atmosphere. The resulting mixture was allowed to reach room
temperature and stirred overnight. Then, the reaction was quenched with MeOH (10 mL). The crude was
concentrated under reduced pressure and redissolved in AcOEt (150 mL). The organic phase was washed with HCl (4
1M (2x60 mL) and then NaHCOj; (i) (2x60 mL), dried over MgSQy (anh), filtered and concentrated under reduced
pressure. The obtained residue was purified by flash chromatography (Hexane/AcOEt/AcOH 50:50:1, then
AcOEt/MeOH/AcOH 90:10:1) affording 2.10 g (52% vyield) of the desired product (43), which was obtained as a white
solid. HPLC (linear gradient from 40% to 100% ACN over 8 min): t, = 8.56 min, purity = 100%; HPLC-MS (linear gradient
from 40% to 100% ACN over 8 min): t, = 10.36 min, [M+H]" = 1063.65; HRMS (ES"): calc. for [CssH;0N;q010S + H]
1063.5070, found 1063.5037.

iv. Saponification to obtain Fmoc-D-Phe-(N-CH,CH,CH,CH,N;)Val-

O o e Arg(Pbf)-Gly-OH (44). Compound 43 (2.410 g, 2.27 mmol) was
L(NJK /\[(OH dissolved in a 0.8 M solution of CaCl, in 'PrOH/H,0 7:3 (1135 mL). To

© this solution was added NaOH (109 mg, 2.72 mmol) and the mixture

2 was stirred at room temperature (HPLC monitorization). HPLC analysis
N, HN:<N showed almost no remaining starting material after 1 h. At this point,
o. /NH the crude was acidified to pH = 4-5 by addition of AcOH (a few drops).

o~ AcOEt (50 mL) was added, phases were separated, and the aqueous

phase was extracted with AcOEt (3x30 mL) and DCM (3x30 mL). The

combination of organic phases was dried over MgSOy (,nn,), filtered and

concentrated under reduced pressure. This gave 2.74 g (quant. crude yield) of the desired product (44), which was
obtained as a yellowish oil. This compound (44) was found to be enough pure to be directly used in further steps
without prior purification. HPLC (linear gradient from 40% to 100% ACN over 8 min): t, = 8.00 min, purity = 76%; HPLC-
MS (linear gradient from 40% to 100% ACN over 8 min): t, = 10.15 min, [M+H]" = 1049.50. HRMS (ES"): calc. for
[CssHesN10010S + H]" 1049.4913, found 1049.4904.
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v. Peptide chain elongation in solid-phase and cleavage to obtain H-Asp(OtBu)-
D-Phe-(N-CH,CH,CH,CH;N;)Val-Arg(Pbf)-Gly-OH (39). Pentapeptide 39 was

o)
H © H © synthesized as described in Scheme 60. The CTC resin (5.5 g, 1.6 mmol/g) was
HoN N N NJN/\I]/OH
o} o I H o

swollen in DCM for 15 min. A solution of tetrapeptide 44 (0.58 g, 0.55 mmol) and

? DIEA (958 pL, 2.50 mmol) in DCM was poured onto the resin and the mixture

NH was stirred overnight. After this time, the free sites of the resin were capped

No H'\;:</NH with MeOH (6.0 mL, 15 min) and the resin was washed. The Fmoc- group was
Ois removed and the resin loading was determined to be 0.08 mmol/g (expected

0.10 mmol/g), which corresponds to an 80% incorporation of 44 onto the resin.
Next, Fmoc-Asp(O'Bu)-OH (543 mg, 1.32 mmol) was activated with DIPCDI (207

uL, 1.32 mmol) and OxymaPure (188 mg, 1.32 mmol) in DMF in a separate vessel. This solution was poured onto the

peptidyl-resin and, after stirring for 1 h, the ninhydrin test indicated a complete coupling. The excess of reagents was

filtered off, the Fmoc- group was removed, the resin was washed, and the peptide was cleaved from the solid support.

After lyophilization, pentapeptide 39 (0.815 g, quant. crude yield) was obtained. The crude peptide was found to be

enough pure to be cyclized without prior purification. HPLC (linear gradient from 20% to 70% ACN over 8 min): t, =
7.37 min, purity = 65%; HPLC-MS (linear gradient from 5% to 100% ACN over 8 min): t, = 7.36 min, [M+H]" = 999.51.

Scheme 60. SPPS of H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH (41).

o-Q

(CTC resin)

la,b

Fmoc-D-Phe—VaI(N—CHZCHZCHZCH2N3)-Arg(be)-GIy-OO

l c,d,c, e

H-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH (39)

Reagents and conditions: a. Fmoc-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-OH
(44, 1.0 equiv.), DIEA (10.0 equiv.), DCM, 15 h; b. MeOH, 15 min; c. piperidine/DMF
1:4, 3x5 min, 1x10 min; d. Fmoc-Asp(OtBu)-OH (3.0 equiv.), DIPCDI (3.0 equiv.),
OxymaPure (3.0 equiv.), DMF, 1 h; e. 2% TFA in DCM, 3x2 min.
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4.4. CYCLIZATION AND DEPROTECTION TO OBTAIN THE N-AZIDOALKYLATED CYCLOPEPTIDE

Note: The reactions described below correspond to the cyclization and deprotection of the crude pentapeptide 39
that was obtained in a larger scale following synthetic strategy C. For the crude pentapeptides 39 prepared through
the synthetic strategies A and B, their cyclization and deprotection was performed under the same conditions herein

described, and crude yields and purities were reproduced.

i. cyclo[Arg(Pbf)-Gly-Asp(O'Bu)-D-Phe-(N-CH,CH,CH,CH,N;)Val] (40). 00 Jl\»—| [6)
g /\fo

Crude pentapeptide 39 (0.767 g, 65% purity, 0.50 mmol) was dissolved ~N N/\/\%LN

Hun
in DCM (500 mL). EDC-HCI (0.958 g, 5.00 mmol) and DMAP (122 mg, | i}““ l’ﬁ(o%
N <
NCH

1.00 mmol) were added to the solution. After stirring at room )7_/

HN
- O o

and concentrated under reduced pressure. This afforded 0.955 g (quant. crude yield) of cyclopeptide 40. HPLC (linear
gradient from 40% to 100% ACN over 8 min): t, = 7.04 min, purity = 42%; HPLC-MS (linear gradient from 40% to 100%
ACN over 15 min): t, = 10.17 min, [M+H]" = 981.35.

temperature overnight, the mixture was concentrated to 100 mL and
washed with 2% citric acid (2x30 mL), Na,COj3 (sat) (2x30 mL) and NaCl
sat) (2x30 mL). The organic phase was dried over MgSOy (onn), filtered

ii. cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27). Crude cyclopeptide 40 (0.955 g, 42% NH o)
purity) was dissolved in TFA/H,O/TIS 95:5:5 (8.0 mL). After stirring for 3 h, the HZN/“\HWJ\N/YO
reaction mixture was concentrated under reduced pressure. Traces of TFA were O NH Hb(o"'
removed by co-evaporation with toluene at 50 2C. The deprotected peptide was \?\'\}]_H/N o ©
precipitated two times by addition of cold tert-butyl methyl ether and o 7
subsequent centrifugation (3500 rpm, 5 min). The precipitate was redissolved in NH/ é

3

ACN/H,0 1:1 and lyophilized. The resulting residue was purified by
semipreparative RP-HPLC using a Sunfire™ C18 column (linear gradient from 30:70 to 45:55 ACN/H,0 over 10 min,
flow rate = 3 mL/min). Fractions were collected, pooled and lyophilized to afford the pure cyclic peptide (27). which
was redissolved in 1% AcOH in H,0 and lyophilized again. This afforded 131 mg (39% vyield with respect to linear
pentapeptide 39) of cyclopeptide 27. HPLC (linear gradient from 10% to 50% ACN over 8 min): t, = 7.01 min, purity =
97%; HPLC-MS (linear gradient from 10% to 60% ACN over 8 min): t, = 6.55 min, [M+H]" = 672.90; 'H-NMR (500 MHz,
D,0): 60.62 (d, /= 6.3 Hz, 3H), 0.92 (d, J = 6.5 Hz, 3H), 1.26 (m, 2H), 1.51 (m, 2H), 1.61 (m, 2H), 2.00 (m, 3H), 2.76 (dd, J
=17.0 Hz, J = 6.5 Hz, 1H), 2.98 (m, 1H), 2.99 (dd, J = 17.0 Hz, J = 6.5 Hz, 1H), 3.18 (m, 1H), 3.22 (m, 2H), 3.22 (m, 2H),
3.29 (m, 2H), 3.59 (d, J = 14.8 Hz, 1H), 3.87 (dd, J = 9.4 Hz, J = 5.5 Hz, 1H), 4.12 (d, J = 14.7 Hz, 1H), 4.39 (d, J = 10.6 Hz,
1H), 4.67 (dd, J = 7.2 Hz, J = 7.2 Hz, 1H), 5.02 (dd, J = 10.1 Hz, J = 5.3 Hz, 1H), 7.25-7.41 (m, 5H); *C-NMR (500 MHz,
D,0): 6§ 18.5, 19.2, 24.9, 25.3, 25.4, 26.2, 27.7, 33.5, 38.0, 40.5, 43.0, 43.6, 49.9, 50.5, 51.7, 55.1, 64.4, 127.1, 128.8,
129.3, 136.3, 156.6, 170.4, 171.5, 171.7, 172.7, 173.4, 174.4; HRMS (ES"): calc. for [C3oHasN1,07 + H]* 672.3576, found
672.3577.
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4.5. SYNTHESIS OF THE PEG CONJUGATES

4.5.1. Azide reduction. To a solution of cyclopentapeptide 27 (72 mg, 0.11 NH o
mmol) and NH,Cl (29 mg, 0.55 mmol) in H,O/EtOH 3:1 (30 mL), zinc powder (9 HzN)J\HM”/YO
mg, 0.14 mmol) was added. The mixture was stirred vigorously at 60 2C and left o= NH " HN OH
to react overnight. Then, the mixture was filtered and the filtrate was \?N/]_H/N@f
concentrated under reduced pressure, redissolved in ACN/H,O 1:1 and e} %
lyophilized. The resulting residue was purified by semipreparative RP-HPLC using é

NH,

a Sunfire™ C18 column (linear gradient from 10:90 to 55:45 ACN/H,0 over 15
min, flow rate = 3 mL/min). Fractions were collected, pooled and lyophilized to afford 17 mg (24% vyield) of
cyclo[RGDf(N-CH,CH,CH,CH,NH,)V] (28) as a white solid. HPLC (linear gradient from 10% to 50% ACN over 8 min): t, =
4.14 min, purity = 97%; HPLC-MS (linear gradient from 10% to 60% ACN over 8 min): t, = 1.80 min, [M+H]" = 646.38;
'H-NMR (500 MHz, CD;0D): § 0.45 (d, J = 6.4 Hz, 3H), 0.92 (d, J = 6.5 Hz, 3H), 1.43 (m, 2H), 1.53 (m, 2H), 1.63 (m, 2H),
1.94 (m, 1H), 2.13 (m, 2H), 2.64 (dd, J = 16.9 Hz, J = 6.4 Hz, 1H), 3.05 (dd, /= 17.0 Hz, J = 6.9 Hz, 1H), 3.18 (m, 1H), 2.84-
3.16 (m, 6H), 3.51 (d, J = 14.5 Hz, 1H), 3.67 (dd, J = 7.8 Hz, /= 5.6 Hz, 1H), 4.13 (d, J = 14.6 Hz, 1H), 4.23 (d, / = 11.0 Hz,
1H), 4.56 (dd, J = 7.7 Hz, J = 6.5 Hz, 1H), 5.05 (dd, J = 10.2 Hz, J = 5.0 Hz, 1H), 7.15-7.35 (m, 5H); **C -NMR (500 MHz,
CD;0D): & 20.03, 20.24, 25.65, 26.68, 27.49, 28.10, 30.81, 34.59, 40.27, 40.85, 42.11, 43.90, 44.18, 51.81, 52.85, 57.53,
66.01, 28.14, 129.81, 130.50, 137.85, 158.67, 163.22, 171.53, 171.69, 172.83, 173.10, 174.32, 174.68; HRMS (ES+):
calc. for [C3oH47NgO5 + H]* 646.3671, found 646.3681.

4.5.2. Conjugation of 27 with mPEG,40,-CH,CH,-COOSu. Pure cyclopentapeptide NH o)

28 (4 mg, 6 umol) was dissolved in EtOH/0.2 M borate buffer pH = 8.5 1:1 (1 mL, HZNL”WJ\”/\%O

¢ = 2 mg/mL) and MPEGy00-CH,CH,-COOSuU (6 mg, 3 pmol) was added while oM HNI\H/OH
stirring. Complete conversion was observed after stirring for 2 h at room \?NW_H/N o ©
temperature, as confirmed by HPLC. Then, the mixture was concentrated under /0 7

reduced pressure and the resulting crude was purified by semipreparative RP- O._NH é

HPLC using a Sunfire™ C18 column (linear gradient from 10:90 to 55:45

ACN/H,0 over 15 min, flow rate = 3 mL/min). Fractions were collected, pooled MPEGy000

and lyophilized to afford PEG conjugate 29, which was obtained as a white solid.
HPLC (linear gradient from 10% to 50% ACN over 8 min): t, = 7.18 min, purity = 99%; MALDI-TOF: Distribution of MW
values around 2421.38 (average MW), with the main mass signals spaced apart by Am/z = 44 (in agreement with the

mass of the ethylene oxide monomer unit); NPC = 22%.

4.5.3. Conjugation of 27 with mPEG,yy-CH,CH,-CHO. Pure cyclopentapeptide NH o)

28 (7 mg, 11 umol) was dissolved in MeOH (3.5 mL, ¢ = 2 mg/mL) and, to this HZNLNWJ\H/\%O
solution, NEt3 (2 pL, 13 umol) and mPEG,oe-CH,CH,-CHO (66 mg, 33 umol) were o= Hb(OH
added. After stirring for 30 minutes, NaBH3;CN (4 mg, 65 pumol) was added to the \?N HN o ©
mixture. The pH was checked to be around 8.0-9.0 and the reaction was allowed /0 7

to proceed overnight. Then, the mixture was concentrated under reduced NH é

pressure and the resulting crude was purified by semipreparative RP-HPLC using

a Sunfire™ C18 column (linear gradient from 10:90 to 55:45 ACN/H,0 over 15 MPEGy000

min, flow rate = 3 mL/min). Fractions were collected, pooled and lyophilized to
afford PEG conjugate 30, which was obtained as a white solid. HPLC (linear gradient from 10% to 50% ACN over 8 min):
t, = 6.35 min, purity >99%; MALDI-TOF: Distribution of MW values around 2421.38 (average MW), with the main mass

signals spaced apart by Am/z = 44 (in agreement with the mass of the ethylene oxide monomer unit); NPC = 27%.
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4.5.4. Conjugation of 26 with MPEG-NH-CO-CH,CH,-alkyne. To a NH o)
solution of cyclopentapeptide 27 (12 mg, 18 umol) in ‘BuOH/H,0 3:1 (1805 HZNJ\HWJ\H/YO
pL) was added MPEG,p0o-NH-CO-CH,CH,-alkyne (54 mg, 27 umol). Then, oM Hb(OH
CuSO; (357 pL CuSOy (2 0.05 M, 18 pumol) and NaAsc (72 L NaAsC (,q) 0.5 M, \? N»DN o ©
36 umol) were added (the final concentration of the substrate being 8 mM). ° ]
The reaction was complete after overnight stirring at room temperature, as N,/N\N é
confirmed by HPLC. The mixture was concentrated under reduced pressure, =
redissolved in ACN/H,O 1:1 and lyophilized. The resulting residue was "/'N\<\>J

mPEGjy0 ©

purified by HPLC using a Sunfire™ C18 reversed-phase semipreparative
column (linear gradient from 10:90 to 55:45 ACN/H,0 over 15 min, flow rate = 3 mL/min). Fractions were collected,
pooled and lyophilized to afford PEG conjugate 31, which was obtained as a yellowish solid. HPLC (linear gradient from
10% to 50% ACN over 8 min): t, = 6.89 min, purity = 100%; MALDI-TOF: Distribution of MW values around 2654.85
(average MW), with the main mass signals spaced apart by Am/z = 44 (in agreement with the mass of the ethylene
oxide monomer unit); NPC = 70%.

4.6. NMR STUDIES OF PEPTIDES 23 AND 27

*  Variable temperature 'H-NMR_experiments: For cyclo[RGDfNMeV] (23) and cyclo[RGDf(N-CH,CH,CH,CH,N3)V]
(27), 'H-NMR spectra were acquired in the range from 278 K to 318 K with a step size of 10 K. All spectra were

recorded on a Bruker Digital Avance 600 MHz spectrometer equipped with a TCI cryoprobe. Measurements were
done with 7 mM sample solutions in 20 mM phosphate buffer (pH = 6.0) containing 10% D,0 for lock adjustament
and 0.7 mM sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) as internal standard. Calibration was performed
with reference to the DSS signal (1H, 0.00 ppm). Under these conditions, a single set of H"- and H"signals was

observed for each peptide and no evidence of conformational equilibria was found.

»  Assignment of the H"-, H%- and C%signals: For cyclo[RGDfNMeV] (23) and cyclo[RGDf(N-CH,CH,CH,CH,N3)V] (27),
two-dimensional NMR experiments (COSY, HSQC, TOCSY and NOESY) were carried out. All spectra were recorded

at 298 K on a Bruker Digital Avance 600 MHz spectrometer. Measurements were done with 7 mM sample
solutions in 20 mM sodium phosphate buffer (pH = 6.0) containing 10% D,0 for lock adjustament and 0.7 mM 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) as internal standard. Calibration was performed with reference to
the DSS signal (1H, 0.00 ppm; 13C, 0.00 ppm). TOCSY spectra were recorded with a mixing time of 70 ms, and
NOESY spectra with a mixing time of 500 ms. The assignment of the H"-, H%- and C% ressonances was
accomplished using by through-bond connectivities from the two-dimensional spectra. In particular, we used the
(H)-(HM)ias cross-peaks from the NOESY spectra, the (H“)i-(HB)i cross-peaks from the COSY spectra, the (Hu)i-(HB)i-
(HB)i-(HN)i the cross-peaks from the TOCSY spectra, and the (H%)i-(C%); cross-peaks from the HSQC spectra. All the

signals could be unequivocally assigned.

= Determination of temperature coefficients for the amide protons: For cyclo[RGDfNMeV] (23) and cyclo[RGDf(N-

CH,CH,CH,CH,N;)V] (27), the temperature coefficients for the amide protons were determined from the variable
temperature "H-NMR experiments. The H"-chemical shifts were plotted versus the acquisition temperature (278
K, 288 K, 298 K, 308 K, 318 K) and the data points were adjusted to a linear fit using an Excel software package. In
all cases, a good linear correlation (R2 >0.98) was observed.
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4.7. BIOLOGICAL ACTIVITY EVALUATION

Cell adhesion inhibition assays. Cells were grown at 37 °C and 5% CO, and expanded when they reached 90%
confluence. For DAQY cells, the medium was DMEM High Glucose, supplemented with 10% FCS; for HUVEC cells, the
medium was EBM, supplemented with 10% FCS. Non-tissue culture treated ELISA plates were coated with the

appropriate concentration of the ligand (for HUVEC: vitronectin at 0.75 pg/mL and fibrinogen at 10 ug/mL, for DAOY:
vitronectin at 0.5 pg/mL and fibrinogen at 40 pug/mL) and incubated overnight at room temperature. Plates were then
washed two times with PBS and incubated with the blocking solution (PBS containing 1.5% BSA; 60 min at 37° C) to
block unspecific interaction sites. The blocking solution was discarded by flicking and serial dilutions of the compounds
were plated in duplicates. Immediately, harvested cells were seeded into the same plate at a concentration of 600000
cells/well. Plates were incubated for 90 min at 37 oC to allow cell adhesion and spreading of the ligands. Plates were
then washed three times with PBS to remove non-adhered cells and 60 pL/well of hexosaminidase substrate solution
(p-nitrophenol-N-acetyl--D-glucosaminide 3.75 mM, containing 50 mM of sodium citrate at pH 5.0) was added. The
plates were incubated at 37 C during 4 h and then 60 uL of stop solution (0.2 M NaOH, 5 mM EDTA at pH 10.4) was
added. The number of cells that remained attached to the plate was evaluated by measuring the absorbance of the
plates at 405 nm with a spectrophotometer. Each plate contained positive and negative controls and compounds were
tested as duplicates. The adhesion inhibition 1C5; was calculated using the Prism-4 software based on the sigmoidal
dose-response (variable slope) equation. Standard deviations were at the most in the same order of the ICs, values.

4.8. DETERMINATION OF logP BY THE SHAKE-FLASK METHOD

Our shake-flask procedure to determine the logP values of 23, 24-26 and 29-31 was the following. The compounds of
study were tested as triplicates. 500 pg of compound were weighed in a 1.5 mL eppendorf and dissolved in 600 uL of
octanol (previously saturated with H,0). The sample solution was divided in 3 samples of 200 pL, each of which was
placed in a 1.5 mL eppendorf. To each triplicate, 200 uL of H,O (previously saturated with octanol) were added, so
that the final concentration of the compound was 0.42 ug/uL. The resulting mixtures were shaken in a mechanical
shaker for 2 days, which ensures that partition equilibrium is reached. Then, the eppendorfs were centrifuged, phases
were separated, and an aliquot of each phase was injected into the HPLC apparatus. UV detection was performed at
220 nnm. The relation between the HPLC peak areas of the compound in each phase was used to calculate logP. The
given logP values are the average of the logP values calculated for each triplicate. [Presaturation of the solvent: Before
partition experiments, the two phases of the solvent system were mutually saturated. For doing this, two large stock
bottles of octanol and H,0 with a sufficient quantity of the other solvent were stirred for 2 days. Then, phases were
separated using an extraction funnel.] [Note: Since the initial compound concentration is known, retention of

compound of study in the interphase can be detected.]
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Introduccid

En quimica medicinal, la N-metilacié de I'esquelet peptidic és una de les modificacions més atractives de I'estructura
d’un péptid.6 La introduccié de grups N-Me ha permes optimitzar I'activitat i selectivitat de nombrosos lligands
peptidics mitjangant restriccions conformacionals. D’altra banda, la introduccié de grups N-Me en peptids millora
certes propietats farmacologicament rellevants (i.e. lipofilicitat, estabilitat proteolitica, permeabilitat a través de
membranes), i és una estratégia cada cop més utilitzada per a guanyar biodisponibilitat en péptids d’interés

terapeutic.

Sorprenentment, a la literatura existeixen molts pocs exemples en els quals s’hagin sintetizat péptids N-substituits
amb d’altres grups diferents de N-Me. Deixant de banda els peptoids (i.e. oligobmers de Gly N-substitu'l'ts),8 els pocs
exemples de péptids N-alquilats descrits es limiten a N-substituents de petit tamany: N-etil,"** N-al-lil,"*** N-butil,**

N-guanidilbutil,68 i grups N-alquil functionalitzats per a backbone cyc/ization.7

Aquesta escassetat de precedents es pot atribuir a la dificultat sintética de preparar peptids N—alquilats.70 La principal
dificultat és I'acilacio dels residus N-alquilats, que esta impedida per raons estériques. En general, els acoblaments
sobre aminoacids N-alquilats tenen lloc amb baix rendiment quan s’utlitzen metodes d’acoblament estandard. S’han
descrit diversos reactius per a I'acilacié de residus N-Me, pero aquests reactius sovint no resulten eficients quan els
residus involucrats presenten cadenes laterals voluminoses. A més, en incrementar el tamany del grup N-alquil, la
formacié de I'enllag amida N-alquilat esdevé més dificil a causa del major impediment estéric. D’altra banda, cal
esmentar que els aminoacids N-alquilats tenen tendéncia a epimeritzar en activar el seu grup carboxil i que, un cop
incorporats a la cadena peptidica, afavoreixen la formacié6 de DKPs. Aquestes i d’altres reaccions secundaries

esdevenen especialment problematiques durant acoblaments lents.

L’objectiu principal de la present Tesi ha estat investigar la viabilitat sintetica de modificar I'esquelet peptidic amb N-
substituents més grans que N-Me. Depenent de la naturalesa del N-substituent, la seva introduccié en un péptid pot
ser util per a modificar les seves propietats fisicoquimiques, o bé per a funcionalitzar-lo amb un grup reactiu que
permeti la unié covalent d’una molécula desitjada.

En general, la modificacié de I'esquelet peptidic indueix canvis en la seva conformacié. Quan s’introdueix un grup N-

alquil en un peéptid, s’afavoreix una configuracié cis a 'enllag amida N-alquilat™ i es disminueix el nombre de ponts

d’hidrogen que el péptid pot formar. Aixd modifica les preferéncies torsionals de I'esquelet peptidic i/o el seu patré de

ponts d’hidrogen intramoleculars, alterant la conformacio original del peptid. A més, la introduccié de grups N-alquil
L. L L . ). . .. 16

en un péptid pot disminuir la seva flexibilitat conformacional a causa d’interaccions estériques locals.

Donat que existeixen pocs precedents en la sintesi de peptids N-alquilats, no s’ha investigat si, per a una mateixa
posicié N-alquilada, diferents grup N-alquil exerceixen restriccions conformacionals semblants independentment de la
seva naturalesa. Aixi doncs, durant la realitzacié de la present Tesi, ens vam plantejar un segon objectiu: investigar si
els grup N-Me presents en un peptid es poden reemplagar per altres N-substituents sense pertorbar la conformacio
del péptid.
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Capitol 1

L’objectiu del treball que constitueix aquest Capitol va ser establir una metodologia per a la preparacié de Fmoc-
aminoacids N-substituits amb una cadena de N-trietilenglicol (N-TEG) i per a la seva la utilitzacié com a building blocks
en sintesi de peptids en fase solida (SPPS).

En primer lloc, vam desenvolupar un protocol robust per a la preparacié de Fmoc-N-TEG aminoacids (veure Esquema
61). Aquests derivats es poden obtenir a partir dels seus corresponents aminoacids tert-butil-protegits en tres etapes:
i. N*-alquilacié reductora amb 3,6,9-trioxadecanaldehid, ii. Fmoc-proteccié del grup amino N-alquilat, iii. trencament
acidolitic de I'ester tert-butilic. Amb aquest facil protocol, vam sintetitzar diversos Fmoc-N-TEG derivats amb
rendiments satisfactoris i a una escala de 5 g.

Esquema 61. Sintesi de Fmoc-N-TEG aminoacids.

/\/Ov\o/
MeO-(CH,CH,0),-CH,CHO (1.2 eq)  Fmoc-Cl (1.2 eq) 0
o - NaBH,CN (1.34 eq) DIEA (2.0 eq) 8
Aol - NN &
H MeOH/AcOH 99:1 DCM, N, o N Ay
R r,2.5h rt, overnight Y
0 R
40-70%, 2 steps TFA/DCM 1:1
rt, 30 min
100%

O/\/Ov\o/

)
O. O\n/{l\.:/loj\OH

Fmoc-(N-TEG)Ala-OH, -R = -CH3
Fmoc-(N-TEG)Val-OH, -R = -CH(CH3),
Fmoc-(N-TEG)Leu-OH, -R = CH,CH(CHj3),
Fmoc-(N-TEG)Phe-OH, -R = CH,Ph

A continuacio, vam investigar condicions per a la utilitzacido dels Fmoc-N-TEG aminoacids en SPPS. Vam trobar que
aquests derivats es poden acoplar a una peptidil-resina utilitzant condicions estandard. No obstant, I'acoblament del
seglient aminoacid sobre el residu N-TEG esta impedit estericament i requereix un metode d’activacié més potent.

