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Summary

The design and synthesis of conformationally restrained amino acids has been the
focus of extensive research, because these compounds mimic or induce specific secondary
structural features of peptides and proteins. Since the discovery of the crucia role of proline
in protein structure, cyclic a-amino acids containing a heterocyclic ring have attracted
considerabl e attention both from synthetic and medicinal chemists. The first part of this Ph D
project is dedicated to the design and synthesis of a new cyclic a-amino acid; 5-
Oxopiperazine carboxylic acid (so called “Pca’). Herein we will report a practical synthesis of
(R)- and (9)-N-Boc-5-Oxo-piperazine-2-carboxylic acid, its introduction into peptidomimetic
structures by a solution-phase peptide-synthesis strategy, and a conformational analysis of

tetrapeptide mimics incoroporating a Pca residue.

Oligomers that adopt predictable conformations (so called “foldamers’) are subject of
increasing interest from the perspectives of both fundamental research and applications. In
this context, the second part of this Ph D work is focused on the structural behaviour of
another unnatural cyclic amino acid, previously synthesized in the group of Pr. Reiser. This
second scaffold is a delta amino acid constrained in its center by a y—butyro lactone ring. We
have investigated the structural role of this building block in homo-3-oligomers as well as
dipeptide surrogates in a-amino acid sequences. These oligomers were synthesized using
both solution and solid phase peptide chemistry and secondary structural features of these new

molecules were defined using NMR, IR, CD data as well as molecular modelling.
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ABBNIATIONS

Ac acetyl

CAN acetonitrile

Bn benzyl

Boc tert-Butyloxycarbonyl

CAN cerium ammonium nitrate

Cbz benzyloxycarbonyl

CD circular dicroism

COsy correlation spectroscopy

DCM dichloromethane

DIPEA diisopropylethylamine

DMF dimethylformamide

DMSO dimethylsulfoxyde

DNA desoxyribonucleic acid

EDC N-(3-dimethylaminopgl)-N'-ethylcarbodiimide
DCC N,N’-Dicyclohexylcarbodiimide

ESI electrospray ionization

Fmoc fluorenyl-9-methoxytzany!

HATU O-(7-Azabenzotriazol-1-yIN,N,N,N’-tetramethyluronium
hexafluorophosphate

HBTU O-(1-benzotriazolyl)-N,N,NN'-tetramethyluronium
hexafluorophosphate

HOBt hydroxybenzotriazole

HOAt 1-Hydroxy-7-azabenzatole

HPLC high pressure liquidamatography

IBX 2-lodoxybenzoic acid

IR infra red spectrogy

LDA Lithium diisopropylamide

MALDI-Tof matrix-assisted-laser-desagpiionization time of flight
MBHA methylbenzhydrylamine

Mp melting point

NBS N-Bromosuccinimide

NMR nuclear magnetic resonance

NOESY nuclear Overhauser effect

Pbf 2,2,4,6,7-pentamydihydro-benzofuran-5-sulfonyl
PMB Para-Methoxy-Benzyl

Pca Piperazinone caytique acid

SN, Nucleophilic substitution of type 2

RNA Ribonucleic acid

TEA Triethylamine

TFA trifluoroacetic acid

TFE 2,2,2-trifluorethanol

THF tetrahydrofurane

TIS triisopropylsilane

TOCSY total correlation spectroscopy



tR retention time

uv ultraviolet

TACE TNF-a Converting Enzyme
TNF-a Tumor necrosis factor

TLC Thin-layer chromataghy

Amino Acid Codes

One-Letter Three-Letter
Code Code

Ala
Cys
Asp
Glu
Phe
Gly
His
lle
Lys
Leu
Met
Asn
Pro
GIn
Arg
Ser
Thr
Val
Trp
Tyr

Unspecified X
amino acid
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Amino Acid

Alanine
Cysteine
Aspartic acid
Glutamic acid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan

Tyrosine
Xaa



| - INTRODUCTION

The function of peptides and proteins in living teyss is strictly related to their three-
dimensional architecture. As it is now well desedbthe structural organisation of proteins
can be divided in three subtypes of structuresn&y structure involves the direct sequence
of amino acids. The term “secondary structure’nefe a local conformational preferences of
the poly @-amino acid) backbone. The most common regular eisn of secondary
structures includer-helices,3-turns andB-strands. The tertiary structure of a protein is th
way in which various elements of regular secondstrycture, and irregular connecting
segments are packed together. Scientists fromréiffdields, have worked together to study
and understand these incredible folding propemieproteins, but it is until now, still not
possible to predict the exact organisation thak take a simple sequence of amino acids to

fold in a extremely complicated tertiary structuegding to the biological activity.

_R6

R1 g -
R3 RT

Primary Sequence

l

y

Helix Strand p-turn
Secondary Structure

Tertiary Structure

Figure I-1 Various level of structural organisation observegiotein structures
(Reproduced with the agreement of ACS publisher)



It is therefore always more and more important@eedop new synthetic tools mimicking the

structure and activity of biologically interestipgptide and protein in order to design new
effective drugs on the one hand and on the othed b@ understand better the architecture of
these crucial polymers that are proteins.

In the last decade, many efforts have been madkesmn oligomers, so-called foldamers,

which are able to adopt predictable and well-defioenformations:?

This PhD project is tightly connected to this camtdhe whole work performed during this
PhD thesis deals with the study of modificationgtsetically introduced into the natural
amino acids backbone, and its influence on thearomdtion of natural peptide sequences.

Two classes of peptidomimetics were studied.

During the first part of my PhD thesis, in Como feeused on the design, synthesis and
structural evaluation of a new cycticamino acid; 5-Oxopiperazine carboxylic acid.
Considering the widespread use of cyclic aminoagidpeptidomimetics, we focused our
efforts towards the synthesis of new chiral piperaze-5-carboxylic acids as proline analogs
(Figure 1-2). The synthesis of tért-Butoxycarbonyl-piperazin-2-one-5-carboxylic acid
derivatives was obtained in few steps and goodlyistarting from Boc-serinetert-butyl

ester.

R
L
!

N COOH
Boc
Pca: R=Bn,H

Figure 1-2 Structure of 4tert-Butoxycarbonyl-piperazin-2-one-5-carboxylic acid

The synthesis of peptidomimetics containing ouepgin-2-one-5-carboxylic acid was then
realized, and their conformation in solution wasdstd by analytical and computational
methods?
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In the second part of this PhD we focused our sgidn structural properties of a new class
of lactoned-amino acid derivatives as inducer of secondamyctires. Two pentalactone-
containing derivativesla and 1b (Figure 1-3) were prepared and their strucutratdees
studied.

(R &&/ )_
ﬁ \JCOOH HoN= \JCOOH HZNJN\:,\COOH

H-Gly-Gly-OH

Figure 1-3 Structures of pentalactone compoutidsandlb and of glycyl-glycine.

On the one hand, these cyclic scaffolds can beritbesicas delta-amino acids bearing a
lactone ring at gamma- and delta-positions. Onather hand, they mimic a glycyl-glycyl
dipeptide unit, in which the amide bond is replabgd lactone ring.

We have investigated, by CD, NMR, FT-IR and molacuhodelling, the properties of these
building blocks as dipeptide surrogatesaramino acid sequences and revealed that they

possess a high propensity to induce stable secpsttactures.

(2) Gellman, S. HAcc. Chem. Re4998 31, 173-180.

(2) Venkatraman, J.; Shankaramma, S. C.; BalaPa@hem. Re\2001, 101,
3131-3152.

3) Hayashi, T.; Asai, T.; Ogoshi, Het. Lett.1997 38, 3039-3042.
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Il - PROLINE

Among the twenty amino acids that are coded ingimst proline occupies a unique
position. Indeed, it is the only mammalian aminalaghere the side chain is cyclised onto

the backbone-nitrogen atom. The cyclic structure of prolineslfdeads to three important

consequences.
R X X
) 1)) ) W

N
H,N COOH H COOH
19 g-amino acids 1 cyclica-amino acid

proline

Scheme II-1

First, the amino acid skeleton itself is considgrabstricted. Thus the characteristic amino
acid @ and angles in proline take only particular values @uk 1l-1). Since dihedral
angle is part of the ring, it is tightly restrictezla small range around -65°. As fprit is able

to populate either the—helical region ¢=-40°), or thef3-sheet regionfj= +150°) see figure
1.2

The Ramachandran Plot.

F
- o (12}
o
mm|
o
90 Left
ﬁj : handed
alpha-helix.
]
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O
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alpha-helix.
T r ; -180 b
-140 -390 a 90 140 180 -phi 0 + phi 180
Phi

Figure II- 1 : Ramachandran plot for Proline and proteine secgrstanctures
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Second, the bulkiness of GINl region of the ring induce a consequent restnctin the
amino acid preceding proliffidzor instance, i-helices the presence of a proline residue will
sterically affect the conformational behaviour tf C-terminal neighbour preventing it from
making a hydrogen bond with a carbonyl in the pdeggturn of the helix . This will create a
kink in the helix and introduce a deviation of 20the helix tube. This disfavouring effect of

proline over a-helix conformatiorf,is illustrated in Figure 11-2.

Figure 11-2 : Deviation introduced by the presence of a prolasdue in a helical structure

Third, in peptides and proteins, thenitrogen of proline is involved in three covalé&unds;

so that the nitrogen amide can not act as a hydrdgeor.

These three facts point out that proline structitehave a direct impact on peptides and

proteins secondary structures.

The other facet of proline is its ability to adaps or trans amide conformation at its N-
terminal part (Scheme II-2). Unlike non cyclic nauamino acids that are linked to each
other bytrans peptide bonds. Proline introduces heterogeneitprotein backbones since
both cis andtrans conformations of the peptide bond are allowed. [Eo& of one hydrogen
on the amide bond in Xaa-Pro segments significdoters the energy difference between
the cis andtrans rotamers while the activation barrier for isomerisation remaignificant
(Scheme 1I-2).
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Scheme 1I-2 :Cis ans trans confromations of proline in peptides

It is also to note that thas /transconversion in Xaa-proline segments in nature talgsed
by the specific peptidyl-prolyl cis trans isomeraséch attest the importance of the geometry
around this amino acid. All these caracteristianloimed, are giving to proline a crucial role

in the recognition, reactivity, and stability oflppeptides and proteins.

[I-1 Proline in peptides and proteins: biological activity

[I-1.1 Proline in peptides biological activity

Proline is found in many biologically synthetic anatural important peptid€sMost
of the small peptides showing an immuno-pharmacalutctivity contain proline residues.
By interfering with immuno modulation processes;tspeptides lead to immuno suppression
or immuno stimulatiod:?® Oligopeptides containing proline are also foundbe active in
coagulation phenomena: actually the tetrapetide RetyArg-Pro prevent polymerisation of
fibrin and therefore its aggregation with platelet§orm fibrinogen clotS.And bactenecins:
peptides located in neutrophiles granules, repgataveral times the Arg-Pro-Pro motif have
shown antimicrobial activity enhancing permeabiti@a of bacterian membranes (Table II-
1).10
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Structure Activity

Thr-Lys-Pro-Arg (tuftsin) Enhances the phagocytosis by monocytes and
macrophage&

Leu-Pro-Pro-Ser-Arg Drives B lymphocytes to immunogpbulin secretion’

Gly-Pro-Arg-Pro Prevents polymerization of fibrin and association

with platelets’

Arg-Phe-Arg-Pro-Pro-lle-Arg-Arg-Pro-Pro-lle- Bactenin 5 potent antimicrobial and cytotoxic
Arg-Pro-Pro activity

Table 1I-1 : Peptides containing proline with an immuno pharméical activities

[I-1.2 Peptides containing proline toward enzymes

Proline plays a crucial role in the proteolytic oration of peptides from their
inactive precursors to its biologically active farth is the case for the peptidic hormone
Angiotensin (involved in blood pressure regulatiarjere the presence of proline direct the
cleavage of the peptide precursor Angiotensin foten the active molecule Angiotensin Il
This example highlights the specificity and velggtof proline regarding enzymes. Only a
limited number of peptidases are known to be ableydrolyze proline adjacent bonds (table
2). On the one hand proline may serve as recogngite for prolyl specific peptidase
(angiotensin, substance P, neuropeptide Y....), buhe other hand the restricted skeleton of
this cyclic amino acid can be used to protect plegtifrom non specific proteolysis
degradation (especially useful for the preservatbpeptide or protein extremities) table 2.
For instance it has been previously demonstratatialgreat number of active peptides, like
Growth factor and interleukins possess a N-terminal X-Pro motif protecting thel e
peptides from degradation.

Motifs Examples of biological function

Proline trans configuration
X-Pro-Y Protection against specific N-terminal degadations

-Pro-X- Brain: Hydrolysis of post Pro bond in hormones by prolyloligopeptidase.
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X-Pro-Y-Pro-Z By two step action of dipeptidyl pepidase IV, maturation of substance P

and Inter leukin 6

-Pro-Pro- Bonds between to Pro possess a high rdaisce to all proteolytic systems
in human

Cis conformation of

proline

-X-Pro Protein folding and intracellular signalling by peptidyl prolyl cis-trans

isomerases, translocation of ions in transport charels

Table 11-2 : Effects and function of proline motifs

[I-2 Proline in proteins

[1-2.1 Proline rich proteins (PRPSs)

PRPs®® are widely found in both procaryote and eucarypteteins. These sequences
containing proline can be located in different pairtthe proteins and occupy from small
domains to the entire part of the protein chainpéeling on their position and their length

these proline rich regions (PRRs) lead to diffefanttions.

[1-2.1.1 Tandemly repeated sequences: Binding aatirmy function

Salivary PRPs which constitutes 70% of the Salnadgins contain PQGPPQQGG sequences
of great length repeated in tandem many times. uoh sproteins, the proline section
constitutes almost the entire protein. These pueteimajor function is to capture polyphenols
(Figure 1I-3) coming from the diet and decreaseirthearmful effects by forming
precipitates’. Mamalian epithelial mucins are made of large gimst containing although
quite long, tandemly repeated sequences of proliféese proteins are forming large
networks coating and lubricating the epithelialdgy,

17



— § — — Balyvery proteins

'l
%
<«° Vo Q
T ‘. . — . ;—;. W Salyvery protein binding polyphencls
_l-’. \ Y 1
° e e é ¢
P A w
ol St
i e Interiocking networks:
.""\(\:\. interconnexions between several chaing
\< ® of zalivary proteins and Taninz
.
Y
precipitation

Figure 11-3 Capture of polyphenols by proline rich region ifiveay proteins.

[1-2.1.2 Multi Proline rich regions (PRR) systenisanscription initiation

As it has been described before proline sequenoesinaolved in binding phenomena
interacting with different motifs. But there ares@l examples showing protein-protein
interaction involving the contact between two diffiet PRRs. Thus RNA-Polymerase I,
which possess in its C-terminal domain 26 or 27ieppf the Y-S-P-T-Y-S-P-S motif, will
interact with DNA by means of another protein TAT®X containing also proline rich
sequences (Figure 11-4). This protein-protein iatéion will lead to the initiation of

transcription*®
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Transcription

Figure 1l-4 : Transcription initiation, role of the proline ridegment in RNA polymerase

11-2.1.3 Proline/Hydroxyproline (Hyp) rich proteind\ structural role

Collagen is the major class of insoluble fibroustein in extracellular matrix and connective
tissue such as tendons and skin. The primary steicif collagen is mainly composed of
three amino acids occurring as trimer repeats Gl:-)Glycin constitute one third of the
protein, the imino acids Proline and Hydroxyprol{iyp) are then located respectively in X
and Y position. Hyp derived from proline residuesptvaductionnally modified by proline
hydroxilases. The secondary structure of a singéng of collagen is adopting a left handed
extended polyproline Il helix conformation. In thertiary structure, three polyproline Il
chains are interlaced around each other to forigha handed triple heliX’ This triple helix
packing is then stabilized by hydrogen bonds betwgigcine of each chain (Figure II-5).

This specific shape is known to be essential tbac#ierence and migratioff.
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Figure 1l- 5 : Collagen fibre organisation

[I-3 Proline role in secondary structures

In the past years, studies of biological phenomieaae shown that the incredible
properties of proline are mostly related to itdigbto induce specific secondary structures in

peptides and proteins.

I1-3.1 Proline in helices

[I-3.1.1 Polyproline helices
There are two types of polyproline helices: theypadline | (PPI) and polyproline II (PPII)

helices. The originality of such polypeptide isttbath helices are made of a succession of
proline residues unable to make H-bonds. Thereftive, stabilization of these particular

secondary structures results from the restrictioluced by proline pyrrolidine ring only.

11-3.1.1.1 Polyproline | (PPI)

This helix adopts a right handed compact helicaff@enation (Figure II-6) and contain 3,3
residues per turns (3elix). In this particular structure proline reseds dihedral angles
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adopt the same repetitive values (-75°, 165°)dihedral angle of the peptidic bond is always

in cis.

Figure 11-6 : Different perspectives of PPI helix

Anyway this succession of cis peptide bonds aréequifavourable energetically especially
in water, so that this kind of helices is poorlypptated in nature.

[1-3.1.1.2 Polyproline II(PPII)

PPII consist in an extended structure with thredime residues per turnsi(Belix) in which
® andW¥ angles adopt -75° and + 145° values. The majdergiice between both PPl and
PPII structure is that PPII adopt a left handedchi&lal structure with the amide bond

between two proline residuestnans.

ooyt Of

Figure 1I-7 : Different perspectives of PPII helix

Unlike PPI, PPIl helices occur quite often in natult has an important role in several
biological functions, as signal transduction, celbtility, and immune responSe As
described in the precedent section, the polyprdling also component of structural proteins

like collagen, and it is believed to be the domir@mmnformation in proline rich sequences.
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[1-3.1.2 a-helices

Proline amino acids are mostly known for havingsaupting effect on helices, nevertheless
numerous proline residues are found in transmenabttaelicoidal segments of proteins acting
as receptors subunits or transpofteisdeed, the wide family of protein G coupled reoes
possess transmembrane helicoidal units containimgenous proline residues. Mutagenesis
studies demonstrated that these residues play adteyin receptor activation, and ligand
binding. These experiments led to the hypothesisttiecis/transisomerisation properties of
proline could be at the origin of conformationalanges in proteins necessary for the
regulation of a transport channel. In addition sprece of intrahelical proline residues favours
the exposure of the previous amino acid carbongligs outside of the helix tube. In this
way, the CO of the previous residues have the pitisgito bind other ligands such as metal
cations (NA or C&"). Transmembranes helices containing proline celle play a role in

ionic pumps.

11-3.2 Proline in turns

Turns in peptides and proteins are important sirattand biological features. It is widely
present in the extremity of proteins, and have @dovo participate in protein-protein
interactions and recognition phenomena. Becaus@\tthrelidine ring of the Proline residue
forces thed angle to be centred on the -60° (+/- 15°), propinesents a ready opportunity to
change the direction of the polypeptide chains lhow widely known that proline serves as

turn inducer in natural peptides and proteins.

[1-3.2.1 Proline in Type IB-turns

Proline is often present at the i+1 positionfadi- turns (Figure 11-8). This turn is widely

found in peptides and proteins since it is connestianti paralleB- strand<™
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Figurell-8 : - turn containig proline in the i+1 position

[1-3.2.2 Proline in VIB- turns: cis proline turns

Although if this this kind of turn is less commanproteins it seems to play an important role
in protein folding, it has been found in the teraipart of a helical segmeft$%and it appear
to be important in protein ligand recognition phermon®* This motif is constituted of 4
amino acids like the IB-turn above but in this secondary structure thdiraccupies the
i+2 position. Another particularity of this secomgastructure is that the proline preceding
amino acid and proline it self are linked trougtispeptide bond.

[1-3.2.3 Proline in new foldamers

Recently, proline has been used for the designsginthesis of new foldamers. Baruah & al.
in 2007 reported the synthesis of a new hybrid peptidguié 11-9) that adopt a compact

three dimensional structure that display perigeliorn.

Figurell-9 (reproduced with the agreement of ACS publisher)
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Srinivaset al®® at the same period described another hybrid foldaepeating the Aib-Pro-
Adb (3-amino 4,6-dimethoxy benzoic acid) sequehe Wwas folding alterninf-turns motifs
(Figure 11-10).

7 1Dy
H=M_[-Turn

O

LV

Figure 11-10 (reproduced with the agreement of ACS publisher)

These two new peptidomimetics highlights that ti@artance of this natural amino acid is
not limited to natural proteins but also as synthdbol for scientist to expand the
conformational space available for foldamer design.
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llI- CYCLIC a-AMINO ACIDS CONTAINING ANITROGEN
ATOM IN THE RING: TOOLS FOR THE DESIGN OF
PROLINE MIMICS

Peptides are bioactive compounds involved in nuogeimological pathways in nature. They
are thus attractive targets for the design of newgsl Unfortunatly, they are not suitable for
the development of pharmacologically active compisyrsince they are highly exposed to
proteolytic degradation. The great properties ofipe provided the scientists a starting point
for the development of new synthetic tools that ldomimic and improve on its own
properties. Actually the design and synthesis a¥ senformationally restrained tools, such
as Cyclic Amino-Acids (CAA) as well as their incomation in peptides and proteins, would
give the opportunity to acquire a better understandf protein folding phenomenon as well
as protein biological behavioum addition, the non proteinogenic character of CA#&ino
acids would be an asset for the development ofpeptide-like drugs. Actually, the presence
of a non natural amino acid-like molecule in a piptsegment could reduce the sensitivity of
peptides toward enzymes, and thus overcome thdegpnotf bioavailability of peptide-based
drugs. Another advantage of cyclic amino acids &@iomg peptides is the structural control
they confer to peptidomimetics, and this could adamment the selectivity for specific

receptors.

Thanks to proline, Cyclic Amino Acids have becomelenules of increasing interest in both
fields of synthetic and medicinal chemistry. Cydmcondary amino acids have been applied
to several biological issues, and their incorporainto bioactive peptides has been reported

over the past yeafS.

CAA synthesis has been already well commented fimesious review® | will here report
some of the major synthetic pathways describetiénliterature focussing in particular on 6-

membered ring cyclic amino acids in which we wetteriested for the present work.
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[lI-1 C3 Aziridin-2- carboxylic acids and derivatives

Aziridines rings are versatile and powerful builgliblocks in organic synthesis due to their
high reactivity. Synthetic aziridines exhibit mple biological properties, such as enzyme
inhibition?® and DNA alkylation. Their susceptibility to regi@nd stereoselective ring
opening® renders these compounds useful precursors fosyththesis of various nitrogen
containing compounds, notably chiral amino aéfds particular, the aziridine-2 carboxylic
acids could be important components for the prejmaraof a variety of conformationally

constrained peptidomimetics building block.

[1I-1.1 Synthetic routes

In 1996, Goodman and coworkéfsproposed a three step procedure providing the mono
substituted aziridine carboxylic derivatidein good yields and as an optically pure material.
Coming from the corresponding allylic alcohol viaa®pless asymmetric epoxidation, R-2-
methylglycidol1, was oxidized to its carboxylic acid derivativeneTacid was then protected
by a benzyl group, and subsequent ring openingpea®rmed with NaRllto form the azido
alcohol 3. Refluxing the azide derivative with triphenyl plpbge provided the

enantiomerically pure aziridine carboxybengylScheme I11-3).