Per tal de trobar condicions per a I'acilacié de N-TEG aminoacids en fase solida, vam estudiar 'acoblament de Fmoc-
Ala-OH sobre una (N-TEG)Leu-peptidil-resina. Per a aquesta reaccid model, vam realitzar una série de proves amb
diversos reactius d’acoblament i parametres de reaccid (i.e. temps, temperatura, excés de reactius, additius, irradiacio
amb MW, etc.). Després de cada prova d’acoblament, vam estimar la conversié de la seglient manera: i. Fmoc-
proteccié dels grup a-amino no acilats presents a la peptidil-resina, ii. analisi d’'una mostra de la peptidil-resina
resultant per HPLC, iii. determinacié del % material de partida a partir de la relacié entre les arees d’integracié dels
pics HPLC corresponents al producte i al material de partida Fmoc-protegit. Aixd ens va permetre avaluar |'eficiéncia
dels diferents metodes d’acoblament provats (veure Taula 31).
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Taula 31. Avaluacié de I'eficiencia de diferents métodes d’acoblament per a I'acilacié de (N-TEG)Leu-peptidil-resina.

i. Coupling of Fmoc-Ala-OH (5.0 eq)

H-(N-TEG)Leu-Leu-Phe-0-Q solvent, MW, time, T . Fmoc-Ala-(N-TEG)Leu-Leu-Phe-0-Q
ii. Fmoc-Cl, DIEA [ + Fmoc-(N-TEG)Leu-Leu-Phe-O-O ]
. T time Coupling
Coupling method solvent | MW © | efficiency

DMF - rt 1 2%

DIPCDI (5.0 eq)/OxymaPure (5.0 eq) DMF - rt 15 33%
DMF MW | 50 1 51%

DMF - rt 1 10%

DIPCDI (5.0 eq)/HOAt (5.0 eq) DMF - rt | 15 63%

DMF MW | 50 1 82%

DMF - rt 1 8%

HATU (5.0 eq)/HOAt (5.0 eq)/DIEA (10.0 eq) DMF - rt | 15 27%
DMF MW | 50 1 11%

DMF - rt 1 0%

COMU (5.0 eq)/DIEA (10.0 eq) DMF - rt | 15 14%

DMF MW | 50 1 13%

DCM - rt 1 0%

DIPCDI (5.0 eq)/DMAP (0.2 eq) DCM - rt | 15 0%

DMF MW | 50 1 25%

TFFH (5.0 eq)/DIEA (5.0 eq) THF - rt | 15 0%

+ DIEA (5.0 eq) THF | MW | 50 1 7%

TFFH (5.0 eq)/DIEA (5.0 eq) DCM - rt 1 0%
[N-silylation with BTSA (5.0 eq) prior to coupling] DCM - rt 15 0%
DMF - rt 1 0%

Fmoc-Ala-Cl (5.0 eq)/DIEA (5.0 eq)

DMF - rt 15 0%

Fmoc-Ala-Cl (5.0 eq)/HOBt (5.0 eq)/DIEA (5.0 eq) DMF - " ! 3%
DMF - rt 15 28%

TCFH (5.0 eq)/DIEA (5.0 eq) THF - rt | 15 0%

+ DIEA (2.0 eq) THF MW | 50 1 25%

THF - rt 1 59%
BTC (1.65 eq)/2,4,6-trimethylpyridine (14.0 eq) THF - rt 15 87%
THF MW | 45 1 51%

Vam trobar que el metode més eficient per a I'acilacié de N-TEG aminoacids en fase solida és utilitzar BTC™* com a
reactiu activant i realitzar dos acoblaments overnight a temperatura ambient. Amb aquest metode, I'acoblament de
Fmoc-Ala-OH sobre la (N-TEG)Leu-peptidil-resina té lloc amb una conversié del 87%, i s’aconsegueix una acilacié
completa després del segon acoblament. Vam provar altres reactius recomanats per a |'acilacié de grups amino N-
alquilats. En molts casos, I'escalfament amb MW va promoure I'acoblament i va incrementar la puresa del producte.
No obstant, en termes de rendiment, I'activacié amb BTC va resultar superior a tots els metodes que vam provar,
incloent I"activacio amb HATU/HOAt o I’Gs d’un clorur d’acid com a espécie acilant. Cal esmentar que la utilitzacié de
DIPCDI/HOAt en combinacié amb MW (1 h, 50 eC) va donar lloc a una conversié semblant a I'observada amb el
meétode BTC (82% vs. 87% després del primer acoblament). No obstant, I'activacié amb BTC és preferible, degut al baix

cost d’aquest reactiu i la simplicitat experimental del protocol.
L’activacié amb BTC també va resultar eficient per a acilar la (N-TEG)Leu-peptidil-resina amb altres aminoacids (i.e.

Fmoc-Leu-OH, Fmoc-Phe-OH i Fmoc-Val-OH). En tots els casos, I'acilacié va ser completa o practicament completa

després de dos acoblaments.
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En conclusid, els Fmoc-N-TEG aminoacids es poden preparar facilment en 3 etapes i es poden utilitzar com a building
blocks en fase solida, permetent I'obtencié de N-TEG-peptids de manera rapida, economica i eficient.

Capitol 2

L’objectiu del treball que constitueix aquest Capitol va ser investigar el grup N-TEG com a substitut del grup N-Me, el
qual es troba present en nombrosos peptids biologicament actius.

Per tal d’investigar aix0, vam incorporar N-TEG i N-Me aminoacids a les diferents posicions del péptid Sansalvamida A
(1), un pentapeptid ciclic que presenta activitat anti-tumoral contra diversos tipus de cancers.”® Vam considerar que
aquest ciclopéptid era un bon model per al nostre objecte d’estudi, ja que els seus analegs N-metilats ja han estat

123 .y . .
® Aixi doncs, vam sintetizar els 5 N-

sintetitzats i alguns d’ells sén citotoxics contra certes linies cel-lulars canceroses.
TEG i els 5 N-Me analegs (1a-5a i 1b-5b) del péptid Sansalvamida A (1) i, per a les dues series de compostos, vam
avaluar la seva activitat biologica, hidrofobicitat, i estat conformacional en comparaciéo amb el péptid original. Les

estructures del péptid Sansalvamida A (1) i dels seus N-TEG i N-Me analegs (1a-5a i 1b-5b) es mostren a la Figura 61.

Figura 61. Estructura del péptid Sansalvamida A (1) i els N-TEG i N-Me analegs (1a-5a i 1b-5b) sintetizats.

@\jNH HNC Q\INH NH HN NH HN
o
NH 1 HN NH H N\R NH HN
N N
o o NW o \h{ o IW
O le) (0] R O
1 1a-1b 2a-2b 3a-3b

HN
R/N g AN NH
Vel N
o o}
o} o]
4a-4b 5a-5b

a: R- = CHyOCH,CH,0CH,CH,OCH,CH,-
b: R-=CHj,-

Per tal d’obtenir els N-TEG i N-Me ciclopéptids (1a-5a i 1b-5b), vam preparar els seus precursors lineals (pla-p5a i
p1b-p5b) a la resina CTC seguint I'estratégia Fmoc-/'Bu- i utilitzant DIPCDI/OxymaPure com a métode d’activacié per
als acoblaments estandard (veure Esquema 62). En la sintesi dels pentapeptids plb-5b vam utilitzar Fmoc-N-Me
aminoacids comercials, mentre que els Fmoc-N-TEG aminoacids requerits per a la sintesi dels pentapeptids pla-p5a es
van preparar en solucio, emprant la metodologia desenvolupada al Capitol 1. En tots els pentapeptids, els residus N-
TEG i N-Me es van introduir al mig de la seqiiencia peptidica per tal de minimitzar I'impediment estéric durant I'etapa
de ciclacid; d’altra banda, és sabut que la preséncia de grups N-alquil en aquesta posicié pre-organitza
conformacionalment 'esquelet peptidic, afavorint la seva ciclacié.”® Per als acoblaments sobre els residus N-alquilats,
vam activar el segiient aminoacid amb BTC. Amb aquest métode vam aconseguir una completa acilacié de les
diferents N-Me i N-TEG peptidil-resines, tot i que en el cas dels residus N-TEG van ser necessaris dos cicles
d’acoblament i, en el cas del peptid p2a, I'acoblament no va ser complet degut a I'impediment esteric addicional
exercit per la cadena B-ramificada del residu (N-TEG)Val. Després d’allargar la cadena peptidica i escindir els péptids
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de la resina, vam ciclar-los amb EDC-HCI/DMAP i vam aillar els ciclopéptids resultants per RP-HPLC. D’aquesta manera
vam obtenir N-TEG i N-Me ciclopeptids 1a-5a i 1b-5b amb una puresa >95%. En tots els casos, vam obtenir suficients
quantitats de peptid pur en rendiments que sdn tipics per a la sintesi de pentapéptids ciclics. Excepte en el cas del
ciclopéptid 2a, els rendiments globals de les sintesis dels N-TEG ciclopéptids (1a-5a) no van ser dramaticament
inferiors als de les sintesis dels N-Me ciclopéptids (1a-5a). Aixi doncs, podem concloure que els péptids modificats
amb el grup N-TEG son facilment accessibles amb la metodologia establerta per a péptids N-metilats.

Esquema 62. Sintesi dels N-TEG i N-Me analegs 1a-5a i 1b-5b.

c-Q

i a,b,cd
Fmoc-aaz-aa1-0—o \
[ | o
Fmoc—(N-TEG)aa3-aa2-aa1-O-O Fmoc-(N-Me)aa3-aa2-aa1-O-O
¢ c, g (x2) i c,g
Fmoc—aa4—(N—TEG)aas—aaz—aa1—O-O Fmoc—aa4-(N-Me)aa3-aa2-aa1-O-O
¢ c, h ¢ c, h
Fmoc—aas-aa4-(N-TEG)aa3-aa2-aa1-O-O Fmoc-aa5-aa4-(N—Me)aa3-aa2-aa1-O-O

ic,i Lc,i

H-aas-aa;-(N-TEG)aas-aay,-aa;-OH (p1a-pSa)  H-aas-aa,-(N-Me)aas-aa,-aa-OH (p1b-p5b)

44-100% crude yield, 53-72% purity 100% crude yield, 67-82% purity
(except p2a: only 15% crude yield) (except p2b: only 60% crude yield)
EDC-HCI/DMAP EDC-HCI/DMAP
Ciclization step: Ciclization step:
42-53% isolated yield 46-60% isolated yield
cyclo[aas-aa,-(N-TEG)aaz-aa,-aa4] (1a-5a) cyclo[aas-aa,-(N-Me)aaz-aa,-aaq] (1b-5b)
cyclo[Phe-Leu-(N-TEG)Leu-Val-Leu] (1a) cyclo[Phe-Leu-NMelLeu-Val-Leu] (1b)
cyclo[Leu-Leu-(N-TEG)Val-Leu-Phe] (2a) cyclo[Leu-Leu-NMeVal-Leu-Phe] (2b)
cyclo[Leu-Val-(N-TEG)Leu-Phe-Leu] (3a) cyclo[Leu-Val-NMeLeu-Phe-Leu] (3b)
cyclo[Val-Leu-(N-TEG)Phe-Leu-Leu] (4a) cyclo[Val-Leu-NMePhe-Leu-Leu] (4b)
cyclo[Leu-Phe-(N-TEG)Leu-Leu-Val] (5a) cyclo[Leu-Phe-NMeleu-Leu-Val] (5b)

Reactius i condicions: a. Fmoc-aa;-OH, DIEA; b. MeOH; c. piperidine/DMF 1:4; d. Fmoc-
aa,-OH, DIPCDI, OxymaPure; e. Fmoc-(N-TEG)aas-OH, DIPCDI, OxymaPure; f. Fmoc-(/N-
Me)aas-OH, DIPCDI, OxymaPure; g. Fmoc-aa,-OH, BTC, 2,4,6-trimethylpyridine, THF; h.
Fmoc-aas-OH, DIPCDI, OxymaPure; i. 2% TFA in DCM; j. EDC-HCI, DMAP.

Per tal d’investigar com la substitucio del grup N-Me dels analegs 1b-5b per un grup N-TEG afecta la seva activitat anti-
cancerigena, vam avaluar la citotoxicitat dels peptids 1, 1a-5a i 1b-5b contra tres lines cel-lulars canceroses: GLC-4
(pulmd), MDA-MB-231 (mama) i SW-480 (colon). En aquests estudis de citotoxicitat, vam mesurar la viabilitat cel-lular
amb I'assaig MTT. El tractament amb 50 uM d’alguns compostos durant 72 h va decréixer la viabilitat de les cel-lules
GLC-4 i MDA-MB-231 fins a un 50-60% (veure Figura 62). Tot i que cap dels compostos va mostrar elevada citotoxicitat
envers les linies cel-lulars emprades en aquest estudi, les activitats citotoxiques d’alguns N-TEG analegs i els seus N-
Me homolegs es troben en el mateix rang.
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Figura 62. Viabilitat de ceél-lules canceroses GLC-4, MDA-MB-231 i SW-480 després
d’un tractament amb 50 uM de 1, 1a-5a i 1b-5b durant 72 h.
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Per tal d’investigar com la modificacié d’un peptid amb el grup N-TEG o N-Me afecta la seva hidrofobicitat, vam
avaluar la hidrofobicitat relativa d’aquest peptid (1) i els seus analegs N-substituits (1a-5a i 1b-5b) per comparacié dels
temps de retencié RP-HPLC (veure Taula 32). La retencié d’un compost en RP-HPLC depeén del seu caracter hidrofobic
(i.e. com més hidrofobic és un compost, major és la seva retencié en la fase estacionaria apolar), i del seu tamany
molecular. Aixi doncs, per a una série d’analegs modificats que presenten tamany semblant, la comparacié dels seus
temps de retencid és un metode valid per a estimar la seva hidrofobicitat relativa.® Vam trobar que els temps de
retencié dels analegs N-substituits (1a-5a i 1b-5b) eren superiors al del péptid original (1), indicant una major
hidrofobicitat. Aixo era d’esperar, ja que la introduccid de grups N-alquil en un peptid disminueix el nombre de
protons amida, que sén donadors de ponts d’hidrogen. Remarcablement, els N-TEG analegs (1a-5a) van resultar ser
lleugerament més hidrofobics que els seus N-Me homolegs (1b-5b). La major hidrofobicitat dels N-TEG peéptids podria
resultar en una major permeabilitat a través de barreres biologiques (e.g. epiteli intestinal, pell): el caracter lipofilic
d’una molécula afavoreix la seva difusié passiva a través de les membranes cel-lulars fosfolipidiques, i —per a la
majoria de farmacs— la difusid passiva transcel-lular és el principal mecanisme de transport. De fet, s’ha postulat que
la major permeabilitat intestinal dels péptids N-metilats és deguda —entre d’altres factors—a que sdn més hidrofobics i
poden formar menys ponts d’hidrogen.20 Aixi doncs, la introduccié de grups N-TEG en peptids d’interes terapeutic

també podria resultar atil per a guanyar permeabilitat intestinal.

Taula 32. Temps de retencié RP-HPLC de 1, 1a-5a, 1b-5b,
gradient lineal de 10% a 90% ACN en 8 min, columna C18.

t. (min)
1:5.97
1la: 7.29 1b: 7.12
2a:7.22 2b: 7.07
3a2:6.98 | 3b:6.82
4a:7.34 4b: 6.97
5a: 7.05 5b: 6.86

Per tal d’estudiar si els grup N-TEG i N-Me exerceixen restriccions conformacionals semblants quan s’incorporen en un
péptid ciclic, vam analitzar dels péptids 1, 1a-5a i 1b-5b per espectroscopia RMN de 'Hi®C La superposicié dels seus
espectres RMN de 'H es mostra a la Figura 63. Les diferéncies que s’observen en les regions H® i H" indiquen
clarament que la modificacié del péptid Sansalvamida A (1) amb N-TEG o N-Me va perturbar el seu estat
conformacional. Depenent de la posicié de N-alquilacio, vam observar diferents patrons de senyals; no obstant, els N-
TEG i N-Me analegs (1a-5a i 1b-5b) amb el N-substituent a la mateixa posicié van presentar desplagaments quimics
molts semblants per als protons H® i HN, aixi com per als carbonis C* (veure Taula 33). La semblanca d’aquests
desplagaments quimics, que son sensibles a canvis conformacionals en I'esquelet peptidic, indica que els N-TEG i N-Me
péptids amb el mateix patré de N-alquilacié presenten una conformacié similar, independentent de la naturalesa del
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N-substituent. Per als péptids 5a i 5b, vam realitzar un estudi més detallat en comparaciéo amb el peptid original (1).

Vam trobar els protons H" dels homolegs 5a i 5b tenien coeficients de temperatura i patrons de NOEs practicament

identics, alhora que considerablement diferents dels del péptid Sansalvamida A (1). En base a aquests resultats,

podem concloure que els grups N-TEG i N-Me exerceixen restriccions conformacionals semblants quan s’incorporen

en un péptid ciclic.

Figura 63. Espectres de RMN de 'H (en CDCl;) de 1, 1a-5a i 1b-5b en la regid 8.5-6.0 ppm (A) i en la regid 5.5-3.5 ppm (B).

A)

2a

3a
3b

4a
4b

5a
5b

Taula 33. Desplagaments quimics (ppm) dels senyals de C* de 1, 1a-5a i 1b-5b en CDCl;.

B)

1a

0

2a -
2b —

3a
3b -

4a
4b -

5b -

40

40

1 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b
51.7 48.6 49.2 48.3 48.3 51.9 52.1 48.5 48.3 | 51.2 51.2
53.7 52.6 55.0 50.9 51.5 53.9 54.3 51.5 51.7 | 514 51.5
55.3 56.1 56.0 | 53.5 | 53.2 | 544 | 546 | 52.8 | 53.0 | 53.6 | 53.4
57.9 59.8 59.1 56.6 57.5 55.4 55.3 60.2 60.2 | 60.7 61.2
58.8 66.4 65.0 66.4 65.1 67.9 68.9 70.8 72.1 | 68.4 70.0

En conclusid, els péptids modificats amb una cadena de N-TEG es poden preparar facilment utilitzant metodologia

establerta per a la sintesi de péptids N-metilats. En un péptid ciclic N-metilat, és d’esperar que la substitucio del seu

grup N-Me per un grup N-TEG no alteri el seu patré de formacié de ponts d’hidrogen i provoqui una minima

pertorbacié de la seva conformacié. No obstant, degut al caracter amfifilic del grup TEG, els N-TEG péptids son

lleugerament més hidrofobics que els seus homolegs N-metilats. Considerant que el grup N-Me es troba present en

nombrosos péptids biologicament actius, reemplagar els grups N-Me presents en un peptid per altres N-substituents

és una alternativa viable per a introduir diversitat quimica o alterar propietats d’interés farmacologic quan no és

possible o desitjable modificar estructuralment cap altra posicié del peptid.
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Capitol 3

El principal objectiu del treball que constitueix aquest Capitol va ser investigar si la mostra metodologia per a la sintesi
de peptids modificats amb el grup N-TEG també permet introduir cadenes de N-oligoetilenglicol (N-OEG) més grans.
Com a segon objectiu, ens vam plantejar investigar com la substitucio del grup N-Me present en un péptid bioactiu per
grups N-OEG de longitud creixent afecta la seva activitat biologica i lipofilicitat.

Per tal d’investigar aix0, vam escollir Cilengitide (23) com a péptid model. Aquest peptid, de seqliéncia
ciclo[RGDfNMeV], és un ciclopéptid RGD que presenta activitat antagonista envers les integrines de tipus a,Bs, o,Bs i
avBl.m Vam decidir sintetizar tres analegs de 23 en els quals el grup N-Me de la Val s’"hagués reemplagat per cadenes
N-OEG de longitud creixent: N-OEG,, N-OEG,, i N-OEG,; (veure Figura 64). La sintesi d’aquests N-OEG ciclopéptids (24-
26) implica la formacié de I'enllag D-Phe-(N-OEG)Val. Aquest acoblament no només esta dificultat pel substituent N-
OEG, sin6 que la cadena lateral B-ramificada de la Val exerceix un impediment estéric addicional. Aixi doncs, aquesta
reaccié és un bon model per a investigar fins a a quina longitud de la cadena OEG I’acilacié d’un N-OEG aminoacid és

viable.

Figura 64. Estructura del péptid ciclo[RGDfNMeV] (23) i dels N-OEG ciclopéptids (24-26) sintetitzats.

cyclo[RGDfNMeV] (23): N-R = N-CHj
cyclo[RGDf(N-OEG,)V] (24): N-R = N-CHyCHy(OCH,CH,),OCHS
cyClo[RGDF(N-OEG11)V] (25): N-R = N-CH,CH,CHo(OCH,CH,)140CH;
cyclo[RGDF(N-OEGy3)V] (26): N-R = N-CHyCH,CHy(OCH,CHy)p30CHS

La nostra estrategia per a introduir el grup N-OEG en un peptid és utilitzar un Fmoc-N-OEG aminoacid com a building
block. Aixi doncs, vam preparar els derivats Fmoc-(N-OEG,)Val-OH (12), Fmoc-(N-OEG4;)Val-OH (13) i Fmoc-(N-
OEG,;)Val-OH (14). Aquests compostos es van obtenir en 3 etapes a partir de tert-butil valinat, tal i com es mostra a
I'Esquema 63. Remarcablement, la superior llargada de les cadenes N-OEGy; i N-OEG,; no va impedir I'acilacié del
residu N-alquilat amb Fmoc-Cl, i no va dificultar la purificacié dels compostos per cromatografia flash.

Esquema 63. Sintesi dels derivats Fmoc-(N-OEG)Val-OH (12-14).

R-CHO (1.1 eq) Fmoc-Cl (1.2 eq) Q R
Z NaBH3;CN (1.34 eq) DIEA (2.0 eq) . ( o - TEA/DCM 1:1
HoN Fe
2 \)k MeOH/ACOH 99:1 DCM, N, O OTN\.)J\O rt, 30 min
rt, 2.5 h rt, overnight H 100%
A ° A °

45-54%, 2 steps

sy

o

O. O\H/N\a)J\OH
° A

Fmoc-(N-OEG,)Val-OH (12), R- = CH30(CH,CH,0),CHy-
Fmoc-(N-OEG41)Val-OH (13), R- = CH30(CH,CH,0);1CH,CH,-
Fmoc-(N-OEGy3)Val-OH (14), R- = CH30(CH,CH,0),3CH,CH,-
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Per tal d’investigar I'acoblament D-Phe-(N-OEG)Val en fase solida, vam incorporar els Fmoc-aminoacids 12-14 a una
Arg(Pbf)-Gly-resina (veure Esquema 64). L’acoblament de Fmoc-(N-OEG,)Val-OH (12) i Fmoc-(N-OEG,;)Val-OH (14)
activats amb DIPCDI/OxymaPure va tenir lloc amb bon rendiment. En canvi, I'acoblament de Fmoc-(N-OEG,;)Val-OH
(15) amb les mateixes condicions no va procedir eficientment, indicant que aquest aminoacid requereix un métode
d’activacié més potent. Després d’haver preparat les tres N-OEG tripeptidil-resines, vam investigar I'acoblament de
Fmoc-D-Phe-OH sobre els diferents residus (N-OEG)Val. En el cas del residu (N-OEG,)Val, la realitzacié de dos
acoblaments utilitzant BTC va permetre una completa acilacié. En canvi, per als residus (N-OEG;4)Val i (N-OEG,3)Val,
no vam poder trobar unes condicions per a les quals I'acoblament de Fmoc-D-Phe-OH fos eficient. En el cas de (N-
OEG4,)Val, el metode que va donar millors resultats va ser I'activacié amb BTC, tot i que I'acoblament va tenir lloc amb
baix rendiment i en realitzar un tercer acoblament la conversié ja no va millorar. En el cas de (N-OEGy;)Val, el producte
desitjat no es va formar amb cap dels métodes d’activacié provats. Amb impediment estéric d’aquesta magnitud es
sobrepassa el limit per al qual I'acoblament d’'un Fmoc-aminoacid és viable en fase solida.

Esquema 64. Avaluacio de I'eficiencia del reactiu BTC per a I'acoblament de Fmoc-D-Phe-OH sobre (N-CH,R)Val en fase solida.

c-Q

(CTC resin)
SPPS

Fmoc-Arg(Pbf)-Gly-040)
1. Fmoc-removal

2. Fmoc-NMeVal-OH or 12-14 (3.0 eq)

DIPCDI (3.0 eq)

OxymaPure (3.0 eq)

DMF, 2 h Fmoc-D-Phe-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, 15h

3. Fmoc-removal

H-(N-CH,R)Val-Arg(Pbf)-Gly-04QD)
(n couplings) l

Frmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-04Q)

N-CH:R Result
MN-CHa Complete conversion after asingle coupling.
MN-CH2CHz{OCH2CHz)20CH3 Complete conversion aftertwo couplings.

MN-CHz2CHzCH2{OCHzCH:)11QCH: | Poorconversion aftertwo couplings and did not
increase after athird coupling cvcle.

N-CHzCH:zCH20CH2CH;:)2:0CHs | Mo coupling achieved after several coupling cycles.

Havent trobat que I'acoblament D-Phe-(N-OEG,z)Val no té lloc en fase solida, la sintesi del N-OEG,; ciclopéptid (26)
utilitzant Fmoc-(N-OEG,3)Val-OH com a building block no resulta viable. Per tal d’obtenir ciclo[RGDfNMeV] (23) i els
altres dos N-OEG ciclopeéptids (24 i 25), vam preparar els seus precursors lineals en fase solida i els vam ciclar en
solucié (veure Esquema 65). En tots els pentapeptids lineals (p19-p21), els residus N-substituits es van introduir al mig
de la seqliiencia peptididica. D’aquesta manera, el residu de Gly queda a la posicié C-terminal, la qual cosa minimitza
I'impediment esteric en I'etapa de ciclacid i evita el risc d’epimeritzacié durant aquest procés. La sintesi dels
pentapéptids p19-p21 es va dur a terme a la resina CTC seguint I'estratégia Fmoc-/'Bu-. Vam utilitzar una
funcionalitzacié baixa (0.2-0.3 mmol/g), ja que una major accessibilitat del grup a-amino pot facilitar acoblaments
impedits.146 Per als acoblaments estandard, vam utilitzar DIPCDI/OxymaPure i un triple excés de reactius. Amb
aquestes condicions, Fmoc-NMeVal-OH, Fmoc-(N-OEG,)Val-OH (12) i Fmoc-(N-OEG4;)Val-OH (13) es van acoblar
eficientment. Per al subsequent acoblament de Fmoc-D-Phe-OH, aquest aminoacid es va activar amb BTC. En el cas

del residu (N-OEG;4)Val, I'acoblament de Fmoc-D-Phe-OH va tenir lloc amb un rendiment molt baix, i en realitzar un
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tercer acoblament ja no va millorar la conversid. Per a les tres peptidil-resines, vam continuar amb I'elongacié del
péptid, vam escindir els péptids de la resina, i els vam ciclar amb EDC-HCI/DMAP sense prévia purificacié. Després de
la ciclacié, vam eliminar els grups protectors amb TFA/H,0/TIS 95:5:5 i vam purificar el cru resultant per RP-HPLC,
obtenint els ciclopeptids desitjats (23-25). No obstant, en el cas del N-OEG,; ciclopéptid (25), vam aillar molt poca
quantitat de producte, degut a que I'acoblament D-Phe-(N-OEG;)Val no havia estat complet.

Esquema 65. Sintesi de ciclo[RGDfNMeV] (23) i els N-OEG ciclopeptids 24 i 25 utilitzant Fmoc-NMeVal-OH,
Fmoc-(N-OEG,)Val-OH (12) i Fmoc-(N-OEG;;)Val-OH (13) com a building blocks.

c-Q

(CTC resin)
l SPPS

Fmoc—Arg(be)—GIy-O-O
1. Fmoc-removal

2. Fmoc-NMeVal-OH, 12 or 13 (3.0 eq)
DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 2 h

Fmoc-(N-CH,R)Val-Arg(Pbf)-Gly-04QD)
1. Fmoc-removal

2. Fmoc-D-Phe-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, 15 h
(1, 2 or 3 couplings)

Frmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-04Q)

l SPPS 1. EDC-HCI, DMAP
2. TFAH,O/TIS 95:5:5
H-Asp(O'Bu)-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-OH cyclo[RGDf(N-CH,R)V]
p19: N-CH,R = N-CHj 19: N-CH,R = N-CHj
P20: N-CH,R = N-CH,CHy(OCH,CH,),0CH5 20: N-CH,R = N-CH,CHp(OCH,CH,),OCH;
p21: N-CH,R = N-CH,CH,CH,(OCH,CH,);1OCH5 21: N-CHyR = N-CH,CH,CHo(OCH,CH,);1OCH5
NH o
O
HQNJKN/\/\HL N

H
0= NH " HN OH

(e

S

Per tal d’evitar la dificil formacio dels enllagcos D-Phe-(N-OEG;;)Val or D-Phe-(N-OEG,;)Val en fase solida, vam decidir
preparar un dipéptid en solucid i utilitzar-lo com a building block. Vam preveure que els acoblaments D-Phe-(N-
OEG)Val resultarien més facils en solucid, ja que les amines secundaries sGn menys reactives envers aminoacids
activats quan es troben unides a un suport solid.™’ Per tal de preparar els Fmoc-dipéptids requerits (17 i 18), vam
partir de tert-butil valinat i el vam sotmetre a condicions de N®-alquilacié reductora amb el OEG-aldehid adequat per a
obtenir els N-OEG,; i N-OEG,; derivats (veure Esquema 66). Per a I'acoblament entre aquests derivats i Fmoc-D-Phe-
OH, vam utilitzar el clorur d’acid d’aquesta espécie, ja que els clorurs d’acid sén altament reactius i s’han utilitzat en
solucié per a acoblaments entre residus N-metilats estericament impedits.83b Aquest metode ens va permetre formar
el dipéptid desitjat sense epimeritzacio, tot i que la conversid de la reaccié va ser baixa. Finalment, el trencament

acidolitic de I'ester tert-butilic va fornir els dipeptids desitjats (17 i 18).
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Esquema 66. Sintesi dels dipeptids Fmoc-D-Phe-(N-OEG4;)Val-OH (17) i Fmoc-D-Phe-(N-OEG,;)Val-OH (18).

R
R-CHO (1.1 eq) Fmoc-D-Phe-Cl (1.5 eq) o \ < ]
o = NaBH;CN (1.34 eq) DIEA (2.0 eq) i \)(J)\ /(
HoN - > > X N p
? \-_)ko MeOH/ACOH 99:1 DCM. N, . o H/\[g 70
X rt,2.5h rt, overnight =
28-38%, 2 steps
TFA/DCM 1:1
rt, 30 min
100%

Q &

OS2
- N

O N : OH
TN
O /N

Fmoc-D-Phe-(N-OEG,)Val-OH (17),
R- = CH30(CH,CH,0)44CH,CHo-

Fmoc-D-Phe-(N-OEG,3)Val-OH (18),
R- = CH30(CH,CH,0),3CH,CH,-

En la sintesi dels N-OEG,; i N-OEG,; pentapéptids lineals (p21 i p22), vam activar els dipéptids 17 i 18 amb
PyBOP/HOAL i els vam acoblar a la peptidil-resina (veure Esquema 67). Aquests acoblaments van tenir lloc amb una
eficiencia acceptable, pero el residu C-terminal dels dipéptids va epimeritzar considerablement. Aixi doncs, després de
continuar amb I'elongacié de la cadena i escindir els péeptids del suport solid, es van obtenir els pentapéeptids p21 i p22
epimeritzats en el residu de Val N-substituit. Després de la ciclacio i desproteccid, vam separar els N-OEG,, i N-OEGy3
ciclopeptids desitjats (25 i 26) dels seus Val-epimers mitjangant RP-HPLC. En el cas de ciclo[RGDf(N-OEG,4)V] (25),
I’estereoquimica dels dos productes aillats es va determinar per co-injecci6 HPLC amb una mostra de 25
estereomeéricament pur, el qual s’havia obtingut en petita quantitat utilitzant Fmoc-(N-OEG4;)Val-OH (13) com a
building block. Aquests experiments van confirmar que el producte amb un temps de retencid més baix era
I’estereoisomer desitjat. En el cas de ciclo[RGDf(N-OEG,3)V] (26), no vam poder identificar I'estereoisomer desitjat per
co-elucié HPLC, ja que no disposavem de cap mostra de 26 estereopur. No obstant, vam assumir que el producte amb
un temps de retencié més baix era el desitjat, tal i com haviem observat per a 25. La comparacié dels espectres HPLC
dels diferents N-OEG,, i N-OEG,; péptids crus (p21 vs. p22, 25 vs. 26) sosté aquesta hipotesi, i també la comparacié
dels espectres RMN de 'H dels diferents ciclopeéptids aillats (25 el seu Val-epimer, 26 i el seu Val-epimer).
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Esquema 67. Sintesi dels N-OEG ciclopeptids 25 i 26 utilitzant els building blocks dipeptidics 17 i 18, respectivament.

SPPS
o4 —— Fmoc-Arg(Pb)-Gly-04Q)
(CTC resin) 1. Fmoc-removal
2. Fmoc-D-Phe-(N-CH,R)Val-OH (17 or 18, 1.0 eq)
PyBOP (1.0 eq)
HOAL (1.0 eq)
DIEA (2.0 eq)
DMF, 15 h

3. Ac,0 (10.0 eq)
DIEA (10.0 eq)
DCM, 15 min

Fmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-04Q)

SPPS 1. EDC-HCI, DMAP

2. TFA/H,O/TIS 95:5:5
H-Asp(O'Bu)-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-OH cyclo[RGDF(N-CH,R)V]

p21: N-CHyR = N-CH,CHyCHy(OCH,CH,)11OCH; 25: N-CH;R = N-CH,CH;CH,(OCH,CH,)110CHg
p22: N-CHaR = N-CH,CHoCHa(OCH,CHy)p30CH; 26: N-CH,R = N-CHCH,CHy(OCH,CH,)p30CH;

NH o

*”w e

N

H
0= NH H’\bTOH
\\P/\N HN o)

o3

Ro©

El risc d’epimeritzacié durant I'acoblament dels dipéptids 17 i 18 era previsible. Els dipéptids activats tenen molta

HoN

tendéncia a epimeritzar en el seu residu C-terminal. Aixd és degut a que I'aminoacid activat d’un dipéptid esta N-
10
En

canvi, en un Fmoc-aminoacid activat, el grup N-carbamat prevé la seva conversié en oxazolona. D’altra banda, cal

. . .z , . . . . v .1
acilat, la qual cosa afavoreix la formacié d’una oxazolona que és molt susceptible d’epimeritzar en medi basic.

esmentar que la preséncia d’un grup N-alquil en un aminoacid (lliure o constituent d’'un segment peptidic) facilita
I'abstraccié del H" a causa de dues raons: i. el carbanié resultant esta estabilitzat per hiperconjugacié, ii. s'indueix la

109

seva configuracio cis en I'enllag amida N-alquilat, la qual és més facilment a-desprotonable.” Tenint en compte que

els dipéptids 17 i 18 contenen un residu N-alquilat, el grau d’epimeritzacié observat no resulta sorprenent.

Per als tres N-OEG ciclopeptids (24-26) i el peptid original, ciclo[RGDfNMeV] (23), vam avaluar la seva hidrofobicitat
relativa a partir dels seus temps de retencié RP-HPLC. Vam trobar que els temps de retencié RP-HPLC dels N-OEG
ciclopéptids (24-26) eren superiors al de 23, i que augmentaven de forma proporcional a la llargada de la cadena N-
OEG, indicant una major hidrofobicitat (veure Figura 65). En canvi, per a Fmoc-NMeVal-OH i els seus N-OEG derivats
(12-14), vam observar I'efecte oposat: la substitucié N-Me-per-N-OEG va disminuir la seva hidrofobicitat, i cadenes N-
OEG de longitud creixent van donar lloc a un caracter creixentment hidrofilic (veure Figura 66). Per tal d’explicar
aquests resultats aparentment contradictoris, vam formular la seglient hipotesi. En el cas dels derivats de
ciclo[RGDfNMeV] (23), la substitucié N-Me-per-N-OEG ddna lloc a una interaccié entre els atoms d’oxigen de la
cadena OEG (acceptors de ponts d’hidrogen) i els protons amida de I’esquelet peptidic (donadors de ponts
d’hidrogen). Aquesta interaccié intramolecular disminueix el nombre de ponts d’hidrogen que es poden formar amb la
fase mobil RP-HPLC aquosa, i aixo resulta en un major temps de retencié. En canvi, en el cas dels derivats de Fmoc-
NMeVal-OH, la introduccié d’atoms d’oxigen en substituir el grup N-Me per N-OEG augmenta el potencial de formacié
de ponts d’hidrogen amb la fase mobil RP-HPLC aquosa, i aix0 resulta en una menor retencié.
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Figura 65. Co-injeccid de ciclo[RGDfNMeV] (23) i els N-OEG ciclopéptids (24-26)
a I'aparell RP-HPLC, gradient lineal de 10% a 50% ACN en 8 min, columna C18.
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Figura 66. Co-injeccié de Fmoc-NMeVal-OH i els derivats Fmoc-(N-OEG)Val-OH (12-14)
a I'aparell RP-HPLC, flux isocratic de 50% ACN durant 15 min, columna C18.

Fmoc-NMeVal-OH

Cal esmentar que I'efecte de la substitucié N-Me-per-N-OEG en ciclo[RGDfNMeV] (23) en el seus temps de retencié
RP-HPLC és consistent amb les nostres observacions per als N-Me vs. N-TEG analegs del Sansalvamida A (1), descrites
al Capitol 2: per a tots dos péptids model, el reemplagament d’un grup N-Me per una cadena N-OEG ddna lloc a una
major hidrofobicitat. La nostra hipotesi per a explicar la major hidrofobicitat dels N-OEG analegs de 23, que presenta

dues cadenes laterals ionitzables, tambe serveix per als N-TEG analegs de 1, que és un peptid totalment alifatic.

Per als tres N-OEG ciclopéptids (24-26) i el peéptid original, ciclo[RGDfNMeV] (23), vam avaluar la seva activitat
biologica en assajos d’inhibicié adhesid cel-lular. En aquests assajos, vam mesurar la capacitat dels compostos per a

150 Aquests dos lligands

inhibir I'adhesié de diferents linies cel-lulars sobre vitronectina (VN) i fibrinogen (FN).
d’integrina es van immobilitzar en una matriu, i les cél-lules emprades van ser: HUVEC (endotelials), DAOY
(glioblastoma), i HT-29 (cancer de colon). En els experiments amb VN, les cél-lules HUVEC i DAOY utilitzen les
integrines a,B; i o,Bs per a adherir-se a aquest lligand, mentre que les cél-lules HT-29 només utilitzen a,Bs. En els
experiments amb FB, I'adhesié de les cel-lules HUVEC i DAQY a aquest lligand només esta mediada per la integrina
o,Bs. Aixi doncs, aquests assajos d’inhibicié d’adhesié cel-lular permeten avaluar de forma indirecta I'activitat
antagonista d’un peptid envers les integrines a,B3 i a,Bs. Els resultats d’aquests assajos es mostren a la Taula 34. Per a
tots els sistemes cél-lula/lligand, tots els ciclopéptids van inhibir 'adhesié de forma dependent de la concentracid,
donant lloc a corves d’adhesié sigmoidees. Els péptids ciclo[RGDf(N-OEG,)V] (24) i ciclo[RGDfNMeV] (23) van mostrar
activitats inhibitories molt semblants, la qual cosa indica que la substitucié del grup N-Me de 23 per una curta cadena
N-OEG, no afecta la seva afinitat envers les integrines a,Bs; i a,fs. En canvi, els peptids ciclo[RGDf(N-OEG;,)V] (25) i
ciclo[RGDf(N-OEG,3)V] (26) van inhibir I'adhesid cel-lular amb menor poténcia. Aquesta disminucié d’activitat es pot
atribuir a una interferéncia de les seves cadenes N-OEG, de major tamany, amb la interaccié RGD-receptor. De fet,
existeixen nombrosos exemples a la literatura en els quals la unié covalent de OEG a un péptid provoca una
disminucio de la seva activitat biologica a causa de raons esteriques, especialment si es tracta d’un péptid de tamany
petit.152

201



Resum de la memoria

Taula 34. Assajos d’inhibicié d’adhesio cel-lular amb ciclo[RGDfNMeV] (23)
i els conjugats 29-31. Els valors de IC5, estan expressats en uM.a’b

Vitronectina (VN) Fibrinogen (FB)
T o,Bs + aBs a.Bs

HUVEC DAOY HT-29 en VN HUVEC DAOY

en VN enVN | (només a,fs) en FB en FB

23 0.37 2.69 3.11 0.076 0.44

24 0.42 3.62 2.17 0.036 0.14

25 12.42 171.5 n.d. 1.38 4.55

26 22.30 143.1 n.d. 0.28 2.31

® Les cél-lules HUVEC i DAQY sobreexpressen els receptors integrina a,fBs i
a,Bs, mentre que les cél-lules HT-29 només sobreexpressen el subtipus a,fs.

e Aquests assajos biologics van ser realitzats pel Dr. Jaume Adan, del centre
tecnologic Leitat.

En conclusio, hem observat que la SPPS de N-OEG-péptids de forma stepwise presenta un limit respecte la longitud de
la cadena de OEG: a partir d’'una certa longitud, I’acilacié del N-OEG-aminoacid resulta impossible en fase solida, fins i
tot amb el metode d’activacié BTC. Per a cadenes N-OEG llargues, I'acilacié del residu N-substituit es pot aconseguir
en solucid utilitzant un clorur d’acid. El segments peptidic resultant es pot acoblar a una peptidil-resina per a obtenir
el N-OEG peptid desitjat. No obstant, aquesta aproximacié no resulta eficient, ja que I'acoblament de segments
peptidics té lloc amb considerable epimerizacid i, en conseqiiéencia, I'aillament dels productes per RP-HPLC requereix

una purificacioé exhaustiva.

Els nostres resultats indiquen que, per al N-Me ciclopentapeéptid Cilengitide (23), la substitucié del seu grup N-Me per
una cadena curta de N-OEG ddna lloc a un analeg més lipofilic amb la mateixa activitat biologica. En incrementar el
tamany del grup N-OEG augmenta la hidrofobicitat dels analegs, perd la sintesi esdevé ineficient i el major
impediment estéric comporta una pérdua d’activitat biologica. En base a aquestes observacions, podem concloure
que el reemplagament d’un grup N-Me per una cadena curta de N-OEG pot ser una estratégia Util per a augmentar la
lipofilicitat d’'un péptid sense afectar la seva activitat biologica, sempre i quan el residu N-metilat no sigui essencial per

a la interaccié péptid-receptor

Capitol 4

L'objectiu del treball que constitueix aquest Capitol va ser establir una metodologia per a la introduccié del grup N-(4-
azidobutil) en peptids i demostrar la utilitat d’aquest linker per a permetre la conjugacié en peptids que no tenen
grups derivatitzables.

Moltes aplicacions biomediques requereixen la conjugacié d’un peéptid amb una molécula d’interes (e.g. fluorofor,
agents quelant, polimer, marcador radioactiu).158 En general, la unié covalent d’una molecula a un peptid
s’aconsegueix per reaccié d’aquesta amb I’extrem N-terminal del péptid o amb els grups funcionals de les cadenes
laterals.™® En peptids que no presenten funcionalitats reactives, cal modificar la seva estructura per tal de permetre la
conjugacié. Normalment, aix0 s’aconsegueix reemplacant un dels residus constituents per un aminoacid que
possseeixi un grup funcional reactiu (e.g. Lys, Cys, un aminoacid no natural amb una funcié bioortogonal). No obstant,
la modificacioé de les cadenes laterals d’un peptid pot afectar desfavorablement la seva activitat biologica.

Vam pensar que la modificacié de I'esquelet peptidic amb un N-substituent funcionalitzat podria ser una estratégia
util per a permetre la conjugacid en peptids sense grups derivatitzables. Com a N-substituent functionalitzat, vam
investigar el grup N-(4-azidobutil). Aquest N-substituent es pot introduir en una peptidil-resina per N*-alquilacié

202



Resum de la memoria

reductora amb 4-azidobutanal, i permet la conjugacié d’una molécula mitjangant diverses transformacions quimiques
(veure Esquema 68). La funcié azida és estable a la majoria de protocols utilitzats en sintesi de péptids i és
quimicament inert als grups funcionals de les cadenes laterals.™®" Aixd minimitza possibles reaccions secundaries i
simplifica els esquemes de proteccid.

Esquema 68. Modificacié de peptids via el linker N-(4-azidobutil).

R—H
Cu(l
Ne u(l)

o N3 /l,zq/N};
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Per tal de demostrar Iaplicabilitat del nostre linker N-(4-azidobutil), vam escollir Cilengitide™® (23) com a péptid
model (veure Figura 67). Aquest péptid RGD és un bon exemple de la dificultat de preparar conjugats bioactius a partir
de peéptids ciclics que no poseeixen grups funcionals reactius i/o no sén susceptibles de ser modificats estructuralment
preservant l'activitat biologica. La seqiiencia ciclica de Cilengitide, ciclo[RGDNMeV], és el resultat d’un estudi
conformacional sistematic per a restringir la subestructura RGD en una orientacié optima per a interaccionar amb el
receptor integrina a,B3, que es troba sobreexpressat en diversos tipus de cancers malignes i en la neovasculatura dels
tumors.™* La funcionalitzacié de ciclopéptids RGD que s’uneixen a aquest receptor és d’interes, ja que permet la
conjugacio d’entitats quimiques per a la visualitzacié i/o tractament de tumors.”" En aquest tipus d’aplicacions
biomédiques, frequentment s’uneix una cadena de polietilenglicol (PEG) al lligand RGD-ciclopeptidic per tal
d’optimitzar les seves propietats farmacocinétiques.142 No obstant, I'estructura de Cilengitide no permet la preparacio
de conjugats que presentin elevada afinitat envers a,B;. Dels seus 5 aminoacids constituents, tres residus (RGD) sén
essencials per a la unid al receptor, D-Phe participa en interaccions hidrofobiques que estabilitzen aqueta unig, i el
residu NMeVal no presenta cap grup funcional reactiu.” La substitucié de NMeVal per Lys dona lloc a ciclo[RGDfK], un
lligand per a integrines que si que permet la conjugacié (veure Figura 67). Aquest ciclopéptid s’ha conjugat amb una

1418 No obstant, la modificacié de

varietat d’entitats quimiques i s’ha utilitzat en nombroses d’aplicacions biomediques.
I'estructura de Cilengitide substituint NMeVal per Lys resulta en una perdua d’activitat i selectivitat cap a la integrina
o,B3, ja que les restriccions conformacionals exercides pel residu NMeVal estabilitzen la subestructura RGD en la seva

s a . . . 145
conformacio optima per a interaccionar amb a,fs.
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Figura 67. Estructura de ciclo[RGDfNMeV] (23) i el seu analeg amb Lys, ciclo[RGDfK].

NH NH O

o
HzNJ\ N/Y HoN H
NH HN
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23 cyclo[RGDfK]

Aixi doncs, ens vam plantejar com a objectiu sintetitzar un analeg de ciclo[RGDfNMeV] (23) en el qual el grup N-Me de
la Val s’hagués reemplagat per un grup N-(4-azidobutil), i a continuacié conjugar-lo amb una cadena de PEG
polidispers mitjancant diferents transformacions quimiques. L’estructura del ciclopeptid N-(4-azidobutilat) (27) es
mostra a la Figura 68. Per als diferents PEG-conjugats, vam comparar la seva activitat biologica, hidrofobicitat i
caracteristiques conformacionals amb les del peptid original (23).

Figura 68. Estructura de ciclo[RGDf(N-CH,CH,CH,CH,N3)V] (27).
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Per tal d’obtenir ciclo[RGDf(N-CH,CH,CH,CH,N3)V] (27), vam decidir preparar el seu precursor lineal (39) a la resina
CTC, per a després ciclar-lo en solucié (veure Esquema 69). D’entrada, vam sintetitzar el pentapéptid 39 a escala petita
seguint dues estratégies diferents. En la primera estratégia, vam utilitzar Fmoc-N-(4-azidobutil) valina (34) com a
building block (estratégia A). En la segona estratégia, vam introduir el grup N-(4-azidobutil) per N®-alquilacié reductora
de la Val-Arg(Pbf)-Gly-resina amb 4-azidobutanal (39) (estratégia B). Aquesta segona estratégia resulta preferible a la
primera, ja que: i. no requereix la preparacié prévia d’'un Fmoc-N-(4-azidobutil) aminoacid, ii. I'acilacié de la peptidil-
resina amb Fmoc-N-(4-azidobutil) valina consumeix un excés d’aquest building block (i.e. cal realitzar dos acoblaments
amb 3.0 equivalents per tal que 'acilacié sigui completa). Vam trobar que les condicions optimes per a I'etapa de N*-
alquilacié reductora sén utilitzar NaBH;CN com a agent reductor i emprar 1.5 equivalents d’aldehid. Amb aquesta
quantitat d’aldehid, s’obté el peptid N-alquilat com a producte majoritari, i les quantitats de peptid N,N-dialquilat i
péptid no N-alquilat son practicament negligibles. Per a les dues sintesis (A i B), 'acilacié de N-(4-azidobutil)Val amb
Fmoc-D-Phe-OH es va aconseguir amb el métode de BTC, tot i que van ser necessaris diversos cicles d’acoblament per
tal d’assolir una bona conversid. Després d’allargar la cadena peptidica i escindir el péptid de la resina, vam obtenir el
pentapéptid 39 amb rendiment i puresa satisfactoris per a totes dues sintesis (rendiment cru = 63% o 43%, puresa =
45% 0 48%).
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Esquema 69. Sintesi de ciclo[RGDf(N-CH,CH,CH,CH,N;)V] (27).

A) SPPS a petita escala utilizant Fmoc-N-(4-azidobutil) valina (34) com a building block.?
B) SPPS a petita escala via N*-alquilacié reductora amb 4-azidobutanal (39).
C) Sintesi realitzant I'acoblament dificil en solucid i la resta de I'elongacié en fase solida.

Strategy A) Strategy B) Strategy C)
crQ cFQ cQ
(CTC resin) (CTC resin) (CTC resin)
| spps | spPs | sPPs
H-Arg(Pbf)-Gly-0-Q) H-Val-Arg(Pbf)-Gly-0-Q) H-Val-Arg(Pbf)-Gly-0-Q)

1. Fmoc-(N-CH,CH,CH,CH,Ng)Val-OH (34, 3.0 eq) 1. N3gCH,CH,CH,CHO (38, 1.5 eq) 1. N3CH,CH,CH,CHO (38, 1.5 eq)
DICPDI (3.0 eq) NaBH,CN (4.0 eq) NaBH;CN (4.0 eq)
OxymaPure (3.0 eq) 1% AcOH, THF, 3 h 1% AcOH, THF, 3 h
DMF, 2 h (x2 couplings) 2. Ac,0 (10.0 eq) 2. Ac,0 (10.0 eq)

2 Fmoc-removal DIEA (10.0 eq) DIEA (10.0 eq)

DCM, 15 min DCM, 15 min

H-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-04Q)
H-(N-CH5CH,CH,CH,N3)Val-Arg(Pbf)-Gly-0-Q)

Fmoc-D-Phe-OH (5.0 eq) .

1. 2% TFA in DCM

BTC (1.65 eq)

2,4,6-trimethylpyridine (14.0 eq) 2. TMSCHN,, MeOH

THF, 15 h

(x3 couplings) H-Val(N-CH,CH;CH,CH;N3)-Arg(Pbf)-Gly-OMe

SPPS Fmoc-D-Phe-OH (8.5 eq)
Fmoc-D-Phe-(N-CH,CH,CH,CH,N3)Val-Arg(Pbf)-Gly-0{g) ~<——— BTC (2.48 eq)
2,4,6-trimethylpyridine (21.0 eq)
i SPPS DCM, 15 h
H-Asp(0'Bu)-D-Phe-(N-CH,CH,CH,CH,N;)Val-Arg(Pbf)-Gly-OH (39) Fm00D-Phe-Val(N-CHaCH,CHaCHaNa)-Arg(Pb)-Gly-OMe

1. EDC-HCI, DMAP, DCM

l NaOH, CaCly, PrOH/H,0 7:3
2. TEA/H,O/TIS 95:5:5

Fmoc-D-Phe-Val(N-CH,CH,CH,CH,N3)-Arg(Pbf)-Gly-OH
cyclo[RGDF(N-CH,CH,CH,CH,N3)V] (27) lCTC A pou
resin, ,

NH (o]
HZNJL”«/\QLH/\%) L Fmoc-D-Phe-Val(N-CH,CH,CH,CH,N3)-Arg(Pbf)-Gly-0-Q)
NH ™ HN
[e) OH

’

® Fmoc-N-(4-azidobutil) valina (38) és accessible en 3 etapes: i. N®-alquilacié reductora de tert-butil
valinat amb 4-azidobutanal, ii. Fmoc-proteccié del grup amino N-(4-azidobutilat), iii. trencament
acidolitic de I'ester tert-butilic.

Malauradament, quan vam repetir les sintesis A i B amb una quantitat de resina superior i/o una funcionalitzaciéo més
elevada (i.e. >3 g resina, >0.5 mmol/g), vam trobar que els rendiments finals no eren tan satisfactoris, ja que
I'eficiencia de I'acoblament sobre el residu N-(4-azidobutilat) no era reproduible a escala gran. Per tal d’obtenir
guantitats de pentapéptid 39 de I'ordre de g, vam desenvolupar un protocol alternatiu en el qual I'acoblament dificil
es realitza en solucid i la resta de la sintesi en fase solida (estratégia C). En aquesta doble estrategia de SPPS, la resina
CTC s’utilitza per a I'’elongacié del péptid, escissio i reancoratge del péptid completament protegit, i elongacio final de
la cadena peptidica. L'acoblament D-Phe-[N-(4-azidobutil)]Val en solucié es va realitzar via un clorur d’acid, i va fornir
el segment peptidic desitjat amb un rendiment acceptable. Després de la desproteccid de I'extrem C-terminal, el
segment peptidic es va reincorporar a la resina CTC de forma eficient. Aquesta alternativa sintética ens va permetre
obtenir pentapeptid 39 a escala gran i amb un rendiment satisfactori. Després de ciclar-lo, desprotegir-lo, i purificar el
cru resultant per RP-HPLC, vam aillar el ciclopeptid N-(4-azidobutilat) (27) amb un rendiment global del 18%.

Amb la sintesi de 27 demostrem que els péptids N-(4-azidobutilats) es preparar utilitzant metodologies estandard de
SPPS i que el grup N-(4-azidobutil) és compatible amb els grups protectors de I'estratégia Fmoc-/'Bu-. Tenint en

compte que l'acilacio del residu N-(4-azidobutilat) es va aconseguir a escala petita utilitzant BTC com a reactiu
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activant, considerem que la sintesi del pentapéptid 39 a escala gran va requerir canviar de fase solida a quimica en
solucié a causa de I'impediment estéeric addicional exercit per la cadena B-ramificada de la Val. Aixi doncs, creiem que
la sintesi d’altres péptids N-(4-azidobutilats) no té perque requerir aquesta ruta alternativa.

Per tal d’estudiar si els grups N-(4-azidobutil) i N-Me exerceixen restriccions conformacionals semblants quan
s’'incorporen en un peptid ciclic,c vam analitzar ciclo[RGDfNMeV] (23) i el seu analeg N-(4-azidobutilat) (27) per
espectroscopia RMN. La Taula 35 mostra la similaritat dels seus desplagaments quimics per als senyals dels HY, 1§ .
La resta de senyals de 'H i C associats a I’'esquelet peptidic i a les cadenes laterals també van resultar practicament
identics. D’altra banda, els protons H" de 23 i 27 van presentar valors molt semblants per als seus coeficients de
temperatura i constants escalars d’acoblament veinal (veure Taula 36). La semblanga de tots aquests parametres
experimentals indica que la substitucié del grup N-Me de ciclo[RGDfNMeV] (23) pel grup N-(4-azidobutil) provoca una
perturbacid minima en el seu estat conformacional. En base a aquest resultat, podem esperar que el grup N-(4-
azidobutil) també exerceixi les mateixes restriccions que el grup N-Me quan s’incorpori en d’altres péptids ciclics.