0 OH
~,.. OH a NalO,RuCl, © NaN, Ny~
>\J - \)X'*cozan
b. DCC, DMAP, 00% COLBn
1 BnOH 2 3
63%
PPhy |reflux
L£0O;Bn CHiCN
HI‘\[!>'\ 83%
4

Scheme I11I-3
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Boukris et al in 2003° described a two step synthesis of tri-substituseiridine
carboxyester. In a first step the halohydrngrepared from the corresponding epoxy esters,
were treated with hydroxylamine derivative to gihe cyclisation precursd@. In a second
step, the N-protectefl-halo a-aminoesters were converted into the correspondangdine

carboxylic estef in good yields (Scheme l111-4).

OH NHOR *
Ar><,'<CN H;NOR® HCUNa,CO5 Ar L-CN
-
1 co-r1
H x COzR THF, rt. i x Oz
b 6
NHOR ? Ar CN
Ar ~CN NalHK GO/ BusNHS Oy, ;
= N GOR
COR! benzene, rt,, 8h ,
H X OR?
6 7
Scheme llI-4

Diaperet al in 2005** introduced the Aziridine-2-carboxylic acid motif analogues of the
antibiotic diaminopemilic acid (DAP). Reaction ohgsphonate ester XcCOGPFO(OEt)
with N,N-di-Boc glutamate semi aldehyde using ar¢osWadsworth-Emmons type coupling
gives exclusively the trans alkene. Removal of afethe Boc groups generated the
aziridination precurso®. Subsequent aziridination performed in presence-éimino-2-
ethyl-3,4-dihydroquinozolinone, led to the Azirididerivative as a diastereoisomeric mixture
(9:1). The major diastereocisomer was then purifigdrecristallisation and deprotected to
afford the desired molecule with the aziridine-2boylic moiety 11 as an optically pure

compound.
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Scheme IlI-5

More recently, Minijew & al. in 2008 developed two different diastereoselective prooesiu
based on the cyclisation of selanyl esters. Firgtlpa chiral center was introduced to induce
diastereoselective reactions. Addition of a chirddium amide toa,B-unsaturated esters
afforded the producii4 as only one diastereoisomer. Then, the debenaglatith CAN
selectively provided the corresponding amitte Then deprotonation by LDA followed by
addition of benzene selenienyl bromide afforeedmino a-selanylesters, that was obtained
as two diastereoisomerd6 and 16’. The two diastereoisomers were separated by
chromatography, and each pure diastereoisomer yelised after activation of selanyl amino
esters with Meeerwein salt or NBS providing thensraaziridine compoundl7 and

17,

A _Fh
Hfi: Fh
= - p COLER iv o v N\
e :' RO AN T |
P ’!“.’ Fh Hrif"ﬁ" Ph » Sefh R =
S = L : co.Et M L
2 R g, Co.EL
| e 0 © 16
13 o
-
14 15 '1'14 Pho wory N
.- COEL A 17
= R 'COLE
Sefn
16’
Scheme 000 [(F-BPEA (LI eguivi, m-Buli (1.3 equivi], THE, — 78 5, Hmin; fiy CAN (21 equiv iy, CHORH 0, 20050, 1 hs (idi) LA (2.1 eguivi, THE,
TH A dhen PhSeBr (1.3 eguivi, — 78 50 20 ming (iv) MeOBE, 2 equivi CHCl;, 120 then XalX0 ag 1N (v MBS (1] equivd, C1CM, 5 min then
M0y,
Scheme I11-6
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[11-1.2 In the field of peptide and petido mimetics

Aziridine 2-carboxylic acid is a useful tool in gl chemistry. Its introduction in the
backbone or in the lateral chain of peptides, dffagactive electrophilic site for further
modifications (conjugation of glucide moieties, roduction of modified lateral chains).
Anyway, this great reactivity toward nucleophilesates difficulties in maintaining the ring
integrity during peptide coupling synthesis. Therefonly few methodologies are at the
moment available to build this kind of peptidomimstcontaining Aziridine carboxylic acid
motif.

Danicaet al.in 2005, reported a strategy to incorporate theidine carboxylic acid motif in
peptides (Scheme IlI-7).

(A) o) o . 0 Me
T
AHN \i)kcm LN, . TrtHN\r,lLH/[\”#Can
Me -

“OH

18 - 19

o)
“OH 20

Lb—d
QO Me O

Me
5 “’N\T)LNJ\(DB" - HN\)LNJWI,GE;"
NOH o N H o

(AA=Ala); (AA=Thr)
(AA=Val):  (AA=Phe)

21
22

@ Reagents and conditions: (a) BOP, 'ProNEt, CHCl; (92%): (b) MsCl,
Etz:N, CH:Cly; (c) EtsIN, THF (91% over two steps); (d) TEA, MeOH, CHCl;
{66% for 6); (e) BocAAOH, BOP, 'Pr;INEt, CHCl; (88% for 7, 76% for 8,
81% for 9. §9% for 10); (f) BoaNH,. EDC-HC1, HOBt, CH,ClL, (96%): (g)

Scheme IlI-7

Tripeptides containing a central Aziridine moi@¥, were prepared by initial coupling of N-
Trityl protected serind8 with alanine benzyl ester. The resulting dipeptidas reacted with
methanesulfonyl chloride and subsequently treatid ttiethylamine in THF to afford the

corresponding N-tritylaziridine-containing dipetidéurther deprotection of the trityl group
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followed by acylation of the free azyridine withricaus Boc protected amino acids led to the

generation of tripeptides that possess a centnadlizie moiety22.

Another synthesis of azirididine containing pepsides been reported by Fioravanti et al in
2008°. In this case the aziridine ring was introduceddncting (E)-acrylonitrile with Nosyl-
oxycarbamate (Nosyl=Ns=4-NOgH,SO;) in the presence of CaO as a base (Scheme l1I-8).
During this reaction, the E configuration of theubdte bond was conserved. Subsequent
deprotection of the aziridine nitrogen, followed d¢xyupling of a third aminoacid (under mild
conditions), afforded a library of aziridyl-tripege¢ sequences. These kind of procedure
allowed the creation of libraries of di- to tetrppdes containing aziridines, but longer
peptides containing aziridine-2-carboxylic acidtidl a challenging field.

O R O R
NC. /l\/cme NC _OMe
- N NsOMNH-Boc -
| ) —_——— » Boc-N o
0 Ca0, CH,Cl,
=4 39

Scheme I111-8

Regarding foldamers synthesis, Takashial reported the synthesis of fasheet mimic,
where the two arms were linked through an aziridmetif (figure IlI-11). But no

conformational studies were reported on this stmeé’

A—— ide
] o
V/QD paraliel
f-sheet

N Peptide strand
Fr’i\n’NH_H :} mimetic
O
turned scaffold
Figure 111-11

30



[lI-2 C4 Azetidine-carboxylic acids and derivatives

Azetidine-2-carboxylic acid (L-Aze), has first bediscovered and isolated frooonvallaria
majalis by Fowden in 1958. Later it appeared to be a constituent of seveaalral products
like mugineic aci or nicotiamine®®. It has also been recently incorporated in the
pharmacologically active molecules Melagatran atefita that act as Thrombin inhibitbts

COOH  cooH  CcOOH

- '

N N OH HM
H
OH e %{3 (‘f W
mugineic acid ) |/§‘ h—/
' o]
=N
COOH  cooH  COOH HN.._ H2N> R
Lo~
nicolianamine R =R = H: Melagatran

R =Et. R'= OH: Exenla

Figure 111-12

[11-2.1 Synthesis

Because of its numerous possibility of functioratien and its conformational restriction
properties, this 4-membered-ring heterocycle hasoie a convenient building bloc in
organic synthesis. Its preparation has been rediewe2002 by Kurthet a.l**, and more
recently by Cordero & af®> so I will report here only some examples of sytithstrategies

providing the “chimera” amino acid enantiomericagliyre.

Chromatographic separation of diastereoisomers :

Ma et al?®

developed a synthetic procedure to obtain botmt@raers of the L-Az&4 and
24’, (Scheme IlI-9). This route involve Methyl 2, 4-dionobutanoate, dihalogenated
compound that will react with (R)-phenylethylamiae inexpensive source of chirality. The
base-promoted cyclisation led to a diastereoisanmaikture of theN-protected azetidine-2-
carboxylic acid23 and 23’. Diastereoisomers were then separated by chronzgiogrand

further deprotection gave both enantiomers of tbgrdd optically pure free amino acid in
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good vields. Similar strategy had been developestipusly by Couty & &f and Futamura et

art’.

Br
Oe
E”A)Y { S>=co,Me S coMe
+ 0O KoCO3 i N
o and
J{a 78% Mme” “Ph Me)“ph
Ph™ “NHy 2 a 23
Chromatographically separable
1) SN HCI
2 HaPd©OH),  (>=COM ana < > -COM
d N N
95% H H ,
24 24
Scheme 111-9

Procedure using chiral auxiliaries:

Hanessianet al*® (Scheme 11I-10) described a selective synthesisL-@ze using the

Oppolzer sultam derivative of glyoxylic acid oxiraed allyl bromide to form allyl glycine

25, and thus introducing the stereocenter. The clamadliary was then removed, and the

carboxylic and amino groups were orthogonally ptaeé. Ozonolysis of the double bond
followed by reduction of the new formed aldehydadtion gave the alcohol derivative that
was then transformed into the corresponding mesyum28. Finally deprotection of the
amino group and cyclisation afforded the desirestidine carboxylic skeleto7 which was

involved in the final steps of deprotection and DBEX\purification to give pure L-Az&8.
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Scheme I11-10

Sterically directed cyclisation :

An efficient and unexpected cyclisation leadinghe formation of an azetidine-2-carboxylic
acid derivative was described by Sardinet al* In this route protected
25,3S-hydroxyaspartate was converted in two steps idiiteesylate derivativ29, which was
cyclised under basic condition to afford the Tranbstituted azetidin80 as unique product
(Scheme 11I-9). The epimeric SBR-derivative, under the same conditions, led to the

formation of the aziridine derivative as a majooghuct.

OMs CO;Me MsQ, COzMe

N (1)
o Pf NPf
NHpf  71-91% _
DMF, EtsN, 80 °C 4:1
Dioxane, LiCIQy, s-Collidine 100 : 0

QMS A, CO;}MB MSO,,_ COQME
MsO._~_COMe — M {7 . [l @
73% Pf NPf
NHPf
29 30
DMF, Et3N, 110 °C 0:100
F'h I(
Me0,C oMs MeO,C. T
(E]: HPf HPf
MSO ‘N
OMs
TS A 'rs B

MsO, COzMe MsQO,, CO;Me

Scheme lIlI-11
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Rearrangement of already existing cycles :

More recently,anti-aziridino amino esters were thermally rearrangpdnutreatment with

EtsN to trans-N-protected alkyl-3-aminoazetidine-2-carboxylic es&1 (Scheme 111-12

Ts NHTs
! N EtsN, CH3CN 1
2 70°C,20h R 2
RA/COQR R\ COR
HN\]’Ph Ph)\Ph 3
Ph 44-80%

R'= Me, Et; R-R'= ¢c-Hex
R2= Me, Et, t-Bu

Scheme 111-12

. 2. 2 Peptidomimetics

L-Aze as proline surrogate:

L-Aze and L-proline adopt similar conformation iegtides since they are both constraining
the conformational space of the previous residustésc interaction with the ring. Therefore
Aze has been early incorporated in vivo and inovitito cellular proteins using the cellular
protein synthesis machinety®?> Anyway some differences are detected: particulanly

dihedral angles and bond distances. Comparatiwelledions on both rings have shown that,
L-Aze in dipeptides is presenting more energetigimma than proline, meaning that it could
introduce more flexibility in polypeptides. L-Azehas earlier been incorporated in
collagen-like polytripeptide molecules instead ablime>*®® It has been reported that
collagen containing L-Aze , present modified biabad and physiological properties. It is
mainly retained in the cell so that the extrusionform intercellular matrix is reduced

preventing the incorporation into tissues. It sed¢hat this is due this enhanced flexibility

induced by L-Aze thus destabilizing the triple kedf collagen.
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In a more recent paper the effect of proline stltgtn by L-Aze was studied in the
polypetides [(AlaGly)ProGluGlyl. The interesting outcome of this investigationsthat
proline containing peptides were disordered, whetedze containing sequences promoted
the formation of B-structures® This tendency was confirmed by Ogoshi &’avho
performed comparative conformational studies omapeiptides containing L-Aze. Finally
Baeza & al’™® demonstrated recently the propensity of L-Azenmuce y-turns in short
peptides (Figure I111-13).

Figure 111-13 Conformational preferences of proline and azetidiipeptides
(reproduced with the agreement of ACS publisher)

[1I-3 C5 Decorated pyrrolidine rings, a route to modified proline

In term of mimics, what more than a five memberetefocyclic ring could mimic proline ?
Actually, nature has already produced a plethoranoflified prolines in which the most
famous one is hydroxy proline where the presencehef hydroxyl substituent on the
pyrrolidine ring is stabilizing the collagen tripkelix*®. Subtituted proline mimic have been
used in particular to study stabilization mechanafhydroxyproline replacing the hydroxyl
substituent by different functional groups. Sulggitl proline, have been found in biologically
active molecules, anticancer agents (Figure lIl-IJatEe also convenient scaffolds for the

development of new pharmacogically active molecules
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R=0H, polyoxypeptin A
' R=H, polyoxypeptin B

Figure 1lI-14 : 3-substituted proline in anti proliferative aggm)yoxypeptin
Various approaches are now available to build switstl proline derivatives. And it has been

reviewed in 2004 by Karoyaet al®® and | will repport some synthesis examples as all
structural preferences of this constrained amindsac

[11-3.1 Synthesis

11-3.1.1 2-subsituted prolines

Asymmetric synthetic procedures for the preparatibtihe so called quaternary prolines have

been recently reviewed by Calaza &%lso | will report here only some recent examples.

Scheme 111-13 reports the different strategies @lated to perform the synthesis of these
highly constrained compounds.

EWG
L\" Uk
A
S
N” “coo Route 3 N7 >COOR

Route 1
%

N "COOH

Route 2 H LG
N / \ R

H
. Route 4 o
L ﬂ\
¢ HN" "COOR N)\COOR
PG PG
Scheme I11-13

a-functionalization of L-proline (Routel,Scheme I11-13)
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The challenging parameter of this reaction is tontain the optical purity of the previous
proline compound. Therefore Seebathal. in 1983 provided a methodology to perform
alpha alkylation of proline, inventing the concegftself-reproduction of chirality. In this
procedure (Scheme llI-14) L- proline was condens#l piruvalaldehyde to afford a single
conformer of  2-tert-butyl-1-Aza-3-Oxabicyclo[3.30@}ane-4-one 31  Subsequent

deprotonation with LDA gave then a non racemic at®lntermediary which was combined
with alkyl halides to provide thea-alkylated proline skeleton32 with complete

diastereoselection. The oxazolidinone ring was tbeened under hydrolytic conditions

providing the desired alkylated proliB8 with good enantioselectivity.

L f\ H HBUCHD ."\ }\\H 5 1 LOA RX Yield 3 (%) Ref

NSO Jeae N OF 2R Mel g 7]

] CHy=CHCH,Br gl [17]

B BB g1l [17]

31 MizN=CH, G sgll  [17]

MeOLCoH,Er 4kl [17]

Ma,N{QICOHCI g:' | [17]

o : — BNnCICHCl |

N F 7 Dowex N COH -~
L H ¥ gy g5:5
i I Single diastereciaomer
32 33 Fl yiald from L-proling

Scheme IlI-14

Synthesis with the formation of the pyrrolidine ring (routes 2, 3 and 4 )
1, 3 dipolar addition cycloaddition: Azomethine ylides (route 3, Scheme I1I-13).

1,3- dipolar cycloadditions of azomethine ylides atkenes is a powerful method to afford
the stereocontrolled formation of polysubstitutgd-lidine rings. These kind of reactions
involves 2 partners Scheme IlI-13: An alkene bepan electron withdrawing group (EWG)
although usually called dipolarophile, and an yliflbe stereocontrol of the reaction can be
induced either by the presence of stereocenteonernf the partner by a chiral auxiliary, or
by employing chiral catalysts. The example chosEne Bhow the [3+2] cycloaddition
between a chirdt-nitroalkene34 and an iming&5 (Scheme I11-15) that afford polysubstituted
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prolines, that belong to a new family of inhibitafsa4p1-integrin-mediated-hepatic

melanoma metasta&is

=]

1. AgAG, ELN

"M
2. OME/LIOH ~
. o ”

CO.H

36

Scheme IlI-15

C-N bond formation by intramolecular cyclisation of a-amino acid derivatives (Route
2, Scheme 11I-13)

Another methodology achieving the formationoealkyl prolines, propose the closure of the
ring, by intramolecular cyclisation of a geminatlisubstituted glycine equivalent with an
appropriate leaving group on the side chain. Asxample, Snideet al®* used this strategy
to synthesise of a (-)- 2,5-dimethylproline ethslex 42, a key intermediate in the synthesis of
(+)NP-25302 acting as cell-cell adhesion inhibitdfhis procedure starts with an
enantioselective Michael addition between the eBagitropropionate87 and a methyl vinyl
ketone38 in the presence of the hydroquinone catadgsiThe produced disubstituted glycine
derivative39, was then cyclised under reductive hydrogenatarditions, using klland Pd/C

in ethanol to give the nitro compour®. And the desired quaternary proli#2was obtained

“pushing” the conditions to 3,3 atmosphere gfiiMthe presence of HCI, (Scheme I11-16).
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Scheme I1I-16

C-C bond formation involving memory of Chirality (Route 4, Scheme I11-13)

QK

R, .COEl powdered KOH COaEt EtD (CHa) X
T e Mo Ncoye
DM -] 2 bu
Boc” MCHaaX  20°C  Boe N R

X=Brl up to 99% ee :

A
44

Scheme I1I-17

Starting from readily availabla-amino acids a recent cyclization method via “memair
chirality” has been developed to provide at roommgerature without the aid of external
chiral sources cyclic amino acid with a tetrasubtid stereocenter in alpfa®”. In this case
the treatment of Ne-bromoalkyl-N-terbutoxycarbonyb-aminoacids44 derivatives with
KOH powdered in DMF at 20°C provided 4, 5 and 6 rberad ring cyclic amino acids with

excellent yields and enantioselectivity.

Key features of this method are the preservatiaeftchirality of the starting material due to

the high reactivity of axial enolate intermediaty (Scheme 1lI-1}J. As an example, The
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cyclisation of the Nw-bromoalkyl-N-terbutoxycarbonyl phenylalanine dative 45 afforded
the corresponding substituted prolid& in excellent yields and enantiomerically pure
(Scheme 1lI-18).

COOE KOH, DMSO, 20C Pﬁtozc
Ph/Y N
N
Boc/N\/\/Br 90% Boc”
ee=99%
45 46
Scheme 111-18

[11-3.1.2  3-substituted proline

éynthesis with the formation of the pyrrolidine ring

Motheset al. in 2008 developed a convenient synthetic procedure toimlitathree steps
and good yields 3-substituted proline- homotriptpd This method is based on the amino-
zinc-ene-enolate cyclization(AZEE). In a first stépe zinc intermediatd8 was generated
starting from the commercially available ole#7. Carbocyclization was performed by the
deprotonnation/transmetallation sequence using laDé ZnBp. The strereochemistry of the
two stereocenter<ci§ in this case) created during the cyclistion, wasatied by the chiral
auxiliary initially on the molecul&a-methylbenzylamide). Finally Neigishi cross-couplin
of the zinc intermediate with indole rings, was iagbd using Pd and Fu’s catalyst (Fu’'s
catalyst= {-BusPH)]-BF4). And the orthogonally protected proline homotjtane49 was
obtained optically pure (Scheme I11-19). Followisignilar procedures, the same group, used
similar methodology, to build 3-substituted prolidervatives, bearing pol&t,and alkyl™

side chains of natural amino acids.

R
_;_}": |"_I|I
|

| 1) THF, -78°C | " ZnBr Znr|
- LDA T

I ] ! e
| T B a
L. . N CO,En _/_<_,N
u HGGER" 2) ZnBiry L‘ 2 \“‘ﬂ-__ — Boc
.Jh,Jw.MH PHT TMe PA(DAC):  “n COBR

48 . (+-BusPH)-BF, L.

47 [ Ph Me
|

Bocy 0, |

el KOH | 49
na..-f:[ {:} ovE. R \I x;} MEL; Df-Lﬁ-P'nir - l{\)
=N TN CHC or THR TN
Boc
Scheme I1I-19
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11-3.1.3  4-substituted proline

In the case of 4-substituted proline the commeuvallability of the starting reagetrtans-4-
hydroxyproline made of it a reagent of choice ta¥gathe synthesis of 4- substituted proline.
Actually thecis 4- substituted proline can be in this case eaditgined by SM diplacing the
Tosylate or Mesylate derivative afans -4 hydroxyproline (Scheme 111-20, route 4)and

Mitsunobu reactions (Scheme 111-18 route’2)eplacing the alcohol by different functional

groups.
Ms or TsO Route : R Route : Ho
& SN, & Mitsunobu &
N~ “COOR{ R=CN N~ "COOR;  R=CN N~ TCOOR;
Ro N3 H N3 H
SR' SR'
60 to 90% 60 to 90%

Scheme I11-20

[11-3.1.4 5-substituted proline

Intramolecular cyclisation

Lubell and coworkers reported in 1993 the synthedishe 5-substituteah-butyl proline

starting from the conveniently protected glutamdégivative. In a first step, the enolate
formation followed by the acylation with valeryllohide of the glutamate derivative led to
compound51. Then the intramolecular imine formation followkd a selective reduction of

the imine intermediate led to the 5-substitutedipecenantiomerically pure. Schemelll-21.

OMe n-Bu
1) LIHMDS H,, Pd/C
© nBucocl O MeOH, AcOH O\
COOtBu COOtBu _
2) LiOH 85% n-Bu ” COtBu

NHPhHFI 58% NHPhFI

50 51 52
Scheme I11-21
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111-3.2 Structural features

Substitution of the pyrrolidine ring induces chasigie the conformation of the proline cycle,
and thus can influence the conformation of peptiEpending on the substitution position,
these amino acids chimeras are attractive tootaddulate secondary structure formation in
peptides.

Studies on Ac-L-2-MePro-NHMe model peptifieshowed thata-methyl proline has a
tendency to formy-turn in non polar solvents as well as destabiliwathe cis preceeding
amide bond. In biologically active peptidgs]) turns were stabilized by introduction af
methylproline derivatives in Tyr-Pro-Tyr-ASp,/® an antigene peptide and in tandemly
repeated sequences Asn-Pro-Asn-Ala motifs respefi¢ Examples of peptidomimetics
containinga-substituted proline have been used to mifitarns. One of the widely studied
motif used asf-ll-turn mimic are spirolactam-derivatives. Differebi or tricyclic
"""Structures containing a spirolactam at the (i+1pifan have been designed and
synthetized over the past years (Scheme 111-23)lifg each time as efficierf}-Il turns

mimics.