Taula 35. Desplacaments quimics (ppm) dels senyals de H", H* i C*de 23 i 27 en H,0 (pH 6.0) a 288 K.

& (H") [ppm] 6 (H*) [ppm]
Peptide HY [ HY | BY | RV 1: H*[NMeV] HY | HY | H® H®
[Asp] [ [Arg] | [D-Phe] | [Gly] | 2: H“[(N—CHZCHZCHZCH2N3)V] [Asp] | [Arg] | [D-Phe] [Gly]
cyclo[RGDfNMeV] (23) 8.68 | 8.47| 821 |8.02 437 457(3.93| 5.21 |3.54,4.14
cyclo[RGDf(N-CH,CH,CH,CH,N5)V] (27) | 8.68 | 8.55| 8.14 |7.83 4.37 4.65|3.86| 5.01 |3.56,4.09
5 (C%) [ppm]
Peptide 1: C* [NMeV] c | c* c* c*
2: C*[(N-CH,CH,CH,CH,N3)V] | [Asp] | [Arg] | [D-Phe] | [Gly]
cyclo[RGDfNMeV] (23) 66.9 52.9 | 57.6 | 53.8 |46.1
cyclo[RGDf(N-CH,CH,CH,CH,N5)V] (27) 67.1 53.2 | 58.0| 54.6 |45.9

? |"assignacié completa de tots els senyals de *H i °C de 23 i 27 a 288 K es troba a I’Annex 3.

Taula 36. Coeficients de temperatura (ppb k™) i constants escalars
d’acoblament veinal (Hz) dels protons amida de 23 i 27 en H,0 (pH 6.0).

AS8/AT [ppb K™ 3J(HY-H%) [Hz]
Peptide i BN i BN | RN i BN BN
[Asp] | [Arg] | [D-Phe] | [Gly] | [Asp] | [Arg] | [D-Phe] | [Gly]
cyclo[RGDfNMeV] (23) -75|-11.1| -55 |-54|83|75]| 96 |82
cyclo[RGDf(N-CH,CH,CH,CH,N;)V] (27)| -7.5 |-10.0| -54 |-5.1| 7.8 | 73| 9.1 |78

El grup N-(4-azidobutil) present a 27 va permetre la unié d’una cadena de PEG polidispers de 2 KDa mitjangant varies
transformacions quimiques (veure Esquema 70). El PEG-conjugat 31 es va obtenir a partir de 27 per reaccié amb un
PEG-alqui (2 KDa) via cicloaddicié 1,3-dipolar catalitzada per Cu(l). EI Cu(l) catalitic es va generar in situ a partir de
CuSO, i ascorbat de sodi, i vam trobar que calien 1.0 equivalents de Cu(l) per tal que la reaccié fos completa. Per tal
d’obtenir els PEG-conjugats 29 i 30, el grup azido de 27 es va reduir amina. La utilitzacié de Zn/NH,Cl com a agents
reductors va permetre dur a terme aquesta transformacié en condicions suaus. El ciclopéptid resultant (28) es va
acilar amb un derivat PEG-COOSu (2KDa) en medi basic aquds, donant lloc al conjugat 29. Alternativament, I'alquilacié
reductora de 28 amb un PEG-aldehid (2 KDa) va fornir el conjugat 30. Totes les reaccions van tenir lloc amb bons
rendiments. No obstant, degut a la polidispersitat del polimer PEG, vam haver d’optimitzar I'estequiometria de les
reaccions per tal de facilitar la purificacié dels PEG-conjugats 29-31 per RP-HPLC.
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Esquema 70. Sintesi dels PEG-conjugats 29-31.

MPEG500-NHCOCH,CH,-alkyne (1.5 eq) HN
CuSOy (1.0 eq) H

/\/\ek O
H NH H/H\N/// N
o OH NaAsc (2.0 eq) m

. © BUOH/H,0 1:1 z
o / rt, 15 h [

T
2
P
=z
Sz
(@]
z
e}

ﬁzﬁxﬂ

mPEGZOOO
Zn (1.3 eq)
NH,CI (2.5 eq) M &/\ﬁ o
Eg%‘:gﬁ?,'1 MPEG 050-CH,CH,-COOSU (0.5 eq) N N
o EtOH/0.2 M borate buffer (pH 8.5) 1:1 \?\N Nm

NH rt,2h

o NH Hb(OH mPEGzooov\gNH

\?\N»_H/N 5 ©

H) Oé MPEG,000-CH,CH,-CHO (3.0 eq) H o

W\*V

e

O
MPEG2000,_~_ NH é

30

MeOH
rt, 15 h

\M

Havent sintetitzat els tres PEG-conjugats (29-31), vam investigar si aquests derivats adopten la mateixa conformacio
que ciclo[RGDfNMeV] (23). La conformacio de 23 en solucié aquosa es caracteritza per un gir-y centrat en el residu de
Gly, i un rapid equilibri dos girs-y invertits (y;) centrats en els residus Arg i Asp.145 La presencia d’aquests elements de

quiralitat secundaria en un péptid déna lloc a bandes caracteristiques en el seu espectre de cD.™®

Tot i que no és
possible correlacionar un espectre de CD amb una conformacio especifica, I'espectroscopia de CD és una técnica molt
sensible per a detectar canvis en l'estructura secundaria d’'un péptid, i és un metode valid per a comparar la
conformacié d’'una série d’analegs peptidics modificats. Aixi doncs, per tal d’estudiar la conformacié dels PEG-
conjugats 29-31 i la del péptid no modificat (23), vam analitzar-los per espectroscopia de CD. L’espectre de CD de
ciclo[RGDfNMeV] (23) va presentar una banda negativa a 238 nm (A,i,) i Una banda positiva a 212 nm (A.,,) (veure
Figura 69). Els PEG-conjugats 29-31 van donar lloc a espectres de CD molt semblants, indicant que tots aquests
derivats presenten una conformacid similar a la del péptid no modificat. Aquestes mesures de CD sdn compatibles
amb una conformacid que presenti dos girs-y; en rapid bescanvi conformacional i un gir-y, ja que per a d’altres péptids

amb girs-y s’han publicat dades de CD semblants.'®®
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Figura 69. Espectres de CD de ciclo[RGDfNMeV] (23) i els PEG-conjugats
29-31 en H,0 a una concentracié de 0.5 mM.
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Per als tres PEG-conjugats (29-31), vam avaluar la seva activitat biologica en comparacié amb el péptid no modificat,
ciclo[RGDfNMeV] (23) (veure Taula 37). Amb aquest objectiu, vam realitzar assajos d’inhibicié d’adhesié cel-lular on
vam mesurar la capacitat dels nostres compostos per a inhibir I'adhesié de cél-lules HUVEC i DAQY sobre dos lligands

150 \ . . ,
Aquestes cél-lules s'uneixen a VN i FB a través de les

d’integrina immobilitzats: vitronectina (VN) i fibrinogen (FB).
integrines a,Bs i a,Bs que es troben a la seva membrana (només a través de a,B; en el cas de FB). Aixi doncs, I'activitat
inhibitoria d’adhesié és una mesura indirecta de |'activitat antagonista d’un péptid RGD envers les integrines a,Bs i
o,Bs. Per a tots els sistemes cél-lula/lligand, els conjugats 29-31 van inhibir ’adhesid, tot i que amb menor poténcia
que el péptid original (23). Aquesta disminucié d’activitat es pot atribuir a que les seves cadenes de PEG interfereixen
amb la interacci6 RGD-receptor. Aquesta hipotesi és consistent amb els resultats dels assajos amb els N-OEG
ciclopéptids 24-26 (Capitol 3), on els derivats amb cadenes de N-OEG més llargues van ser considerablement menys
actius. D’altra banda, els experiments de CD van indicar que els conjugats 29-31 i ciclo[RGDfNMeV] (23) tenen la
mateixa conformacio. Aixi doncs, no vam trobar cap evidéencia per a atribuir la menor activitat dels conjugats 29-31 a
un estat conformacional diferent en el qual la seqiiéncia RGD no esta oOptimament orientada per a interaccionar amb

els receptors integrina.

Taula 37. Assajos d’inhibicié d’adhesid cel-lular amb
ciclo[RGDfNMeV] (23) i els PEG-conjugats 29-31. Els valors de
1Cso estan expressats en M. ab

Vitronectina (VN) | Fibrinogen (FB)
Compost o,Bs + avBs avB;

HUVEC | DAOY | HUVEC | DAOY

enVN | enVN en FB en FB

23 0.37 2.69 0.076 0.44

29 3.06 28.76 0.23 1.77

30 3.40 49.56 0.41 2.71

31 8.90 75.21 0.53 4.36

? Les cél-lules HUVEC i DAQY sobreexpressen els receptors
integrina auPBs i auBs. © Aquests assajos bioldgics van ser
realitzats pel Dr. Jaume Adan, del centre tecnologic Leitat.
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Finalment, també vam avaluar la hidrofobicitat relativa dels tres PEG-conjugats (29-31) i ciclo[RGDfNMeV] (23). Tots
els ciclopéptids van mostrar coeficients de particié octanol/aigua (logPs) molt semblants. Els seus valors de logP es
trobaven en el mateix rang que els valors descrits per a d’altres RGD-ciclopéptids modificats amb PEG™ i derivats
RGD-ciclopeptidics considerats com a hidrofilics."®* Els tres PEG-conjugats (29-31) van presentar temps de retencio RP-

HPLC superiors al del péptid no modificat (23), indicant un major caracter hidrofobic.

En conclusid, el grup N-(4-azidobutil) es pot introduir en un péptid utilitzant tecniques estandard de SPPS i permet la
conjugacio del péptid al final de la sintesi. Gracies a les propietats ortogonals de I'azida, el nostre linker és compatible
amb els grups protectors i resines freqlientment utilitzats en sintesi de péptids. D’altra banda, la versatilitat quimica
de la funcié azida, que es pot reduir amina abans de I'etapa de conjugacid, permet un disseny flexible de conjugats
peptidics. En relacié amb aixo, la possibilitat d’utilitzar click chemistry en I'’etapa de conjugacio resulta un avantatge, ja
que permet la conjugacié en presencia de grups funcionals a les cadenes laterals i, en conseqliéncia, implica un
requeriment minim de grups protectors. En base a totes aquestes consideracions, creiem que el nostre linker resultara
d’utilitat en quimica de peptids i ampliara I'aplicacié de metodes de conjugacié establerts.

D’altra banda, els nostre estudis mitjangant RMN i CD suggereixen que el grup N-(4-azidobutil) exerceix les mateixes
restriccions que un grup N-Me quan s’incorpora en un peptid ciclic. Aixo amplia la utilitat del grup N-(4-azidobutil)
com a linker per a la preparacio de conjugats peptidics, ja que el grup N-Me es troba present en nombrosos peptids
ciclics biologicament actius. Aixi doncs, reemplacar el grup N-Me d’un ciclopeptid N-metilat pel nostre linker és una
alternativa viable per a funcionalitzar el peptid sense alterar la seva conformacié i sense modificar les cadenes laterals
dels seus aminoacids constituents, en molts casos essencials per a I’activitat biologica.
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ANNEX 1: TABLES OF AMINO ACIDS, COUPLING REAGENTS AND PROTECTING GROUPS

Table I: Amino acids used in the present Thesis

Name Code Structure
glycine Gly, G e}
v
alanine Ala, A e}
HZN\_)kOH
leucine Leu, L 0]
HzN\.)kOH
valine Val, vV 0]
N A,
SN
phenylalanine Phe, F o)
HoN \.)J\OH
D-phenylalanine | D-Phe, f o)
HoN OH
aspartic acid Asp, D 0]
N A,
(0]
HO
arginine Arg, R o)
HzN\.)J\OH
NH
HNﬂ\
NH,
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Table II:

Protecting groups used in the present Thesis

Functional
Common . -
Systematic name Structure group Stability
name
protected
Fmoc- 9-fluorenylmethoxycarbonyl 0) amine Stable: acid
Labile: base
o)kg“
Alloc- allyloxycarbonyl 0 amine Stable: acid and base
Labile: Pd°
\/\O)K;
‘Bu- tert-butyl < acid Stable: base
/4;7‘ Labile: acid
Pnb- p-nitrobenzyl acid Stable: acid and base
/©/\H'J Labile: reducing
O,N agents or catalytic
hydrogenation
Pbf- 2,2,4,6,7-pentamethyl-2,3- 0.0 NH guanidine Stable: base
dihydrobenzofuran-5-sulfonyl \S/\rr* )k R Labile: acid
\N N/
H H
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Table lll: Coupling reagents and additives used in the present Thesis

Common .
Systematic name Structure
name
DIPCDI N,N'-diisopropylcarbodiimide
Provy >—N=C=N—
EDC-HCI N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide N\ o
hydrochloride N_C_NK(BN{'
N
CI@
HOAt 1-hydroxy-7-azabenzotriazole N
| N
_— /
NT N
OH
HOBt 1-hydroxybenzotriazole N
\\N
/
N
\
OH
OxymaPure ethyl 2-cyano-2-(hydroxyimino)acetate _OH
N
|
OEt
oy
0
HATU O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium Me,N
NM62
hexafluorophosphate >@/
XN PR
‘ _ //N
N N\@
Oo
HBTU O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium Me,N
NM62
hexafluorophosphate 7@/
o
N PFg
//N
N®
\
Oo
PyBOP (benzotriazol-1-yl-oxy)tri(pyrrolidino)phosphonium N
hexafluorophosphate \\N
/
N
bos f)
®_N
Np—
PFe~ P
6 /\N
O
TFFH tetramethylchloroformamidinium hexafluorophosphate Me,yN
®)»—Cl PFg°
MezN
TFFH tetramethylfluoroformamidinium hexafluorophosphate Me,yN
®)>—F PFg~
MezN
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'H AND C-NMR ASSIGNMENT OF THE N-TEG AND N-Me ANALOGS OF

SANSALVAMIDE A PEPTIDE

ANNEX 2

'H-NMR assignment of the N-TEG and N-Me analogs of Sansalvamide A peptide in CDCl; at 288 K.

Table IV

(HT SQ) €18 | (HT ZH¥'6=r"P) Z¥'8 (HT "sq) ¥1°8 (HT s9) ¥6°L (HT 'sq) 8LL HE
(Hs ‘W) 85 /-40°L| (HT ZHSL=r7"P) 289 (HT sQ) #0'8 | (HT ZHE'8=r‘P)ST'8 (HT sq) 852 (HT ‘w) 89" z-8EL
(HT sq) €0 (HS ‘W) vE£-TT'L (HS ‘W) 18 L0072 (H9 ‘w) gg 212 (HS ‘w) o' £-€0°L (Hs ‘W) 9z £-TTL wdd
(HT'sq)£2'9| (HT ZHS'6=r"P)S¥'9 (HT Q) £8'9 | (HT ZH9'8=r"P) 159 (HT 'sq) 502 (HT ‘sa) £6'9 [ayd] . HxS 06-cc
(HT'sq)¥5'9| (HT ZHT'S=7"P)O¥'9 (HT sqQ) 125 (HT sqQ) ¥£°S (HT 'sq) 059 (HT 'sq) 82'9 WHXt
(HT ZH 9°¢
(HT ‘2H (HT‘ZH8'9=r7"P)S8'F | ‘ZHTOT =/ PP) L6V (HT ‘w) 98w (HT ‘W) s6'v
S8°L9T=rPP)BSY (HT ‘W) vy (HT ‘w) 9v'v (HT ‘W) £5F (HT ‘W) L'y
(HT 2H¥'6=r Y 6ry (HZ ‘W) ¥o'v-z5't (HT ‘W) oz'v (HT ‘W) 2y (HT ‘W) 8T'v (HT ‘W) 8Tt
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Be-NMR assignment of the N-TEG and N-Me analogs of Sansalvamide A peptide in CDCl; at 288 K.
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ANNEX 3: 'H AND *C-NMR ASSIGNMENT OF cyclo[RGDfNMeV] AND ITS N-(4-AZIDOBUTYLATED)

ANALOG

Table VI: "H-NMR assignment of cyclo[RGDfNMeV] (23) and cyclo[RGDf(N-CH,CH,CH,CH,N3)V] (27) in H,0/D,0 9:1 (pH

6.0) at 288 K.

cyclo[RGDfNMeV] cyclo[RGDf(N-CH,CH,CH,CH,N5)V]
(23) (27)
N-CH,CH,CH,CH,N3:
N-CHs:
N-X [Val] 3 1.14 (m, 1H), 1.32 (m, 1H), 1.49 (m,
2.90 (s, 3H) 2H), 3.12 (m, 2H), 3.27 (m, 1H), 3.34
(m, 1H)
y-CH;°[Val] |0.60 (d, J = 6.8 Hz, 3H) 0.57 (d, J = 6.8 Hz, 3H)
y-CH" [Val] |0.90 (d, J = 6.8 Hz, 3H) 0.89 (d, J = 6.8 Hz, 3H)
1.56 (m, 1H) 1.55 (m, 1H)
y-CH, [Arg]
1.60 (m, 1H) 1.60 (m, 1H)
1.91 (m, 1H) 1.93 (m, 1H)
B-CH, [Arg]
1.96 (m, 1H) 1.97 (m, 1H)
B-CH [Val] |2.09 (m, 1H) 1.98 (m, 1H)
B-CH, [Asp] 2.70 (dd, J = 17.4 Hz, J = 6.8 Hz, 1H) 2.66 (dd, J = 18.5 Hz, J = 6.5 Hz, 1H)
- S
218P1 15 92 (dd,J=17.4 Hz, J = 7.6 Hz, 1H) 2.91 (dd, J = 18.5 Hz, J = 7.8 Hz, 1H)
2.99 (dd, J = 13.5 Hz, J = 7.5 Hz, 1H) 2.98 (dd, J = 13.8 Hz, J = 3.7 Hz, 1H)
B-CH, [D-Phe]
3.07 (m, 1H) 3.14 (m, 1H)
3.18 (dd, J = 13.7 Hz, J = 6.9 Hz, 1H) 3.17 (m, 1H)
6-CH, [Arg]
3.25 (dd, J = 13.1 Hz, J = 6.5 Hz, 1H) 3.24 (m, 1H)
H*[Gly] |3.54(dd,J=15.2 Hz, J = 3.5 Hz, 1H) 3.57 (d, J = 16.1 Hz, 1H)
H® [Arg] 3.93 (m, 1H) 3.86 (m, 1H)
H®® [Gly] |4.14 (dd, J = 15.2 Hz, J = 3.5 Hz, 1H) 4.09 (dd, J = 16.1 Hz, J = 8.1 Hz, 1H)
H® [Val] 4.37 (d, J = 11.4 Hz, 1H) 4.37 (d, J = 11.7 Hz, 1H)
H*[Asp] | 4.57 (m,J=7.5Hz, 1H) 4.65 (m, J = 15.0 Hz, J = 6.9 Hz, 1H)
H® [D-Phe] |5.21(dd,J=17.0 Hz, J = 9.6 Hz, 1H) 5.01 (m, 1H)
5-NH [Arg] |7.28 (m, 1H) 7.28 (m, 1H)
5xH* [D-Phe] | 7.24-7.39 (m, 5H) 7.21-7.40 (m, 5H)
HY [Gly] 8.02 (dd, J = 8.2 Hz, J = 3.5 Hz, 1H) 7.86 (d, J = 7.8 Hz, 1H)
HY[D-Phe] |8.21(d,J=9.6 Hz, 1H) 8.16 (d, J = 9.1 Hz, 1H)
H" [Arg] 8.53 (d, /= 7.5 Hz, 1H) 8.60 (d, J = 7.3 Hz, 1H)
H" [Asp] | 8.68 (d, J = 8.3 Hz, 1H) 8.72(d, J= 7.8 Hz, 1H)
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Table VII: >C-NMR assignment of cyclo[RGDfNMeV] (23) and cyclo[RGDf(N-CH,CH,CH,CH,N5)V] (27) in H,0/D,0 9:1
(pH 6.0) at 288 K.

cyclo[RGDfNMeV] cyclo[RGDf(N-CH,CH,CH,CH,N3)V]
(1) (2)
N-CHj: N-CH,CH,CH,CH,N;:
N-X [vall 33.43 28.2, 20.42, 462.4, ;3?2

y-CH; [Val] 21.0 21.3
y-CH; [Val] 21.2 21.9
y-CH, [Arg] 27.9 27.7
B-CH [Val] 28.0 28.2
B-CH, [Arg] 28.6 29.0
B-CH, [Asp] 36.8 37.3
B-CH, [D-Phe] 40.0 40.8
8-CH, [Arg] 43.4 43.4
C*[Gly] 46.1 45.9

c" [Asp] 52.9 53.2
C" [D-Phe] 53.8 54.6
C" [Arg] 57.6 58.0
C* [vall] 66.9 67.1
129.7 130.0

4xC* [D-Phe] 131.5 131.7
132.0 132.1

139.3 139.1

H,N-C(=NH)NH [Arg] 159.6, 165.7 159.6, 165.9

173.3 173.2

173.6 173.7

5x(-CONH-) 174.6 (x2C) 174.6

175.8 175.6

176.2

COOH [Asp] 177.6 178.5

242



Annexes

ANNEX 4: CELL ADHESION INHIBITION CURVES OF cyclo[RGDfNMeV] AND ITS N-SUBSTITUTED

ANALOGS

Figure 1. Cell adhesion inhibition curves for cyclo[RGDfNMeV] (23) and its N-OEG analogs (24-26) in HUVEC and DAQY
cells at 3 hours of incubation. A) Using vitronectin (VN) as ligand. B) Using fibrinogen (FB) as ligand.
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Figure Il. Cell adhesion inhibition curves for cyclo[RGDfNMeV] (23) and its N-OEG analog 24 in HT-29 cells at 3 hours of

incubation using vitronectin (VN) as ligand.
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Figure lll. Cell adhesion inhibition curves for cyclo[RGDfNMeV] (23) and the PEG conjugates 29-31 in HUVEC and DAOY
cells at 3 hours of incubation. A) Using vitronectin (VN) as ligand. B) Using fibrinogen (FB) as ligand.
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The NMR study was performed together with Dr. Jesus Garcia. We are thankful to Dr. Jaume Adan for performing
the cell adhesion inhibition assays. [Publication 1V]
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PG‘Q‘. COPG? HO, CO.PG?
ol oM HO,C  OPG'

type | building block  type |l building block

PG': Bz, p-nitrabenzyl, p-methoxybeanzyl
PG Me, allyl, tert-butyl

An efficient strategy to synthesize tartaric acid building
blocks for totally regioselective transformations or deri-
vatizations was disclosed. Starting from r-tartaric acid
or L-dimethyl tartrate, respectively, we obtained type 1
and Il building blocks with orthogonal sets of protecing
groups (4—=8 steps, 38—56% overall yield).

Although tartaric acid is a structurally simple molecule, it
1s a key chiral pool compound in organic chemistry. It 1s a
very uselul starting material for the total synthesis ol natural
and non-natural products, and 1t also serves as a core for
chirality-inducing ligands." The use of tartaric acid as a
chiral building block olten requires the appropriate difler-
entiation between the Munctional groups present in its struc-
ture. The distinction between the two pairs of hydroxy and
carboxy groups is easy Lo accomplish. These Munctionalities
can be elficiently monoderivatized by several methods.”

(1) Comprehensive reviews of applications in organic synthesis: (a) Coppola,
G. M.; Schuster, H. F. Chiral a-Hydroxy Acids in Enantioselective Synthesis,
Wiley-VCH: Weinheim, Germany, 1997, (b) Gawronski. J.: Gawronska, K.
Tarraric and Malic Acids in Synchesis: A Source Book of Building Blocks. Ligands,
Auxiliaries, and Resolving Ageris; John Wiley: New York, 1999, Source for chiral
auxiliaries: (c) Seebach. D.; Beck, A. K. Heckel. A. Angew. Chem. 2001, 113, 96;
Angew. Chem., Int. Ed. 2001, 40, 92 (d) Dieguez, M.; Pamies, O.; Claver, C.
Chem. Rev. 2004, 104, 3189,

(2) Some representative routes not discussed in ref 1: (a) Gonzalez, 5. V.;
Carlsen, P. Eur. J. Org. Chem. 2007, 21, 3495, (b) McNulty, I.; Mao, I,
Tetrahedron Leii. 2002, 43, 3857,
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HQ CO;R  FiC CF3
RO,C  OH O (HFA)
—_—

L-tartaric acid or

L-dimethyl 4-8 steps

tartrate 38 - 56 Y
'PGO  CO,PG? HQ ~ CO,PG?
HO.C  OH Ho.C  DPG!

type | building block  type |l building block
FIGURE 1. Totally regioselective controlled tartaric acid building
blocks I and I1.

However, what still remains a challenge is the independent
modilication ol the carboxy and the hydroxy group in a
regioselective manner, which is crucial for the synthesis of
certain products. The strategies reported to date require
extensive preparative work, considerable study ol reaction
conditions, structural assignments, and sometimes cumber-
some or impossible separations between regioisomers. For
example, the totally remoselective synthesis ol tartaric acd
derivatives bearing lour distinet substituents on the hydroxy
and carboxy [unction requires 12 steps starting [rom 2-hy-
droxy-2-(4-[1,3]dioxolanylacetate, a building block that 1s
accessible from ascorbic acid in three steps.” Apparently,
more straightforward 1s the monosaponification of mono-
ethers of dialkyl tartrates with potassium carbonate or,*
alternatively, with pig liver esterase, which has the advantage
ol providing higher regioselectivity * However, in both cases,
the separation of the desired product lrom the undesired
regioisomers and the totally sapomfied compounds may be
difficult to achieve. A lew examples ol total differentiation have
been achieved during the course of multistep syntheses.”

While working on the synthesis ol anticancer depsipep-
tides containing tlartaric acid as the core unit, we lfound 1t
highly desirable to develop a general and [lexible synthetic
route to tartaric acid building blocks of type I and II, in
which all four Munctionalities are differentiated by orthogo-
nal protecting groups. Here we disclose an efficient strategy
to synthesize such tartaric acid derivatives on a multigram
scale (4—8 steps starting [rom L-tartarie acid or c-dimethyl
tartrate, respectively, with overall vields between 38 and
56%; Figure 1).

Hexalluoroacetone (HFA) is a bidentate protecting/
aclivating reagent with several applications in the chemistry

(3) (a) Usui, H.; Kagechika, K.; Nagashima, H. European Patent Appli-
cation EP0949238, 1999, (b) Wei, C. C.; De Bernardo, S.; Tengi, 1. P;
Borgese, 1., Weigele, M. J. Org. Chem. 1985, 50, 3462,

(4) (a) Barton, D. H. R.: Cleophax, J.; Gateau-Olesker, A.; Gero, 5. D.;
Tachdjian, C. Terrahedron 1993, 4%, 8381, (b) Gateau-Olesker, A.; Cleophax,
I.; Gero, 8. D. Tetrahedron Lerr. 1986, 27, 41. (c) Siddiqui, M. A.; Mansoor,
U. F.: Reddy. P. A.; Madison, V. 8. US Patent Application 20070167426,
2007.

(%) (a) Tartaric acid monohydroxamates can be regioselectively O-mono-
silylated to give the o- or f-hydroxvhydroxamates, depending on the reac-
tion conditions: Kolasa, T.; Miller, M. J. Terrafedron 1989, 45, 3071,
(b) O-Monobenzylated rers-butyl tartrate can be regioselectively reduced
with LiBHs to a | 3-diol: Nakamura, 5.; Hirata, Y.; Kurosaki, T.; Anada,
M.:Kataoka, 0. Kitagaki, S.: Hashimoto, 5. Angew. Chem. 2003, 115, 5509,
Angew. Chem., Int. Ed. 2003, 42, 5351.

Published on Web 07/26/2010 DOIL: 10,1021 jol01001s
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SCHEME 1.  Reaction of Tartaric Acid with Hexafluoroacetone
(HFA)®
L-tartaric acid
R
o [o}
w R LR
— = CF
5 CFs MO, O 8
HO,C [o] 2
rd CF, CF4
1 2

“Conditions: (a) =3 equiv ol HFA, DMSO, 4 days, 64%: (b) =4 equiv of
HFA, DMSO, 15 h, 64% .

ol a-hydroxy acids.® HFA reacts with a-hydroxy acids to give
live-membered lactones (2,2-bistn[luoromethyl- 1,3-dioxolan-
4-ones). This reaction also proceeds regioselectively when
more carboxy groups are present in the molecule (eg., in
malic acid). In a previous report, structure 1 was proposed as
the reaction product of tartaric acid and HFA.” To the best of
our knowledge, this is the only chemical reaction in which a
total differentiation of all four functional groups of tartaric
acid can be achieved in one step. Therefore, we considered the
dioxolane 1 an ideal key intermediate for the conecise prepara-
tion of type I and 1T building blocks (Scheme 1).

First, we had to make a considerable effort to obtain 1 in a
reproducible way. We found that the product is contami-
nated with the inseparable f-elimination product 2 in vari-
able amounts. A more detailed examination of the reaction
conditions revealed that both the amount of HFA and the
reaction time are crucial lactors. The best results were
obtained when no more than 3 equiv ol gaseous HFA was
absorbed by a stirred solution of tartaric acid in DMSO. In
the reaction mixture, 1, unreacted tartaric acid and one
major intermediate were detected by '"H and "F NMR
spectroscopy (see Experimental Section). When the reaction
mixture was allowed to react in a sealed llask l'or 4 days, the
mtermediate disappeared to give 1, which was isolated by
extraction in up to 64% yield (depending on the amount
HFA added). However, when more than 4 equiv ol HF A was
added, only 2 was lormed.?

MNext, we envisaged the introduction of conventional pro-
tecting groups into 1 in order to obtain building blocks of
type I and II. Nucleophilic ring opening of the dioxolane
proceeds with concomitant deprotection ol the adjacent
hydroxy group.® Therefore, to maintain the differentiation
of the two hydroxy groups, the free hydroxy group in 1
requires protection belore nucleophilic ring opening of the
dioxolane. Initially, acetyl was chosen as the OH protecting
group because the acetylation of 1 was found to proceed
smoothly. The resulting lactone 3 was reacted with methanol
to give the methyl ester 4 inexcellent yield. The structure ol 4,
a type I building block, was confirmed by X-ray spectrosco-
py (see Supporting Information).”

The type II building block 6 was prepared by esterification
ol the 'ree carboxy group ol 3 and subsequent hydrolysis of

(6) Spengler, J.; Boettcher, C.; Albericio, F.; Burger, K. Chem. Rev. 2006,
106, 4728,

(7) Weygand, F.; Burger, K. Chem. Ber. 1966, 99, 2880,

(8) Compound 2 is under current investigation as building block for
o-0x0 acids.

(9) A sample of roc-4, prepared from racemic tartaric acid, could be
crystallyzed from CHCl. Crystal data: see Supporting Information.
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SCHEME 2. Synthesis of O-Acetyl/Methyl-Ester-Protected
Building Blocks 4 and 6*
o]
a) Acq_/_)\\o b) AcO COMe
1— o, —
HO,C o HO,C OH
3 CFs 4
c) &)
Q
AcO d) AcO COzH
= (o] o Y
MeO,C "o/J\; EFB MeO,C  OH
3
5 6

“Conditions: (a) AcCl, 15h, 84%; (b) MeOH/DCM, 15 h, 90%; (c) CHaN,
in 0, 15 min, 88%: (d) H:0/2-PrOH, 15 h, 79%: (¢) in aq NaHCO at rt,
the equilibrium of 2:1 (4/6) is reached after 3 days.

the lactone 5. However, 4 and 6 were found to slowly inter-
convert in ag NaHCO; solution ('"H NMR spectroscopy).
Such base-promoted acyl migration'” is well-known in car-
bohydrate chemistry and limits the utility of'4 and 6 as totally
dilferentiated tartaric acid building blocks (Scheme 2).

Consequently, the choice of an OH protecting group that
does nol migrate 1s mandatory. Silyl ether migration has
been reported for tartaric acid derivatives.™ Benzyl ethers
are not prone to migration and can be cleaved with a broad
range ol conditions orthogonally 1o those lor the deprotec-
tion of methyl esters."’ Given that the dioxolane 1 decom-
poses in the presence of bases, the benzylation of 1 was found
not to be feasible, and consequently, we changed the strat-
egy. Thus, the monobenzyl (Bzl), p-nitrobenzyl (Pnb), and
p-methoxybenzyl (Mob) ethers of dimethyltartrate (7a—c)
were prepared via a stannylene acetal following elficient
protocols cited in the literature.'* After saponilication of
Ta—c to the [ree acids (8a—c), the differentiation between the
carboxylic groups was achieved by reaction with HFA (8a—c
to 9a—c). These reactions required less time than that re-
quired lor the synthesis of 1 (typically overnight), and no
f-elimination was observed."” Methanolysis of 9a—c¢ (same
conditions as lor 3 (o 4) enabled us to obtain the first set of
type I building blocks 10a—c¢ with variable O-protection. The
set of type II building blocks 12a—c¢ was prepared via the
methyl esters 11a—c (Scheme 3).

To introduce further dimensions ol orthogonality, build-
ing blocks with allyl and rers-butyvl-ester-protected carboxyl
groups were prepared by modilied protocols. The allyl ester
13 was obtained by nucleophilic ring opening of the dioxo-
lane 9¢ with allyl alcohol. In contrast to the methanolysis,
this reaction required heating. To synthesize the regioisomer
15, the carboxy group ol 9¢ was activated as acid chloride,

(10} Roslund, M. U ,; Aitio, O.; Warna, J.; Maaheimo, H.; Murzin, D. Y .;
Leino, R. J. Am. Chem. Sec. 2008, 130, 8769, Encouraged by the reported
observation that pivaloyl migration takes places considerably more slowly
than acetyl migration, we also prepared the pivaloyl analogues. However,
migration in agueous NaHCO; was also observed in this case.

(11) Greene, T. W. Wuts, P. G. M. Prorecrive Groups in Organic Synt he-
siz, 3rd ed.; John Wiley: New York, 1999,

(12) (a) Nagashima, N.; Ohno, M. Chem. Lert. 1987, 141. (b) Nagashima,
N.: Ohno, M. Chem. Pharm. Bull. 1991, 39, 1972, (c) The protocol used here
was adapted from ref 5b.

(13) The formation of six-membered rings, which could give undesired
regioisomers, was not observed, and itis known that their formation requires
special conditions: Spengler, J.; Ruiz-Rodriguez, I.; Yraola, F.; Rovo, M
Winter, M.; Burger, K.; Albericio, F. J. Org. Chem. 2008, 73, 2311.
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SCHEME 3. Synthesis of O-Benzyl/Methyl-Ester-Protected
Building Blocks 10a—cand 12a—¢(7-12a,R = Bz 7-12b,R =

Pnb; 7—12¢, R = Mob)*
L-dimethyl 2 RQ,~ COMe )
tartrat 3 —
e MeO,C  OH
Ta-c
OR
RO, COH o  HOL— P
HO,C  OH o 9ac
8a-c d) F.€ CFs
RO CO;Me l e)
HO,C — OH OR
10a-¢ Meﬂgcwﬁ
RO COM 1) s
. / ><C'
MeO,C  OH F,C CFy
12a-c 11a<c

“Conditions: (a) SnO Bus, toluene, reflux, 2 h, then CsF, benzylbromide,
DMF, 10k, 80—96%:; (b) LIOH, Ha0/dioxane, 1 h, 77—89%; (¢) HFA,
DMSO, 15 h, B3—98%; (d) MeOH/DCM, 15 h, 81—-98% (L)LHwNﬂn
Et,0, 15 min, 81—95%; (f) HyO,2-PrOH, 15 h, 83—100%.

SCHEME 4. Synthesis of O-Benzyl/ Allyl-Ester-Protected
Building Blocks 13 and 15*

MobO  COAll
ac a) g
R .
HO,C  ©H

l 13

MobO, o MobQ ~ COH
Auozc ’JY— CF“ AI0,C OH
135

“Conditions: (a) allyl—OH/DCM, rt — reflux, 15 h, 93%; (b) (COCl),,
15 min, then allyl—OH/Et-0, 4 h, 95%: (¢) H»0/2-PrOH, 15 h, 97%.

which quickly reacted with allyl alcohol at room tempera-
ture, allording the ester 14. Finally, 15 was obtained by
hydrolysis ol 14 (Scheme 4).

The fert-butyl esters 18 and 21 were more diflicult to
obtain. All of our initial attempts at esterification and nu-
cleophilic ring opening of the dioxolanes 9a—c with rerf-butyl
alcohol lailed. Thus, the methyl esters 10a and 12a were, res-
pectively, chosen as an alternative starting point. Afler ace-
tylating the hydroxy groupin both 10a and 12a, treatment of
the resulting 16 and 19 with fers-butyl bromide under phase
transler conditions allowed us to form the feri-butyl esters 17
and 20. The methvl ester and the acetate were then hydrolyzed
im one step to give 18 and 21, respectively. We found that
lithium hydroxide in aqueous dioxane promotes the hydro-
lysis of 17, vielding 18 exclusively; however, in the case ol 20,
considerable amounts ol the S-¢limination product were
formed under the same conditions. We assume that the neigh-
boring CH proton in 17 is protected toward base-mediated
abstraction as a result ol the steric demand ol the adjacent
fert-butyl group, which hinders elimination. In contrast, ace-
tate hydrolysis becomes more dif ficult in 20 and, for the same
reason, elimination takes place. Elimination was completely

5748 J. Org. Chem. Vol. 75, No. 16, 2010
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SCHEME 5. Synthesis of O-Benzyl/rerr-Butvl-Ester-Protected
Building Blocks 18 and 21

b)
—

a) AcQ CO.H
10a —= —.

MeO,C OBz
16

c) CO,'Bu

i .
HO,C DBzl
18

AcO.  CO;'Bu HO,
MeO,C OBzl
17

1

a.b) leq CO;'Bu
12a — = F
MeQ,C

20

CO,'Bu d) Bzl
d — =

Bhc HO,C  DH

21

“Conditions: (a) AcCl, cat. DMAP, 2 b, 94—96% (b) ‘BuBr, TBACI/
DMA, K2CO, 55°C, 24 h, $0—87%: (¢) LIOH, H20/dioxane, 2 h, 94%:
(d) LIOOH, H,0/dioxane, 0 °C —rt, 17 h, 97%.

suppressed by using the less basic lithium hydroperoxide
instead (Scheme 5)."*

All of these translormations were robust and proceeded
with good overall vields, thus making type I and I building
blocks valuable as starting materials for synthesis. These
tartaricacid derivatives may contribute to significantly speed
up the syntheses of products in which all four Tunctional
groups of tartaric acid have to be differentiated. Moreover,
the use of these building blocks in some established synthetic
routes should now make it possible to obtain products with
additional points lor structural modification.

Experimental Section

General Procedure A: Reaction of Tartaric Acid and Deriva-
tives with Hexafluoroacetone. Camvion: Hexafluoroacetone is a
toxic gas. All operations must be performed in a well-ventilated

fume hood with proper prorection of skin and eyves. A solution of L-

tartanc acid or denvative (1 5=70 mmol, asindicated)in DM SO
was strirred in a 250 mL flask equipped with a dryice condenser
and bubbler. The atmosphere in the apparatus was replaced
with typically 3 equiv (if not otherwise specified) of hexafluor-
oacetone gas and stirred for 15 h (if not otherwise indicated).
Then, a cold saturated solution of NaCl in water (50—120 mL,
prepared by mixing of crushed ice and NaCl) was added to
the solution, and 1t was stirred for 5 min. It was extracted with
diethyl ether (3 = 50 mL), and the pooled organic layer was
washed with brine and dned over MgSQy. After filtration and
evaporation of most of the solvent, it was heated under vacuum
(membrane pump) to 50 *C for approximately 30 min in order to
remove remaining volatiles from the product.
(2R)-(Hydroxy)-{(4R)-5-0x0-2,2-bistrifluoromethyl-

[1,3]dioxolan-4-yl}acetic acid (1). Compound 1 was prepared
following the general procedure A from L-tartaric acid (10.7 g,
71.3 mmol) in DMSO (40 mL) and hexafluoroacetone (3 equiv,
35 g, 210 mmol; added in 5 h). The formation of an intermediate
product, which slowly converts into the product, was observed
in the reaction mixture. NMR spectra of the reaction mixture
after 48 h: '"H NMR (acetone-dg) & = 2.59 (s, DMSO, major
signal), 4.48 (s, 4.8H, tartaric acid), 4.5 (d, J = 3.0 Hz, 1H,
intermediate), 4.71 (d, J= 1.7 Hz, 1.5H, 1), 4.98 (d, J= 3.0 Hz,
1H, intermediate), 5.53 (m, 1.5H, 1) ppm; F NMR (acetone-
dg) &= —83.0(s, 16F, signal HFA*H,0), —=82.31 (q, /= 8.3 Hz,

(14) Evans, D. A Brtton, T.C.; Ellman, J. A. Terrahedron Lerr. 1987, 28,
6141,
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1.6F, 1), —=80.92 (q, /= 8.77 Hz, 1 F, intermediate), —80.48 (m
2.6F, intermediate and 1) ppm. It was stirred until the inter-
mediate product has converted into product (~4 days). After
addition of the NaCl solution, the product was extracted with
diethvl ether (4 = 100 mL) and washed with brine (4 = 50 mL) to
give 13.6 g (64%) of 1 as white crystalline mass: mp 162—163 °C
(recrystallized from CHCI3); "H NMR (acetone-d;) 6 = 4.82 (d,
J=1.7 Hz, 1H), 5.58 (m, 1H) ppm; "*C NMR {acetone-dy) & =
70.7,79.3,99.2 (m), 12005 (g, J= 286 Hz), 121 .9 (g, /=288 Hz),
167.1, 171.7 ppm; "°F NMR (acetone-d;) 6 = —82.31 (g, J=8.3
Hz, 3F), —80.56 (g, J = 8.3 Hz, 3F) ppm; IR (KBr) v = 1566,
1841, 1760, 1752, 981 cm™"; [0*"n +51.5 (¢ 2.0, acetone);
HRMS (ES7) caled for [CiHsFOg H]™ 296.9834, found
296.9830.

(5-Oxo-2,2-bistrifluoromethyl| 1,3]dioxolan-4-yvlidene)acetic acid
(2). Compound 2 was prepared following the general procedure A
from rL-tartaric acid (49 g, 32.6 mmol) in DMSO0 (20 mL) and
hexafluoroacetone (4.3 equiv, 23 g, 140 mmol; added in 1 h).
A slight exothermic reaction was observed. It was stirred for
15 h. After addition of the NaCl solution, precipitated product
was filtered off and dned in air to give 5.89 g (64%) of crystalline
2:mp 125°C; '"H NMR (acetone-dg) d = 6.34(s) ppm; *C NMR
{acetone-dg) d = 99.4 (m), 107.0, 120.5 (g, J = 288 Hz), 142.2,
159.1, 163.7 ppm; "°F NMR (acetone-dg) & = —81.92 (s) ppm; IR
(KBr) »=1847, 1726, 1688, 1443, 990 cm™'; HRMS (ES7) caled
for [C7H:F0s — H]™ 278.9728, found 278.9731.

(2R)-Benzyloxy-{(4R)-5-0x0-2,2-bistrifluoromethyl| 1,3 [dioxolan-
4-yl} acetic acid {9a). Following the general procedure A with 8a
(1.61 g, 6.72 mmol) in DMSO (20 mL) and hexafluoroacetone
{added in 1.5 h), 9a(2.19 g, 83%) was obtained as viscous oil: 'H
NMR (CDCL) d=4.44 (d, J=2.1 Hz, 1H), 4.61 (d, J=11.2 Hz,
1H), 48'?(]d J=11.2Hz, IH), 513 (d, J= 1.9 Hz, I1H), 7.35 (m,
SH) ppm; C NMR (CD(J;] 0=T744,74.5 764,979 (m), 118.4
(q.J=287 Hz), 119.7 (q, J=289 Hz), 128.3, 128.5, 128.5, 135.3,
1649, 171.9 ppm; "F NMR (CDCl3) 6 = —81.4 (g, J=8.1 Hz),

79.8 (q, J = 8.0 Hz) ppm; R (film) v = 1849, 1737, 1319, 1241,
132,983 cm™"; [ +-68.6 (¢ 2.5, CHCl); HRMS (ES™) caled
for [C4H,0Fs0g — H|™ 387.0303, found 387.0296.

(2R)-(4-Nitrobenzyloxy )-{{4R)-5-0x0-2, 2-bistrifluoromethyl-
[1,3]dioxolan-4-yl} acetic acid (9b). Following the general proce-
dure A with 8b (407 g, 14.26 mmol) in DMSO (25 mL) and
hexafluoroacetone (added in 1.5 h), 9b (6.0 g, 98% ) was obtained
as dense oil: "H NMR (CDCl3) 6=4.52(d, J=20Hz, 1H), 467
(d, J=11.9Hz, 1H), 5.01(d, /= 11.9 Hz, IH), 5.21 {d, J= 1.7 Hz,
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1H), 7.48 (d, /= 8.6 Hz, 2H), 8.22 (d, J = 8.7 Hz, 2H) ppm; C
NMR(CDCly) =731, 75.4,76.3,97.9(m), 116.1 (m), 121.9 (m),
1237, 128.2, 1430, 147.8, 164.8, 1715 ppm; PENMR (CDCl3)
d=—81.3(q.J=T7.9Hz),~T79.8(q,. J= H(lHZ] Qﬂpm IR (film)v=
1842, 1738, 1524, 1239, 1131, 983 cm ™ o +352.3 (¢ 2.0,
CHCl;); HRMS (ES™) caled for I_C|4Hg]“(N Oy HJ 432.01 54,
found 432.0166.
(2R)-(4-Methoxybenzyloxy)-{ (4R )-5-ox0-2, 2-histrifluoromethyl-
[1,3]dioxolan-4-y1} acetic acid (9¢). The general procedure A was
followed with 8e (6.93 g, 25.65 mmol) in DMSO (60 mL) and
hexafluoroacetone (added in 2 h). After addition of the NaCl
solution, the product was extracted with DCM (3 = 100 mL)
and then the pooled orgamc laver was washed with bnne (2 =
100 mL), dned over Mg80y, filtered, and concentrated under
reduced pressure. After evaporation of most of the solvent, the
residue was purified by flash chromatography with hexanes/
AcOEt/ AL(JH 2101 (Ry= 0240, UV) to give 10.7 g (98%) 9¢
as denseoil: 'H NMR (CDCly)d=381(s,3H),4.40(d, /=2.1 Hz,
IH), 4.54(d, J=11.1 Hz, I1H),4.80 (d, J=11.1 Hz, 1H), 5.12 (d,
J=1.9Hz 1H), 6.86 (d, J=8.7Hz, 2H), 7.22(d, J=8.6 Hz, 2H),
9.61 (brs, 1H) ppm: "*C NMR (CDClz) 6 =355.2, 73.9, 74.0, 76.5,
979 (m), 1139, 1184 (g, /=287.0 Hz), 119.7 (g, J= 288.9 Hz),
127.5, 130.1, 159.8, 165.0, 172.7 ppm; °F NMR (CDCl;) 6 =
81.4(q, J=8.1 Hz, 3F), —79.8 (q./ = 8.0 Hz, 3F) ppm; IR (film)
v = 2942, 1857, 1740, 1516, 1320, 1242, 1132, 983, 721 em™
[a]*°p +22.9 (¢ 2.0, CHCly); HRMS (ES ™) caled for [CysHyaF O
H|™ 417.0409, foundfll?.(]tﬂli_
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ABSTRACT: Here we evaluated the use of internal reference compounds for the
rapid assessment of reactions performed in solid-phase. An internal reference
compound (commercially available) was bound to the resin, together with the
substrate, and deaved with the products after completion of the reaction. The peak

internal
reference

dea\rﬁge/

area of the reference compound in the HPLC-UV chromatograms can be correlated enhanced
o q q q q internal | + —  HPLG-UV
directly with those of other compounds present in the reaction mixture, thereby | oo chemistry

analysis

allowing a quantitative interpretation of the chromatograms with respect to
conversion and yield. The usefulness of this method was demonstrated by
optimization of a protocol for the synthesis of proline-based tripeptides.

KEYWORDS: internal standard, reporter compound, analytical construct, Barlos-Resin, DKP-formation
olid-phase synthesis is widely used in several fields of

Schcl‘nistr}rJ such as combinatorial sciences, organic, and
- 12 o .
peptide chemistry.”” However, the optimization of reactions

However, there is no straightforward way to obtain resin
aliquots from reaction mixtures. In the course of a synthesis, the
resins are swollen in the solvents and drying until weight

performed on solid-phase requires considerably more effort
than when performed in solution. Essential information like the
conversion of starting material and product yield cannot
normally be obtained directly. NMR, IR, and mass spectros-
copy methods applied to compounds on solid supports seldom
provide information about quantitative cc»mposilion.‘lt The
outcome of organic reactions on solid supports (usually resins
of organic polymers) is commonly monitored by HPLC-UV
analysis of the products obtained from a cleaved resin sample.

The content of a compound is usually expressed as a
percentage of its peak area from the total peak area. However,
UV-absorption coeflicients can differ from compound to
compound. In this case, the relations of the area values of the
different peaks do not directly reflect the molar concentrations
of the corresponding compounds.* This makes it difficult to
construe chromatograms from reaction mixtures involving, for
example, strongly absorbing protecting groups.

A second limitation of the conventional quantification is that
the exact amount of resin the sample was prepared from is not
known. Consequently, the peak areas in a chromatogram from
a test reaction performed on a resin sample cannot be
correlated with the peak areas in a chromatogram obtained
from another reaction run on another sample of the same resin.

A theoretically simple solution to these problems might be
the cleavage of the samples from resin aliquots and the addition
of a fixed amount of (an external) reference compound.

<7 ACS Publications  ® 2013 American Chemical Society
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constancy causes a significant delay for the evaluation of the
outcome of a reaction. Furthermore, the molecular weight of
the resin-bonded compounds changes during synthesis, and
consequently, so does the resin weight. An alternative solution
would be to run the reactions separately on a mini-scale on
resin aliquots until an analysis is required. Consequently, all the
resin from a reactor has to be deaved. Prior samples (for
intermediate analysis) cannot be taken. Generally, strategies
that involve measuring the exact amount of resin subjected to
cleavage require much more material than for HPLC-analysis
(1-5 mg). Moreover, they are error-prone and imply time-
consuming sample preparation for each analysis.

Resins equipped with analytical constructs provide great
improvements (Figure 1A). Such a reporter resin can be mixed
in a small amount with the resin on which the synthesis is
performed. The analytical constructs have two orthogonal
cleavage sites. By analytical cleavage, conversion of starting
material, yield and identity can be unambiguously determined
as a result of the presence of the analytical construct bound to
the products, which combine a chromophore that absorbs at a
remote wavelength and a mass-sensitizer. For the synthesis, the
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Figure 1. Analytical construct resin with two orthogonal cleavage sites
is mixed with the resin used for the synthesis (A). An internal
reference can be intreduced as “willful contamination”, together with
the starting material, in the resin-loading step. This resin can be used
to optimize the reaction conditions (B).

product can be cleaved without analytical construct. However,
such useful tools are not readily available, and so far have been
developed for the preparation of carboxamides only.® It
should also be considered that this approach can lead to
erroneous results because the outcome of reactions on the
reporter-resin with its extra-linker should not be the same as on
the resin used for the synthesis.

Here we report a strikingly simple and straightforward
method for the quantitative analysis of reactions performed on
solid phase (Figure 1B). A reference compound is bound to the
resin, together with the starting material, via the same
functional group and is cleaved under the same conditions as
the products.” Commercially available compounds can be used
as reference. A suitable reference is chemically inert to the
reaction conditions applied. Its HPLC-retention time differs
from those of the other compounds and the reference
substance can be detected at the same wavelength used for
the UV detection of products. This strategy is expected to be
applicable to all types of resins and linkers, and the synthetic
steps will proceed on the same linker and resin as used for the
synthesis. The area of product peaks in HPLC chromatograms
can be expressed as multiples of the reference peak area and
allows for comparison of chromatograms. Here we describe the
use of an internal reference for the straightforward optimization
of a protocol for combinatorial synthesis.

B FOLLOWING A SOLID-PHASE PEPTIDE SYNTHESIS
WITH AN INTERNAL REFERENCE
As proof of principle, we synthesized the tripeptide Val-Arg-Phe
in the presence of l-pyreneacetic acid (PAA) as reference
compound. PAA is commercially available and can be easily
identified because of its characteristic PDA-absorption profile.
Its peak retention time was separated from those of the
products obtained during the synthesis. As a simple carboxylic
acid, PAA was expected to bind to the resin as stably as amino
acids and peptides and be deaved under the same conditions.
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As solid support, we used 2-chlorotrityl chloride (CTC) resin, a
standard support for the qynthuiq of peptides, pseudopeptides
and nonpeptide molecules® It was expected that the synthesis
of Val-Arg-Phe on this resin would work well under standard
conditions.

The solid-phase peptide synthesis (SPPS) started with the
loading of CTC resin with Fmoc-Phe containing 10 mol %
PAA (Figure 2). A test cleavage from the resulting resin 1 gave

40t
O‘ COzH

Table 1 &
i)
ety 1 =—————  Fmoc-Phe-O{)-PAA

1 l i

Fmoc-Phe-0OH | PAA
[ DIEA to CTC-resin

i)
fpriy2 -— H-Phe-0-(J)-PAA
2 l )
entry 3 1_,9_
Frmoc-Arg(Pbi)-Phe-0{J)-PAA|
ety 4 =Ty 3 l
i)
entry 5 w-_ﬂ_h)
‘_‘“ H-Arg(Pbf)- anoo PAA]
4
entry 6 ) l iv)
7 -
oy ““Fmac—Val—Arg{F"be—Phe—OO—F’AA
entry 8 ’:;

i
entry9 =~ H-Val-Arg[F'bf].p‘?g.Donp AR

l i)

entry 10 H-Val-Arg-Phe-OH + PAA

Figure 2. Standard SPPS of the tripeptide Val-Arg-Phe in the presence
of PAA as internal reference. The results of intermediate product
cleavages are summarized in Table 1. (i) 2% TFA in DCM, 10 min;
(ii) TFA/H,0 (95:5), 90 min; (i) 20% piperidine in DMF, 10 min;
(iv) 4 equiv Fmoc-Xaa, 4 equiv Oxyma, 4 equiv DIPCDI in DMF.

a HPLC-chromatogram with two peaks at 220 nm (a
wavelength routinely used for product detection), namely the
small PAA peak and the peak of Fmoc-Phe, the latter with a 15-
fold area with respect to the former (Table 1, entry 1). We
obtained the same result for a repeated test cleavage. The
relation between the peak areas remained constant as long as
the main peak was not higher than one absorption unit (1 AU).
Therefore, we ensured that the main peak did not exceed 1 AU
for all the HPLC chromatograms.

The Fmoc-group was removed from resin 1, and a cleaved
sample from the resulting resin 2 showed two peaks,
corresponding to Phe and PAA, with nearly equal area values
(Table 1, entry 2). The Fmoc-group exerts strong absorbance,
and with regard to the reference signal, its impact can now be
roughly estimated as a 15-fold increase in the peak area
Throughout this manuscript, we will express the term “x-fold
multiple of the peak area respectively to the reference peak
area” by "area ratio”. Thus, an area ratio of 15 implies that the
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Table 1. Summary of Product Compositions from
Intermediate Cleavages during the Synthesis of Val-Arg-Phe
(Figure 3)

area ratio”
FPh, Ph,
Ph, CONH, CONH, Ph CONH +
entry™ product CONH  +Fmoc +Pbi Fmoc, +Pbi
Fmoc-Phe 15
2 Phe 1.0
3 Fmoc- 46
Arg(Pbl)-
Phe
4 Fmoc-Arg-Phe 14
5 Arg( Pbf)-Phe 30
6 Arg Phe 1.8
7 Fmoe-Val- 43
Arg(Pbi)-
Phe
8 Fruoe-Val- 13
Arg-Phe
9 Val-Arg(Pbf)- 30
Phe
10 Val-A rg-Pln: 22

“See Figure 3. "Area ratio means the multiples of the PAA (reference)
peak area; for chromatograms see Supporting Information.

peak area of the analyte is 15 times higher than that of the
reference compound.