Scheme 111-22(reproduced with the agreement of ACS publisher)
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Benefitting from the decrease of the number of degrf freedom due to the presence the
spirolactam introduced in thee-position of proline’®, these kind of bicyclic proline could act
asB-Il turn nucleator. Actually the spirolactam isifigng the W-angle of the proline natural
amino acid, meaning that in this compound both dlikleangles are constrained. So that, the
pyrrolidine ring will restrict the conformationapace of its N-terminal neighbour, and the
spirolactam ring will reduce the conformational gpaf its C-terminal neighbour amino acid.
In this case conformational analyses based on Marigemperature (VT) NMR analysis, as
well as IR analyses both confirmed the existencanoH-bond between the C-terminal Boc-
carbonyl, and the NH hydrogen of the Methyl amidbese observations together with
additional computational calculations are in agreetmwith the presence of a tygell

structure.

Gramberg et al in 1992 designed and synthetized a spirolactam bicyelitine linking this
time thea-position of the proline to tha-position of the N-terminal amino acid. Thus the

Xaa proline peptide bond was constrained to a@mgermation forming §-VI turn mimic.

O 0
REKKD — o)\]?,fg O’J\'JR

< " Y
trans Xaa-Pro cis Xaa-Pro cis Xaa-Pro mimetic (1)

Substituents in position 3 have shown differenicdtiral feature depending on the length and
bulkyness of the substituted chain and on the athemistry of the trisubstituted carbon. It
seems likecis 3- substituted prolines stongly destabilizéurn conformations because of
disfavouring interactions with the carboxamide growvhereas thesturn conformation
predominates itrans 3substituted proline$.

4-Substituted prolines: as it as been reportedrbe&ubstitution in position 4 is famous for
directing the folding of collagen through a PPIllixeStudies of fluorosubstituted proline

derivatives have shownn enhancement of the PRIdtsire stabilisation.
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It has been shown that the introduction of substitsi in position 5 of proline strongly
destabilized the the trans conformation of the @uewy peptide bond. So that this kind of

modification, tends to stabilize type Btturn structure&?

[l1.4. C-6, 6-membered ring cyclic a-amino acids

[11-4.1 Synthesis

l11-4 1 1 Pipecolic acids and derivatives

The natural non proteinogenic pipecolic acid (atstled homoproline) is an attractive
synthetic target because it is a key constituemhaiy natural and synthetic molecules. For
instance, biologically important natural productscts as immunosuppressant FK&06
anticancer agent VX7 antitumour antibiotic sandramyéfh histone deacylase inhibitor
apicidir®® contain a pipecolic acid moiety. Research in theaaf 4-substituted pipecolic
acids alone has resulted in novel therapeuticalgvant agents in areas such as HIV-1
protease inhibition (Palivavir),N methyl-D-aspar#cid receptor antagonism (Selfotel), and
thrombin inhibition (Argatroban) See scheme 111-¥3

0S0;

NH
O\ \(NI;
N“ “COOH Hosg_ N

O N Y
H 6  GooH
Selfotel
Argatroban
N 0] CONHtBu
_ .
0 _~_ OH o |\
N
Palinavir
Scheme I111-23
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Furthermore it is a interesting tool for buildinfrew petidomimetic&®®’

The synthesis of pipecolic acid and derivatives thas received a huge attention in the last
20 years. Synthetic routes have been already exéseviewed by Parkt al.in 20022 and

by Kadouri-Pouchogt al in 2005%® so | will repport here only on more recent syrithet

pathways.

In 2005 Watanabet al®® proposed a simple and efficient route to accesis &oantiomers of
pipecolic acid. Refluxing dibromoethane with didtioc-aminomalonates3, in basic
conditions led to the monoacid monoester derivatdecarboxylation at high temperature
afforded then the cyclisation precurdst as a racemic mixture. Resolution using subtilisin
Carlsberg fronbascillus licheniformisfforded both pure enantiomeésSb and54a The ethyl
ester of Boc-D-amino-6-bromohexanoic abth was then removed, and deprotection of the
Boc group followed by an intramolecular cyclisationpresence of triethyl amine, afforded
both enantiomers of pipecolic ad@aand56b in 27% overall yield (Scheme 111-24).
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COOEt
BocHN COOEt
53
Br
BocHN COOH
55a
55b

27% overall yield

Asymetric catalysis has also proven to be a vatiatethod to produce the piperidine ring.

1/i EtOH
Sodium ethoxide
ii 1,4dibromobutane

2/NaOHaq, EtOH
3/ Toluene, reflux

1/HCl/dioxane

2INEt, DMF,pH=8

Br

Subtisilin
—_—

BocHN™ "COOEt

54

Bt

N 'COOH
H

56a: D pipecolic acid
56b: L pipecolic acid

Scheme I11-24

Br

BocHN" "'COOH

55b

BocHN™ “COOEt
54a

NaOHaqg
Br EtOH

BocHN™ “COOH

55a

Ginestraet al. in 2002° reported the synthesis of pipecolic acid involvigyclisation via

ring closing metathesis (RCM). From the known drett epoxyalcohdb8 synthesised from

the allylic alcohol57 via Sharpless epoxydation, nucleophilic ring opgnof the epoxide

using allyl amine was followed by the protectiontbé amino group with Bg®. The key

intermediate1 was obtained by ring closure metathesis catalimeithe Grubb’s reage®,

of the doubly unsaturated amine 24 with 72% yi€larther hydrogenation and oxidation led

to N-Boc pipecolic acidb2in 99% ee after recrystallisation (Scheme I1I-25).

Sharpless
epoxydation

A"y ——

57

46

/\/<Cy)/\ y A \/\N/BOC 59
=z OH — ——*~ z
58 2/ Boc,0 OH
60%
72% | cI1.FCys
Ru=—
AR
Cl pcy, Ph
60
7
o}
H 87% Nk OH
OH OH
62
61 Ph
Scheme I11-25



Increasing the ring of the cycle of cyclic aminoida¢ offers larger possibilities of
substitutions, and as we can see on the represeotegounds in the scheme l1l1I-21, 4-
substituted pipecolic acid have shown high pharithgical activity. Increasing efforts has
been developed by synthetic chemists to provide alsutes to these 4-substituted
compounds. The same method as described beforlimyd&RCM has been recently applied
to afford the trans-4 methyl pipecolic aéfd.

Another widely used component of therapeutics escis-3-hydroxy pipecolic acid, that is

included in the antitumor antibiotic tetrazominég(ke I11-15).

OH
N
N
(V/\l\ﬁ\H OMe O

Figure 111-15

Recently Phanet al®® reported a new synthesis to access this type mpoands. Starting
from the ozonolysis of oxazolir@S, the subsequent addition of trimethyl phosphontéaedo
the resulting aldehyde yietwt3 unsaturated methyl est&4. Reduction of64 with L-
selectride and subsequent hydrogenolysis provioiedhtramolecular cyclisation, the desired
piperidine skeletor66. The carbonyl group was then reduced with boraeéhyh sulphide
complex to gives7 in good yields. The dihydroxyl monosilyl compouwds then submitted
to several steps of protection deprotection stegford the free primary alcohol. And finally
oxidation with RuC and NalQ led to the corresponding cis hydroxyl pipecolicda68
(scheme I1I-26).
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Scheme IlI-26

111-4.1.2 Piperazines carboxylic acids

The piperazine ring is a favored structural elementmedicinal chemistry, and is often
encountered in the structure of enzymes inhibitarg] clinical therapeutics. Piperazine-2-
carboxylic acid, has been employed to form biolallyc active peptidomimetic anti HIV

protease inhibitor indinavir (Figure I11-163 This useful synthetic building block and related
hydroxymethyl derivatives have since been employedhe preparation of a variety of

biologically active compounds, antibacterial, aatiplasic , antinociceptive agents.

N
| N OoH . OH

N K./N
PO

H
H,SO,

Indinavir Sulfate

Figure 111-16
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This skeleton is traditionally prepared from pyrezicarboxylic acid by hydrogenation to
produce the racemate. The racemate is then resdbyedractional crystallization of
diastereomeric salt as camphor sulphonic acid®salis methodology has been used more
recently to provide the piperazine-2,3-dicarboxyad 69 that is a precursor of NMDA (N-
Methyl D-Aspartate receptor) antagonist (schem@T)2°

H
N -COzH 1/ KOH(aq), N.__»CO2H
[ I 10% Pd/C, H,
—
N CO-H
N"COH o, N 2

3/DOWEX 50WXS-400 H* g9
form ion exchange resin.

Scheme I11-27

Enzymatic methods resolution of the correspondingrbaxamide precursor using
stereoselective amidases led to both S and R mametiemers of the piperazine carboxylic
acid but a disadvantage of these enzymatic mefisatie low amount of product availabfé.

In 2005, Paluckiet al. reported a synthesis of 5-substituted piperazasea precursor of
melanocortin receptor agonist. The 5-alkylated f@p@e compounds were prepared in a
linear fashion illustrated in Scheme 111-28. Stagtwith commercially available methyl B+
Boc-L-a,B-diaminopropionate hydrochloridés, conversion to diamin@6 was achieved via
alkylation with various substitutea-bromoketones. Removal of the Boc group followed by

reductive amination provided the optically pureqvgzine77.%’

1/TFA, CH,Cl, R2
o HCI a-bromoketone, (0] 2/Na(OAc)3BH BocN/\(

0
H
“ NH, DEA N N%Rz AcOH,DCE /O\[(K/NBOC
DMF 3/Boc,0, TEA, (o)

NHBoc 12-60% NHBoc CH,Cl,
75 76 45-74% (3 steps) 7
Scheme llI- 28
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111-4.1.3 Piperazic acid

Piperazic carboxylic acid, is also found is sevdalogically active compounds, the L-
enantiomer residue, for example is present withehicycle ring system of many bioactive
synthetic product like cilazapril which is a drug the treatment of hypertenst8¢Figure I1I-
17) and pranalcazan, an antinflamatSty.

Etooc  ( |

L—--,_,/ N S

Figure 111-17 : Cilazapril

This building block has also shown interesting cteal properties in peptidé®’ Its

synthesis has been reviewed in1998 by Ciufodinial***

| 102

and | will report here a recent
synthesis from Hanaclat a in 2004 who described an efficient synthesis qlepzic
acids of different ring sizes. the hydrazino acrdgorsor80 was previously obtained from
electrophilic amination of the benzyl protected amiacids78 with oxaziridine79. Then
diazomethane esterification followed by mild oxidat and TFA treatment lead to the
unsaturated compoun8l in 76% vyield. Finally the piperazic aci@2 was obtained by
reduction of the hydrazone function with Nag&HN. The present compound was unstable and
was thus Fmoc protected affording finally the desirorthogonally protected piperazic

derivative83 (Scheme 111-29).
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Scheme I11-29

111-4.1 4 Morpholine-3-carboxylic acid

This scaffold has been used to build several bieacholecules, such as TACE MMP and
TNF-a inhibitors®* and a potent orally active VL-4 antagorli§t.The first synthesis of
morpholine-3-carboxylic acid was reported in 1981 Anteunis et al'®® providing the
racemate. This firs attempt was followed by thetlsgsis proposed by Brown et al. in 1985,
describing the preparation of the amino acid as\#benzyl ethyl ester derivative from serine
in 6% overall yield. In the same years, Kogami &ghwa reported the most convenient
synthesis of morpholine-3-carboxylic acid wich eayad chiral benzyN-Cbz-2-aziridine
carboxylate derived from serine, to give the ttfeino acid after three steps in 66% yielJs.

And recently an enzymatic synthesis has been pen{}8%

Guarna et al in 2007, proposed a really conversgnthesis starting from serine methyl ester
84, and giving in five steps the corresponding mohpieocarboxylic acid Fmoc protect&®

in good yields. Reductive amination of dimethoxetatdehyde with L-serine methyl ester
hydrochloride was carried out under one hydrogemoaphere in the presence of catalytic
amounts of Pd/C and triethyl amine, giving the coomul 85. Subsequent Fmoc protection,
afforded the cyclisation precurs86. The cyclisation was then conducted in acid caofét
via acetalization, and in situ elimination of the nweth group was achieved by adding
catalytic amounts of p-toluene sulfonic acid antuxeng. Hydrogenation of the double bond
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and final deprotection of the methyl ester give toeresponding morpholine derivatid®

conveniently protected for petide synthesis (Sch#h89).

OMe HO
oHe—{ "'C'l Fmoc-CL, NeHCOg |\ l

OMe dioxane-H,0 ~ N EOMe
= MeO 2
L-Ser-OMa HC| —_— I
Hy, 10% Pd/C I;N CO;Me 28k OMe Fmoc
2 o
84 EtzN, MeCOH, 16 h 85 7% 86
98%
cat. p-TsOH o 10% PYC, Hy, O._
toluene, 4A MS ] ™ 2.1 MeOH-CH,Cl, 5M HCl-dioxane [ l
reflux, 1.75h N7 YCo,Me 16h N"””*cr} Me refiux, 16 h coz
85% o 95% Frmoc 97%
87 88 89
Scheme 111-30

II- 4. 2 Structural features

As it has been shown during this report, all thegemembered ring amino acids have been
developed for medicinal chemistry needs, and h&esvs efficiency especially in structure
activity researches, for the discovery of new biv@ccompounds.

Their conformational behaviour as inducer of seeondtructure has retained less attention.
Nonetheless it has been shown that in spite of tiigher flexibily because of their larger
ring size in respect to proline, they are interegtools as folding nucleators. Pipecolic acids
seems to be less efficient as proline becauses dfeitibility'® but Piperazic acid and the D
enantiomer of morpholine carboxylic atiihave shown propensities to form different turn

sructureg!?

5-Oxo-piperazine-2-carboxylic acid (Pca), has nemgimuch less attention, and only few
reports deal with its synthesis, structural anddgjical properties:*?*

Herein we report a practical synthesis bfBoc-5-Oxo-piperazine-2-carboxylic acid

derivatives, their introduction into peptidomimestructures by a solution-phase peptide-
synthesis strategy, and a conformational analykitetbapeptide mimics incoroporating a

PCA residue.
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IV — DISCUSSION

IV-1 Synthesis of the 5-Oxo-piperazin-2-carboxylic acid

In the frame of our studies directed towards thettssis of peptidomimetics with
well defined conformational properties, we becamterested in the synthesis of 5-Oxo-
piperazinone-2-carboxylic acid, and its introductioto peptide sequences as inducer of
peptide’s secondary structures.

A synthetic plan was envisaged starting fronor b- serine, requiring the replacement of the
hydroxyl by an amino group (possibly via an azidgeimediate), acylation with a
chloroacetyl derivative and, eventually, cyclizatio the piperazinone ring (Scheme 1V-1).

n: n: ;:””’1: l

COOH COOR, COOR, COOR;

Scheme IV 31

L-Serine was protected both at the nitrogen andoggtic groups. Thea-nitrogen
position was protected with a Boc group and théaaylic acid function was transformed in
the methyl ester by reaction with methanol in theespnce of acetylchloride
(2.7equivalents}*® The acetylchloride reacts with methanol formingtmytacetate and
releasing a known amount of gaseous HCI in the ameth which acts as an acidic catalyst for
the esterification reactioN-Boc-serine methyl ester was thus ready for theodhiction of
the nitrogen functionality. It was reported in thiterature that this transformation could be
achieved by activation of the OH of serine eittesalfonate est&f or via a Mitsunobu type
reaction™*"**® Unfortunately, the formation of sulfonate estefsserine, in our hands, gave
only the elimination product, i.e. methy-tert-butyl-carbamoylacrylate. The Mitsunobu
reaction required the use of a titrated solutiorhydirazoic acid in a hydrocarbon solvent
(originally benzene but toluene was used insteddghlwwas obtained by reaction of sodium
azide and concentrated sulfuric acid, followed kiraetion of the resulting hydrazoic acid

into the organic phase’
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The subsequent Mitsunobu reaction was then condlustéoluene and other solvent
mixtures in order to determine if any solvent eff@ould be operating. The best experimental
conditions involved running the reaction in toluettgoom temperature; in this way excellent
yields of the azide derivativia were obtained (Scheme 1V-2).

l

HN3, DIAD, PPH; Nj

N, Toluene
COOMe 81% Hll\l COOMe
Boc 1a
Scheme IV-32

The azidela was then converted in the primary amina a catalytic hydrogenation using
Pd/C and the cyclisation precursor was subsequettigined by coupling the amine with

chloracetyl chloride (Scheme IV-3). The subsequeydlization reaction was then done
utilizing two diverse strategies: a) deprotectidrh@ a-nitrogen and further cyclisation under
basic conditions, or, bx-nitrogen deprotonation and further closure of tleg via

intramolecular nucleophile substitution of the ¢blatom (Scheme 1V-3).

1) H,, Pd/C in MeOH

N3
j\ 2) TEA, CICH,COCI in ey j/ )\
HN" > CoOM

Boc

COOMe

b) Cs,CO3 in DME
>lk-a) 1) TFAin DCM
2) DIPEA in DCM reflux

T

U 5

COOMe T)\
N~ >COOMe
i

Scheme IV-33

In case a) we could not isolate any cyclised prgdard in the second case b) the cyclisation
occurred in low yields (about 30%). We related fhiture to the presence in the cyclisation

precursor of two conformers inc&g/transequilibrium (Schemev-4).
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COOMe COOMe
Bo

Trans isomer C|s isomer

Scheme IV-34

Indeed thecis-transequilibrium in amide bonds is well known in pautigr in polypeptides,
where it is mainly present under ttans configuration. It has been reported that the prese
of cis isomers in polypeptides containing natural amioms (proline excluded) is around
0,06%? No cis peptide bonds are detected in X-Ray structurgsrateins except when the
nitrogen is tertiary in proline residues. Some vesiiablished features for the peptide bond are
the coplanarity of the group attached to it, itetiphdouble bond character that is reflected in
shortened C-N distances and moderate free energgrisahG*=16-22 kcal.mof) (Scheme
IV-5).120

The energetic differencdG°) between botltis andtransisomers is described to be around
2,5 kcal/mot* for secondary amidé$ This barrier is sufficiently strong that no mohan a
few per cent of theis form is detected in experimental studies of seaon@mides. One
explanation for the low occurrence @$ conformers in nature is the steric hindrance betwe
R! and R when they are on the same side of the double b(Bciteme 1V-5).

(0] O@ (0] OG>
_R? X _R? DG* _H X _H
H H %2 R?
s-trans s-cis

Scheme IV-35

To circumvent the failure due to theans preferred conformation of the amide bond in our
acylated derivative, an alternative synthetic waaswwroposed. To favour the presence of the
convenientcis conformer and thus the closure of the ring, it Wasided to introduce before
the acylation step, a new bulky substituent onaméno group. In this way a tertiary amide
would be obtained after introduction of the chl@igt residue and this would favour ring
closure by increasing the population of tierotamer. We first thought to introduce a benzyl
group on the amine position, which would be easiyovable at the end of the synthesis.
Therefore we proceed to the reduction of the azjamip using standard hydrogenation
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conditions to obtain the corresponding primary anmWe performed the benzyl substitution
by reductive alkylation, using benzaldehyde and emlucing agent (scheme IV-6).
Unfortunatly, it was not possible to avoid complgtéhe formation of the dibenzylated

byproduct, even by the use of stoichiometric ameohbenzaldehyde.

1) CH3COOH, MeOH

N3 H2, Pd/C in MeOH H2N PhCHO anN
1 - -k
2) NaCNBH
HN "COOMe HIN COOMe ) 3 HN COOMe
Boc 14 Boc Boc

1) TEA ,MgSO,

PhCHO
2) NaBH,
BnHN Bn,N
1 : 1
Hl}l COOMe HII\I COOMe
Boc 2a Boc
Scheme IV-36

To avoid the dibenzylation of the primary amine teught about another synthetic strategy
starting from the azide, that could give us in “@ut” the monosubstituted compound. This
new route is combining two new intermediates: ifirgt step the azide would be converted
directly in an imminophosphorane derivative: “Stisggr intermediate”, and the following
addition of benzaldehyde should give us the “Azatid/iproduct” the benzyl imine. The
imine would be then simply reduced to afford thesick®l monosubstituted product
(SchemelV- 6).

In a Staudinger reactidff the azide derivative is reacted with a phosphimegive the
corresponding iminophosphorane intermediate andd@amte molecule is liberated (Scheme

IV-7). This derivative reacts usually with the atephile “H" to give the primary amine.

@
_N_ _R'
@N >N
R
R R Cﬁ R' R\ /B\ R' R\ /R /RI R\l-‘_) R. T
- R—P N- r-PrN PR+ N,
E\/«NJ N ®\_/ © = — - R N

Scheme IV-37
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Of course other kinds of electrophiles can be uatdhis point of the reaction. These
electrophiles can be aldehydes or halogenatedsaflya-Witttig reaction}? chloroformates

(introduction of protective group$j? anhydrides to afford rapidly substituted amine
derivatives. In our case, the iminophosphorane dir@stly reacted with benzaldehyde in the

same reaction medium to form the imine (Scheme)lV-8

® R "
//N\ /RI PR3 \|P R' R CHO R \N,R
N~ Px .
T L
2 R3;P=0
Scheme IV-38

With this methodology the dialkylation of the amiisenot permitted since the alkylation of

the iminophosphorane would lead to an unfavouredlyocharge salt (Scheme V-85,

Scheme V-39

To achieve this step in “one pot” we first screedéterent conditions. We started our work
on this reaction using triphenyl phospHiffebut the formation of the iminophosphorane was
slow, and the removal of the triphenyl phosphinglexvas difficult. So we rapidly switched
to the much more reactive trimethyl phosphine, Whig also producing a water soluble
phosphine oxide. This new reagent gave us the smorgling iminophosphorane in 30
minutes?’ The following addition of benzaldehyde in quasictiometric amounts was
directly poured in the reaction medium, and thenemformation occurred in one hour.
Finally, we pitched on the in situ reduction of ith@ne, using NaBhkias reducing agent and
methanol as cosolvetf with this route we obtained the secondary aminB5% vield. A
better yield was then obtained removing completbly solvent and dissolving the crude
mixture in methanol. In this way the mono-benzydatanine was obtained in a three-step-

one-pot procedure with an overall yield of 69% SobdV-10.
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NH
N 1) PMe3 N
/E 3 2)PhCHO /E NaBH, /[
B} MeOH BocNH COOMe

BocN COOMe Dry DCM, N2 BocNH COOMe 24
1a

Y

Overall yield= 69%
Scheme 1V-40

The cyclisation precursor was then formed by addibf chloracetyl chloride in a two phase
medium composed of a saturated solution of sodiisurionate and ethyl acetate in 95%
yields*?® Thus the following base promoted ring closure gisisium carbonate to enhance
the nucleophilicity of the Boc protected nitrogerDMF at 65°C*° occurred successfully in a

75% yield (Scheme IV-11).