After coupling Fmoc-Arg(Pbf) to 2, the chromatogram of a
sample from the resulting resin 3 shows that the Fmoc-
Arg(Pbf)-Phe area ratio was nearly 46 (Table 1, entry 3). This
increase resulted from absorption of the Fmoc- and the Pbf-
group. The contribution of the former was expected to produce
an approximately 15-fold increase in absorption, so we assumed
that the additional 30-fold increase was caused by the Pbf-
group. To test this notion, resin 3 was treated with 95% TFA.
Under these conditions, the Pbf-group was removed to give
Fmoc-Arg-Phe with an area ratio of 14 (Table 1, entry 4). The
Fmoc-group from 3 was removed to give resin 4, and the area
ratio of Arg(Pbf)-Phe was found to be 30 (Table 1, entry S).
Summing the contributions of the absorbance of the Pbf and
Fmoc-group (30 and 14) gave 44. This value is in good
agreement with the 46 found for the dipeptide Fmoc-Arg(Pbf)-
Phe (entry 3).

Treatment of resin 4 with 95% TFA yielded the dipeptide
Arg-Phe, whose area ratio was 1.8 (Table 1, entry 6). The
increase with respect to Phe (entry 2) can be attributed to the
additional peptide bond.

Coupling of Fmoc-Val to resin 4 rendered resin 5. A
comparison of the area ratios of Fmoc-Val-Arg(Pbf)-Phe,
Fmoc-Val-Arg-Phe, Val-Arg( Pbf)-Phe, and Val-Arg-Phe (entries
7, 8,9, and 10, respectively) with the those of the products
from the previous coupling cycle (Fmoc-Arg(Pbf)-Phe, Fmoc-
Arg-Phe, Arg(Pbf)-Phe, and Arg-Phe; entries 3, 4, 5, and 6,
respectively) shows that these areas did not increase as
expected, but remained constant or even decreased. This
finding indicates the loss of some product. In other experiments
(vide infra), we found evidence that the activation of amino
acids with oxyma /DIPCDI, as used throughout this synthesis, is
not optimal for CTC resin.

The synthesis of the tripeptide H-Val-Arg-Phe-OH in the
presence of a reference compound (PAA) allowed us to obtain
a series of HPLC-UV chromatograms, wherein the products
peak areas were quantified as multiples of the peak area of the
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reference compound. This approach allows for a coherent
interpretation of chromatograms during a synthetic sequence
that involves strongly absorbing temporary protecting groups.

B USE OF AN INTERNAL REFERENCE FOR
OPTIMIZING A SOLID-PHASE PROTOCOL FOR
COMBINATORIAL SYNTHESIS

Here we demonstrated the use of a reference compound for the
optimization of the synthesis of a library of tripeptides type
Yaa-Xaa-Pro. The target peptides have Pro at the C-terminus
and a rather sterically crowded amino acid (Yaa) at the N-
terminus. We aimed to design a straightforward general
protocol that works reliably with 1- and p-, as well with
sterically hindered amino acids in the middle position (Xaa).

Figure 3 shows the envisaged synthesis of three model
peptides Fmoc-Aib-Gly-Pro, Fmoc-Aib-p-Leu-Pro, and Fmoc-

COzH Fmoc-Pro-OH | BPA

r / DIEA to CTC-resin
BPA

Fmoc—Pru{}—‘ )—BPA

Ph T

§ o
Pro—D-Q—BP.;

Coupling to Pro: Table 2 l iy

Fmoc-)(aa-Pro-O-O-BPA
Impact of Fmoc-removal e
conditions on DKP i)
formation: Table 3
Xaa-Pro- -BFA

10a-c

Coupling to Xaa: Table 3 iv)

l

Fmoc-Alb-Xaa-Pro-04{)-BPA
ARER:
Figure 3. Stepwise SPPS strategy for the synthesis of compounds
Fmoc-Aib-Gly-Pro, Fmoc-Aib-p-Leu-Pro, and Fmoc-Aib-Sar-Pro on
CTC resin. Intermediate samples for HPLC-UV analysis were deaved
from resins 7, %a—c, and 11a—c with 2% TFA in DCM for 10 min ({a)
Xaa = Gly, (b) Xaa = pLeu, (c) Xaa = Sar). The results (Tables 2 and
3) indicate that the following protocols show the best performance: (i)
2 % 10 min 20% piperidine in DMF, wash with DCM; (i) 40 min 3
equiv Fmoc-Xaa activated with HBTU/DIEA, wash with DCM; (iii) 5
min 20% piperidine in DMF, wash with DCM; (iv) 40 min 3 equiv
Fmoc-Yaa activated with HATU/DIEA, wash with DCM.

Aib-Sar-Pro by stepwise SPPS in the presence of a reference
compound. Aib represents the sterically crowded amino acid
Yaa. The foreseeable critical step in the synthesis is the coupling
of Fmoc-Aib to the sequence Xaa-Pro. It is known that
dipeptides with C-terminal Pro form diketopiperazines (DKP)
and that SPPS of these peptides s often hampered by this
unwanted side-reaction, which can cause dramatic reduction in
yie]d.m The DKP-prone sequences Gly-Pro and p-Leu-Pro are
representative examples for DKP-formation (cyclo-Gly-Pro and
cyclo-p-Leu-Pro) under the basic conditions of Fmoc-remaval.
Furthermore, an appropriate protocol should also give
satisfactory results for sterically hindered couplings, which are
represented by the coupling of Fmoc-Aib to the sterically
hindered N-methylamino group on Sar-Pro-resin (Figure 3).
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We show that an internal reference contributed to obtaining
a reliable estimation of the extent of DKP-formation and
product yield under a range of coupling conditions, and thus
indicates the best protocol for library synthesis.

CTC resin was used as solid support because it prevents
DKP formation.' Biphenyl acetic acid (BPA) was found to
have a peak separable from the product peaks (PAA coelutes
with some products). One gram of CTC resin with a maximal
capacity of 1.6 mmol/g was loaded with 0.3 mmol BPA and 0.8
mmol Fmoc-Pro. The area ratio between Fmoc-Pro and BPA
and was 6.5 in a test cleavage from the test resin 7 (Table 2,

entry 1).

Table 2. Coupling Conditions for the Synthesis of Resins
9a—c

entry protocol applied to 8 area ratio” (product)
1 6.5 (Fmoc-Pro from 7)
2 Fmoc-Gly/Oxyma/DIPCDI, 40 min 37 (Fmoc-Gly-Pro)
3 Fmoe-Gly/HOAYDIPCDI, 40 min 35 (Fmoc-Gly-Pro)
4 Frmoc-Gly/HETU/DIEA, 40 min 6.8 (I:muc-['}ly-l-’ru]
5 Fmoe-Gly/HETU/DIEA, 40 min 6.8 (1-'mm:-[}1;--1-"ru]
& Fmocp-Leu/HETU/DIEA, 40 min 7.2 (Fmoc-n-Leu-Pro)
7 Fmoc-Sar/HETU/DIEA, 40 min 69 (Fmoc-Sar-Pro)

“Area ratios ccrrrespcmding to BPA.

After removal of the Fmoc-group, a Pro-peak from resin 8
was not observed by HPLC-UV analysis and consequently its
conversion to Fmoc-Xaa-Pro could not be followed directly.
However, it is reasonable to expect that the area ratio of the
subsequent product Fmoc-Gly-Pro from resin 9a would be
similar to that of Fmoc-Pro from 7. Thus, in this case, the area
ratio should be 6.5 or higher due to the additional amide bond.
Coupling of Fmoc-Gly activated with oxyma/DIPCDI to resin
8 gave an area ratio of 3.7 (Table 2, entry 2}, which did not
improve by a repeated coupling. A similar result was obtained
for HOAt/DIPCDI activation (area ratio 3.5, Table 2, entry 3).
In contrast, by HBTU/DIEA activation, the product was
detected with an area ratio of 6.8 (Table 2, entry 4). Since the
yield did not increase by longer coupling time or by repeated
coupling, we reasoned that the coupling under this condition
proceeded quantitatively and that the Oxyma/DIPCDI and
HOAt/DIPCDI activation conditions did not work well for
coupling to 8. The first part of the synthesis was then
accomplished by coupling Fmoc-Gly, Fmoc-nLeu and Fmoc-
Sar activated by HBTA/DIEA to give resins 9a—c, from which
Fmoc-Gly-Pro, Fmoc-p-Leu-Pro, and Fmoc-Sar-Pro were
obtained with area ratios higher than the 6.5 (Table 2, entries
5, 6, and 7).

The next step was the removal of the Fmoc-group from the
resins 9a—c. DKP formation can proceed rapidly under these
basic conditions (20% piperidine in DMF). It was not possible
to obtain area ratios for the products Xaa-Pro from resins 10a—
¢, because of the peak shape of the corresponding dipeptides.
Fmoc-removal was subsequently followed by coupling of Fmoc-
Aib activated by HBTU/DIEA for 40 min over resins 10a—c.
The products Fmoc-Aib-Gly-Pro (from 11a) and Fmoc-Aib-p-
Leu-Pro (from 11b) were obtained with area ratios lower than
the corresponding starting materials and these ratios did not
increase with coupling time (Table 3, entries 1 and 2 vs Table
2, entries 5 and 6, respectively). This finding indicates a yield
decrease during Fmoc-removal. In contrast, the coupling of
Fmoc-Aib over resin 10¢ only reached an area ratio of 2.0 after
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Table 3. Coupling of Fmoc-Aib over Resins 9a—c

entry conditions™ area ratio” (product from resin)
1 “Fmoc-Aib/HBTU/DIEA, 40 min 6.4 (Fmoc-Aib-Gly-Pro, 11a)
2 “Fmoc-Aib/HBTU /DIEA, 40 min 5.9 (Fmoc-Aib-p-Leu-Pro, 11b)
3 “Fmoc-Aib/ HERTU /DIEA, 40 min 2.0 { Fmoc-Aib-Sar-Pro, 11¢)
4 “FmocAib/HBTU/DIEA, 2 k 3.6 (Fmoc-Aib-Sar-Pro, 11¢)
5 “Fmoc-Aib/HATU/DIEA, 40 min 6.2 { Fmoc-Aib-Gly-Pro, 11a)
& “Fmoc-Aib/HATU/DIEA, 40 min 6,0 { Fmoc-Aib-p-Leu-Pro, 11b)
7 “Fmoc-Aib/HATU/DIEA, 40 min 7.4 (Fmoc-Aib-Sar-Pro, 11c)
8  PFmoc-Aib/HATU/DIEA, 40 min 5.3 (Fmoc-Aib-Gly-Pro, 11a)
9 PFmocAib/HATU/DIEA, 40 min 3.1 {Fmoc-Aib-p-Lew-Pro, 11b)
10 bl"muc-.'\ibf"HA'I'U.J‘IDIEA, 40 min 7.4 (Fmoc-Aib-$ar-Pro, 11c)

“Prior Fmoc-removal by 20% piperidine in DMF for 5 min. b Prior
Fmoc-removal by 20% piperidine in DMF for 20 min. “Area ratios
comesponding to BPA.

40 min, but increased after 2 h of reaction time to 3.6 { Table 3,
entries 3 and 4). This result indicates a slow coupling between
the N-methyl group of Sar and Fmoc-Aib.

The activation reagent HBTU was replaced by its more
potent aza-analog HATU. The couplings over resins 10a and
10b rendered the similar area ratios as when HBT'U was used
{Table 3, entries 1 vs 5, and entries 2 vs 6, respectively). The
coupling of Fmoc-Aib over 10c gave an area ratio of 7.4 for
Fmoc-Aib-Sar-Pro (Table 3, entry 7), which was higher than
those obtained for the Gly (6.2) and p-Leu-analogs (6.0)
{Table 3, entries 5 and 6). The area ratio did not increase with
prolonged coupling. We therefore reasoned that after 40 min
the coupling was complete and that the differences between the
product area ratios corresponded to the susceptibility of the
corresponding Xaa-Pro-sequence on resins 10a—c to DKP
formation under the Fmoc-removal conditions.

To test this, resins 9a—c were treated for 20 min with 20%
piperidine in DMF, and Fmoc-Aib was coupled for 40 min with
HATU/DIEA activation. The highest impact of the prolonged
basic treatment was observed for the pLeu-Pro sequence, which
experienced a 50% reduction in yield (Table 3, entry 6 vs entry
9). The sequence Gly-Pro was also obtained in significantly
lower yield (Table 3, entry 5 vs entry 8). However, the same
yield was achieved for the sequence Sar-Pro (Table 3, entry 7 vs
entry 10).

B STABILITY OF CARBOXYLIC ACIDS BOUND TO
CTC RESIN UNDER A RANGE OF ACYLATION
CONDITIONS

Low yields of Fmoc-Gly-Pro were obtained when coupling

Fmoc-Gly activated with Oxyma/DIPCDI over resin 8 (Table

2, entry 2). These conditions also caused a yield decrease in the

synthesis of Val-Arg-Phe (Table 1). To check the stability of

the reference compounds PAA and BPA, and peptides on CTC
resin toward different acylation conditions, CTC resin was
loaded with an equimolar mixture of BPA, PAA, Fmoc-Gly,

Fmoc-Pro, and Fmoc-Leu (0.1 mmol each for 500 mg CTC

resin) to give resin 12 (Figure 4).

Aliquots of washed and dried 12 (10 mg) were used to
monitor the stability of the resin-bound compounds toward a
range of activation conditions for Fmoc-Gly coupling to give
13. After reaction and cleavage of the corresponding products
from the resin aliquot, a fixed volume of an external reference
(Z-Gly) solution was added. The area ratios of the products
obtained from 13 are shown in Table 4 and refer to the peak
area of the external reference (Z-Gly). The area ratios
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Emoc—Gl'_.r_ Fmoc-Pro, Fmoc-Leu,
PA and PAA/ DIEA to CTC

Fmac—GIy—C)\ BBA
Frmoc-Pro- 12
Frmoc-Leu-0 R
i) 20% piperidine in DMF
ii) acylation conditions
Fmioc-Gly-Gly-

9 BPA
Fmoc—GIerro—OAk(ﬂ

Froc-Gly-Leu-0 E

HPLC-UV analysis

iiiy 2% TFA in DCM
iv) + Z-Gly

Figure 4. For conditions (i) see Table 4.

corresponding to the Fmoc-Gly-Xaa-peptides and internal
references (BPA, PAA) after coupling of Fmoc-Gly activated
with HBTU/DIEA for 40 min were set to 100% (Table 4, entry
1). For all other conditions, the compound peak areas were
smaller with respect to the conditions of entry 1 (Table 4,
entries 2—8, the losses of compounds from resin with respect to
entry 1 are given in parentheses). The yields dropped in all
examples during “overnight”-couplings. The reduction in yield
was dramatic (up to 60%) when acidic coupling reagents
(Oxyma, HOBt and HOAt) were used (Table 4, entries 3—8).
The reference compound PAA was found to be the most stable
but in contrast, Fmoc-Gly-Pro on CTC showed the lowest
stability under the conditions tested. Because of the similar and
even higher stability of the reference compounds PAA and BPA
with respective to peptides, we were able to detect the
decreases in yield in the test reactions described above (Figures
2 and 3). With respect to SPPS on CTC resin, on the basis of
our findings we recommend that DIPCDI-mediated HOAt,
HOBt, and Oxyma-activation be carefully checked."*

B SUMMARY

The data presented in this study demonstrate the internal
reference method to be a valuable tool for optimizing
conditions for solid-phase peptide synthesis and its possible
applications in solid-phase synthesis of other compounds. We
wish to summarize how to use this method.

First, it must be noted that the internal reference does not
improve the chromatographic properties of resin-bound
compounds. Its exactness depends on the integration of the
peaks. With a suitable internal reference, reaction control by
quantitative HPLC-UV analysis proceeds in the same manner
as conventional HPLC-UV analysis (taking a resin sample from
the reaction mixture, washing it, and running an HPLC
chromatogram directly from the cleaved products). The
practical value of an internal reference is the rapid sample
analysis, which allows comparison of chromatograms from resin
samples before and after reaction, or from different reaction
conditions. Rather than providing “absolute” values for single
chromatograms, the validity of this approach is based on the
comparison of chromatograms.

When improvement of a solid-phase synthesis is required, a
test resin with internal reference can be designed. There is no
“general” internal reference available. However, here PAA and
BPA, with high retention times in RP-HPLC, were found to be
useful in peptide synthesis on CTC resin. As demonstrated,
these compounds bound to the resin more stably or as stable as
the peptides by the same functional group. They gave sharp
peaks on HPLC-UV which were well separated from product
peaks. However, there are no limitations for other compounds
that fulfill these key requirements.

For quantification, the main peak should not exceed 1 AU to
have a linear relation between the peak areas of the reference
and the analyte. As a result, the area ratio between products and
the reference should not be too large. The area ratios in this
study were between 1 and 50. All analyses should be performed
on the same equipment. The peaks have to be dearly
distinguished from the baseline. Noisy baselines (caused by
UV lamps with long running time) affect the accuracy.

We have demonstrated that such a quantitative analysis
provides information rapidly and precisely on the outcome of
reactions that would otherwise be difficult to obtain. Once the
appropriate protocol is found, the synthesis can then be
performed on a resin without a reference. Therefore we
consider the internal reference method a valuable addition to
the toolbox for solid-phase synthesis.

Table 4. Quantification of Premature Cleavage of Compounds on CTC Resin under a Range of Peptide Coupling Conditions
(HBTU/DIEA, 40 min and 15 h, entries 1 and 2; oxyma,/DIPCDI, 40 min and 15 h, entries 3 and 4; HOBt/DIPCDI, 40 min
and 15 h, entries 5 and 6; HOAt/DIPCDI, 40 min and 15 h, entries 7 and 8)

area ratio” (percent variation respectively to entry 1)

entry Fmoc-Gly-Gly Fmoe-Gly-Pro
1 3.1 (£0%) 32 (£0%)
2 29 (—8%) 3.0 (—4%)
3 31 (—1%) 26 (—19%)
4 2.7 (-13%) 2.3 (=26%)
5 3.0 (—4%) 19 (—41%)
6 2.5 (—21%) 17 (—47%)
7 29 (—8%) 1.9 (—39%)
& 1.8 (—43%) 1.2 (—63%)

“Area ratios with respect to the extemal standard Z-Gly.
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BPA Fmoe-Gly-Leu PAA
1.3 (£0%) 33 (20%) 1.9 (£0%)
1.3 (—4%) 32 (—-3%) 1.9 (+1%)
1.4 (+1%) 3.0 (—4%) 1.9 (+0%)
1.3 (—7%) 2.8 (—14%) 1.9 (+£0%)
1.4 (+1%) 30 (=7%) 2.0 (+7%)
1.2 (—9%) 26 (=20%) 1.8 (—3%)
1.3 (—1%) 2.7 (—18%) 1.9 (+4%)
0.7 (—50%) 1.7 (—48%) 1.1 (—43%)
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Here we studied the N-triethylene glycol (N-TEG) group as a surrogate for
the N-Me group in Sansalvamide A peptide. The five N-TEG and N-Me
analogs of this cyclic pentapeptide were synthesized, and their biological
activity, lipophilicity and conformational features were compared.

The replacement of natural amino acids with N-methyl amino acids
in biologically active peptides has resulted in analogs with improved
pharmacological properties.* Peptides containing N-methyl amino
acids show increased metabolic stability and higher hydrophobicity,
which can enhance their bicavailability, thus amplifying their
therapeutic potential.” Furthermore, the incorporation of N-methyl
amino acids into bicactive peptides can have a substantial impact
on their conformation and, as a result, increased biological activity
and higher receptor selectivity may be achieved.’

Surprisingly, little attention has been devoted to the comparison
of the synthesis and properties of N-methylated peptides with other
N-allylated peptides." We hypothesized that modification of a peptide
with an N-triethylene glyeol (NTEG) group would be comparable to
modification with the N-Me group in terms of structural and
biological effects, while providing some of the features associated
with oligoethylene glycol (OEG). To test this notion, we sought to
incorporate NTEG amino acids at the different positions of Sansal-
vamide A peptide (1), a cyelic pentapeptide that exhibits anti-tumor
activity against a variety of cancer cell lines (Fig. 1).** This cyclic
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Fig. 1 (&) Structure of Sansalvamide A peptide (1). (B} Structure of the N-TEG
and N-Me analogs (1a-5a and 1b-5b).

pepride was considered a reasonable model, since its five N-Me
analogs (1b-5b) have been synthesized, and some of them are
cytotoxic against certain cancer cell lines.® Replacement of an NMe
eroup with an N“TEG group does not alter the amide proton pattern
ofthe cyclic backbone with respect to the N-Me analogs; however, due
to the amphiphilic nature of OEG, an alteration of certain physico-
chemical properties, such as hydrophilicity, was expected.

Here we report on the smthesis of all five NTEG analogs (1a-5a) of
Sansalvamide A peptide (1) (Fig. 1). The five N-Me analogs (1b-5h) were
also synthesized, and both sets of compounds were compared with
respect to biological activity, lipophilicity and conformational features.

Our synthetic strategy to prepare the N“TEG and N-Me analogs of
Sansalvamide A peptide (1a-5a and 1b-5b) involved the use of
Fmoc-protected N-TEG or N-Me amino acids as solid-phase building
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Scheme 1 Synthesis of the Fmoc-N-TEG amino acids (9-11). Reagents and
conditions: (a) CHyO-({CHaCH;0),~CHLCHO, MaBHLCM; (B) Fmoc-Cl, DIEA; ()
TFA-DCM 1: 1.

blocks. All Fmoc-NMe analogs of the proteinogenic amino acids are
commercially available. In contrast, we had to prepare the required
Fmoe-N-TEG amino acids. The Fmoe-N-TEG analogs of Val, Leu and
Phe (6-8) were obtained from their corresponding amino acid tert-
butyl esters, which were subjected to reductive alkylation with 3,6,
9+rioxadecanaldehyde. In all cases, the reaction crude consisted of
unreacted starting material, Nmonoalkylated product and N,
N-dialkylated product. The last two were found to be inseparable;
however, after Fmoc-protection of the amino group, the desired
products [6-8) could be isolated using flash chromatography.
Finally, acidic cleavage of the tert-butyl ester yvielded the required
Fmoc-NTEG derivatives (9-11) in 40-69% overall yield (Scheme 1].

For the synthesis of the NTEG and N-Me analogs of Sansalvamide
A peptide (1a-5a and 1b-5b), their corresponding linear precursors
(pla-p5a and plb-psb) were prepared by stepwise solid-phase
peptide synthesis (SPPS) on the 2-chlorotrityl resin and then cyclized
in solution (Scheme 2] The N-substituted residue was placed in
the middle of the pentapeptide sequence, which minimizes steric
hindrance during cyclization and is expected to facilitate this process
due to the tum-nducing properties of N-alkyl amino acids.”

In the SPPS of the pentapeptides (pla-p5a and p1b-psb), Fmoc-
N-TEG amino acids (9-11) and Fmoc-N-Me amino acids were
coupled to the peptidyl-resin using DIPCDI-OxymaPure activation.
As expected, couplings onto the NTEG residues were a challenging
step. These couplings are hampered by the triethylene glycol chain,
which is sterically more demanding than a methyl group. Even for
the couplings onto N-Me residues, special conditions are required to
overcome low coupling vields caused by steric hindrance” we
checked several protocols thatare reported to be efficient for difficult
coupling steps, like activation of the subsequent amino acid with
HATU or as a symmetrical anhydride using DIPCDI. The best results
were obtained using bis(trichloromethyljcarbonate (BIC) as an
activating reagent.” In the case of BICmediated couplings onto
the N-Me residues, no unreacted peptide was detected in cleaved
samples after a single treatment with the activated amino acid (as
checked using HPLC-MS). For couplings onto the N-TEG residues,
complete conversion was achieved after two treatments.

After cleavage from the solid support, the crude pentapeptides
(pla-p5a and p1b-p5b] were efficiently cyclized, and the desired cyclic
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I c.1
v

peptides (1a-5a and 1b-5b) were easily purified using semi-preparative
RP-HPLC. In all cases, sufficient amounts of peptide were obtained in
yields that are commuonly achieved for cyclic pentapeptides. Except for
compound 3a, the overall vields of the syntheses of the NTEG
cyclopeptides were not dramatically lower than those of the N-Me
cvelopeptides. Thus, NTEG peptides are accessible by the same
synthetic repertoire as that already established for N-Me peptides.

In order to study how replacement of the N-Me group by the
NTEG group affects the anti-cancer activities, all compounds
(1, 1a-5a and 1b-5b) were tested for their cytotaxdcity against GLC4
and MDA-MB-231 cancer cells. Treatment with 530 pM of some
compounds for 72 h decreased the viahility of GLCA (1, 1a, 2a, 4a,
2b, 4b, 5b) and MDA-MBE-231 (1a, 4a, 3b) cells up to 50-60% (Fig. 2].
The cytotoxic activity of the NTEG analogs {1a-5a) was found to be
within the same range as that of the N-Me analogs (1b-5b).

The incorporation of NTEG or N-Me was expected to affect the
lipophilicity of the original peptide (1), which is highly hydrophobic.
One of the most common parameters to estimate lipophilicity is the
octanolwater partition coefficient (log P). However, in our attempts to
determine the logP of our compounds (1, 1a-5a and 1b-5b) by the
shakeflask method, no compound was detected in the aqueous phase,
thus impeding calculation of this coefficient. The relative hydrophobi-
city of 1, 1a-5a and 1b-5b was evaluated by comparison of their RP-
HPLC retention times.” The increase in the time at which the NMTEG

-
=1
=3

o

%

&

= 50 I\ G4

o [ MDAMB-231
]

D S A

Fig.2 Cell viabilty of GLC-4 and MDA-MB-231 cancer cells after 50 pM
treatment of 1, 1a-5a and 1b-5b for 72 h.
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Table 1 RP-HPLC retention times of 1, 1a-5a, 1b-5b"

Entry t. (min}

1 1(SA-peptide): 5.97

2 1a: 7.29 1b: 7.12
3 2a: 7.22 2b: 7.07
4 3a: 6,98 3b: 6.82
5 4a: 7.34 4h: 697
6 5a: 7.05 5h: A.86

? Linear gradient from 10% to 90% ACN over 8 min, C18 column.

a5 an 15 wn as “ L]

Fig.3 'H-NMR spectra (in CDCl) of 1, 1a-5a, 1b-5b in the 5.5-3.5 ppm region.

and the NMe analogs (1a-5a and 1b-5b) were eluted indicated that the
N-alkylated analogs were slightly more lipophilic than the original
peptide (1) (Table 1). Their enhanced lipophilicity can be attributed
to the fact that N-alkylation of an amide bond decreases the number of
potential ntermolecular hydrogen bonds that can be formed with the
polar solvent (H,O). Surprisingly, all the NTEG analogs (1a-5a) were
slightly more hydrophobic than their corresponding N-Me counterparts
(1b-5b}, presumably due to the NTEG chain shielding the backbone
amide groups from interaction with H,0. Since the decreased hydro-
gen-bonding potential and the enhanced lipophilicity upon N-methyla-
tion are considered to improve membrane permeability,” we propose
that the incorporation of N-TEG may provide a novel modification to
gain bioavailability in therapeutic peptides.

The effect of the MNTEG group on the conformational state of
Sansalvamide A peptide (1) was found to be the same as that of the
N-Me group. An overlay of the "H-NMR spectra (in CDCLy) of 1,
1a-5a and 1b-5b in the H"- and H*regions clearly showed that
N-alkylation induced changes in the backbone conformaton of the
parent peptide (Fig. 3). Depending on the positdon of N-alkylation,
different signal patterns were observed; however, the N-TEG and the
N-Me analogs (1a-5a and 1b-5b) bearing the Nsubstituent at the
same position were found to have similar H*resonances. The
resemblance of their C*chemical shifts gives further evidence of
similar conformational preferences (see ESIf).

For peptides 5a and 5b, a more detailed study was performed in
comparison with the parent peptide (1) (see ESI). For the three
peptides, no evidence of conformational equilibria was found using
'"H-NMR in the temperature range between 5 and 45 “C. For each
peptide, the H™., H* and C*signals were unequivocally assigned, the
interproton NOEs were analyzed and the temperature coefficients of
the amide protons were determined. These experimental parameters,
which are sensitive to conformational changes, were almost identical

6432 | Chem. Commun, 2013, 49, 6430-6432
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for the N-TEG and N-Me analogs 5a and 5b, whilst considerably
differing from those of the unmodified Sansalvamide A peptide (1).

In conclusion, this study shows that peptides in which the
backbone N-Me group is replaced by a short olignethylene glyeol
chain are accessible by the same synthetic repertoire as that already
established for N-Me peptides. Comparison of the NMR data of
N-Me and N-TEG peptides gives evidence of similar conformational
preferences for those peptides with the same N-alkylaton patten,
and the incorporation of an ATEG chain or an N-Me group into a
peptide provides a higher lipophilicity. Considering the high abun-
dance of N-Me amino acids in biologically active peptides, we
contend that modification at this position is a feasible alternative
to introduce structural diversity or alter pharmacologically impor-
tant parameters when modification at any other position of the
peptide is not wished or possible.
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A robust synthetic strategy for the introduction of the N-(4-azidobutyl) linker into peptides using standard SPPS techniques is described. Based
on the example of Cilengitide it is shown that the N-(4-azidobutyl) group exerts similar conformational restraints as a backbone N-Me group and
allows conjugation of a desired molecule either via click chemistry or—after azide reduction—via acylation or reductive alkylation.

The site-specific covalent attachment of “unnatural”
moieties, such as fluorophores, radiolabels, affinity labels,
or polymers, to peptides has proven useful for a wide
variety of applications,] The conjugation of peptides with
a desired molecule is typically performed at the N-terminus
or at naturally occurring side-chain functional groups‘1
Cyclic peptides or even some linear peptides without
derivatizable groups often require the introduction of
additional residues, such as Lys or Cys, to support side-
chain-selective conjugation. In the case of cyclic peptides,
additional amino acidscannot be introduced, and finding a
suitable position for amino acid replacement is not straight-
forward. Along these lines, bio-orthogonal conjugation
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methods that target unnatural amino acids are becoming
valuable alternatives to the more commonly used Lys-and
Cys-based strategies, as they do not involve cumbersome
protection and deprotection protocols,3 However, each of
the techniques currently available for peptide modification
have specific drawbacks, and generally there is a lack of
widely usable and flexible methods.

We envisaged that modification of the backbone amide
egroups with a functionalized N-substituent may be a
valuable addition to the chemist’s toolbox to perform pep-
tide conjugation. Kessler’'s group has shown that the
introduction of N-Me groups in peptide ligands can opti-
mize their activity and receptor selectivity as a result
of conformational modulation.* Furthermore, backbone
N-Me groups are common structural motifs in many
bioactive peptides isolated from natural sources.*

Here we describe the N-{4-azidobutyl) group as linker
for the attachment of molecules. This N-substituent can be

(3) (a) Antes, . M.; Francis, M. B. Curr. Opin. Chem. Biol. 2006, 10,
253-262. (b) Sletten, E. M. Bertozzi, C. R. Angew. Chem., Int. Ed. 2009,
48, 6974600,
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Scheme 1. Peptide Modification through the N-{(4-Azidobutyl)
Linker
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introduced into a resin-bound peptide by reductive alkylation
with 4-azidobutanal, providing an azide onto which alkyne-
functionalized molecules can be grafted by Cu(l)-catalyzed
1.3-dipolar cycloaddition (Scheme 1). Alternatively, the azide
group can be reduced to an amine, onto which molecules can
be conjugated via amide bond formation or via reductive
alkylation. The azide function is stable to common deprotec-
tion protocols used in peptide synthesis and chemically inert
to side-chain functional groupsf thereby minimizing side
reactions and simplifying protection schemes.

A few vears back. Kirshenbaum et al. showed that
N-azidopropyl groups are straightforward to incorporate
in peptoid sequences using an azido amine as a submonomer
reagent, and that azide-functionalized peptoids can be used
as substrates for azide—alkyne cycloaddition reactions.®
However, the submonomer approach is only efficient for
the preparation of N-substituted Gly oligomers. Also worth
mentioning is that there is no reported example in which a
peptide with a backbone N-azidoalkyl substituent has been
obtained.

To demonstrate the applicability of our N-(4-azidobutyl)
linker strategy, Cilengitide was chosen as a model. This
Arg-Gly-Asp (RGD)-peptide is a good example of the
difficulty involved in preparing conjugates of small cyclic
peptides that do not offer attachment sites and/or that are
not amenable to structural modification while preserving
biological activity. The RGD-cyclopeptide sequence of
Cilengitide. cyclo| RGDINMeV]. is the result of systematic
rescarch to constrain the RGD motif in its optimum
conformation for binding to the o f;-integrin receptor,
which is overexpressed in various malignant cancers
and in tumor neovasculature.® The functionalization of
RGD-cyclopeptide ligands that target this receptor is of
great interest, as it allows the conjugation of suitable
chemical entities for tumor imaging and thcrapcutics,?
However, Cilengitide cannot be conjugated as it is. Among

(5) Brase, 8., Gil, C.; Knepper, K. Zimmermann, V. Angew. Chem.,
Tnt. Ed. 2005, 44, 5518-5240.

(6) (a) Jang, H.; Fafarman, A.; Holub, J. M.; Kirshenbaum, K. Org.
Lete. 2005, 7, 1951-1954, (b) Holub, J. M.; Jang, H.; Kirshenbaum, K.
Org. Biomol. Chem. 2000, 4, 1497-1502.

(7) Liu, Z.; Wang, F.; Chen, X. Drug Dev. Res. 2008, 69, 329-339,
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the five amino acids in its cyclic structure, three (RGD) are
essential for binding to the receptor, p-Phe is involved in
hydrophobic interactions, and ANMeVal has no derivatiz-
able functional grmnﬁﬁ Substitution of NMeVal by Lys led
to eyclo[RGDIK], one of the most conjugated peptide
ligands which is used in a number of biomedical applica-
tions.” However, a decrease in biological activity has to be
taken into account when replacing NMeVal by Lys, as the
N-Me group of Val promotes constraints that stabilize the
RGD motif in its preferred o, 3;-binding conformation.'?

We report on the synthesis of an analog of cyclo-
[RGDfNMeV] (1) in which the N-Me eroup of Val is
replaced by the N-(4-azidobutyl) group (2). with minimal
perturbation of the original conformation. By preparing
various PEG conjugates from 2, we show that our linker
allows conjugation onto cyclic peptides under full conser-
vation of their amino acid sequence.

To obtain the N-azidoalkylated cyclopeptide (2). its
linear pentapeptide precursor (3) was prepared by stepwise
solid-phase peptide synthesis (SPPS) on 2-chlorotrityl
chloride (CTC) resin and then cleaved for subsequent
cyclization and side-chain deprotection (Scheme 2). Posi-
tioning of the N-alkylated residue in the middle of the
sequence of 3minimizes steric hindrance during cyclization
and is expected to facilitate this process as a result of
backbone preorganization.'!

The N-(4-azidobutyl) group was introduced into the
resin-bound peptide by reductive alkylation with 4-azido-
butanal in the presence of NaBH3;CN. The reaction was
tested with various amounts of aldehyde; with 1.5 equiv.
most N-terminal Val was exclusively N-monoalkylated.
Taking advantage of the low reactivity of this secondary
amine, the small amount of unreacted resin-bound pep-
tide was capped with Ac,O in order to facilitate the final
purification. The foreseeable challenging step was the
coupling of Fmoc-p-Phe onto N-{4-azidobutylated) Val.
The acylation of this sterically demanding residue did not
take place under conditions reported to be efficient for
coupling p-Phe onto NMeVal. Stronger activation meth-
ods, such as PyBOP/HOAt and HATU /HOAL, also failed
to form the desired product. Finally, this coupling was
achieved by activating Fmoc-n-Phe with bis( trichloromethyl)-
carbonate (BTC) in the presence of 2.4.6-trimethylpyridine "
After three prolonged couplings (15 h). acylation was al-
most complete and no epimerization was detected (HPLC).
Further peptide elongation and cleavage afforded penta-
peptide 3, which was easy to cyclize with EDC and catalytic
amounts of 4-DMAP. The Pbf- and ‘Bu- groups were then
removed, and RP-HPLC purification rendered 2 in 17%
overall yield.

(8) (a) Schottelius, M_; Laufer, B.; Kessler, H.; Wester, H. 1. Aec.
Chem. Res. 2000, 42, 969980, (b) Chen, X. Theranostics 2011, I, 28-29.

(93 Mas-Moruno, C.; Rechenmacher, F.; Kessler, H. Amit-cancer
Agents Med. 2010, 10, 753-T68.

(10) Schottelius, M.; Laufer, B.; Kessler, H.; Wester, H.I. dec. Chem.
Res, 2000, 42, 9604980,

(11) Dechantsreiter, M. A.; Planker, E.; Mathi, B.; Lohofl, E.;
Hilzemann, G Jonczyk, A.; Goodman, 8. L. Kessler, H. J. Med.
Chem. 1999 42 3033-3040.

(12) White, C. 1; Yudin, A. K. Nar. Chem. 2011, 3, 509-524.
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Scheme 2. Small-Scale Synthesis of
Cyclo[RGDF(N-CH,CH,CH,CH, N3V (2)

Fmoc-5PPS
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However, when the SPPS of pentapeptide 3 was per-
formed in a larger amount of resin ( = 3 g) and/or with a
higher functionalization ( > 0.50 mmolg ™), the vields were
not as satisfactory. To obtain larger amounts of 3. an
cfficient double SPPS scheme was developed using the
CTC resin for elongation, de- and reatiachment of fully
protected peptide, and final elongation again (Scheme 3).
In this approach. the Val-Arg(Pbf)-Gly sequence was
assembled followed by reductive alkylation of its N-terminus
with 4-azidobutanal, as previously described. At this
stage, the peptide was cleaved with 2% TFA in CHCls, and
its C-terminus was protected as a methyl ester. The coupling
between Fmoc-p-Phe and the N-azidoalkylated peptide seg-
ment (6) was performed in solution using the BTC method.
This procedure allowed us to obtain the desired peptide (7),
which was isolated in 48% vyield. Then, the methyl ester
of 7 was hydrolyzed under basic conditions in the presence
of CaCl,. which is reported to suppress Fmoc- decomposi-
tion."? Using this additive, the methyl ester was saponified
with no detectable Fmoc- decomposition (HPLC-MS). The
desired peptide (8) was isolated by simple aqueous extrac-
tion and loaded again onto the CTC resin. The incorpora-
tion of 8 took place with an acceptable yield (i.e.. 80%
peptide incorporation for an expected functionalization
of 0.10 mmol g_l), Further peptide chain elongation
and cleavage from the resin vielded pentapeptide 3. which
was cyclized and deprotected as described above. After
RP-HPLC purification, the N-azidoalkylated cyclopeptide
(2) was obtained in 18% overall yield.

With the synthesis of 2, we demonstrate that N-(4-
azidobutylated) peptides are accessible using standard
SPPS protocols that are compatible with common protect-
ing groups used in peptide synthesis. Taking into account

(13) (a) Thern, B.: Rudolph, 1.:Jung, G. Angew. Chem ., Int. Ed. 2002,
41, 23072309, (b) Thern, B.; Rudelph, 1.; Jung, G. Tetrafedron Lett.
02, 43, 5013-5016.
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Scheme 3. Large-Scale Synthesis of
Cyelo|RGDF(N-CH,CH,CH,CH,N3) V] (2)

Frmoc-5PPS

< _0 (&8 shown in

{CTCrasing  Scheme 1)
AN CHCH,CHoC HpNaVal Arg(PoT)- Gly-0- )

1. 2% TFA in CH;Cly
2 TMSCHM;, MeOH

HVallV.CHyCH3CH;CHy Nal-Arg Pbi-Gly-OMe (8)
Fmoc-D-Phe-0H
BTC
2.4 B-trimathylpyidine
THE
Finoe-D-Phe-ValiN-C HzCH; CHyCHaNg)-Arg(Pbi-Gly-Ohte (7)
} MeOH, CaCly, ProHmH,0 7:2
Frioc-D-Phe-Vali N-CHCH; G Hy CHoNsh-Arg[PET)-Gly-OH {8)
} CTC resin, DIEA, CH,Cly
Frmoc-D-Phe-{N-CHyCHoGHy CHaNy al-Arg(Pbil-Gly-0-4g)
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HeAspO B O-Pha{ N-CHyCH CHyCHaNa Val-Arg (Phi-Gly-OH (3)

1. EDC-HEL, 4-DMAP, CHaCly
2, TRAHOITIS 9555

CyEI{RGOIN-CHCHZCHaCH N V] (2)

that the acylation of the N-alkylated residue was achieved
on a small scale using BTC, we consider that the detour
from solid-phase to solution chemistry in the synthesis of
2 was necessary because of the additional steric hindrance
exerted by the f-branched side chain of Val and that this
change may not be a general requirement for the synthesis
of other N-(4-azidobutylated) peptides.

It is reasonable to assume that the incorporation of an
N-(4-azidobutyl) group into a cyclic peptide will exert
the same conformational restrictions as a backbone N-Me
group. The conformation of small cyclic peptides is dictated
by their backbone stercochemistry and by the presence of
N-alkyl groups. rather than by the interactions with or
among the amino acid side chains.' To test this notion, we
performed a detailed NMR study of cyclo[RGDENMeV] (1)
and its N-(4-azidobutylated) analog (2). Both peptides had
very similar H™-, H*, and C%chemical shifts, and their
amide protons had almost identical temperature coefficients
(AG/AT) and very similar vicinal scalar coupling constants
FJHN-H%)] (seec Supporting Information). The close re-
semblance of these NM R parameters, which are highly sensi-
tive to conformational changes, indicates that replacement
of the N-Me group of 1 by our linker provided a minimal
perturbation of its conformational state.

To demonstrate the applicability of the N-(4-azidobutyl)
linker, we prepared several conjugates of 2 with PEG.
Conjugate 11 was obtained from 2 by Cu(l)-catalyzed
Huisgen 1.3-dipolar cycloaddition with a polydisperse
PEG-alkyne (2 KDa). To obtain conjugates 12 and 13,
the azido group of 2 was first reduced to an amine with
the mild Zn/NH,CI reducing system. The resulting N-{(4-
aminobutylated) cyclopeptide (10) was acylated with a
polydisperse PEG-COOSu derivative (2 KDa) to vield
conjugate 12, whereas reductive alkylation of 10 with a
polydisperse PEG-propionaldehyde (2 KDa) furnished con-
jugate 13. The optimized conditions for each transformation
are shown in Scheme 4. Due to the polydispersity of PEG,

(14} Pascal, R.; Sola, B. Tetrahedron Lete, 1998, 39, 5031-5034.
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Scheme 4. Synthesis of PEG-Conjugates 11-13
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conditions had to be carefully optimized in order to facilitate
the RP-HPLC purification of the PEG-conjugates (11—13).

The PEG-conjugates (11—-13), the N-azidoabutylated
cyclopeptide ( 2). and cyclo[ RGDENMeV] (1) were analyzed
by circular dichroism (CD), a sensitive technique to monitor
changes in a peptide secondary structure. All compounds
showed a positive band between 212 and 216 nm (4,,,,,) and a
negative band between 230 and 238 nm (4,5, ) (Figure 1). CD
measurements on peptides 2 and 11— 13 are consistent with
data on the peptide 1, which has a conformation featuring
two inverse ¥ () turns and a y turn."”

The biological activity of the PEG-conjugates (11-13)
and cyclo|[RGDINMeV] (1) was evaluated in cell adhesion
inhibition assays. All compounds were tested for their
capacity to inhibit the integrin-mediated adhesion of
HUVEC endothelial and DAOY glioblastoma cells to
their immobilized ligands vitronectin (VN) and fibrinogen
(FB) (Table 1). For all the cell/ligand systems. all the
compounds inhibited cell adhesion in a concentration-
dependent manner, and the same pattern of inhibitory
activitics was observed. The PEG-conjugates (11-13)
showed 1Cg, values in the low M range, albeit inferior
to those of 1. The decreased inhibitory activity of 11-13
with respect to the parent peptide (1) may beattributable to
an interference of the PEG chain with the RGD—receptor
interaction, resulting in lower binding affinities. Indeed.
the reduced biological activity of peptides upon attach-
ment of a bulky PEG chain is an issue of major concern,
especially in the case of small peptides. '

In conclusion, we have shown that a backbone N-(4-
azidobutyl) group can be incorporated into a peptide using
standard SPPS techniques and allows conjugation ata late
stage of the synthesis. Due to the orthogonal properties of

(15) Chatteryee, J.; Mierke, D, F.; Kessler, H. Chem— Eur. J. 2008,
4, 1508-1517.
(16) Veronese, F. M.; Mero, A, Biodrugs 2008, 22, 315-329.
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Figure 1. CD spectra ofcvelo| RGDENMe V] (1), cvelo| RG DI N-
CH,CH-CH,CH,N5)V](2), and compounds 11-13in H,O ata
concentration of 0.5 mM.

Table 1. Adhesion Inhibition Assays of Cyvelo| RGDENMeV] (1)
and Compounds 11-13°

oty + Cufls o fis
HUVEC DAOY HUVEC DAOY
compd on VN on VN on FB on FB
1 0.37 2.69 0.076 0.44
11 B.90 75.21 0.53 4.36
12 3.06 28.76 0.23 L77
13 3.40 49,56 0.41 2.71

1C 5y values are gven in g M.

the azide, our linker is compatible with side-chain protec-
tion strategies, linkers, and resins commonly used in pep-
tide synthesis. Moreover, the chemical versatility of the
azide function, which can be reduced to an amine prior to
conjugation, allows for the flexible design of peptide
conjugates. Along these lines. the possibility of using click
chemistry in the conjugation step is an advantageous
feature, since it permits conjugation in the presence of
side-chain functional groups and thus implies a minimal
requirement for protection. On the basis of all these
considerations, we strongly believe that our N-(4-azidobutyl)
linker will have broad utility in peptide chemistry and will
widen the application of established conjugation methods.
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TABLE OF CONTENTS GRAPHIC: We synthesized three analogs of cyclofRGDfNMeV] (Cilengitide) in which its backbone N-
Me group was replaced by N-oligoethylene glycol (N-OEG) chains of increasing size, leading to an increasingly lipophilic character.
The RGD-cyclopeptide with the shorter N-OEG chain displayed analogous biological activity as the original peptide, whilst being
more lipophilic.

N-OEG,, peptide

N-OEGys : N-CHoCH,CHAOCH,CHa2:0CHs 4 1 66 oontide
N-OEGy; : N-CH;CH,CH,(OCH,CH,)11OCH3 lipophilicity
N-OEG, : N-CH,CH,(OCH,CH,),0CH3

ABSTRACT: Cilengitide is an RGD-peptide of sequence cyclofRGDfNMeV] that was was developed as a highly active and
selective ligand for the o,f; and a,5 integrin receptors. We describe the synthesis of three analogs of this peptide in which the N-Me
group has been replaced by N-oligoethylene glycol (N-OEG) chains of increasing size: namely N-OEG,, N-OEG;, and N-OEG3,
which are respectively composed of 2, 11 and 23 ethylene oxide monomer units. The different N-OEG cyclopeptides and the original
peptide were compared with respect to lipophilicity and biological activity. The N-OEG, analog was straightforward to synthesize in
solid-phase using an Fmoc-N-OEG, building block. The syntheses of the N-OEG,; and N-OEG,; cyclopeptides are hampered by the
increased steric hindrance of the N-substituent, and could only be achieved by segment coupling, which takes place with
epimerization and thus requires extensive product purification. All the N-OEG analogs were found to be more hydrophobic than the
parent peptide, and their hydrophobicity was systematically enhanced upon increasing the length of the OEG chain. The N-OEG,
cyclopeptide displayed the same capacity as Cilengitide to inhibit the integrin-mediated adhesion of HUVEC endothelial, DAOY
gliobastoma, and HT-29 colon cancer cells to their ligands vitronectin and fibrinogen. The N-OEG;; and N-OEG,; analogs also
inhibited cell adhesion to these immobilized ligands, but their ECs, values dropped one order of magnitude with respect to the parent
peptide. These results indicate that replacement of the backbone N-Me group of Cilengitide by a short N-OEG chain provides a more
lipophilic analog with a similar biological activity. Upon increasing the size of the N-OEG chain, liophilicity is enhanced, but
synthetic yields drop and the longer polymer chains may impede targeted binding.
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TEXT

In peptide-based medicinal chemistry, backbone N-methylation is an established tool to improve pharmacological properties of
peptide drugs. The introduction of backbone N-Me groups has allowed to optimize the activity and selectivity of numerous peptide
ligands as a result of conformational modulation.' Furthermore, the introduction of N-Me residues into peptides increases their
hydrophobicity, proteolytic resistance, and membrane permeability, which can enhance their bioavailability thus amplifying their
therapeutic potential."? Surprisingly, little research has been conducted on modifiying the peptide backbone with other N-alkyl
substituents. Besides the so-called peptoids (N-substituted glycine oligomers)’ and the pioneering work carried out by Gilon on N-
backbone cyclic peptides,* only a few examples are reported in which other N-alkylated peptides have been accessed, and such
examples are limited to modification with small N-alkyl groups [i.e. N-ethyl,>® N-allyl,>”* N-butyl,” and N-guanidylbutyl'’].

Very recently, we have shown that peptides bearing an N-triethylene glycol (N-TEG) chain are straighforward to access using
standard solid-phase techniques.'' With our methodology, we synthesized several N-TEG analogs of Sansalvamide A peptide, all of
which were found to be slightly more lipophilic than their corresponding N-Me homologues. Since lipophilicity is a key
pharmacological parameter,'? we found it desirable to know if such an enhancement in lipophilicity would also be observed upon
incorporation of an N-oligoethylene glycol (N-OEG) chain into other peptides. We also sought to evaluate the effect of such
structural modification on biological activity more in detail. To investigate this, we chose Cilengitide (1) as model peptide. This
peptide is an RGD-peptide of sequence cyclo[RGDfNMeV] that was developed as a highly active and selective ligand for the a,f33
and a,Bs integrin receptors."

In this work, we have investigated the effect of replacing the backbone N-Me group of Cilengitide by different N-OEG chains on its
lipophilicity and biological activity. Herein we describe synthesis of three analogs of 1 in which the N-Me group of Val has been
replaced by N-OEG chains of increasing length; namely, N-OEG,, N-OEG;; and N-OEG,;, which are respectively composed of 2, 11
and 23 repeating ethylene oxide monomer units (Figure 1).

In a first attempt to synthesize cyclopeptides 2-4, we adopted the strategy that we had employed for the synthesis of the N-TEG
Sansalvamide A peptide analogs. Such an approach involved the use of Fmoc-protected N-TEG building blocks in the solid-phase
synthesis of the linear peptide precursors, which were cyclized in solution. To prepare the required Fmoc-N-OEG Val derivatives
(6a-6¢), valine fert-butyl ester was subjected to reductive alkylation with a suitable aldehyde.'* In all cases, the reductive alkylation
mixture consisted of unreacted starting material, N-monoalkylated product, and N, N-dialkylated product. The two latter were found
to be inseparable, but after Fmoc-protection of the amino group, the desired products (5a-5c¢) could be isolated by flash
chromatography. Remarkably, the increased length of the N-OEG chain did not prevent the acylation of the secondary amine with
Fmoc-Cl and did not hamper the purification of 5a-Sc¢ by flash chromatography. Finally, acidic cleavage of the fers-butyl ester
yielded 6a-6¢ in 45-54% overall yield (Scheme 1).

The solid-phase peptide synthesis (SPPS) of the linear pentapeptides 9a-9¢ was performed on the 2-chlorotrityl chloride (CTC) resin
by Fmoc-/'Bu- chemistry (Scheme 2). The use of a low functionalization (0.2-0.3 mmol/g) was aimed to facilitate the sterically
hindered coupling step.'” In all the pentapeptides (9a-9¢), the N-OEG Val residue was placed in the middle of the sequence to render
Gly at the C-terminus, which minimizes steric hindrance during cyclization and rules out the possibility of epimerization in this step.
The Fmoc-N-OEG Val derivatives (6a-6¢) were coupled onto the peptidyl-resin in a 3-fold excess using DIPCDI/OxymaPure
activation. With these conditions, the coupling of 6a and 6b took place efficiently and with no detectable epimerization, whereas the
coupling of 6¢ was found to be hampered by its longer N-OEG,; chain and required PyBOP/HOAL as a stronger activation method,
although the coupling did not proceed to completion. After having assembled the three N-OEG tripeptidyl-resins, we investigated the
coupling of Fmoc-D-Phe using bis(trichloromethyl)carbonate (BTC) as activating reagent.'®!” It is important to note that this
coupling is not only hampered by the N-substituent, but also by the B-branched side-chain of Val. With this activation method, resin-
bound N-OEG, Val was completely acylated after two treatments (15 h) with the in sifu-generated acid chloride of Fmoc-D-Phe (as
checked by HPLC analysis of a cleaved resin sample). The use of BTC also allowed for coupling Fmoc-D-Phe onto resin-bound N-
OEG; Val, but the conversion was low and did not improve after a third coupling cycle. However, for the N-OEG,; peptidyl-resin,
no coupling could be achieved. We tested other activation methods, but all of them failed to form the desired amide bond. Thus, we
discontinued the synthesis of pentapeptide 9¢ by this approach. For the resin-bound N-OEG, and N-OEG, peptides, further peptide
chain elongation and cleavage afforded the desired pentapeptides (9a and 9b), which were cyclized with EDC and catalytic amounts
of 4-DMAP. Cyclization proceeded smoothly and, after removal of side-chain protecting groups with 95% TFA in the presence of
H,O0 and TIS, the N-OEG, and N-OEG;, cyclopeptides (2 and 3) were isolated by semipreparative RP-HPLC.

Thus, the synthetic strategy shown in Scheme 2 allows the efficient preparation of peptides bearing an N-OEG chain of 2 ethylene
oxide units, and enables to obtain peptides with an 11-monomer unit N-OEG chain, though in very low amount. However, the
synthesis of our target N-OEG,; pentapeptide (9¢) was not found feasible, since no coupling of Fmoc-D-Phe onto resin-bound N-
OEGj; Val could be achieved. To avoid the difficult formation of the D-Phe-(N-OEG;;)Val and D-Phe-(N-OEG,;)Val amide bonds
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in solid-phase, we sought to prepare suitable Fmoc-D-Phe-(N-OEG)Val dipeptides in solution and use them as solid-phase building
blocks. To prepare the required dipeptides (8b and 8c¢), valine fert-butyl ester was subjected to reductive alkylation with a suitable
aldehyde, and the resulting N-OEGy; or N-OEG,; Val derivatives were reacted with the acid chloride of Fmoc-D-Phe. This procedure
enabled us to obtain dipeptides 7b and 7¢ with no detectable epimerization, and acidic cleavage of the ferr-butyl ester yielded the
desired building blocks, 8b and 8¢ (Scheme 3).