= L e &

HN CICH,COCI O~__N O~_ _N
1 = T -1
HN" Scoome NAHCOSEOACTL o~y Scoome  PMF N~ >COOMe
! 95% ' 75% !
Boc Boc Boc
2a 3a 4a
Scheme IV-41

Following the presently described synthesis we wable to obtain our scaffold in good
amount. To obtain now the non proteinogenic amuid & a suitable form to be incorporated
in peptides sequences, we had to deprotect theymesker to provide the corresponding
carboxylic acid. The methyl ester protecting grasiwidely used in organic synthesis and
there are many way to cleave it. One of the mostlumvolves basic conditions using small
amount of agueous bases NaOH or LIOH. Althougherathild, these conditions are still
basic, and could cause epimerization of the sterdgec in thex-position of the ester, prior to
hydrolyis. In order to decrease the basicity o tinethod we prepared and used LIOOH,

which is milder as it is less basic and more nysiélc(Scheme 1V-12§°
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Il\l COOMe THF l}l COOH
Boc quantitative Boc
4a 5

Scheme 1V-42

With our scaffold, 5-Oxo-piperazine-2-carboxylicidacin hand we tried then to check its
compatibility with peptide synthesis. Therefore emipledL-alanine benzyl amide to the 5-
Oxo-piperazine-2-carboxylic acid, using HOBt and@&Rs coupling reagent, DIPEA as a
base and DMF as solvelit. The product was obtained in good vyields, but, tofately, we
could detect by NMR the presence of two differeghals for the methyl group of the alanine
in the dipeptide. To exclude that the splittingtloé signal could be due to the presence of
rotamers at both Boc and benzyl groups, the NMRyaasa on this Boc protected dipeptide

were performed at higher temperature, but no saamf difference was noticed. (Scheme V-
13).

Os~__N
~
T H o)

Bn N
o) N N : H
T N HOBt, EDC, DIPEA  Boc O =

OH J\ > +

HsN~ “CONHBN

N DMF, 75% Bn > 6
Boc O TFA

Os N o
s T u b

N m“@
Boc O = _/

NMR signals unclear

Scheme IV-43

The evidences for the presence of the two isomiaayf came from further analyses
performed on the correspondent deprotected dipeptiche removal of the Boc was
performed using a mixture of TFA in DCM, and theedr amine was isolated after

neutralization of the TFA salt using aqueous NaHC&Zheme I1V-14). At this point of the
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synthesis we were able to see two close spots db filates and we could isolate both

isomers by flash chromatography.

I?n
jﬁ(H i O\I\:N H Q
N =~ "N
| z H/\© N N\:)J\N
Boc O 1) TFA/DCM H § ¢ H
+ 7a

6< + 2)neutralization NaHCO3,q

Bn .
' Bn

O o Os_N

S ISP
N ; N ; N
| =

~ Boc O = H/\© H/\W : H/\©
7

Separation of the two
diastereoisomers

Scheme IV-44

We first related this epimerization problem to #hadity of thea-proton of the scaffold
during the base-promoted cyclisation. We therefemdormed different cyclisation tests using
different bases and solvent conditions (table IVNaH conditions in DMF/THF have been
reported for previous ring closure of piperazinoimgs3? The NaH assisted intramolecular
cyclisation occurred rapidly, but the obtained prtdwas a mixture of starting material,
cyclised compound and saponified one @3 at high temperature in DMF that had been
also reported for the cyclisation of piperazinomgs gave us the better results in term of
yields but in term of enantiomeric excessCiO; in Acetonitrile at 80°&3*** was more
efficient. We chose this ££O; procedure as it had been reported forNh@ethylation ofa
amino acids with no traces of epimerisatfdiSuch differences in the enantiopurity with so
similar bases let us notice the influence of tHeesd. It has been previously reported that the
use of DMF and Acetonitrile in base assisted inbi@cular alkylation of nitrogen group,

could influence the enantioselectivity.
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Base Solvents T(°C)| Yieldg D.R.*
CsCO; (2€0) DMF 65°C 75 % 1/1
CsCO, (Leq) DMF RT 44% 1/1
NaH(3eq) DMF/THF (1/1) RT 55 % 1/1
NaH(1leq) DMF/THF (1/1) RT 33% 31
K2C03(2eq) Acetonitrile 80°C 70 % 3/1
KZCOS(leq) Acetonitrile 80°C 38 % 3/1
tBUOK(1eq) THF RT 64 % 31

* The diastereoisomeric ratio D. R. was calculaigdH-NMR after coupling with L-alanine benzyl amidee.i

on the product: Boc-Pca-Ala-Bn

tBuOK was also tried as the base in this cyclisapoocedure to test the effect of a bulky

Table V-1

base, but, again, the enantiomeric excess reméieeshme.

Despite our numerous trials with various basic domts we were not able to produce the

enantiomerically pure scaffold, following this slgatic scheme.

To avoid this problem we decided then, to changéepting group. Consequently, we applied
the same synthetic route to the Boc L-Setigre-butyl ester. Since this protecting group is
more bulky and electron donating, it could havenbseitable to prevent the epimerization
phenomena from our previous synthetic pathway. Troiste produced the cyclisation

precursor, starting from the serine protected as &ul tert-butyl ester, with enhanced yields

for each synthetic step (see tables V-2 and IV-3).

Steps Methyl ester Tert-butyl ester
Mitsunobu rection| 81% 93%
Azide synthesis
Aza-Wittig 68% 83%
Substitution of the
o-amine
Acylation 92% 96%
Table V-2
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The cyclisation reaction was then performed ushreggame basic condition described above
for the methyl ester derivative scheme (table IV-3he corresponding piperazinone
derivative was then deprotected at the same mometg amino part and in its carboxylic
part mediating a reaction with trifluoroacetic acithe ecxess of TFA was removed and the
nitrogen atom was directly reprotected using Bolyanide. Thus we could avoid the use of

basic conditions for the deprotection(SchemelV-15).

Base 1) TFA/DCM

B R O W= |

Cl | COOtBu cootBu H20/Dioxane COOH
Boc Boc Boc
3b 4b 5
Scheme 1V-45

The peptide coupling to the L-Alanine benzyl amgdee us a better diastreoisomeric ratio
(table IV-3), but the closure of the ring was anywat giving us the scaffold with satisfying
optical purity.

Bases Solvent T(°C) Yields D.R.
CsCO5(2eq) DMF 65°C 97% 1/1
K,CO,(1eq) Acetonitrile 80°C 52% 311
tBuOK(1eq) THF RT 93%  3/1
NaOHaq DCM RT  NR.NR.

* The diastereoisomeric ratio was calculatedtyNMR after coupling with alanine benzyl amide: o the product:
Boc-Pca-Ala-Bn
Table 1V-3

To further decrease the lability of theproton in the cyclisation step, we decided to diegut
the Boc-amino group of the cyclization precursarthis way the cyclization would occur on
the free amine which is definitely less acidiclag d-position that the Boc-derivative. A base
was then used in the ring closure step to quenehTH#A salt and control the formation of
HC|.136’137
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$n Hj\COOMe
j/ O/j/N Base
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N
CF3C00" j/ l
CI"H,N~ >COOMe

Scheme 1V-46

Unfortunately, this method was not suitable in temn yield, since we recovered substantial
amount of the amine uncyclised.

The cyclisation of a completely deprotected scdffbloth at the carboxylic and amino-group)
was then envisaged. To this purpose the precusbowas deprotected with TFA and

dissolved in a NaOHaq solution (in variable quagit The cyclisation occurred in this basic
agueous medium. Subsequent addition of Boc-anhydxitl dioxane provided the desired

cyclic compound in good yields and convenientlytpcted for peptide coupling reactions.

Bn
O_N
Bn \]y\ j\
lil H COOH
j/ j/ )\ Base BocOBoc \]\:
l i l
COOH

COOtBu C' H3N Bn COOH

BOC 3b o) N BOC 5
CF4C00" j/ l

ClI” HoN COOH
Scheme IV-47

$38139sing the column

At this point of our investigations we set up chitleLC condition
CHIRALCEL OD-H and a mixture of hexane/ isopropar@ill and 0.1% of TFA? (figure

IV-1, Scheme IV-18).

63



11.211 483 97022

i
=
1
I
1
1

]
— L
12,363 0515 1990100

e e e

L

|

1
1
I
4 | | .
! !
| |
{ 2474770 4663 11500
I =
I4<IK I
| ; |
S
2511808 50.97 15472

[=]
Fa
=
z
d
¢
]
T

Racemic mixture

Cyclisation with CgCOz;0n the
acyl compound Boc methyl
ester

ee of 91% after cyclisation
with NaOH 3 eq on the
complete deprtotected acyl

compound
Figure 1V-18

COOH COOH

I?n I?n
Rt R

'Tj I}l/\

Boc Boc
(S)-Boc-PCA- 13.5 min.  (R)-Boc-PCA- 11.2 min.

Scheme 1V-48

The cyclisation reaction has a crucial influencetloam enantiomeric excess, and we screened
this time again different conditions utilizing fro to 3 equivalents of NaOH or even
buffered solutions to control precisely the pH bé tsolution. These different cyclisation
conditions gave various results in term of yieldsl @hantiomeric excess. Unfortunately, we
noticed that these results were not always reptibycand in some cases the enantiomeric
excess was not in agreement with the strength efotse used. We attributed this erratic
behaviour of the cyclization reactions to a différeptical purity of the starting material
depending on the different batches and this obderv@rompted us to reconsider carefully
each step of the synthesis and check the enanirperity of each intermediate of our

synthetic sequence.
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First of all we checked the enantiopurity of thédazobtained from the serine Boc tert-Butyl
ester from the Mitsunobu reaction. Therefore weptedi the azide with the L-alanine benzyl

amide, using classical conditions Scheme 1V-19.

1) TFAin DCM
2) Boc20

HO HN3, DIAD, PPH3 Ng dioxane/water Ns

—_— -
]\ Toluene 3) HOAt, EDC, j\
HN™ "COOBuU g1y HN” “COOtBu  DIPEA, HN" CONHAIaNHBn
Boc Boc H,oNAIaNHBnN Boc
in DMF
Scheme 1V-49

After NMR analysis on the coupling product we coskke only one diastereoisomer, thus

confirming the enantiopurity of the previous prdéstazide.

Following the synthetic procedure we then contbliee acylation step that required the use
of basic conditions. In this case two differentatean conditions were compared: on the one
hand the benzyl amine was submitted to the samelitcmms developed before, using
chloracetylchloride in a biphasic medium (ethyl tate - saturated solution of sodium
bicarbonate) (A). On the other hand the benzylatedpound was coupled to chloracetic acid
mediating DCC and avoiding indeed the use of a B¥&". Going ahead in the synthetic
route, both carboxylic acids were obtained withsignificative changes in the enantiomeric
excess (Scheme 1V-20). These results exclude tylatem step for being responsible of the
epimerisation; nevertheless we chose the conditiovalving DCC and chloracetic acid to
proceed with the synthesis since it was givinghgsdesired acylated product in good vyields

without base.
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Scheme IV-50

To finish with these controls we evaluated the Avitig step. Actually, the use of NaBhh
methanol could lead to the formation of sodium mietie that could be responsible of
undesired removal of the-proton of the imine. To avoid this situation, n@itdconditions
using catalytic hydrogenation were choosen to redbe imine. This last modification gave
us better yields and after all the analysis ofdberesponding carboxylic acid by HPLC, gave

us the evidence that we had synthetized only oaatemmer( see figure 1V-2).

S-Boc-PCA registrato a 254 nm. (S-Boc-PCA registrato a 230 nm.
7 —Am renn 75 20 |é§gnmj nm g
e £8 4001 " 2 /E\ “ A’E;Ema @
JE I B w1 | oj-EeTee :
P, ’\/!\J‘}\ g‘ /% LA » 5
R —— : .
Figure 1V-19

In summary, we developed an efficient (yields atheateps > 85%) and simple synthesis to
produce theN-Boc-5-Oxo-piperazine-2-carboxylic acid. The finaynthetic scheme is
described below (Scheme IV-21):
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COOH H,O/Dioxane CI”HaN™ "COOH Cl COOtBu
0,
5a 86 % over 2 steps TEA Boc
3b
Scheme IV-51

IV-2 Coupling studies on the 5-oxopiperazine-2-carboxylic acid

Having now our 5-oxopiperazine-2-carboxylic acidaetiomerically pure in hands, we
wanted to test its compatibility with peptide syedls, in order to build new peptidomimetics
incorporating our non proteinogenic aminoacid iturel amino acid sequences. In order to
study the reactivity of our piperazinone toward tpbgp coupling reactions and determine its
stability to epimerization.

We begun our investigations, synthetizing a digptontaining our scaffold and a natural
amino acid with an alkyl chain. We choosed the iakarior its commodity of detection in
NMR spectra. The alanine was first benzylated tdqut its carboxylic part and the BOC was

removed under acidic conditions using TFA and DCM.

~ HQ

Boc TF Boc

N\)J\/\

Scheme IV-52
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The dipeptide was then formed using 3 differentpdures:

» Method A DIPEA, HOAt, EDC in DMF.
» Method B DIPEA, HOBt, EDC in DMF.
* Method C DIPEA, HATU in DMF.

The yield of the coupling step was always satigfyibut in all three cases we obtained a
mixture of 2 diastereoisomers (Scheme IV-22). Weldaletect it by*H NMR, where we
could see some of the proton signals that werelddub

Ph Ph

g

O N O N

T o f T: oud

N N\;)J\N/\Ph N/\”/N\;)J\ /\Ph
I H H H

Boc O = Boc O =

S-Boc-PCA-L-Ala-NHBN R-Boc-PCA-L-Ala-NHBn
Scheme IV-53

In order to exclude any doubts we decided to ameadlirectly the deprotected dipeptide to
avoid the confusion due to the presence of thertbtamers of the Boc group. The dipeptide
was deprotected under acidic conditions using T&#] the TFA salt was neutralized using
NaHCQ; (see scheme IV-14). The further analysis of tHeNMR spectra confirmed us that
we had two sets of signals belonging to two diffiérproducts. Actually the racemization
phenomenon during peptide coupling reactions, @wmnand described in the literatuté&in

the course of a coupling reaction, racemisation oaour especially at the C-terminal
aminoacid residue through the ionisation of théhydrogen and the formation of an
oxazolone intermediate (Scheme 1V-24). This eagaaé#misation is emphased in the case of
disubstituded amino acids, this problem is atteduto the absence of an acidic amide or

urethane proton that would normally ionize first@uppress the-deprotonatiort®?
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Scheme IV-54:Racemisation through oxazolone formation.

We begun thus, coupling studies to elucidate wraok, in our case, the causes of the
epimerisation of the (Bn)-Pca during peptide sysiheDifferent parameters are recognized to
influence the amino acid behaviour towards epimaginogs in peptide synthesis: Actually,
coupling reagents like HOBt have shown a limiteficefncy in cases of racemisation issues.
Due to the presence of a pyrimidic nitrogen, HOAtd aits uronium salt derivative
HATU,®1%41%have shown to be superior in term of yields andatol the reduction of

racemisation (Scheme VI-25)

HOBt HOAt
HATU

Scheme IV-55common coupling reagents for peptide synthesis, HEBBAt, HATU

But in our case the change of coupling reagenndidead to better results. We decided thus
to screen different coupling conditions, basing studies on different parameters: basic
conditions, coupling reagent, solvent and structidreur molecule. A parameter that is often
cited in the literature, as responsible for epizeron phenomenon is the basic conditions
used to promote coupling reactions; so in this easechoose different amines with lower
pKa than the classical DIPEA (Scheme [V-26). Ittes note, that the use of TMP in
association with HATU have been widely used to €ase epimerization in both solution and
solid state peptide synthesf§.To set up the conditions of our study, we basedwmrk on
coupling reaction performed by Di Fenza et“alwho reported a screening of different
coupling reagents and bases conditions to avoidemation of serine residues in solid state.

69



3b

() P A

~

' N X

NMM TMP DIPEA
pKa=7.41 pKa=7.33 pKa=10.5
Scheme V-56

These studies were carried out synthesising digeptcontaining the Boc-(S)-P8aand the
Alanine benzylamid& (Scheme IV-22). As a comparison point, we syntezbiat the same

time, using the same procedures dipeptides contpitiie L-serine. In fact, the serine has

been described to be sensitive to epimerisatiomgwoupling procedure¥’ As it is shown

in (Table IV-4), independently on the coupling ctimhs the analyses of the dipeptide

afforded us the product with a diastereisomeriormait8 to 2 (Table IV-4).

PCA

TFA salt
AlaNHBnN
Coupling
reagent

Base
Solvent
Diasteroisomeric

ratio
D/L

MethodA MethodB

MethodC MethodD MethodE MethodF

leq leq leq leq leq leq
1.1eq 1.1eq 1.1eq 1.1eq 1.1eq 1.1eq
HATU HATU HBTU HBTU HATU HBTU
1.1eq 1.1eq 1.1eq 1.1eq 1.1eq 1.1eq
DIPEA TMP DIPEA TMP DIPEA DIPEA
3eq 3eq 3eq 3eq 3eq 3eq

DMF DMF DMF DMF THF THF

8/2 8/2 8/2 8/2 8/2 8/2

TablelV-4 Coupling conditions for the formation of dipeptifle

Coupling procedures involving the serine instea@Bof)-Pca led respectively to the optically
pure dipeptide (Table 1V-5).
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HO HO
H A-B-C-D
l + HC?\IJﬁ(N Ph H o
HN” ~COOH 8 HN NS P
Boc TFA Boc 0 = M
9a
Scheme IV-57
MethodA MethodB MethodC MethodD
NH-Boc(L)Ser leq 1eq leq leq
TFA Salt 1.1eq 1.1eq 1.1eq 1.1eq
Coupling reagent  HATU HATU HBTU HBTU
1.1eq 1.1eq 1.1eq 1.1eq
Base DIPEA TMP DIPEA TMP
3eq 3eq 3eq 3eq
Diastereoisomeric
ratio 10/0 10/0 10/0 10/0
(L)(D)
Table 1V-5 Coupling conditions for the formation of dipeptifia
HO_ H A HO
: " H(?\IJ\WN Ph —— : Hﬂ
HN™ >COOH s HN/\H/N <" >N"Ph
| -0 | H H
Boc TFA Boc O =
8 9b
Scheme 1V-58
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To confirm these last analyses on the serine, aadlate our analytical method, we
synthesised the other diastereoiso®ie(Scheme 1V-28) containing the D-Serine this time.
The corresponding dipeptide was analysed by HPIb@, adforded us only one peak with a
different retention time. Further co-injection dfettwo diastereocisomers provided us the

definitive proof that the serine in these cases neasubmitted to epimerization.

» Dipeptide (L)Ser(L)Ala9a, obtained with the method A Tr = 8-8.31 min.

T T T T
1 o 1 1
1 E 1 1
' ' '
(i B e e B "k B Bt (e T-=-
' ' ' '
i & i i
- [ I — L R Ao b N
i po i 1
1 1 1 1
1) 1
________________________ O — — - —
% :
1
|
- = e ————————— e B e == ST o= —— g —— -
T i
H H
T T
4 (=] a o 12 14
Minutas

* Dipeptide (D)Ser(L)Al#b, obtained with the method A, Tr = 9.08 min.

Finally to exclude also an epimerization comingrrthe alanine benzyl amidewe changed
the coupling partner, switching to a chiral amihbe (S)a-methyl benzylamine was coupled
to the piperazinone scaffold mediating HBTU, HO&1td DIPEA.
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rPh
Os_N
OH
N + H2N : N N ‘
| :

| H
Boc O S DMF H
Boc O 10

S-Boc-PCA-(S)-a-Me-NHBnN
Scheme IV-59

In this case again the dipeptide was analysed\mrse phase HPLC, after deprotection of the
Boc , and revealed the formation of two diastei@oisrs, The diastereoisomeric excess was
calculated from the HPLC trace (registered at 220gming, in a 7 to 3 proportions, both

diastereoisomers.

Figure 1V-20

(L)PCA (S)-u-methyl benzylamide Tr= 28.68 min.
(D)PCA (S)a-methyl benzylamide Tr=28.11 min.
To conclude, these coupling studies reveal thatoorpound (Bn)-PCA is really sensitive to
racemisation during peptide coupling reactions.ddmhately, none of our coupling assays

afforded us the diastereoisomerically pure compouldd what is really unusual, the

diastereoisomeric excess of our coupled derivainas always the same.
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V-3 Building of the piperazinone ring without the Benzyl
substituent:

IV-3.1 removal of the Bn or PMB group:

To achieve our initial aim and prepare the piperaze ring carboxylic acid as proline
mimic the final step of the synthesis would haverbéhe removal of the benzyl group. To

perform this deprotection, we tried different metblmgies based on hydrogenolysis.

T l 1/ Pd/S, MeOH
COOH 1 to%m\@f\ COOH

5a 12
Scheme IV-60

We tested several conditions, including classicgtrbgenolysis using from 1 to 3
atmospheres of hydrogen, and Pd/C but all thetedfa removing the benzyl substituent. It
is known from literature that benzyl group is ataie protecting group in organic chemistry
especially because of its clean deprotection cmmdit However whith benzyl amide,

148 Other methods are known to

classical deprotection condition are sometimessuodgble.
deprotect an amidic benzyl group but it involveastically basit* or acidic condition$>

On the one hand, the use of acidic conditihsould be problematic in our case because it
could contemporaneously deprotect the Boc groughvis sensitive to acidic medium, and
on the other hand basic conditions would be probtemn our synthesis because of risks
towards loss of chirality that we already reporfealrt V). The most convenient alternative to
solve this issue appeared to be a change of pimgegtoup. In this case we opted for the
paramethoxy benzylgroup, that can be removed undedanibxidative conditions using
CAN (cerium ammonium nitrateé?>**® Following this idea we applied the same synthesis

described in section IV.1 (scheme IV-31) with tiMBPin the amide position.
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MeO MEOQ
1) PMe3, MeOPhCHO CICH,COOH/DCC

N3 in DCM HN in DCM O, N
—> —»

l 2) Hy l 92% j/ l
HN™ >COOBU  Bg/cin MeOH HN" > COOtBu CI””HN” CootBu
Boc 63% over two steps Boc Boc 3¢

2c
1b
TFA/DCM

guantitative

MeO

1) NaOHaq (3eq)

T l 2 oo Y

COOH H,O/Dioxane Cl H3IJ\rI COOH
58% over 2 steps
5b TFA
Scheme 1V-61

The PMB was introduced in the molecule during theaAVittig reaction usingoara
methoxybenzaldehyde in place of benzaldehyde. Adl subsequent reactions were run
uneventfully and in comparable vyields and thparamethoxybenzyl-5-oxo-2-
piperazinonecarboxylic acid was thus obtained.

The deprotection of thpara-methoxybenzyl was then tested in several conditissing ceric
ammonium nitrate in acetonitrile in the presence vediter, but unfortunately only
decomposition products were found, probably ari$iogh deprotectionof both the PMB and
Boc groups. Actually these two protecting groupsusth be orthogonal, but the pH of the
solution at the end of the reaction was very aqjdi¢ < 1) and therefore we suspect that this
caused deprotection of the Boc group as wellirAsitu re-protection of the secondary amine

was tried by neutralization and addition BOaoup, but without results

T 1 uosgran ;)

COOH

COOH

5b 12

SchemeVI-62
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Using this synthetic pathway we were not able tmpct the unsubstituted scaffdd.

IV-3.2 Alternative synthesis:

As described in our previous chapter Il reviewsygthetic strategies for the elaboration of
cyclic amino acids, there are several widely usethods to form this kind of heterocyclic
compounds. Most of the described reactions invitheeintramolecular C-N bond formation

(Scheme 1V-33§>*

LG Hl}l
I? PG

HN
LG j
N
TOW/\ H
Scheme IV-63

o 0N
Offz‘NJG. A . j/ ]
5 >
35N
B 4

In parallel to our investigations on the deprotattof the amide benzylated compound, we
thought about another synthetic strategy, to dbe&etopiperazine ring in a different way.
One of the most used methods to access to ketagipes rings involves an intramolecular
addition of an amine to an acid or ester to forenk1i-C2 bond (procedure B scheme VI-2).
The construction of the cyclisation precursor dantoccur in different way. As an example,
Cignarella and coworkers in 1979, reported a convenient procedure staftiop the 1,2-
diaminoethane. Alkylation of the 1,2-diaminopropdn2-propanel3 provided the estet4
which was heated at 210° to afford the piperazinamgl5 with loss of ethanol.(scheme V-
34)

H,N  NHPh  BrcH:COOEt N NHPh 210C N N-Ph

NEt3‘ Toluene EtOOC 44%
13 76% 14 15

Scheme IV-64
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More recently Goodmann’s synthésfsof the constrained Leu—enkephaline analog8e
consist in opening the ring of the Vederas lactonth the amino estefl6 and further
coupling of the free amino acid with a dipeptidatalytic hydrogenation promoted then the

cyclisation that occurred in mild conditions andtyield (scheme IV-35).

0
16 CONHR NHR
RHN—, CH4CN, 65C —~ H2, Pd/C, EtOH
+ COOMe R—N  NHZ RN N
0,
ZHN, e H-Phe-Leu-OtBu > 92% \<
ﬁ EDC,NHSDMF ~ MeOOC ©
5 (55%) 17 18
Scheme VI-65

Inspired by these examples we decided to buildsoaffold starting from the L-serine which
was transformed into the corresponding methylestbus the carboxyester segment was
added by reductive amination using ethyl glyoxalgieing the corresponding diester
derivative19 in 43% to 68% yield. Actually, the yield of theaation is rather low, and this
was attributed to the possible polymerisation eféthyl glyoxalate, which could decrease the
availability of the reagent. Thus, heating ethyoxalate in toluene at reflux for 30 min
depolymeriztion took place and ethyl glyoxalate wa$ained as a pure monomer. This was
directly added to the reaction medium, and in Wy the compound was obtained in a 68%
yield. We tried then to study the reaction coningllthe formation of the imine, sampling
aliquots of the reaction medium and measuring arRNddectrum, after 30 minutes, we could
see the complete disappearance of the aldehydegte®k ppm, after 30 minutes, and the
formation of a peak at 8.2 ppm corresponding tofdineation of the imine. At this point, the
reduction of the imine was performed under 1 atrhesp of hydrogen with Pd/C in catalytic
amounts but, independently from the reaction twe were not able to increase the yield. To
generate our cyclisation precursd® we introduced via a Mitsunobu reaction the second
amino group as an azide. Therefore we used thegusy described conditions (Scheme V-
2) and here again the azide was obtained in goeldsyi Finally, the transformation of the
azide 20 into its corresponding amine derivative occurradlar catalytic hydrogenation
conditions, promoting at the same time the cyabsateaction in excellent yields. Following
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this new procedure we manage to build the unsubstitpiperazinone ringl in few steps
and good vyields.

OH

OH oK O _OH
/[ CH,COCI /E CHOCO,Et \E /(

H,N~ “COOH MeOH  HsN~ "COOMe H,,Pd/C,NEt; N COOMe
83% cr MeOH H

68% 19

DIAD, HN3,PPh3
Toluene

88%
0N Pd/C, H, O 0 N3
\]\: j\ Protection step \I\: j\ \f /[
N MeOH
H

guantitative yields
12 R=Boc 21 20
22 R=Fmoc
Scheme IV-66

To go ahead with this scaffold in peptide synthesis introduced a Boc protecting group in
the amino position by two different procedurestha first case, using BgO in a mixture of
water and dioxane with &0z as base. This method afforded the correspondingpoand
protected both at the amino and carboxylic @8rtin a second procedure, the replacement of
K2CO; by the more basic NaOH, afforded at the same firagection of the amino group and
hydrolysis of the methyl ester and formation of thee carboxylic group (Scheme IV-37)
with no detectable changes in the optical purity.

H
_ O N
T l Boc,0 T )\ LIOOH, THF/H,0 T l

COOMe  Dioxane/Water/K,CO3 COOMe N° COOH
Boc
lla
21 23 _
H [a]o =-33.8 12a
T j\ Boc,0 OTNJ\
COOMe Dioxane/Water/NaOH N~ >COOoH
|
21 12a
Scheme VI-67
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Having this scaffold in hands we first tried to tohthat no loss of chirality had occurred
during the synthetic procedure. Therefore we s\sisieel the other enantiomer starting from
D-serine. Measuring the optical rotatory power aére synthetic intermediate and of the final
carboxylic acids we could see that these showedpposite §]° value with respect to
corresponding derivatives obtained with L-serieshéne [V-38).

H
OH O _N
4 T S [l =+32,4
H,N~ >COOH — l}l/\COOH
Boc
12b
D-Serine D-Pca

Scheme VI-68

With both enantiomers of Boc-Pca in hands, we dgtitb test the compatibility of our
scaffold with peptide coupling procedure. Therefotbe carboxylic group of both
enantiomers of Boc-Pca was coupled Rp-1-phenylethylamine. The coupling was achieved
using HOBt and EDC as coupling reagents and DIPEAh& tertiary amine base. The
coupling procedure worked well and the desired tswibsd compound was obtained in 12 h
and acceptable yields. The optical purity was chddky NMR, but no conclusion could be
drawn with this analysis since two set of signalrevobesrved for each compound, which
were attributes to the rotation of the Boc groupe Werefore proceeded to removal of the
Boc group followed by a neutralization of the amigooup (Scheme I[V-39). This
manipulation afforded the corresponding compounts thie free NH groups in quantitative
yields. Their NMR proton spectra showed only orteo§signals for both isomers.

H
(0] N
ol JeVERE. R ol
N
COOH EDC, HOBt,DIPEA 2/Neutralization H 3
24

in DMF
12a
H H
(@] N (@] N
T N /\© T 1/TFA,DCM T Y
- ~ N
PN
. N
I}l COOH EDC HOBt, DIPEA 2/Neutralization H/\ﬂ/
Boc in DME Boc 0

12b

Scheme 1V-69
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The optical purity of these compounds was also sa&esk by HPLC anlyses, using the
conditions previously developed for the benzylatethpound. We used an analytical HPLC
containing a C18 column in reverse phase with dfie solvent gradients. Our better results
are presented in Figure 1.

5% of Acetinitrile (0.01%TFA)in 5min

5-40% of Acetonitrile (0.01%TFA)in 55min .

Graph 1: Mixture of both diastereoisomers

VWD1 A, Wav elength=220 nm (G:\KARINE\KGMIX.D\..\KGMIX.D)
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Graph 2 : Diastereoisomer with the S scaffold
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Graph 3 :Diastereoisomer with the R scaffold
VWD1 A, Wavelength=220 nm (G:\KARINE\KGD.D\..\KGD.D)
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Figure 1V-21
As we can see in the figuhé-4, the separation of the peaks was only partial@aseuld not
recover the baseline between the two peaks, anywseems to us that both products show
different retention time:

(9-Pcaa-Methylbenzylamide=22,4min

(R)-Pcaa-Methylbenzylamide=21,4min

From trace 2 we can detect a small peak at 21.8maincould be a small amount of the other
diastereoisomer. Anyway such a small amount of dtteer diastereoisomer would be in

agreement with 5% reported epimerisation duringpting procedures$>’
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With these positive results we wanted also to clibekcompatibility of our piperazinone ring
with solid phase peptide synthesis. Therefore, ttermgted to protect the amino group as
fluorenylmethyl urethane, using Fmoc chloride inxdine (scheme IV-4G78 the protection

occurred in good yields and the product was criyatal in a mixture of ether and methanol.

H H
(@) N @) N
T j\ FmocCl, NaHCO; T l
N COOMe Dioxane/Water l}l COOMe
H 87% Fmoc
21 22

Scheme VI-70

Figure 1V-22 Crystal structure of the compouga.

The X-ray structure reveals that the piperazinong adopts a half chair conformation with
the carboxymethyl group in a quasi-axial orientatiwhereas the fluorenylmethoxycarbonyl
group shows an almost equatorial disposition. Titeacyclic amide group has a planar
geometry with the N-H bond bisecting the anglehefticinal CH group.

Unfortunatly assays of deprotection of the mettsgeein acidic conditions failed, leading to
the quasi complete recovery of the starting mdteria

Tl g Tl

COOMe eflux COOH
Fmoc 18h Fmoc
22
Scheme IV-71
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IV-4 Conformational studies on tetrapeptides containing Pca:

As anticipated in chapter I, proline is the onlyclkic proteinogenic amino acid that plays a
significant role in the structural and conforma#bmproperties of petides and protefns.
Proline is quite often observed at the i+1 positbturn structures, and thus imposes changes
in the direction of peptide chains. It has beennshthat this structural feature is of particular
interest to expose recognition site for the protpmotein interaction at the surface of
proteins™® These kinds of turns in peptides and proteinsbeaof different types and proline
can nucleate some of thegnandf3 turns, may or may not be stabilized by intramol@cti-
bonds. Iny-turns, the CO of the first residue i may be H-beohtb the NH of the i+2 residue,
giving rise to a 7-membered hydrogen bond ring3-rns, the CO of the first residue i may
be hydrogen-bonded to NH of the fourth residue )i#8rming thus a ten membered ring
(FigurelV-6).

wl-l“l Gi+2
RJ+‘| \ O l RHE If.f
|+1'--.__h__‘__* N /

0
---HN

NH___D““

-==-= ytun
TT7 7 B-turn

Figure 1V-23

The furtherB- or y-turn classes are based on the geometry of thedpelpackbone. So that
these different turns are described by the valti¢seocharacteristic backbone torsion angles

@ andy in the residues i+1 and i+2 f@rturns or in residue i+1 igturns (table).
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conformation Disq Wi 0TI Wi

Bl-turn -60° -30 -90 0
BI'-turn 60 30 90 0
Bll-turn -60 120 80 0
BIP-turn 60 -120 -80 0
BVI-turn -60 120 -90 0
BVI-turn -120 120 -60 150

y-turn 70 to 85 -60 to -70

y —turn -70to -85 70to 70

Table IV-6

B-hairpins are widely occurring-structures, consisting of two adjacent strandsntif parallel
[-sheet and a connecting loop. The shortest commaom involves two residues, in which
case the loop and the two adjacent residues fgBrtuan. A tetrapeptide can adopt a minimal
B-haipin structure, defined by the presence of aad0 a 14-membered ring N-H....C=0
hydrogen bond. Turns that serve in minirfidtairpins are called reverse turns and are noted
BI' or BIl-turns where the prime indicates that tilpeand  torsion angles of the central
residues are opposite to those in the common Tuma type VI turn is a unigue member of the
B-turn family because it is the only turn that innorate aCispeptide bond. Natural type VI
B-turns always contain a proline residue at the pé2ition (Figure 1V-8), since this is the
only one that can exist in ttoés configuration.

i3 P2

|
NH-" -GWPZ |
0=C H H |

~ NH
E\,N"“
i+2

° i+1

Figure IV-24

It is therefore of great interest to create newplames to mimic those kinds of effective
structures. In the literature, numerous compourai® lbeen developed to stabilzeurns in
peptide chainsp- andy-turns mimetics have been taken into account fatigemimetics

design, as they allow presenting in a stereocdattdashion 2 to 4 side chains of amido acids
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involved in biological interactions. In particuldrecause of their similarity with proline cyclic
amino acids have been introduced into tetrapeptiddsevaluated as turn induc&t19164
Because of the low amount of suitable methods ¢alysre this C6 cyclic amino acid, there
were no studies available investigating the oxapip@e ring with a carboxylic group in
position 2 as proline mimic and thus as inducesemfondary structures in peptides.

So we will present here our investigations to elate the preferred conformations in

solution, of tetrapeptides containing our aminaanimic in i+1 position.

IV-4.1 Tetrapeptides containing the Bn-Pca:

We decided to synthesize new tetrapeptides ingeliath Pca derivatives with and without
the Benzyl group in the i+1 position of tetrapepsidin order to evaluate their properties as
secondary structure inducer. In the case of theyeterivative we had to pay particular
attention to the separation of the peptide chaintaining the epimerized Pca since this
problem was not solved.

First of all we chose the sequence of natural aaums based on previous work of Prats
al,*®? that had demonstrated that the incorporation ofif in i+1 position followed by a D-
amino acid in the i+2 position could enhance th&bpbility of turn formation. The terminal
residues were chosen based on their tendenciesotains to occupy the first and fourth
positions off3-turns embedded if-hairpin?* So we begun our conformational investigation
synthesising the tetrapeptide with the followingence Ac-Val-(Bn)Pca-(D)Ala-LeuNHBu,
(Figure 1V-9). The synthesis was performed in solutusing a Boc strategy, and we
separated both diastereoisomers by flash columonwiography after the first coupling
between the scaffold and the chain of natural aragids. The difficulties encountered during
the purification together with difficult coupling the secondary amine of Bn-Pca afforded us
the desired product in small amounts. Conformatianalyses were performed using variable
temperature NMR studies and bi-dimensional ROESpearments at low concentration to
avoid aggregation phenomenon and in a non polaesblto decrease the interactions of the
compound with its environment.

NMR data afforded us some informations about th@peptide conformational behaviour in
solution. Two NOE contacts were detected, (Fig\8) one between the Valire-H and H

of the (Bn)-Pca cycle, which is described to bgmchl signal for arans amino acid amide

bond. Another one was detected betwedn of Pca and the H amide of the D-Alanine which
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is typical forp-turn conformations. These contacts are charatiefilem turn structures but

they are not sufficient to conclude for a spedifige of turn structuré®

o%(NHﬂ' 25 a

Figure 1V-25: tetrapeptide Ac-Val-PCA-(D)Ala-LeuNHBuU, violet aks represent NOEs contacts.

In addition, the informations coming out of the lgses of temperature dependence
coefficients and 1H NMR spectrum were contradict@rgmperature coefficiertsSNH/AT of

H, was inferior (in absolute value) 1@NH/AT Hs but on the contrary, Hwas appearing at
higher chemical shifts than,Ho that we could not have any definitive conclosaout the
secondary structure of our tetrapeptide. Basecheset NMR data, we can put forward the

hypothesis that there was in this peptide exisragquilibrium between yand af-turn in

solution.

N-H 3 ASNH/AT
(ppm)?! (ppbrK !
Hq 6.6 -6,00
Ho 6,78 -3.25
Hg 7,47 -4,82
Hy 6,14 -7,18

Table IV-7 [a] Complete proton resonance assignments were mah the aid of COSY experiments; [b] The
temperature coefficients were determined betwe@na28l 298 K (where a linear dependence was
observed);.and at a concentration of 2mM (no sicgift aggregation).

Having a look again in the literature we decidedditow then the Gellmart al, paper of

1996 ** for the design of our new tetrapeptide. Gellmas tiemonstrated the efficiency of
the Proline i+1 and Glycine i+2 for the stabilizetiof minimalB-hairpin structures. So we
decided to incorporate our scaffold in the follogvisequence Ac-Val-(Bn)Pca-Gly-Leu-

NHBu.
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Figure 1V-26

The tetrapeptide was synthesized as described amal/analysed by NMR studies in CRCI
First of all dilution studies afforded the evidertbat there was no significant change in the
chemical shift of amide protons in the considerathige of concentration (1-10mM),
indicating the absence of intermolecular interactibhen variable temperature studies at low
concentration (5mM) were perforemed in a rangeeaiperature between 238 and 298K to

study the resonance sensitivity of amide protomstds temperature.

N-H ) ASNH/AT
(ppm}? (ppb/K !
Hq 6.08 -6,00
H, 6,78 -2.90
Hg 7,80 -4,60
Hy 6,50 -3.40

Table 1V-8 [a] Complete proton resonance assignments were mih the aid of COSY experiments; [b] The
temperature coefficients were determined betwe@na?8l 298 K (where a linear dependence was
observed);.and at a concentration of 2mM (no sicgift aggregation).

Here again the informations collected out of thealgsis of temperature dependence
coefficients andH NMR spectrum were not conclusive. Temperaturdficent ASNH/AT of

H, was lower (in absolute value) d6NH/AT Hz but at the same time,3Hvas appearing at
higher chemical shifts than,tso that we do not have any definitive conclusibow the

secondary structure of our tetrapeptide.
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To get further informations on the possible confations of our tetrapeptide, molecular
dynamics in vacuo were performed at the UniversitZhateney Malabry by Cyril Bauvais.
In these complementary studies, molecular dynareigseriments were performed at to
different temperatures revealing here again twosipées structures for this tetrapeptide.
Analyses of the conformer of lower energy at 300t0veed a preferrefl-turn structure
whereas at high temperature, 700K, the conforméovweér energy showed a preferrgturn

structure.

MD studies at 300 K: MD studies at 700 K:

p-turn y-turn

Figure 1V-27: molecular dynamics calculations were performedvatdifferent temperatures in vacuo with the
Tripos force field

These conformationnal studies based essentiallNBHR experiments afforded us some
evidences on the propensity of our scaffold tgatetturn secondary structures, unfortunately
racemisation problems of our scaffold during pept@mbupling studies led to complicated
separation of diastereoisomers that gave us bathest compounds in mg scale and did not
allow us to perform complete conformational studi®gevertheless, analyses of both
synthesized oligopeptides seemed to show that BriaBs a role on tetrapeptides folding, but
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we are until now not able to conclude for the mpspulatedy- or B-turn conformation

adopted in the case of our benzyl substituted Picaue.lV-11).

Il3n
@) N
) N N —H N~
i /
- | 2

Figure 1V-28

IV-4.2 Tetrapeptides containing non substituted Pca:

As we mentioned above, we also prepared both emets of the oxopiperazinone
carboxylic acid without the benzyl group onto thgacyclic amide nitrogen and, for still not
completely understood reasons, this compound wassuibering from the epimerization
problems we encountered with thebenzyl derivative. Both enantiomers of the Pcaewer
introduced in the same tetrapeptide sequence Hedcabove. Thus Boc-VaR|Pca-Gly-
LeuCOOMe 26 and Boc-Val-§Pca-Gly-LeuCOOMe 27 were synthesized and
conformational studies are now in course in ouptatory in Como. But first NMR studies

showed already structural features about thesebngpounds.

H H
o) N @) N\_ o
T Ho ] T NI 0
N N\)J\N O N"N N ~
/k(&o o) H o /k(&O ©
O« NH
O NH
7)/\,/ 26 E/\,/ 27

Figure 1V-29
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The tetrapeptide containing the (L) piperazinomg showed the presence of two conformers
in solution, by NMR studies in CDGLwhereas a single conformer was detectable indke c
of the tetrapeptide containing the (D) scaffoldisThreliminary results could be convenient
with the presence of a stable turn structure indubg our (D)scaffold, and structural
investigation are still in course in our laboratboydetermine the structural preference of the

ketopiperazine ring.

Conclusions

To conclude with these work performed in two yaar€omo and followed the third one in

Regensburg, we manage to set up the reaction aomslifor the synthesis of two oxo-

piperazine carboxylic acid derivatives. The firsteosubstituted in its amide position by a
benzyl group showed a high tendency to racemisatioing peptide formation, in spite of

our numerous studies to understand this phenomemomwere not able to set up suitable
coupling conditions for its insertion in peptideNevertheless, the studies of purified
tetrapeptides containing this scaffold was perfarns@owing a certain tendency for turn
shape.

The second synthetic route afforded us the undubedi Pca in few steps and good yields. In
addition, this scaffold did not demonstrate anyeésstoward racemisation, neither during the
synthesis, nor during the coupling procedure. Ahddems from last studies currently

performed in our laboratory that this scaffold abatt as a turn nucleator.
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V - EXPERIMENTAL DATA:

V-1 Materials and methods:

All manipulations requiring anhydrous conditionsrevearried out inflame-dried glassware,
with magnetic stirring and under a nitrogen atmesphAll commercially available reagents
were used as received. Anhydrous solvents werehpsed from commercial sources and
withdrawn from the container by syringe, under gyhgl positive pressure of nitrogen.
Reactions were monitored by analytical thin lay@omatography using 0.25 mm pre-coated
silica gel glass plates (DURASIL-25 Ud) and compounds visualized using UV
fluorescence, aqueous potassium permanganate loydnin. Flash column chromatography
was performed according to the method of Still aneworkers®® using Chromagel 60 ACC
(40-63um) silica gel.

Melting points were obtained in an open capillappa@atus and are uncorrected. Proton
NMR spectra were recorded on a spectrometer opgrati 400.16 MHz. Proton chemical
shifts are reported in ppnd)(with the solvent reference relative to tetramisifgne (TMS)
employed as the internal standard. The followingrewiations are used to describe spin
multiplicity: s = singlet, d = doublet, t = triplefj = quartet, m = multiplet, br = broad signal,
dd = doublet of doublet. Carbon NMR spectra wepomed on a spectrometer operating at
100.63 MHz, with complete proton decoupling. Carlotvemical shifts are reported in ppm
(d) relative to TMS with the respective solvent remuce as the internal standard. Infrared
spectra were recorded on a standard FT-IR and peakeeported in cth Optical rotation
values were measured on an automatic polarimetaravi dm cell at the sodium D line and
are given in units of I0deg.cmi.g". Elemental analyses were performed using a Perkin
Elmer 2400 Series Il CHNS/O Analyzer. High resauotimass spectra (HRMS) were
performed on a hybrid quadrupole time of flight mmapectrometer equipped with an ESI ion
source. A Reserpine solution 100 pg/ml (about 1@inds), 0.1% HCOOH/CICN 1:1 was
used as reference compound (Lock Mass). FAB massrgpwere recorded using a glycerol
matrix. HPLC analytic analyses were performed irect or reverse phase on a Shimadzu

instrument equipped with a UV detector.
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V-2 Synthesis of (Bn)-Pca derivatives:

General procedure for the Mitsunobu reaction:

Under nitrogen and at room temperature a stirrédtisa of protected L-serine in toluene
(20mL per mmol), was treated with BRh.4 equiv.) and HN2 equiv.).

After complete dissolution of the reagents, theusoh was cooled at 0°C and DIAD (1.4
equiv.) was added. After 2h stirring under 10°C tkaction medium was poured in the

column and the product was purified by flash chrmgeaphy, giving the desired azide.