In the SPPS of the N-OEG;; and N-OEG,; pentapeptides (9b and 9c), dipeptides 8b and 8c were coupled onto the peptidyl-resin
using PyBOP/HOAt activation (Scheme 4). Since these dipeptides are time-consuming to synthesize, only 1.0 equivalent was
coupled. After 3 h coupling, further PyBOP (1.0 equiv.) and DIEA (1.0 equiv.) were added and the reaction was allowed to proceed
overnight. These couplings proceeded with acceptable efficiency. However, epimerization of C-activated dipeptides can occur
through various mechanisms and is known to be a major disadvantage of segment peptide synthesis.'® In our case, considerable
epimerization took place at the dipeptidic C-terminal Val residue. The occurrence of epimerization was confirmed by the presence of
two peaks with the mass of the desired product in the HPLC spectra of a cleaved peptidyl-resin sample. The high degree of
epimerization observed was expectable, as the epimerization of C-activated peptides is favoured by itself (no carbamate as protecting
group of the C-terminal residue) and, in this case, by the presence of D- and/or N-alkyl residues.'®! Further peptide elongation and
cleavage from resin yielded pentapeptides 9b and 9c¢ epimerized at Val. After cyclization and deprotection, the desired N-OEG; and
N-OEG,; cyclopeptides (3 and 4) were separated from their non-desired Val epimers by semipreparative RP-HPLC. For the two
isolated N-OEGy, cyclopeptides, the stereoisomer having a lower retention time was found to co-elute with stereochemically pure
cyclo[RGDf(N-OEG;;)V] (3), which had been previously prepared using Fmoc-N-OEG; Val (6b) as building block. Analogously,
the isolated N-OEG,; cyclopeptide with a lower RP-HPLC retention time was assumed to be the product with the desired
stereochemistry, cyclo[RGDf(N-OEGy;) V] (4) (see Supporting Information).

To study the effect of the N-OEG chain on lipophilicity, we co-injected the N-OEG cyclopeptides (2-4) and cyclofRGDfNMeV] (1)
onto a C18 column and we compared their RP-HPLC retention times.?? This is reported as a reliable method to estimate the relative
hydrophobicities of a series of modified analogs.”* The RP-HPLC behaviour of a compound depends on its hydrophobic interactions
with the non-polar stationary phase: the more hydrophobic a compound is, the stronger its retention on the column. All the N-OEG
analogs (2-4) were found to be more lipophilic than 1, and their lipophilicity was systematically enhanced upon increasing the size of
the N-OEG chain (Figure 2). These results can be explained by the amphiphilic nature of OEG.>*** Although OEG-modified peptides
often show better aqueous solubility than their corresponding non-modified peptides, this is due to the polymer chain preventing
intermolecular aggregation, and not due to an increase in hydrophilicity.?**” Along these lines, the attachment of an OEG chain to

peptides can improve their solubility in organic solvents.>”%’

Our findings upon incorporation of N-OEG into Cilengitide, which has two ionizable side-chain functionalities, are consistent with
our previously reported findings for the N-OEG analogs of the totally aliphatic Sansalvamide A peptide: for both model peptides,
replacement of a backbone N-Me group by an N-OEG chain provides a higher lipophilicity. Therefore, we can reasonably expect that
N-Me-for-N-OEG substitution will also increase lipophilicity for other N-methylated peptide scaffolds. Such an enhancement in
lipophilicity can be conveniently exploited for improving the absorption of peptide drug candidates that are too hydrophilic to cross
biological membranes via transcellullar passive diffusion,’**! which is the most common transport route for peptides. Indeed, the
covalent modification of peptides by attaching lipophilic moieties has proved to be an effective approach to improve their intestinal
permeability®>® and oral bioavailability.*”®

The parent peptide, cyclo[RGDfNMeV] (1), and its N-OEG analogs (2-4) showed no degradation when incubated in human serum at
37 °C over a period of 48 h (see Supporting Information). The high enzymatic stability of 1-4 was expected, since cyclic peptides
show increased resistance to proteolytic cleavage, and the presence of D- and N-alkyl residues confers them further stability.>

The biological activities and selectivities of cyclof[RGDfNMeV] (1) and the N-OEG cyclopeptides (2-4) were evaluated in cell
adhesion inhibition assays (Table 1). Adhesion studies were carried out with HUVEC endothelial, DAOY glioblastoma and HT-29
colon cancer cells using vitronectin (VN) or fibrinogen (FB) as ligands. For HUVEC and DAOY cells, adhesion to their ligand VN is
mediated by integrins o,p; and a,Bs, whereas their adhesion to FB is only mediated by integrin a,3;. In contrast, the adhesion of HT-
29 cells to VN is only a,fs-dependent. For all the cell/ligand systems, the compounds inhibited cell adhesion in a concentration-
dependent manner, resulting in the expected sigmoid curves. The inhibitory activities of the N-OEG, cyclopeptide (2) were very
similar to those of 1, which indicates that replacement of its N-Me group by a short N-OEG, chain does not affect binding affinity. In
contrast, the N-OEG;; and N-OEG,; analogs (3 and 4) inhibited cell adhesion with less potency, which is probably due their longer
OEG chains interfering with the RGD-receptor interaction. Indeed, the reduced biological activity of peptides upon attachment of a
bulky polymer chain is an issue of major concern, especially in the case of small peptides.*’

In summary, the analog of Cilengitide bearing an N-OEG, chain instead of a backbone N-Me group (2) was straightforward to
synthesize in solid-phase. The acylation of resin-bound N-OEG, amines can be achieved by activating the following amino acid with
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BTC, and the protocol is compatible with the acid-labile CTC resin. However, for resin-bound N-OEG,; and N-OEG,; residues, this
method does not work. The increased sterical hindrance of their N-substituents impedes the acylation in solid-phase (1 and 10 atom-
chains for 1 and 2, versus 38 and 74 atom-chains for 3 and 4). We were able to obtain the N-OEG;; and N-OEG,; cyclopeptides (3
and 4) by using a dipeptidic building block, but considerable epimerization took place during dipeptide coupling, and extensive RP-
HPLC purification was required to separate the desired cyclic products from their non-desired diastereoisomers.

All the N-OEG analogs (2-4) were found to be more hydrophobic than the parent peptide (1), and their hydrophobicity was
systematically enhanced upon increasing the length of the OEG chain. The N-OEG, cyclopeptide (2) displayed the same capacity as
Cilengitide (1) to inhibit integrin-mediated cell adhesion, but the inhibitory activities of the N-OEG;; and N-OEG,; cyclopeptides (3
and 4) were one order of magnitude lower. Taken together, the results show that, in the case of the cyclic pentapeptide Cilengitide,
substitution of a backbone N-Me group by a short N-OEG chain provides a more lipophilic analog with a similar biological activity.
Upon increasing the length of the OEG chain, lipophilicity is enhanced, but the synthesis is not efficient and steric hindrance may
impede targeted binding. Thus, replacement of a backbone N-Me group by a short N-OEG chain is a feasible way to enhance the
lipophilicity of peptide drug candidates, which can result in a better membrane permeability via passive diffusion, and may not have
a negative impact on biological activity. Considering that backbone N-Me groups are common structural motifs in many biologically
active peptides, we want to communicate that modification at this position is a valuable alternative to introduce chemical diversity or
alter pharmacologically important parameters when modification at any other position of the peptide is not wished or possible.
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ABBREVIATIONS. 4-DMAP, 4-dimethylaminopyridine; ACN, acetonitrile; BTC, bis(trichloromethyl)carbonate; CTC, 2-
chlorotrityl ~ chloride;  DIEA,  N,N’-diisopropylethylamine;  N,N'-diisopropylcarbodiimide; =~ EDC-HCIl,  1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride; FB, fibrinogen; MeOH, methanol; OEG, oligoethylene glycol; OxymaPure, ethyl-
2-cyano-2-(hydroxyimino)acetate; TEG, triethylene glycol; VN, vitronectin.
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Figure 1. Structure of cyclo[RGDfNMeV] (1) and the N-OEG cyclopeptides (2-4) synthesized and tested.

6a-6¢c
a. N-OEG; : R- = CH3;0(CH,CH,0),CH,-
b. N-OEG;; : R- = CH30(CH,CH,0)41CH,CH,-
¢. N-OEGy3 : R- = CH30(CH,CH,0),3CH,CH,-

Scheme 1. Synthesis of the Fmoc-N-OEG Val derivatives (6a-6¢). Reagents and conditions:
a. R-CHO (1.1 eq), NaBH;CN (1.34 eq), MeOH/AcOH 99:1; b. Fmoc-Cl (1.2 eq), DIEA
(2.0 eq), DCM; c. TFA/DCM 1:1.
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a-Q
(CTC resin)

l SPPS

Fmoc-Arg(be)-GIy-O-O

1. Fmoc-removal

DIPCDI (3.0 eq)
OxymaPure (3.0 eq)
DMF, 2 h :

Fmoc—(N—CHZR)VaI—Arg(be)—GIy—OO

1. Fmoc-removal V

2. Fmoc-D-Phe-OH (5.0 eq)
BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, 15 h
(1, 2 or 3 couplings)

Fmoc—D—Phe—(N—CHZR)VaI—Arg(be)—GIy—OO

l SPPS

. Efficiency of the BTC-mediated coupling of Fmoc-D-Phe-OH
onto N-alkylated Val

H-(N-CH,R)Val-Arg(Pbf)-Gly-04Q)

Fmoc-D-Phe-OH (5.0 eq)

BTC (1.65 eq)
2,4,6-trimethylpyridine (14.0 eq)
THF, 15 h

Fmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly- (@)

N-CH:R
N-CHs

Result

Complete conversion after
asingle coupling.
Complete conversion after
two couplings.
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coupling cycle.

Mo coupling achieved after
several coupling cycles.

N-CHzCH2CH2(0CH2CHz)110CH3

N-CHzCH:CHA O CHCHz):0CH:

} N-CH2GHZ OCHCHZ20CH:

1. EDC-HCI, 4-DMAP, DCM

2. TFA/H,O/TIS 95:5:5

H-Asp(O'Bu)-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-OH
9: N-CH,R = N-CHj3

9a: N-CH,R = N-CH,CH,(OCH,CH,),0CHj3

9b: N-CH,R = N-CH,CH,CH,(OCH,CH,)11OCHj3

cyclo[RGDf(N-CH,R)V]
1: N-CH,R = N-CHj
2: N-CH,R = N-CH,CH,(OCH,CH,),0CH;
3: N-CH;R = N-CH,CH,;CH,(OCH,CH,)11OCH3
NH O
(0]
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Scheme 2. Synthesis of cyclo[RGDfNMeV] (1) and the N-OEG cyclopeptides 2-3.
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¢. N-OEGy; : R- = CHzO(CH,CH20),3CH,CHy-

Scheme 3. Synthesis of the Fmoc-D-Phe-(N-OEG)Val dipeptides (8b-8¢). Reagents and conditions: a. R-
CHO (1.1 eq), NaBH;CN (1.34 eq), MeOH/AcOH 99:1; b. Fmoc-D-Phe-Cl (1.5 eq), DIEA (2.5 eq), DCM;

c. TFA/DCM 1:1.
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SPPS
c-Q —— Fmoc-Arg(Pbf)-Gly-0QD

(CTC resin)

1. Fmoc-removal

2. Fmoc-D-Phe-(N-CH,R)Val-OH
(8b or 8¢, 1.0 eq)
PyBOP (1.0 eq)
HOAt (1.0 eq)
DIEA (2.0 eq)
DMF, 15 h
3. Ac,0 (10.0 eq)
DIEA (10.0 eq)
DCM, 15 min

Fmoc-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-0-Q)

l SPPS

H-Asp(O'Bu)-D-Phe-(N-CH,R)Val-Arg(Pbf)-Gly-OH
9b: N-CH,R = N-CH,CH,CHy(OCH,CH,)11OCH3
9¢: N-CHy,R = N-CH,CH,CH,(OCH,CH,)230CH3

3: N-CH,R =
4 N-CH,R =

Scheme 4. Synthesis of the N-OEG cyclopeptides 3-4 using a dipeptide building

block.
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Figure 2. HPLC chromatogram obtained after co-injection cyclo[RGDfNMeV]
(1) and the N-OEG cyclopeptides (2-4) on a C18 column, linear gradient from
10% to 50% ACN over 8 min.

Table 1. Adhesion inhibition assays of cyclo[RGDfNMeV] (1) and the N-OEG cyclopeptides (2-4).
ICsp values are given in pM.

Vitronectin (VN)

Fibrinogen (FB)

Compound HUVEC on VN | DAOY on VN | HT-29 on VN | HUVEC on FB | DAOY on FB
o + o5 o3 + o5 ofs avf; of;
cyclo[RGDfNMeV] (1) 0.37 2.69 3.11 0.076 0.44
cyclo[RGDf(N-OEG,) V] (2) 0.42 3.62 2.17 0.036 0.14
cyclo[RGDf(N-OEG;,)V] (3) 12.42 171.5 n.d. 1.38 4.55
cyclo[RGDf(N-OEG,3)V] (4) 22.30 143.1 n.d. 0.28 2.31
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1. Introduction

In organic synthesis. alkoxymethyl (Aom) moieties have
found many applications as OH-protecting groups, and have also
been used as NH-protectants. Aom groups that have been used
for NH-protection include methoxymethyl (Mom),
benzyloxymethyl (Bom), ferf-butyloxymethyl (Bum)., 2-
adamantyloxymethyl (2-Adom). trimethylsilylethoxymethyl
(Sem), and (22.2.-‘rrichloroethoxy)merhyl.1J Due to the extreme
sensitivity of N, O-acetals to hydrolysis. such Aom groups are not
suitable for the protection of simple amines; however, they can
be used to protect nitrogen atoms embedded in amides,
carbamates, or aromatic heterocycles (e.g. indole. pyrrole,
imidazole. phtalimide. and derivatives), as the resulting N-CH>-O
bond is significantly stabilized due to delocalisation and electron
withdrawing effects.” For such NE functionalities. their N-Aom
derivatives are resistant fo bases and nucleophiles, and can
generally be cleaved by acids, though certain N-Aom substituents
also allow for hydrogenolytic or reductive cleavage.

In the literature there are only two examples in which
backbone N-Aom peptides have been accessed. In one. the
authors describe the preparation of Fmoc-(N-Mom)Gly by acid-
catalyzed condensation of Fmoe-Gly with paraformaldehyde and
MeOH. With this building block, the tripeptide Fmoc-(V-
Mom)Gly-(N-Mom)Gly-Val-OBz was obtained in solution, but
no yields are given (Scheme 1, entry A).” The other reported
synthetic route towards backbone N-Mom peptides involves N-
trialkylsilylmethyl amino acids. These intermediates can be
acylated in solution, yielding N-substituted dipeptides onto which
further amino acids can be assembled. Backbone N-
trimethylsilylmethyl groups can be electrochemically oxidized to

N-acyliminium ions. which can be trapped with a methanol to
yield an N-Mom-substituted peptide. Alternatively, (2.4-
dimethoxyphenyl)-substituted N-silylmethyl groups can be
converted to N-Mom by chemical oxidation (Scheme 1. entry
B).”

Although the scope of N-Aom groups as peptide backbone
protectants is so far not demonstrated, their stability profile
should be compatible with the neutral and basic conditions of
Fmoc/Bu SPPS protocols, and should allow for cleavage under
the acidic conditions employed for peptide cleavage from resin
and/or side chain deprotection. In this study we investigate the
feasibility of an alternative access to backbone N-Aom peptides.
and a first evaluation of their stability under Fmoc/Bu SPPS
conditions.

2. Results and discussion

Since the synthesis of N-Aom-substituted peptides through a
stepwise strategy (Scheme 1A) appears to be more
straightforward than the multistep approach via N-
silanylmethylated intermediates to be oxidized at a late stage of
the synthesis (Scheme 1B), we decided to prepare Fmoc-(N-
Aom) amino acid building blocks. However, the acid-catalyzed
condensation of Fmoc-Gly with paraformaldehyde and MeDH;
which is reported as a method to obtain Fmoc-(N-Mom)Gly.”
failed in our hands to give acceptable yields when other amino
acids and alcohols were tested. Another possible approach
towards Fmoc-(V-Aom)Xaa-OH would be the N-alkylation of an
amino acid ester with an alkyl chloromethyl ether. However,
alkyl chloromethyl ether reagents are highly toxic and only few
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Scheme 1. Reported syntheses of N-Aom-substituted peptides. A) Synthesis of Fmoc-(N-Mom)Gly-(N-Mom)Gly-Val-OBz.® B) Synthesis of N-

Mom-substituted dipeptides via N-silanylmethylated intermediates.”

are readily available. An alternative appeared a protocol that
involves N-chloromethyl amino acid derivatives as reactive
intermediates. It is reported that hexafluoracetone (HFA)-
protected amino acids. paraformaldehyde, and thionyl chloride
undergo a three-component reaction to give N-chloromethyl
HFA-protected amino acids in excellent yields.j These
compounds react with P-, C-, and H-nucleophiles to yield N-
phosphonomethyl.'s N—elhyl.? and  N-methyl derivatives,’
respectively. Inspired by this, we envisioned that the nucleophilic
reaction of an Fmoc-(N-chloromethyl) amino acid ester with an
alcohol could be a feasible way to prepare Fmoc-(N-Aom)
building blocks.

‘We found that Fmoc-amino acid p-nitrobenzyl (Pnb) esters are
smoothly converted to the corresponding N-chloromethyl
derivatives upon reaction with paraformaldehyde and thionyl
chloride, as observed by 'H-NMR monitorisation of the reaction
mixture. Remarkably, the resulting Fmoc-(N-CH,C1)Xaa-OPnb
are sufficiently stable to be isolated by simple aqueous washings
and obtained in high purity. The H-NMR spectrum of these
products features a new signal at 5.4 ppm corresponding to 2H,
that replaces the signal corresponding to the carbamate pro‘ron‘S
Obviously, this protocol does mnot tolerate acid-sensitive
protecting groups, but allows to obtain the N-chloromethyl
derivatives of Pnb-esters of Fmoc-Gly, Ala. Leu, and Val in
quantitative yields.

The reaction of Fmoc-(N-chloromethyl) amino acid esters
with alcohols was found to be an efficient way to obtain Fmoc-
(N-Aom) building blocks. In the presence of NaHCO; and
catalytic amounts of DMAP, this reaction proceeds smoothly
upon simple stirring of the N-chloromethylated amino acid
derivative and the alcohol in DCM at room temperature. The N-
Aom-substituted compounds derived from ferf-butanol (N-Bum).
benzyl alcohol (N-Bom), and triethylene glycol monomethyl
ether (N-Tegom) were obtained in 57-81% isolated yield (flash
chromatography). After removal of the Pnb ester group by
hydrogenolysis or reduction with SnCl,. the Fmoc-(NV-Aom)Xaa-
OH building blocks can be obtained as stable compounds in good
overall yields (Scheme 2).3

(CH,0), (10.0 eq)

SOCl, R
anc\N/'\rrOPnb —— ™ Fmoc.. OPnb
N rt, overnight <N
o]
0,
12 100% cl
2a-e
NaHCO4 (1.1 eq)
DMAP (cat.)
R R'OH (1.2-10.0 eq
or as solvent)
Fmoc.. OPnb
N DCM
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OR' 57-81%
3a-e
Fora, ¢, d: For b, e:
H, (atm.) SnCl; (10.0 eg
PAIC 10% wt (.04 eq) HCTdioxane (eat)
AcOEt or MeOH DMF
M, 4-15h rt,3h
76-100% 23-53%
R

H, R' = (CH,CH,0):CH3
H, R' = CH.Ph
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C
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3
[=]
kel
:
o
T

- )

T

Scheme 2. Synthesis of Fmoc-(N-Aom) amino acids.

The usefulness of Fmoc-(V-Aom)Xaa-OH building blocks in
stepwise SPPS depends on the viability of acylating N-Aom
amines on solid phase. To investigate this, we chose (V-
Tegom)Gly. This choice stems from the potential of N-Tegom
for disrupting intramolecular aggregation throughout the peptide
chain’ To a Gly-loaded 2-chlorotrityl chloride (CTC) resin was
coupled Fmoc-(NV-Tegom)Gly (4a) by DIPCDI/OxymaPure
activation. A control cleavage with 2% TFA in DCM confirmed
the stability of the N-Tegom group under these coupling
conditions. After Fmoc-removal, a ninhydrin test did not give the
blue color that is usually observed when primary amino groups
are present. This indicates that the amine-bound N-Tegom moeity
is stable to the standard treatments with 20% piperidine in DMF
employed for Fmoc-elimination. However, most of the activation
methods tested for the coupling of an amino acid (Fmoc-Leu)
onto the N-Tegom-amine rendered exclusively the peptide
without the N-Tegom group (Fmoe-Leu-Gly-Gly). Only when
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employing an in sifu-generated Fmoc-amino acid chloride
(BTC/2.4.6-trimethylpyridine actix-'a‘ricm]n."S a partial acylation of
the N-Tegom amine could be achieved, giving a 4:1 mixture of
Fmoc-Leu-Gly-Gly-OH and Fmoc-Leu-Gly-(V-Tegom)Gly-OH.
as confirmed by HPLC-MS (Scheme 3).

H-Gly-0-Q

Fmoc-(N-Tegom)Gly-OH (4a, 3.0 eq)
DIPCDI (3.0 eq)

OxymaPure (3.0 eq)

DMF, 2 h

Frmoc-(N-Tegom)Gly-Gly-0-4Q)

i. piperidine/DMF 1:4
3x5 min, 1x10 min

ii. Fmoc-Leu-OH (5.0 eq)
BTC (1.65 eq)
2.4 6-trimethylpyridine (14.0 eq)
THF, 4 h

4:1 mixture of
chc—Leu-GIy-Gly-O—O and
Fmoc-Leu-(N-Tegom)Gly-Gly-0-Q)

Scheme 3. Loss of the N-Tegom group during the coupling of Fmoe-
Leu onto an H-(N-Tegom)Gly-Gly-resin.

Taken together. these results show that the acylation of a V-
Tegom amine on solid phase is hampered by the steric hindrance
exerted by the N-substituent, and that N-Aom amines decompose
in the coupling reaction mixture prior to acylation. Thus, we
reasoned that a stepwise SPPS approach using Fmoc-(N-Aom)
amino acid building blocks would hardly be a practicable method
to introduce N-Aom groups into peptides.

In order to circumvent the difficult acylation of N-Aom
amines, we sought to apply our chloromethylation/substitution
protocol to a suitably protected dipeptide segment to obtain
Fmoc-(N-Aom)Xaa-(N-Aom)Yaa-OH. After coupling such a
segment to the solid phase, the peptide chain can be further
elongated using standard conditions. The N-terminal N-Aom
group will be lost after Fmoc-removal and coupling of the
subsequent amino acid, but the N-Aom group in the middle
position should be preserved, as amide-bound N-Aom groups are
known to be stable to bases and nucleophiles.

To test this notion, we initially chose Alloc-(N-Tegom)Leu-
(N-Tegom)Gly-OH (5) as model segment. We found that Alloc-
Leu-Gly-OPnb undergoes double N-chloromethylation upon
treatment with SOCL/(CH,0),. This dipeptide was converted into
its N, V'-dichloromethyl derivative, and subsequent reaction with
triethylene glycol monomethyl ether enabled us to obtain Alloc-
(N-Tegom)Leu-(N-Tegom)Gly-OPnb  (Scheme 4. entry A).
However, a hydrogenolytic removal of the C-terminal Pnb ester
was not found feasible. Reductive cleavage of Pnb with SnCl,
yielded the desired product (5), but its separation from Sn salts
and p-aminotoluene was difficult. To avoid these contaminations,
we changed the C-terminal Pnb ester for a methyl ester (Scheme
4, enfry B). Alloc-Leu-Gly-OMe (6) was subjected to the N-
chloromethylation conditions, and the N N’-dichloromethylated
intermediate (7) was reacted with triethylene glycol monomethyl
ether. Unfortunately, undesired transesterification at the C-
terminus took place during this nucleophilic substitution step. In
contrast, the use of ethanol as nucleophilic alcohol was found to
render the expected dipeptide, Alloc-(N-Etom)Leu-(N-Etom)Gly-
OMe (8). Saponification of its methyl ester furnished Alloc-(N-
Etom)Leu-(V-Etom)Gly-OH (9), though in low overall yield
(20% 3-step yield from dipeptide 6).
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Scheme 4. A) Synthesis of Alloc-(N-Tegom)Leu-(N-Tegom)Gly-OH
(3). B) Synthesis of Alloe-(N-Etom)Leu-(N-Etom)Gly-OH (9).

We observed that the synthesis of N N’-diAom-substituted
dipeptides seems to proceed with lower yields than the synthesis
of Fmoc-(N-Aom) amino acids. Furthermore, the double N-
chloromethylation/substitution protocol is limited to dipeptides
having a C-terminal Gly. Protected Leu-Leu, Gly-Leu, Ala-Ala
dipeptides rendered the corresponding mono-N-substituted
dipeptides as major products.

To investigate the use of N N’-diAom-substituted dipeptides
as segments for SPPS, we coupled dipeptide 9 onto a Phe-loaded
CTC resin. and the resulting Alloc-(N-Etom)Leu-(N-Etom)Gly-
Phe-resin was subjected to two coupling cycles. In the first cycle,
the Alloc- group was removed with catalytic Pd(0) and Fmoc-
Leu was coupled. In the second coupling cycle. the N-terminus
was deprotected with 20% piperidine in DMF and Fmoe-Gly was
coupled, which rendered Fmoc-Gly-Leu-Leu-(N-Etom)Gly-Phe-
OH. as confirmed by HPLC-MS analysis of a cleaved resin
sample (Scheme 5). On the basis of these findings. N-Aom
groups attached to the peptide backbone can be expected to be
stable under conditions employed in Fmoc/Bu SPPS protocols.
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Scheme 5. Synthesis of resin-bound Fmoe-Gly-Leu-Leu-(N-
Etom)Gly-Phe-OH using using Alloc-(N-Etom)Leu-(N-Etom)Gly-
OH (9) as building block.

We observed that cleaved samples (2% TFA) of N-Etom-
substituted peptides dissolved in ACN/H,O undergo slow
degradation to their corresponding non-substituted peptides,
probably due to the presence of acid fraces (HPLC-MS). We
checked the stability of backbone N-Aom groups against acids
with Alloe-(N-Etom)Leu-(N-Etom)Gly-OPnb. This dipeptide was
found to be stable over 15 days in aqueous buffers at pH 3.9, 7.0
and 9.2, except for slow hydrolysis of the Pnb ester. In contrast, it
undergoes rapid decomposition upon treatment with TFA/DCM
or TFA/H,O 1:1. Even in 5% TFA in DCM, most of the N, N"-
diEtom-substituted dipeptide is converted within one minute to
several intermediate products (presumably N-CH,OH-substituted
compounds), which further degrade to Alloc-Leu-Gly-OPnb at a
slower rate (see Supporting Information). These results indicate
that backbone N-Aom groups in peptides can be removed by acid
treatment. The formaldehyde released may be trapped with
appropriate scavengers to prevent undesired side-reactions.

3. Summary and conclusions

Several NH-protecting groups for the peptide backbone are
reported, such as 2-hydroxy-4-methoxybenzyl (Hmb-).11 2.4-
dimethoxybenzyl (Dmb).lz dicyclopropylmethyl (Dcm-).13 3.4-
ethylenedioxy-2-thenyl (EDOTn)." o -methyl-3-indolylmethyl
(MIM).14 or pseudoprolines (only for Thr, Ser. and C‘ys].l5
However, none of them meets the key parameters that would
allow for general and routine application. These parameters are:
easy incorporation into the peptide chain. to work well with all
(or at least many) amino acids, and to be cleavable under mild
conditions. In this study we could show that backbone N-
alkoxymethyl (N-Aom) groups are compatible with Fmoc/tBu
SPPS conditions, but the main issue for their application as
protectants is the difficulty to incorporate them into the peptide
backbone and the limitation to N-Gly. Despite this issue, we
observed that backbone N-deprotection proceeds already under
mild acidic conditions, which is a unique feature among the
known peptide backbone protecting groups. For this reason, we
think that N-Aom groups hold significant potential as protecting
groups for the peptide bond.

Furthermore, we found that Fmoc-(V-Aom) amino acids are
straightforward to obtain by N-chloromethylation of an Fmoc-
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amino acid ester, followed by nucleophilic reaction with an
alcohol. This may be a wvaluable alternative to the use of
alkoxymethyl ethers for amide and/or carbamate protection of
other compounds, as long as acidic conditions are tolerated.
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