3-Azido-2-tert-butoxycarbonylamino-propionic acid methyl ester la:

Compoundla was prepared from the Boc (L) serine Methyl e$8&3mg, 1,52mmol) and
purified by flash column chromatography (PE/EA,)8 give the corresponding azide as a
transparent oil (285mg, 81%% = 0,45 ( PE/EA, 8/2).d]*°% = 43.32 (c=1, CHG). 'H NMR
(400MHz, CDCY): $=5.36 (br, 1H), 4.49(br, 1H), 3,82 (s, 3H), 3,74Jd2.92 Hz,2H), 1.48

(s, 9H) ppmC NMR (400MHz, CDCJ): 6=170.6, 155.4, 80.8, 53.9, 53.2, 53.0, 28.6 ppm.
IR in CHCl;: 3366, 2109, 1749, 1716. MS (EBIm/z=267,0 [MH]
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3-Azido-2-tert-butoxycarbonylamino-propionic acid tertbutyl ester (1b):

The compoundb was prepared from the L serine Boc and tBu (183r@mol)and purified
by flash column chromatography (PE/EA, 85/15) teega transparent oil (1.06g, 979R,=
0,41 ( PE/EA, 8/2).d]%°% = 18,01 (c=0,99, CHG). *H NMR ( 400MHz, CDC}): =5.37 (d,
J=5.52 Hz, 1H), 4.34(t)=3.19 Hz, 1H), 3,71 (dd}=12.48 Hz,J=2.65 Hz 1H) ), 3,66 (dd,
J=12.29 Hz,J=3.44 Hz 1H), 1.49 (s, 9H) ), 1.46 (s, 9H) ppiC NMR (400MHz, CDGJ):
0=169.1, 155.4, 83.5, 80.5, 54.5, 53.4, 28.6, 2&B1.pIR in CHC}: 3368, 2098, 1728,
2523.G2H2oN40- (286.33): MS (ES): m/z=309,15 [MH]
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(S)-3-azido-2tert-butoxycarbonylamino-propionic acid tert-butyl ester (3b)
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General procedure for the Aza-Wittig reaction:

Under nitrogen and at room temperature a stirrédtisa of azidel in dichloromethane (5mL
per mmol), was treated with a solution of RM#& in THF (2 equiv). After 45 min stirring,
freshly distilled benzaldehyde (1.1 equiv) was abddad the solution was stirred 1h more.

The solvent was then removed using an agqueous padhp intermediary Dewar.

Reduction of the imine:

Procedure A:

The obtained yellow paste was then dissolved inharedl (5mL per mmol). To this new

medium NaBH (O,5 equiv) was slowly added over a period of 30Qndihe reaction was

guenched with a saturated solution of NaH@@d extracted with DCM 5 times. The organic
phase was then evaporated and dried oveiS8abefore purification by flash column

chromatography.

Procedure B:

The obtained yellow paste was then dissolved inharel (5mL per mmol), Pd/C (10%,
100mg per mmol) was added and the solution wagdtovernight under one atmosphere of
H,. Pd/C was removed by filtration over celite ané thure product was obtained after

purification by flash column chromatography.
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2a

3-Benzylamino-2-tert-butoxycarbonyl amino-propionicacid methyl ester 2a:

This compound was prepared from the aZidg174mg, 0.71mmol) following procedure A
and purified by flash column chromatography (PE/BA) to give a transparent oil (151mg,
68%), R =0.46 ( PE/EA, 6/4)'H NMR ( 400MHz, CDCY): §=7.34-7,23 (m, 5H), 5.48(br,
1H), 4.41 (br, 1H), 3.78 (m, 1H), 3.74 (s, 3H),&(@d,J=13.36 Hz, 2H), 1.46 (s, 9H), ppm.
¥C NMR (400MHz, CDG): $=172.7, 155.9, 140.1, 128.8, 128.5, 127.6, 80.39,533.7,
52.7,50.3, 28.7 ppm. IR in CH£B348, 2978, 1730, 1714.

%kgfg

3-Benzylamino-2-tert-butoxycarbonyl amino-propionicacid tert-butyl ester 2b :

This compound was prepared from the azitee(1.06g, 3.71mmol) following procedure B
and purified by flash column chromatography (PE/BB/15) to give2b as a transparent oil
(1.299, 99% over two steps¥ =0.38 ( nHex/EA, 7/3).d]*°, = 8.82 (c=0.46, CHG). H
NMR ( 400MHz, CDC)): 6=7.35-7,25 (m, 5H), 5.39(d=5.60 Hz, 1H), 4,31 (br, 1H), 3,86
(d(AB), J=13.30 Hz, 1H), 3,77 (dI=13.22 Hz, 1H), 2.98 (d, J=4.42, 2H) ), 1.47 (s),9H46

(s, 9H) ppm.**C NMR (400MHz, CDGJ): 6=171.3, 155.9, 140.3,128.7, 128.4, 127.4, 82.3,
80.0, 54.5, 53.8, 50.8, 28.7, 28.4 ppmyHzoN20, (350.46): calcd. C 65.12, H 8.63, N 7.99,
0 18.26; found C, 65.29, H 8.68, N 7.67. IR in CkiBB48, 2978, 2932, 1716.
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(S)-3-benzylamino-2tert-butoxycarbonylamino-propionic acid tert-butyl ester (2b)
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MGOQ

HN

J§

HN COOtBu
Boc

2c

(S)p-metoxy-3-benzylamino-2tert-butoxycarbonylamino-propionic acid tert-butyl ester
(2c). Azide (595 mg, 2,08 mmol) was dissolved in dicbtoethane (9 mL), under nitrogen
atmosphere and at room temperature, and treatédRiite; (4,16 mL of 1 M solution in
THF, 4,16 mmol, 2 equiv). The resulting mixture vetisred at room temperature for 45 min
and freshly distilled p-anisaldehyde (3.90mL, 3minol, 1.1 equiv) was added and the
resulting solution was stirred for additional 60nmirhe solvent was then removed under
reduced pressure, and the residue was dissolvedeihanol (18,5 mL). Palladium on
charkoal (10% Pd/C, 100 mg) was then added ancethdting solution was filled with Hoy
three vacuum/kicycles. The reaction mixture was then stirred urdbydrogen atmosphere
overnight. Pd was removed by filtration over a padelite and the filtrate evaporated under
reduced pressure. The residue was purified by tasbmatography (Pet. Ether/EtOAc, 6:4)
to give2c as a transparent oil (500 mg 63% over two stépis}0.46 (Pet. Et./EtOAc, 6/4). R
(CHCl): 2926, 1718, 1460, 1367,1155,10330H3.N.05 (350.46): calcd. C 63.14, H 8.48, N
7.36; found C 63.98, H 7.22, N 6.68H NMR ( 400MHz, CDCJ): 6=7.2 (d,J=8 Hz, 2H),
8=6.83 (d,J=8 Hz, 2H) , 5.44 (br, 1H), 4.27 (br, 1H), 3.77 38{), 3.74 (dJ=13.2 Hz 1H),
3.66 (d,J=13.2 Hz, 1H), 2.91 (dJ=3.6 Hz, 2H), 1.44 (s, 9H), ppm’C NMR (400MHz,
CDCI3):6=171.4, 159.0, 156.0, 132.6, 129.7, 12874.0, 82.1, 80.1, 65.0, 55.7, 54.5, 53.2,
50.7, 28.7, 28.3ppm.
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(S)p-metoxy-3-benzylamino-2tert-butoxycarbonylamino-propionic acid tert-butyl ester (2c).
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Acylation procedures:

Procedure A:

At room temperature the benzylated derivative dikged in a 1 to 1 mixture of ethyl acetate
(2mL per mmol) and a saturated solution of NaHC@nL per mmol) and stirred for 24h at
room temperature. The two phases were then segaatethe aqueous phase was extracted
with ethyl acetate 5 times. The combined organiasps were dried over p&0,, and

concentrated in vacuo, to give the desired prodittiout further purification.

Procedure B:

Chloroacetic acid 2eq, and DCC 2eq, were stirred.fioin DCM (2,5mL per mmol). To these

solution the benzyl derivative was added, and tfiasémixture was reacted overnight.

The solvent was then removed under reduced presasndethe pure product was obtained

after flash column chromatography.
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3-[Benzyl-(2-chloro-acetyl)-amino]-2-tert-butoxycabonylamino-propionic acid methyl
ester (3a) :

This compound was prepared from the benzylatedatgre (336mg, 1,1mmol) following the
procedure A and purified by flash column chromaaptry (PE/EA, 7/3) to give a transparent
oil (388mg, 92%)R; =0,49( PE/EA, 7/3). NMR analysis gave us evidencthe presence of
the product in a two rotamers form A: major rotapminor rotamer'H NMR ( 400MHz,
CDCl3): 6=7.40-7.18(m, 5H), 5.48(d=7.17 Hz, 1H),5.30 (br, 1H), 4.67 (m, 2H), 4.55 (m,
2Hg), 4.22 (s, 2H), 4.07 (s, 2H), 3.97 (m,1 H), 3.78 (s, 3H), 3.76( s, 3H), 3.69(dd, 2H),
3,58 (dd, J=4.72Hz, J=14.20 AH 1.59 (s, 9H), 1.45 (s, 9H) ppm’C NMR (400MHz,
CDCl3): 6=171.3, 168.7, 135.8, 129.6, 129.1, 128.5, 128811, 126.7, 116.5, 53.3 53.1,
52.6,52.2, 48.9, 47.9, 41.5, 41.3, 30.028.6 ppm.

IR in CH,Cl,: 3342, 3032, 2978, 1749, 1712, 1657
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3-[Benzyl-(2-chloro-acetyl)-amino]-2-tert-butoxycabonylamino-propionic acid tertbutyl
ester (3b):

This compound was prepared from benzyl derivalee (1,512g, 4,32mmol) following
procedure B and purified by flash column chromadpy (PE/EA, 7/3) to givBa as a white
solid (1,79, 92%)R: =0.31( nHex/EA, 8/2). mp= 110-112°G]f% =4.7 (c=0.83, CHG).
NMR analysis gave us evidence of the presenceegbthduct in a two rotamers form A, B in
a 3 to 1 proportionH NMR ( 400MHz, CDCJ): A(67%) and B(33%p=7.40-7.19(m, 5H),
5.41(d,J=7.68 Hz, 1H),5.20 (bs, 1Hg), 4.73-4.62 (M, 2kks), 4.43 (d,J=3.7Hz, 2Hs),
4.22 (s, 2H) 4.07 (s, 2H), 3.97 (dd,J= 10.1HzJ= 13.5, 2H), 3.59 (dd,J= 14.3Hz,J=
5.7Hz 1H), 3.49 (ddJ=14,0Hz,J=3.8Hz 1H\), 1.47 (s, 9H), 1.45 (s 1.45) ppMC NMR
(400MHz, CDC}): 6=169.9, 168.4 (&), 167.6 (G), 156.0, 136.6 (£), 135.9 (G), 129.5,
129.1, 128.5, 128.4, 128.0, 126.8, 34.0, 83.0,,88323, 51.9, 49.1 (£}, 48.8 (G), 47.8,
41.8(G), 41.5 (@), 28.7, 28.3 ppm. $LH2N4O; (426.94): calcd. C 59.08, H 7.32, N 6.56, O
18.74; found C59,12, H7,24, N6,49.

IR (CHCL):3395, 2924, 2854, 1711, 1655
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3-[Benzyl-(2-chloro-acetyl)-amino]-2-tert-butoxycabonylamino-propionic acid tertbutyl ester (3b).

08v -
659G
9.9"
L6
179"
GE9
679 "
GE6
656 °
166"
/8T
vSe”
14
G99
LELT

v0c”

o7 -
6TV "

T9¢”
6.¢"°
oTe”
8¢e”’
Sve”
L0V

ppm

:

1.5

128 '¢¢

G0¢ '8

¢0Ss

98’

00T
S66

G9€

LS.
09¢
600

190"
8€T

896

8T0

(A
V€6

‘GET

‘96T

v

8
‘1§

LL
‘08
€8

8¢T — _

62T —

89T —

69T —

b

maaa
140

150

160

10 ppm

170

120 110 100 90 80 70 60 50 40 30 20

130

102



T
Cl HI}I COOtBu
Boc

3c

3-[p-metoxy-benzyl-(2-chloro-acetyl)-amino]-2-tertbutoxycarbonylamino-propionic

acid tertbutyl ester (3c):

DCC (372mg, 1.409mmol, 1.2equiv) and chloroacetid £20mg, 2.34mmol, 2equiv) where
dissolved in dichloromethane (5 mL) and stirred Xbrat room temperature. To this solution
Boc-(L)-serine amino p-metoxy-benzyert-butyl ester (447mg, 1.175mmol) previously
dissolved in dichloromethane (5mL), was added. €beesponding solution was reacted
overnight, the solvent was then removed under rdlpcessure and the obtained residue was
purified by flash chromatography (petroleum eth&di&c, 7:3) to give3c as a white solid
(480mg, 93%)R; =0.31( nHex/EA, 8/2). mp= 123-125°G]f’% =7.75 (c=0.57, CHG).
C1oH2oN4O, (426.94): caled. C 57.07, H 6.84, N 6.34; foundbT63, H 7.41, N 5.78H
NMR ( 400MHz, CDCY):A(67%) and B(33%p=7.12 (d,J=8 Hz, 2 H), 6.85(dJ= 8, 2H),
5.41(d,J=7.68 Hz, 1H),5.20 (br, 1H), 4.73-4.62 (M, 2kks), 4.43 (d,J=3.7Hz, 2Hgg),
4.22 (s, 2H) 4.07 (s, 2H), 3.97 (dd,J= 10.1HzJ= 13.5, 2K), 3.80 (d,J= 14.2 Hz , 3H),
3.59 (dd,J= 14.3Hz,J= 5.7Hz 1H\), 3.49 (ddJ=14,0Hz,J=3.8Hz 1H), 1.47 (s, 9H), 1.45 (s
1.45) ppm.**C NMR (400MHz, CDGJ): 6= 169.9, 168.3, 129.9, 128.3, 127.6, 55.5, 53.1,
51.8, 48.1, 47.4, 41.5, 28.6 ppmy8,:N40, (426.94): calcd. C 59.08, H 7.32, N 6.56, O
18.74; found C59,12, H7,24, N6,49.

IR (CHCL) :3350, 2974, 1658, 1460, 1249, 1155, 1033
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3-[p-metoxy-benzyl-(2-chloro-acetyl)-amino]-2-tertbutoxycarbonylamino-propionic acid tertbutyl

ester (3¢)
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Cyclisation procedures:

4-Benzyl-5-oxo-piperazine-1,2-dicarboxylic 1-tert-bityl ester 2-methyl ester 4a :

To a stirred solution of the acylated derivati¥a (380mg, 0.98mmol) in DMF (4,9mL),
CsC0O; (638.60mg, 1.96mmol) was added at 0°C. The salwtias stirred over night at room
temperature, the solution was then diluted withyletitetate 10ml and washed twice with
5mL of a 1M solution of KHS@in water and brine. The solvent was then dried Ne2S04
and removed under reduced pressure to gdewahite solid (235mg, 69%),mp= 126°&;=
0,42 ( nHex/EA, 7/3).d]*°> =0 (c=1, CHC}). *H NMR ( 400MHz, DMSO, 60°C)5=7.36-
7.21(m, 5H), 4.72(dJ=14.7 Hz, 1H),4.7 (s, 1H), 4.29 (&14.7 Hz, 1H), 4.08 (dJ=17.38
Hz, 1H), 3.95 (dJ=17.38 Hz 1H), 3.74 (dd;=13,24 Hz,J,=4,63, 1H), 3.54 (dd};=13,19
Hz, 3,=2,67, 1H), 3.51(s, 3H), 1.42 (s, 9H) pprfC NMR (400MHz, CDGCJ): §=170.1,
165.6, 154.8, 136.2, 129.1, 128.8, 128.3, 82.09,59R.9, 52.3, 50.1, 47.0, 46.9, 46.4, 28.6
ppm. GgH24N20s (348.40): calcd. C 62.05%, H 6.94%, N 8.04%; fo@til,81%, H6,93%,
N7,86%.

IR =2978, 1747, 1703, 1660
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4-Benzyl-5-oxo-piperazine-1,2-dicarboxylic di-tertbutyl ester 4b :

To a solution of th&b derivative (90mg, 0.21mmol) in dry THF (3mL), tBKGn solution in
THF (210uL, 0,21mmol) was added at 0°C under nérogrhe reaction was carried out for
2h at room temperature, and quenched with an agusmution 1M KHSQ. The solvent was
evaporated under reduced pressure, and the resmkipartitioned between dichloromethane
20mL and aqueous solution of KH@mL. The organic layer was separated and washed
twice with water, and dried over b&0,. The solvent was removed under reduced pressure
and the crude product was purified by flash colwwhromatography (PE/EA, 7/3) to give a
white solid (80mg, 97%R; =0,53 (PE/EA, 6/4).mp:102°C NMR analysis gave ud@&we of

the presence of the product in a two rotamers f&rr66%, B 34%H NMR (600MHz,
CDCl3):A(%) 6=7.30-7.24(m, 5H), 4.78(d)=3Hz, 1H,), 4.66 (d,J=14.4Hz, 1H), 4.60 (d,
J=15.0Hz 1H), 4.56 (br, 1H), 4.55 (d,J=14.4Hz 1H), 4.47 (d,J=14.4Hz, 1H), 4.25 (d,
J=18.6Hz 1H), 4.22 (d,J=19.8Hz, 1H), 4.08 (d,J=18.0Hz 1H), .08 (d,J=18.6Hz 1H),

3.65 ( d,J=11.4Hz 1H), 3,59 (d,J=12.6Hz 1H), 3,54 (m, 1K 1Ha), 3.52 (dd,J= 4.5Hz,
J=12.0 Hz 1H), 1.47 (s, 9H), 1.43 (s, 9H), 1.35 (s, 9HH), 1.32 (s, 9H) ppm.**C NMR
(600MHz, CDCY): 6=168.5, 168.1, 165.6, 165.2, 154.4, 135.9, 13528,7, 128.5, 128.4,
128.1, 127.8, 82.86, 82.81, 81.2, 81.07, 53.9,,5030, 49.9, 46.8, 46.7, 46.5, 46.0, 28.2,
27.7ppm. EI-MS (€H30N20s) 390.2155 (calcd) 390,2152. (obsd)

IR=2973, 2932, 1733, 1696, 1655¢m
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4-Benzyl-5-oxo-piperazine-1,2-dicarboxylic acid lertbuthyl ester (5) :

A solution of3b (422mg, 0.98mmol) in dichloromethane (3mL) and T@MmL) was stirred
for 2.5h at RT. The solvent was then evaporatedhamel (5mL) was added and evaporated
twice, to remove the excess of TFA, ether (6mL) wdsed and evaporated to give the
unprotected intermediate under its TFA salt’'s fommquantitative yield. This salt was then
dissolved in water (2mL) and an aqueous solutiolNa®OH 1M (2.94mmol, 2.94mL) and
stirred over night at room temperature. Dioxan®4L) was then added to the reaction
medium followed by the addition of Boc anhydride9{@mmol, 432mg) at O°C, this solution
was stirred for 24 hours. The reaction was theuteld in water (10mL) and washed twice
with ethyl acetate (5ml). The aqueous layer wadetbat 0°C, acidified to pH= 3 with a
solution of KHSQ (1M), and extracted with ethyl acetate 5 times [(hnThe combined
organic layers were dried over 0, and concentrated in vacuo to afford the desired Bo
protected piperazinone (209mg, 64%) as a whitel soli

R= 0.2 (DCM/MeOH 9/1)a]*% = -11.07(c=0.84, CHG). m.p.174-176°C.

'H NMR ( 400MHz, CDC4, 50°C):$=7.35-7.25(m, 5H), 4.86(br, 1H), 4.72 (#;14.54 Hz,
1H), 4.73 (d,J=14.57 Hz, 1H), 4.55 (d,J=14.54 Hz 1H), 4.48 (d,J=14,77 Hz, 1H), 4.31

(d, J=18.34 Hz, 1H), 4.19(d, J=18.24 Hz, 1H), 3.71 (d, J=14.50Hz, 1H), 3.60 (dd,
J1=12.86Hz,3,=4.48Hz 1H),1.50 (s, 94, 1,46 (s, 9H) ppm.**C NMR (100MHz, CDCJ):
0=173.3, 166.2, 154.9, 135.7, 129.1, 128.8, 1284,82.1,.53.5, 52.1, 50.9, 47.1, 46.9, 28.6
ppm. G2H2oN4O, (334.38): calcd. (+ 0.25%) C 60.25, H 6.71, N 8.27 found C60.52%,
H6.85%, N7.98%. IR (CkCl,) =3343, 2924, 2854, 1462, 1377
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4-Benzyl-5-oxo-piperazine-1,2-dicarboxylic acid lertbuthyl ester (5a) :
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HPLC Analyses:

The optical purity of the compourig was then confirmed by chiral HPLC with Chiracé)-O
H column (25cmx 0.46cm ) and Isopropanol/ hexane (9/1) in isocratditions 1mL.mit.

HPLC trace for the produé&iregistered at 230 nm.
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For comparison, HPLC trace of the same cyclic pcodabtained with an ee% of 57%
registered at 254 nm. In this figure we can nogerétention times of both enantiomers.
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4-p-methoxy-benzyl-5-oxo-piperazine-1,2-dicarboxyti acid 1-tertbuthyl ester 5b:

To a solution of the acyl derivativge (400mg, 0.905mmol) in dichloromethane (3mL), TFA
(3mL) was added and the resulting mixture wasestifor 2.5h at RT. The solvent was then
evaporated, methanol (5mL) was added and evapotratee, to remove the excess of TFA,
ether (5mL) was added and evaporated to give tipeotected intermediate under its TFA
salt's form in quantitative yield. This salt wasethdissolved in water (10.86mL) and an
agueous solution of NaOH 1M (2.72mmol, 2.72mL) astdred over night at room
temperature. Dioxane (10.8mL) was then added tartedium followed by the addition of
Boc anhydride (590mg, 2.72mmol, 3equiv) at O°Cs #olution was stirred for 24 hours. The
reaction was then diluted in water (10mL) and wadstvece with ethyl acetate (5ml). The
agueous layer was cooled at 0°C, acidified to pHwitB a 1M solution of KHS®, and
extracted with ethyl acetate 5 times (25mL). Thenkbmed organic layers were dried over
NaSO, and concentrated in vacuo to afford the desired Bwmtected piperazinongb
(190mg, 58%) as a white solid.

Ri= 0.2(DCM/MeOH 9/1) m.p. 240-242°C.

'H NMR (400MHz, CDCJ, 50°C):5 7.16(d,J= 8 HZ, 2 H), 6.85 (dJ= 8.2 Hz, 2H), 5.45
(d,J=8Hz, 1H), 4.72 (d=14.54 Hz, 1H), 4.73 (dI=14.57 Hz, 1H), 4.55 (d,J=14.54

Hz 1H,), 4.48 (dJ=14,77 Hz, 1H), 4.31 (d,J=18.34 Hz 1H), 4.19(d J=18.24 Hz,1H),

3.80 (d, J=14 Hz, 3H), 3.71 (&:14.50Hz, 1H), 3.60 (dd;=12.86Hz,J,=4.48Hz

1H),1.50 (s, 9H), 1,46 (s, 9H) ppm.**C NMR (400MHz, CDCJ): $=173.1, 166.5,
159.5,154.9, 130.3, 114.5, 55.6, 50.1, 46.8, 43.4,@gpm.

IR in CH,Cl,=2922, 1460, 1377,723.
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4-p-methoxy-benzyl-5-oxo-piperazine-1,2-dicarboxyti acid 1-tertbuthyl ester 5b
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V-3 Coupling studies on the (Bn)5-oxopiperazine-2-carboxylic acid

AL A

Boc-Alanine benzylamide:

L-BocAla (255 mg,1.32 mmol) was first dissolved in anfogs DMF (13.2 ml). Under
nitrogen, the benzyl amine (139 pl,1.32 mmol,1eg$ @wdded, followed by the addition of the
coupling reagent HOBt (217 mg,1.452 mmol,1.1 eq).

The solution was then cooled at 0°C with an icénpahd the EDC (253 ul,1.452 mmol,1.1
e(q) was added dropwise. The obtained mixture was teacted for 2h at 0°C and then at
room temperature for 22h.

The DMF solution was then diluted with 5 mL of DCdhd washed twice with 2mL of
KHSO, (1M), twice with 2mL of NaHC@,; and once with brine. The solution was then
dried over dried N&50O, and the solvent was removed under reduced pregsgiee the Boc
protected compound as a white solid (349mg, 95%).

mp= 96-98°C.

'H NMR ( 400MHz, CDCJ):

8=7.36-7.26(m,5H), 6.67 (s,1H), 5.10(s,1H), 4.448,3 Hz,2H), 4.21(m,1H), 1.46(s,9H),
1,40(d,J=7.06 Hz,3H) ppMC NMR (100MHz, CDCJ):6=172.98, 138.49, 129.06, 127.85,
43.79, 28.68, 18.7 ppm.8H2oN,05 (278.35): calcd. C 64.73%, H 7.97%, N 10.06%; fbun
C 64.16%, H 8.00%, N 9.32%.

IR (CH.Cl,): 2926, 1377, 1298, 723.

The Boc-Ala-benzyl amine (40 mg, 0.143mmol) wasaliged in DCM (0.8 ml). To this
solution, TFA (0.8mL, 8.6mmol)was added, and thetare was stirred for 2h at ambient
temperature. The obtained solution is then diluwtgd MeOH, and evaporated 3 times to

eliminate the excess of TFA, and finally the TFA saprecipitated in diethyl ether and dried
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under vacuo. The corresponding $altas obtained in quantitative yields and used with

further characterisation, in coupling studies.

Os N
Ty ou s
N
! H
Boc-PCA-(L)Ala-benzylamide (6):

To a solution of5 (25mg, 0.075mmol) in 1 mL of DMF, HOAt (11mg, 0.08&0l), the
alanine benzylamide under it's TFA salt form (24m@,082mmol), and DIPEA
(35uL,0.224mmol) were added. The solution was cooleanince bath and treated with EDC

Boc O

(15uL,0.082mmol). The mixture was stirred for 1h at Gi@ at room temperature overnight.
The DMF solution was then diluted with 5 mL ethgketate and washed twice with 2mL of
KHSO, (1M), twice with 2mL of NaHC@,; and once with brine. The solution was then
dried over dried N&O, and the solvent was removed under reduced pressuyave the
crude product. Further purification by flash colurmhromatography (DCM/MeOH:95/5)
gave us the desired prodyé) in a 70% yield, as a mixture of two diastereoismsr(@6mg,
0.05mmaol).

Ri= 0.42(DCM/MeOH 9/1), mp= 68-72°C.

'H NMR ( 400MHz, CDGC}, 45°C): 6=7.32-7.24(m, 10H), 6.74(m,Hpia1eo1a2 ), 6.45 (br,
1H), 4.85 (M 1Hpa18p1a2), 4.46-4.24 (MBHp|a182), 4.04 (ddJ=6,47 Hz,J=17,50 Hz 1H),
3.70 (2dd,1Hpja1epia2), 3.45(2dd,J=18.24 Hz,1H), 3.71 (d,J=14.50Hz, 1Ha18pi1a2), 1.48,
1.45 (2s, inieniaz),1.36 (2d, 3H), 1,46 (s, 3Wiaieniaz) ppm. °C NMR (100MHz,
CDCl): 6=171.7, 169.2, 165.9, 138.2, 136.2, 129.1, 12817B.73, 128.2, 128.0, 127.9,
82.9, 56.6, 50.6, 50.5, 49.5, 47.1, 46.2, 43.95@8n. GH3N4Os (494.60): calcd. C
65.57%, H 6.93%, N 11.33%; found C 62.18%, H 7.5RE8.73%. IR (CHCI,):2854, 2725,
2361, 1462, 1377, 802, 723, 422.
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Boc-PCA-(L)Ala-benzylamide (6)
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J'e

4-Benzyl-5-oxo-piperazine-2-carboxylic acid (1-berytcarbamoyl-ethyl)-amide (7a):
Deprotection of the dipeptide was carried out i50& TFA solution in DCM for 2 hours,
following evaporations with methanol and ether wdome to remove the excess of acid.
Subsequent neutralization using NaHCAd extractions with ethyl acetate 5 times gave us
the mixture of the two diastereoisomers without Boc

They were then separated by flash chromatograpt8/@CM/ MEOH

To afford us both pure desired compounds in mgescal

Major diastereocisomefa

Rf= 0.58 (DCM/MeOH: 96/4)

'H NMR ( 400MHz, CDCJ): §=7.61 (d,J= 7.61Hz, 1H), 7.33-7.21 (m, 5H), 6.59 (br, 1H),
4.65 (d,J= 14.61Hz 1H), 4.48 (d]=14,48Hz, 1H), 4.31 (d}=18.34 Hz,1H), 4.19(d J=18.24
Hz, 1H), 3.71 (d,J=14.50Hz, 1H), 3.60 (dd},=12.86Hz,J,=4.48Hz 1H),1.50 (s, 94, 1,46

(s, 9H) ppm. °C NMR (400MHz, CDGJ): $=173.3, 166.2, 154.9, 135.7, 129.1, 128.8,
128.4, 82.4,82.1,.53.5, 52.1, 50.9, 47.1, 46.% ppm.
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H-PCA-(L)Ala-benzylamide (7a)
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Minor diastereoisomer (7b)

Rf= 0.55 (DCM/MeOH: 96/4)

'H NMR ( 400MHz, CDCY): $=7.61 (d,J= 7.64Hz, 1H), 7.34-7.20 (m, 5H), 6.84 (br, 1H),
4.65 (d,J= 14.52Hz 1H), 4.48 (dI=14,08Hz, 1H), 4.31 (d=18.34 Hz,1H), 4.19(d,J=18.24
Hz, 1H), 3.71 (dJ=14.50Hz, 1H), 3.60 (dd,=12.86Hz,J,=4.48Hz 1H),1.50 (s, 94, 1,46

(s, 9H) ppm. *C NMR (400MHz, CDG): $=173.3, 166.2, 154.9, 135.7, 129.1, 128.8,
128.4, 82.4, 82.1,.53.5, 52.1, 50.9, 47.1, 46.% ppm.

H-PCA-(L)Ala-benzylamide dia (7b)
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HPLC Analyses:

For the need of coupling studies, the purity ofduet 7a and 7b was evaluated by HPLC
analyses, in reverse phase conditions with thenwolC-18 (5 cm x 0.46 cm, 5um), with a
constant flux: 1mL.mif

Solutions Gradient:
A =H,0O +0.1% TFA e A: 0-40% in 40 min

= 0,
B = CH,CN + 0.1% TFA « B:100% for 10 min.

i T @ i i i
————— B T . e e T e e e
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E : _ i L i i i

1 1 o] i @ i i i

1 1 w 1 .l 1 1 1
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1 T N T LT T T T
————— ey g - SR Y U Sy s ppuppupet spupuspupu gt 3
1 1 1 1 1 1 1

154 15.8 15.8 154 182 16.4 1a

Winutzs

The spectrum was registered at 230nm

Retention times:
7a: Dipeptide (L)PCA(L)Ala Tr= 15.9 min.

7b: Dipeptide (D)PCA(L)Ala Tr= 15.6min.

118



NH-Boc(L)Ser(L)Ala benzylamide (9a):

To a solution of Boc-L-Serine (140 mg, 0.683mmal) anhydrous DMF (7mL), at 0°C,
HATU (285mg, 0.75mmol), TFA salt of the Alanine kglamide(219mg,0.75mmol) and
TMP(270mL, 0.75mmol ) were added. After 1h stirratgd°C, the mixture was stirred for 3h
at ambient temperature. The solution was then etiluvith ethyl acetate and washed
subsequently with KHS{) NaHCQ, and NaCl. The organic phase was then dried over
NaSQO,, and the organic solvent was evaporated to affieedproduct9a as a white solid
(186mg, 77%).

mp= 142-144°C.

1H NMR ( 400MHz, CDCI3%=7.59 (d,J=7.2 Hz,1H), 7.53(d)=7 Hz,1H),7.33-7.23 (m,5H)
5.78(d,J=5.77 Hz, 1H), 4.56 (t, 1H), 4.41(35.47Hz,2 H),4.19(m,1H),3.93(dt:3.8Hz,
J=11.07 Hz,1H), 3.60(dd=7.16 HzJ=14 Hz,1H),1.38(s,12H) ppm.
13CNMR(100MHz,CDCI3)3=172.83,171.71,138.11,128.07,127.9,63.31,55.911494803,2
8.65,18.32ppm. C18H27N305 (365.43): calcd. C 59,18%.45%, N 11.50%; found C
58.25%, H 7.38%, N 10.55%. IR (CHCI3): 2924, 285462, 1377, 1091, 723.
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NH-Boc(L)Ser(L)Ala benzylamide (9a):
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Starting from the D-Serine (110mg, 0.54mmol) thensadipeptide9b was synthesized
following the same procedure and afforded the spoading dipeptide in a 90% vyield
(170mg)

HPLC Analyses:

For the need of coupling studies, the purity ofduc 9 was evaluated by HPLC analyses on
its corresponding unprotected derivative undeilE& salt form. The analyses were carried
out in reverse phase conditions with the colummBG5lcm x 0.46 cm, 5um), with a constant

flux: ImL.min*

Solutions Gradient:

A=HO +0.1% TFA ¢ CHsCN da 0-10% in 15 min
B =CH;CN + 0.1% TFA
¢ CHsCN da 10-15% in 5 min

e H,0 100% per 5 min.

The corresponding TFA salts diluted in water wetjedted for HPLC characterisation. And

HPLC traces were registered at 230nm.

3 2 S - N N
] BN B
E.b i __________________________________ -2 _________________________
------------------------ N e 2
3 1 N e e i | =S S A
- | =3 ______'___________'___________T:__' o
4 =1 a8 r-“_rl.-::te‘8 12 12 4 8 8 M'r:tee 12 14
(L)Ser(L)Ala Tr = 8-8.31 min. (D)Ser(L)Ala, Tr = 9.0&n.

121




N-Boc(L)PCA-(S)-w-methyl benzylamide (10):

To a solution of N-Boc-(S)-Pca (30 mg, 0.083mmol) in anhydrous DMF (1mL), at 0°C,
HBTU (40mg, 0.11mmol), HOBt (23mg, 0.11mmol), frishdistilled -(S)e-metil
benzylamide (1@L, 0.1mmol ) and DIPEA (46, 0.267mmol) were added. After 1h stirring
at 0°C, the mixture was left stirring for 5h at aerti temperature. The solution was then
diluted with ethyl acetate and washed subsequevitty KHSO,;, NaHCQ, and NaCl. The
organic phase was then dried over8&;, and the organic solvent was evaporated to afford
the productlO as a white solid(22.7mg, 58%),

Rf=0.6 (DCM/MeOH=95/5)

'H NMR (400MHz, CDCY): 6=7.36-7.22(m,10H), 6.64(m,1H), 5.12(d,J=14.6 Hz,1H)
5.06(m,1H), 4.66(m,1H), 4.28(d, J=14.6Hz,1H), 4d1$€15.5 Hz,1H), 4.05(d,J=17.5Hz,1H),
3.8(dd,J=13.7Hz,1H), 3.42(dd,J=12.1Hz,1H), 1.46H)ppm.

3C NMR (100MHz, CDGJ): $=136.4,129.15,128.76,128.22,127.93,126.38,126.2,
82.73,50.88,49.53,46.91,28.55, 22.30ppm.
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N-Boc(L)PCA-(S)-w-methyl benzylamide (10):
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11
Deprotection of the dipeptidE) was carried out in a 50% TFA solution in DCM foh@urs,
following evaporations with methanol and ether wdome to remove the excess of acid.
Subsequent neutralization using NaHCADd extractions with ethyl acetate 5 times gave us

the mixture of the two diastereoisomers without Boc

HPLC Analyses:

For the need of coupling studies, the purity ofdoct 10 was evaluated by HPLC, on its
corresponding unprotected derivati/g in reverse phase conditions with the column G518

cm x 0.46 cm, 5pum), with a constant flux: 1mL.hin

Solutions Gradient:
A=HO +0.1% TFA ¢ CHsCN da 0-10% in 15 min
B =CHCN +0.1% TFA e CHsCN da 10-15% in 5 min

* H,O 100% per 5 min.

The productl], diluted in HO was then injected.
And the analyses of the corresponding HPLC tracsvel us a 3 to 7 diastereoisomeric ratio.

VWDILA, m (CADOKUME= THPLCOKGCOMO D)

(L)PCA (S)u-metil benzylamide Tr= 28.68 min.

(D)PCA (S)a-metil benzylamide Tr=28.11 min.
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V-4 Synthesis of Pca:

2-(Ethoxycarbonylmethyl-amino)-3-hydroxypropionic acid methyl ester (19):

L-serine methyl ester hydrochloride (1g, 6.47mmuolas dissolved in methanol, then
triethylamine (90RL, 6.47mmol), a 50% solution of ethyl glyoxalate toluene, and 10%
Pd/C (90mg), were successively added, and thetirgguhixture was stirred overnight under
a hydrogen atmosphere. Next the suspension waeefiltover a pad of Celite, and the solvent
was removed under reduced pressure. The crude girodas purified by flash column
chromatography (CHCl,/MeOH:98/2) to yield19 as a color less oil (902mg, 68%) Rf=
0.25(CHCl,/MeOH:95 /5) (]*%, =-27.8 (c=1, CHG)).

'H NMR (400MHz, CDC})): $=4.20-4.15 (q,J=8.74 Hz, 2H), 3.79 (ddJ);=11.16 Hz,
J,=4.56Hz 1H), 3.74 (s, 3H), 3.69 (d#;5.86Hz,J =11.15 Hz 1H), 3.52 (d=17.4 Hz, 1H),
3.40 (d,J=17.5 Hz, 1H), 2.76(br, 1H), 1.26 @=7.14Hz, 3H), ppm**C NMR (400MHz,
CDCly): 6=173.1, 172.4, 62.8, 62.6, 61.2, 52.4, 49.2, 14 .pGH15NOs (205.21): calcd. C
46.82%, H 7.37%, N 6.83%; found C46,74%, H7,32%,468%o.
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2-(Ethoxycarbonylmethyl-amino)-3-hydroxypropionic acid methyl ester (19):
1
H
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3-Azido-2-(ethoxycarbonylmethyl-amino)-propionic a@d methyl ester 20:

Under nitrogen, to a solution ofi9 (807mg, 3.93mmol) in dry toluene 30mL,
triphenylphosphine (1.44g, 5.50mmol) was added.eAftomplete dissolution of the
phosphine, H¥0.5M) (7,86mmol, 15.70mL) was added, followed bWAD (5.50, 1.10mL).
After 2 hours of reaction the mixture was diregfyured into a column and purified by flash
column chromatography (GBIl,/MeOH, 99/1) to give the azide as a transparen{7@bmg,
88%).

Rf=0.65(CHCl,/MeOH:95/5) p]*’s =-37.6 (c=0.5, CHG). '*H NMR ( 400MHz, CDGCJ):
8=4.17(q, J=7.1 Hz, 2H), 3.75(s, 3H),3.53 (dd;=12,16 Hz,J,=5,25 Hz, 1H), 3.49 (dd,
J1=12,16 Hz,1,=5,25 Hz, 1H), 4.08 (dJ}=17.38 Hz, 1H), 3.95 (d}=17.38 Hz 1H), 3.74 (dd,
J1=12,16 Hz,J3,=4,95Hz, 1H), 3.49 (dJ=17,30 Hz,1H), 3.43(d,J=17,30 Hz, 1H), 1.25 (t,
J=7,15Hz, 3H) ppmC NMR (400MHz, CDCJ): $=171.9, 171.5, 60.9, 60.2, 53.0, 52.3,
49.0, 14.11 ppm. HRMS (ESI) m/z calcd forgfGsNsNaQy]* 253.09073 [M+Na] found
253.09097

IR (CH.Cly) =3352, 3063, 2108, 1744, 1445
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3-Azido-2-(ethoxycarbonylmethyl-amino)-propionic a@d methyl ester 20:
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5-Oxo-piperazine-2-carboxylic acid methyl ester 21.:

To a solution 0f20 (260mg, 1.12mmol) in MeOH (5mL) Pd/C (0.112 mmoldy) was
added. The reaction was stirred overnight at RTeuddtm of H. The solution medium was
then filtrated through a pad of celite to remove Bd/C, the solvent was evaporated under
reduced pressure to obt&lth (177 mg, 1.11 mmol, 99%) as a white paste.

Rf= 0,3 (DCM/MeOH:92/8), ]*%; =-46.3 (c=1, CHG). 'H NMR ( 400MHz, CDCJ): 6=
3.76(s, 3H),3.74 (dd),=8,06 Hz, },=4,48 Hz, 1H), 3.66 (dJ=17.1 Hz, 1H), 3.61 (ddd,
J;=11,84 Hz,3,=4,48 Hz,J;=3.13 Hz, 1H), 3.53 (d}=17.44 Hz 1H), 3.52 (ddd;=11,85 Hz,
J,=8,06,J:=1.84 Hz 1H) ppm**C NMR (400MHz, CDGJ): 6=171.4, 170.1, 54.2, 52.9, 48.2,
44.1ppm. HRMS (EI-MS) m/z calcd for §8:0N20s] 158.06910 [M] found 158.06920

IR (CH.Cl,) =3406, 3354, 3211, 1744, 1678
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5-Oxo-piperazine-2-carboxylic acid methyl ester 21:
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5-Oxo-piperazine-1,2-dicarboxylic acid 1-tert-butylester 2-methyl ester :

To a solution of21 (100mg, 0.63mmol )in Dioxane /1M solution of,BO; in water
(3mL/3mL) mixture, at 0°C Boc anhydride was add&fiier 15min the ice bath was removed
and the solution was stirred over night. Water 5nds added and the solution was extracted
with ethyl acetate. Solvents were removed undenaed pressure and the crude product was
purified by flash column chromatography to affoh@ tdesired Boc protected compolzi@l
(65mg, 40%)

Rf=0.32(CHCIl/MeOH:97/3) ]*’; =-20.8 (c=1, CHG).mp= 85°C.*H NMR ( 400MHz,
CDCl3): 6= 6.65(bs, 1H), 6.50(bs, 1H), 4.99 (dd,}=4,63Hz, J,=1,85Hz, 1H),4.77 (br,
1Hg), 4.23 (d,J=18.49Hz, 1H), 4.22 (d,J=18,62Hz, 1H), 4.03 (d,J=18.49Hz 1H), 4.00 (d,
J1=18,62Hz, 1H) 3.80 (dddJ;=12.55Hz,J,=4.97Hz,J;=1.85Hz, 1H), 3.78 (s, 3H), 3.77(s,
3Hg), 3.66(dd,J;=12.55Hz,J,=4.63Hz, 1H)ppm. *C NMR (400MHz, CDGCJ): 5=169.9,
167.5, 81.6, 52.9, 51.4, 46.3, 42.3, 28.22ppm{sN.0s+0.4H,0(258.27): calcd. C 49.76%,

H 7.15%, N 10.55%; found C49,93%, H7,42%, N10,06%.

IR (CH.Cl,) =3410, 2980,1749, 1693.
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5-Oxo-piperazine-1,2-dicarboxylic acid 1-tert-butylester 2-methyl ester :
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5-Oxopiperazine-1,2-dicarboxylic acid 1-tert-butylester (12a)

Procedure Afrom the Boc Methyl este?3.

A solution of 23 (65mg, 0.25mmol),in 3mL of THF was treated witlsaution of LIOOH
(3mL, 2.7M of LiOH in 30% HO,) at 0°C. The reaction was stirred for 2h (25°C).

The reaction mixture was acidified until pH=1 wilturated solution of KHSOand the
agueous phase was extracted with EtOAc (5X10mL& @lhganic phase was then dried over
NaSO, and Dried under vacuo to afford the correspondiaig as a white powder (53mg,
87%)

Procedure Bstarting from the compouril one pot Boc and Methylester deprotection:

To a solution of21 (120mg, 0.76mmol) in Dioxane 2mL/ NaOH(1M),1mL/eatlmL,at
0O°C, BocO (331mg, 1.52mmoles) was added. After 15minutes,i¢e bath was removed
and the reaction was stirred for 10 h. The reactvas quenched by addition of water 5ml,
and the agueous phase was washed 2 times withaatétdte 3mL. At O°C, then the aqueous
solution was acidified until pH=3 mediating additiof a 1M solution of KHSO4. The acid
phase was finally extracted 5 times with ethyl ametSmL, and dried over MN&O,.
Subsequent evaporation under reduced pressure afothient, afforded the pure produdt
(135mg, 88%)as a thin white powder.
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Rf=0.15(CHCl/MeOH:97/3) p]*> =-33,8 (c=0,5, CHOH).mp= 103,5°C.'*H NMR (
400MHz, CDC}): 6= 8.61 (d,J=3.21Hz, 1H), 8.55 (d,J=4.33Hz, 1H), 4.99(d,J=4,38Hz,
1Ha), 4.79 (d,J=2,98, 1H), 4.23 (d,J=18.88Hz, 1Hgg), 4.07 (d,J=18,83Hz, 1H), 4.07 (d,
J=19.14Hz, 1H), 3.88 (dd,;=12,60Hz,J,=3.98Hz 1H) 3.84 (dd,J;=17.32Hz,J,=4.10Hz,
1Hg), 3.65 (dd, $=17.37Hz, 3=4.95Hz, 1Hgs), 1.50(s, 9H), 1.48 (s, 9H)ppm.°C NMR
(400MHz, CDC}): $=174.8G, 174.6G,171.1G, 170.6G, 154.8G, 154.1G, 82.3Ggs,
73.7G,, 73.3G, 52.9G, 51.4G, 46.2G, 46.2G, 45.6G, 28.6Ggs ppm. HRMS (EI-MS)
m/z calcd for [GoH16N20s] 244.1059 [M] found 244.10602

IR (CH,Cl,) =3408, 3230, 1707, 1647.

5-Oxopiperazine-1,2-dicarboxylic acid 1-tert-butylester (12a)
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5-Oxopiperazine-1,2-dicarboxylic acid 1-(fluoren-9yl) ester 2-methyl ester 22

To a solution of21 (128mg, 0.81mmol), in 2:1 water-dioxane (3mL) NabtC(136mg,
1.61mmol)was added. The mixture was cooled to OB @& ice bath, then a ,solution of
Fmoc-Cl (209mg, 0.81mmol) in 1.5mL of dioxane wdsled dropwise over 15 min. The ice
bath was removed and the reaction mixture was difting for 2.5h. Successively, the
mixture was partitioned between EtOAc 14mL and wataL, and the organic phase was
washed with with 1M HCI and brine, then dried oW&S0O,. The organic solvents were
removed and the crude product was purified by fla@bhmn chromatography (DCM/MeOH:
95/5) thus giving the pure fmoc protected compoRa{?58mg, 87%).
Rf=0.45(CHCl./MeOH:96/4) }]*% =-11.9 (c=1, CHG).mp= 144°C.*H NMR ( 400MHz,
CDCl3): 6= 6.57(bs,1H), 6,54(bs, 1K), 5,04 (t,J=2Hz, 1H.), 4.61(bs, 1H),4.60-4.49(m,
2Hpgs), 4.44 (dd,J;=7.2Hz),=3.6Hz, 1H), 4.28-4.15 (m, 1kt+1Hags), 4.12 (d,J=18Hz
1H,), 4.03 (d,J=18.4Hz, 1H) 3.84 (dd,J;=5.2Hz, J,=1.6Hz, 1H), 3.81 (dd,J,=3.6Hz,
J,=1.6Hz 1H), 3.78(s, 3H), 3.71(s, 3H), 3.68(dd,J;=13.2Hz, J,=4.8Hz, 1H)), 3.57(dd,
J1=12.8Hz, J,=4.4Hz, 1H) ppm. °C NMR (400MHz, CDCJ): $=169.6(A), 169.5(B),
167.4(B), 166.9(A), 155.2(A), 154.3(B), 143.5(A&B)143.4(A&B), 141.3(A&B),
141.3(A&B), 127.8(A), 127.7(B), 127.1(A), 127.1(B)27.1(A&B), 124.9(A), 124.6(B),
120.1(A), 120.0(B), 68.4(A), 67.8(B), 53.1(A&B), &B), 52.0(A), 47.1(A), 47.0(B),
46.0(A&B), 42.2(A&B) ppm. GiH2oN,0s+1.5H,0 (380.40): calcd. C 61.90%, H 5.70%, N
6.88%; found C61,95%, H5,31%, N6,69%.
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5-Oxopiperazine-1,2-dicarboxylic acid 1-(fluoren-9-yl) ester z-methyl ester (22.
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X-Ray crystallographic data: Cy; Hzo N2 Os ;
Ka)=1.54184 A; Orthorhombic, space group P 21 21a24,6.5176(2) A, b = 11.6690(5) A,
c=23.9190(9) A,a = 90°,p= 90C°,y = 90°.,V=:1819.13(12) A pcac=1.389 mg.iit, Z=4;
u(Mo, Ka)= 0.828mnt, R1 = 0.0283, wR2 = 0.0713, for 2679 unique datéected in the

3.70-66.5% range.

Selected bond distances and bond angles:

Bond Distances

O(1)-C(14);1.453(2)
O(1)-C(15);1.345(2)
0(2)-C(15);1.2206(18)
0(3)-C(17);1.227(2)
0(4)-C(20);1.335(2)
0(4)-C(21);1.449(2)
0(5)-C(20);1.199(2)
N(1)-C(15);1.353(2)
N(1)-C(16);1.459(2)
N(1)-C(19);1.451(2)
N(2)-C(17);1.338(2)
N(2)-C(18);1.457(2)
N(2)-H(2A);0.8800
C(1)-C(13);1.511(3)
C(1)-C(6);1.401(3)
C(16)-C(17);1.508(3)
C(18)-C(19);1.515(3)
C(19)-C(20);1.531(2)
C(16)-H(16A);0.9900
C(16)-H(16B);0.9900
C(18)-H(18A);0.9900
C(18)-H(18B);0.9900
C(19)-H(19);1.0000
C(21)-H(21A);0.9800
C(21)-H(21B);0.9800
C(21)-H(21C);0.9800

Bond angles

C(14)-O(1)-C(15);115.07(12)
C(20)-0(4)-C(21);115.75(14)
C(15)-N(1)-C(16);117.02(13)
C(15)-N(1)-C(19);125.58(13)
C(16)-N(1)-C(19);116.18(13)
C(17)-N(2)-C(18);124.93(15)
C(17)-N(2)-H(2A);118.00
C(18)-N(2)-H(2A);118.00
0(2)-C(15)-N(1);123.20(15)
O(1)-C(15)-N(1);112.43(13)
O(1)-C(15)-0(2);124.37(14)
N(1)-C(16)-C(17);114.02(15)
N(2)-C(17)-C(16);119.06(15)
0(3)-C(17)-N(2);121.64(17)
0(3)-C(17)-C(16);119.30(17)
N(2)-C(18)-C(19);109.62(15)
N(1)-C(19)-C(20);112.09(15)
C(18)-C(19)-C(20);110.91(14)
N(1)-C(19)-C(18);108.29(13)
0(5)-C(20)-C(19);124.22(17)
0(4)-C(20)-0(5);124.18(16)
0(4)-C(20)-C(19);111.59(15)
N(1)-C(16)-H(16A);109.00
N(1)-C(16)-H(16B);109.00
C(17)-C(16)-H(16A);109.00
C(17)-C(16)-H(16B);109.00
H(16A)-C(16)-H(16B);108.00
N(2)-C(18)-H(18A);110.00
N(2)-C(18)-H(18B);110.00
C(19)-C(18)-H(18A);110.00
C(19)-C(18)-H(18B);110.00
H(18A)-C(18)-H(18B);108.00
N(1)-C(19)-H(19);108.00
C(18)-C(19)-H(19);109.00
C(20)-C(19)-H(19):109.00
O(4)-C(21)-H(21A);109.00
O(4)-C(21)-H(21B);109.00
0(4)-C(21)-H(21C);109.00
H(21A)-C(21)-H(21B);109.00
H(21A)-C(21)-H(21C);109.00
H(21B)-C(21)-H(21C);109.00
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5-Oxo-piperazine-2-carboxylic acid (1-phenyl-lethytamide 24 :

To a solution ofl2a (30mg, 0.123mmol)in DMF(2mL), HOBt (21mg,0.135mmdR)a-
Methylbenzylamine (24L,0.184mmol) and DIPEA(4}4, 0.246mmol) were added. The
solution was cooled to 0°C with an ice bath and BT (26mg, 0.135mmol) was added.
The reaction mixture was stirred overnight lettitlge reaction medium rise at room
temperature. 5mL of DCM were added to the mediumadl, e organic phase was washed
sequentially with an acid solution of KH@2times, 3mL), with a saturated solution of
NaHCG; (2 times 3mL) and finally with brine (2 times 3mlthe Organic layer was then
dried over NgSQO, and the solvent was removed under reduced presBeecrude product
was analysed by NMR, and directly diluted in a soluof DCM/TFA (1mL/1mL). The
solution was stirred for 2 hours at room temperatidihe excess of TFA was then removed
under reduced pressure using several additionstifanol. The TFA salt was then diluted in
water (2mL) and the solution was cooled at O°C waithice bath. At this temperature, the
solution was neutralized mediating a saturatedtieoluof NaHCQ until pH=7. And the
neutral aqueous phase was extracted 5 times withofrathyl acetate. The combined organic
phases were then dried over,88, and the solvent was removed under vacuo to gige th
desired unprotected produtt in acceptable yield (22mg, 72%).
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V-5 Tetrapeptides
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AcVal-L-(Bn)Pca-D-Ala-LeuNBu (25 a)

To a solution of Aa--Val (26 mg, 0.165 mmol) in dry DMF (206L) and collidine (22uL,
0.165mmol), under a nitrogen atmosphere and at i@2AJU (63 mg, 0.14 mmol) was added.
After 1h a solution of H-Pca-Gly-Leu-NHBu (50 mg, 0.11 mmol) in dry DMF (3Q@Q.) and
DIPEA (28uL, 0.165 mmol) was slowly added and the reactiors wtrred at 0°C for 10
minutes and at RT for a week-end. The mixture wagedl with EtOAc (15 mL) and the
organic phase was washed in order with: 1 M KE&310 mL), aqueous NaHCG{2x10
mL) and brine (10 mL), dried over N&O, and volatiles were removed under reduced
pressure. The residue was purified by flash chrography on silica gel (DCM/MeOH 94:6)
several times to afford the desired product asitevgiolid in mg scale.

'H NMR (400MHz, CDC}): 6=7.53 (d,J=8Hz, 1H), 7 .48-7.24(m, 5H), 6.89 (#8.28Hz,
1H), 6.70 (br s, 1H), 6.59 (br s, 1H), 5.10(m, 2K)66(d,J=16.78, 1H), 4.68-4.35(m,3H),
4.20-4.16 (m,2H), 3.94 (dd),=13.11 Hz,J=3.04Hz, 1H), 3.40 (dd] =13.01 Hz,J=4.41Hz,
1H), 3.20 (m, 2H), 2.10-2.02(m,4H), 1.80-1.77(m,)1H61-1.57(m, 2H), 1.54-1.43(m, 3H),
1.40-1.27(m,4H), 1.08(dl=6.64Hz, 3H), 1.00 (dJ=6.73, 3H), 0.9-0.8(m, 9H)ppm’C NMR
(100MHz, CDC}): 6=172.8, 172.4, 172.2, 168.2, 164.3, 135.9, 12928.6, 128.3, 56.8,
53.3,52.4,50.9, 50.4, 48.3, 46.4, 40.9, 39.8,330.3, 25.3, 23.3,22.9, 22.2, 20.4, 19.9, 19.4,
18.0, 14.16 ppm.
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AcVal-L-(Bn)Pca-Gly-LeuNBu (25 b):

To a solution of Aa--Val (23 mg, 0.14 mmol) in dry DMF (200L) and collidine (18.5uL,
0.14mmol ), under a nitrogen atmosphere and at BXT,U (53 mg, 0.14 mmol) was added.
After 1h a solution of Pca-Gly-Leu-OMe TFA salt (43 mg, 0.093 mmol) in dry DMFO(B
uL) and DIPEA (24uL, 0.14 mmol) was slowly added and the reaction stased at 0°C for
10 minutes and at RT for a week-end. The mixturs diluted with EtOAc (15 mL) and the
organic phase was washed in order with: 1 M KE&310 mL), aqueous NaHCG{2x10
mL) and brine (10 mL), dried over N&O, and volatiles were removed under reduced
pressure. The residue was purified by flash chrography on silica gel several times
(DCM/MeOH 94:6) to afford the desired product aghate solid in mg scale.

1H NMR ( 400MHz, CDCI3%=7.49 (d, J=7.7 Hz,1H), 7.34(d, J=7.08 Hz, 2H)671@, J=6.7
Hz, 2H), 6.8 (d, J=8 Hz, 1H), 6.61 ( m, 1H), 6.28, AH), 5.1 (dd, J=10 Hz, J=4.47 Hz, 2H),
4.65(d, J=16  Hz,1H),  4.38(m,2H), 434  (s,1H),  4.18 (m,1H),
4.16(s,1H),3.96(dd,J=12Hz,1H),3.83(s,1H), 3.66H3,B.40 (dd, J=4 Hz, J=12.7 Hz, 1H),
3.22 (m, 2H), 2.06 (s, 3H), 1.17 (m, 2H), 1.6 () 21.47(m, 2H), 1.34 (m,2H), 1.27(s, 1H),
1.1 (d, J=6.6 Hz, 3H), 1.01(d, J= 6.6 Hz, 3H), 0(@6J=6 Hz, 3H), 0.92(d, J=7 Hz, 6H)
ppm.13C NMR (400MHz, CDCI3)8=172.72, 172.22, 169.53, 169.28, 164.64, 129.25,
128.80, 128.53, 56.87, 54.79, 52.62, 50.89, 4816313, 44.13, 40.68, 39.69, 31.76, 30.36,
30.13, 25.28, 23.56, 22.86, 21.85, 20.39, 19.37,8lgpm.
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Boc-Val-Pca-Gly-Leu-COOMe 26, 27.

To a solution of Boe-Val (15 mg, 0.07 mmol, 1.5 eq) in dry DMF (2(0) and DIPEA (16
uL, 0.094 mmol, 2.0 eq), under a nitrogen atmosphackat 0°C, HATU (27 mg, 0.07 mmol,
1.5 eq) was added. After 1h a solution of PCA-Glyeu-OMe TFA salt (20 mg, 0.047
mmol) in dry DMF (300uL) and DIPEA (24uL, 0.14 mmol, 3.0 eq) was slowly added and
the reaction was stirred at 0°C for 10 minutes ah&®T for a week-end. The mixture was
diluted with EtOAc (15 mL) and the organic phaseswaashed in order with: 1 M KHSO
(2x10 mL), agueous NaHGQ?2x10 mL) and brine (210 mL), dried over N&O, and
volatiles were removed under reduced pressure. fdsdue was purified by flash
chromatography on silica gel (DCM/MeOH 94:6) tooadf the desired product as a white
solid (15 mg, 68%L(-Pca); 14 mg, 64%D-Pca
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Boc-Val-(D)-Pca-Gly-Leu-COOMe 26

'H NMR (400MHz, CDC}): =7.80 (br s, 1H), 6.79(d=4.8Hz, 1H), 6.66 (dJ=8.4Hz, 1H),
5.24 (d,J=5.2Hz 1H), 5.16 (br s, 1H), 4.65-4.64 (m, 2H),5{dd, J=16.8Hz, J=6.0Hz, 1H),
4.11-3.90(m, 2H), 3.89 (d=5.6Hz, 2H), 3.71 (s, 3H), 3.53 (d#i=12.80 Hz,J=3.6Hz, 1H),
2.02 (m, 1H), 1.64 (m,2H), 1.40 (s, 9H), 1.06J€6.8Hz, 3H), 1.01 (d}=6.8Hz, 3H) 0.9 (m,
6H)ppm

Boc-Val-(D)-Pca-Gly-Leu-COOMe 26

MNNOOOONYTTTTTTTITTITTISITITTONDODOO OO ANNNAAAAAAAAAAAAAAAAAATO O OO

S e e
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Boc-Val-(L)-Pca-Gly-Leu-COOMe 27

Two conformers in proportions 2 (conformer a) todkformer bYH NMR (400MHz,

CDCl): 6=8.16 (br s, 1Hb), 7.53(br s, 1Ha), 7.37(br s, 1H&5 (d,J=8.4Hz 1Ha), 7.00 (d ,
, J=8Hz,1Hb), 6.89 (dJ=4.8Hz 1Hb), 5.51(d}=8.0Hz, 1Ha), 5.33 (d, 1Hb), 4.91-4.88 (m,
1Ha and 1Hb), 4.66-4.42 (m, 4Ha and b), 4.28-40083Ha and b), 3.99-3.79 (m, 1Ha and
b), 3.77-3.72 (m, 5Ha and b) 1.64-1.49 (m, 3Haland.43(s, 9Ha) 1.40(s, 9Hb), 1.31-0.86
(m,12 H)ppm.

Boc-Val-L-Pca-Gly-Leu-COOMe 27
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VIl - >AMINO ACIDS AS INDUCER OF SECONDARY
STRUCTURES:

VIl-1 odamino acids and folding properties:

VII-1.1 a-Helix peptidomimetics containing &-amino acids

As mentioned before, in the past years, the inténes rational design of amino acid and peptide
mimetics has extensively grown due to the pharnoagcdl limitation of bioactive peptides.
Numerous example of unnatural oligomeric sequer@ge been found that fold into well
defined conformations in solutidrf. Although the oligomers of- andy-amino acids are more
extensively studied, experimental hints were alstaioed for the formation of ordered structures
in oligomers o®%-amino acids. However detailed structure informatsstill missing.

Members of thé-peptide family are isosteric replacements of dijglepunits. As such, this is the
first member of the peptidomimetics lineage in whe single unit represents two or mere
peptide repeats. Thu§;amino acid monomers are able to adopt the secyrafiarctures ofi-
peptide sequences, particularly helices gutdrns.

In 2004, Hofmann and co-workers described on tlseshaf theoretical studies all possible helix
types in oligomers of-amino acids-peptides) and their stabilitiés.

Thus far, the chemical literature has mostly inedvcarbopeptoid backbones. In fact,
carbohydrate research produced interesting exaropleswo-amino acids as building blocks for
peptidomimetic design. Sugar amino acids can addpist secondary turn or helical structures

and they can be used as substitutes for singlecaadiidls or dipeptide isostetgFigure VII-1).
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Figure VII-1 : Comparison between tlepeptide subunit and the furanose-based subuaitdgseptide isoster
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Carbopeptoid$,homooligomers of sugar amino acids, have beenapeepfrom both furano3e
and pyranoseresidues.

Motivated by the fact thad-glycoside oligomers of sialic acid were helicalsiiution’ Gervay
and co-workers reported in 1998 that&) amide-linked sialooligome&longer than the trimer
formed ordered secondary structures in Wal&igure VII-2). The conformational features
apparently varied with chain length. After circullichroism (CD) studi€sand in combination
with molecular modelling, the hypothesis was that the shorter oligomers, 16-membered
hydrogen-bonded rings stabilized a helix involvthgee residues per turn while for the octamer
22-membered hydrogen-bonding stabilized a helixolwimg four residues per turn. More

recently, Gervay synthesized also new neuramiriit awalogues?

NHC.H,,CONH,

n=0-7

FigureVIl-2. Amide-linkedp-O-methoxy neuraminic acid oligomer.

In 2005, on the basis of their conformational iriigegions, Fleet and co-workers described an
octameric chain of carbohydrate amino acBlshat adopt in solution a left-handed helical
secondary structure stabilized by 16-memberedi3) interresidue hydrogen bont¢Figure
VII-3).
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-pro,c*"’

Figure VII-3. Octameric chain o€-glycosyla-D-furanose configured tetrahydrofuran amino a&ids

Huc and co-workers reported on the stable helicafarmation adopted by oligomers of a new
quinoline-deriveds-amino acid4 (Figure VII-4)!**3 This class of aromatics foldamers present
the advantage that the quinoline amino acid monsmexr easily accessible, functionalizable, and
assembled into oligopamides. These oligomers adopsually stable helical conformations even

in polar solvents at high temperature.

n=2,4,8

FigureVII-4. Structure of quinoline-derived oligoamide foldamers

V/I.1.20Amino-acids in turns :

As they did for helical structures, Hofmann &>anvisagedalsothep-turns motif as folding
possibility. The typicaB-turn in a-peptides consists of four consecutox@aminoacids. The most
frequent one is characterized by a hydrogen bomdgdan the peptidic CO of the first and the
peptidic NH bond of the fourth amino acid, thusniarg a 10-membered ring pseudo cycle.
Since the first and the fourth amino acids are Iwve in periodic structures, the induction of the
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B-turn is controlled predominantly by the second ahd third amino acid. So that, the
replacement of this dipeptide unit bydeamino acid could be suitable for the inductionpef
folded structures. In this case th3C(y) of thed-amino acid would replace the peptide linkage
of the previous dipeptide. Hoffman’s calculatiostiowed in a first time th&amino acids
introduced ina-amino acid sequences were possible inducei$-Ig8I" and BII/BIl'turns (see
figure VII-5).

il

Wil Wil
c1!!1 C1D

Figure VII-5. Comparison of th@l-and p-11-turns of a-peptides with the two turn conformers,¢ and Go™"' of a
blockedd-amino acid constituent.

They described in a second time, that the incotmoraf these non proteinogenic amino acids

could generate new turn types that are not permhitt@atural amino acids because of the rigidity
of the peptide bond. Finally, they confirmed theplacing the §)—C(y) flexible single bond of

d-amino acids by a double bond would be suitableHerstabilisation of-I/Il turn mimics.

This last structural alternative remark, has alydaeen investigated, and experimental data have

been reported in the past years.

VII-1.2.1 Isosteres containing a double bond in C(B)-C(y) position:

The precocious work of Hann et al. in 198@vestigated the replacement of a peptide bond by
trans double bond to form Leu-enkephalin analogunekincrease their stability toward proteases.

They reported that from a structural point of vieath double bonds and amide bonds were
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showing similar bond distances, and angles, satiegtcould direct subsequent attached peptidic

strands in a similar way (Figure VII-6).
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Figure VII-6. Spatial disposition of amide am@ns-olefin bonds (distances in angstroms)

Based on the previous work of Hann, Wipf and coweskreported in 1998,the evaluation of
d-amino acids containing in the @(C(y) place a (E)-double bond. It was established byx-r
studies that methyl and trifluoromethyl substitutgkienes provided highly preorganized peptide
mimetics. The D-L methyl-(E)-alkene isosté&resequence prefers an intramolecularly H-bonded

type-II' B-turn in the solid state, whereas the trifluoromykethnalogue6 representing a D-L

sequence showed a preference for a tyfetuirn.

BocHN/-Y\/CONHMe BocHNJ\%\rCONHMe
: CF

3

S 6

FigureVIl-7. Chimical structure of the D-L methyl-(E)-alkenessere and its trifluoromethyl analogue.

Gardneret al in 1995 and then in 1999/ reported darans-5-amino-3,4-dimethylpent-3-enoate
residue (ADPA) glycyl-glycine mimic promoting-hairpin formation in solution. It came out of
this study, that ADPA tetrasubstituted (E)-alkefaasurs adoption of folded conformation in the
corresponding tetrapeptide mimic whereas disubtituted alkene (APA), more flexiblas not
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efficient. In this case, it seems that allylic stsapresent in ADPA is introducing rigidity in the

04 %
o)
WOK o,
H,N OH H,NT Y OH

APA ADPA

tetramer and thus blocking the conformation (Figuie8).

Figure VII-8. APA and ADPA dipeptide isosteres ahairpin mimic tripeptide containing ADPA.

VII-1.2.2 Linear d-amino acids:

Balaram and coworkers, in 20&f&xamined crystal structure of tripeptides compgrtd
aminovaleric acid &Ava) in the i+1 position. In this study, the senoe Piv-Prod-Ava-OMe
does not fold into -turn like structure, in comparison with the moéa-Pro-Gly-OMe that

provoke in solid state a quasi perf@eli turn (Figure VII-9).

C'"-’;
i A s
Wok ¢ ¢ 1
H,N OH

% o0 w \'-\
_,;!;’:". 75534 ¢ 1NDM N
&-Ava 4

\

R O,
b -

Figure VII-9. d-aminovaleric acid, Piv-Pro-Gly-OMe turn Piv-PdeAva-OMe extended structure.

In 2007*the same group focussed on longer peptides, beaimgy residued-Ava. The

octapeptide Boc-Leu-Val-VdlPro-3-Ava-Leu-Val-Val-OMe was first analysed by NMR that

did not achieve complete resolution of the struetilowever, these previous conformational

analyses were consistent with further crystal stmgcdata, gaving the evidence that this peptide
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was folding through #-hairpin structure. As it is shown in FigureVIl-1@,folds in an anti
parallel hairpin form that contains a centP@ro-d-Ava (a-d hybrid turn) stabilized by a €
hydrogen bond between the ¥aCO and LewNH groups. In the crystal structure, the turn
structure was visible showing the arrangement ef&#va chain, in an extended loop that
spread the continuing strand close to the pyrmodidiing Although if the strands part of the
molecule have shown to be similar in both solid baquid state, but it was not possible to get any
informations concerning the the turn region in fiolu because of a lack of NMR data and in

particular NOE contacts.

-Aﬂ-ﬂ

Obw

o3

Figure VII-10. Molecular conformation of the peptide Boc-Leu-VaH\?Proé-Ava-Leu-VaI-VaI-OMe.
Intramolecular hydrogen bonds are shown as daited.|Right: Side view of the molecule showing pleated
sheet formation (top) and ribbon representation.

Nowick & al. described in 200%,a new stable turn structure involvideaminoacid: Ornithine
(5Orn) 8 for the stabilization of furthef-hairpin structureslO. To establish this feature two
models were chosen for comparison. The first omeectiom Gellman & af’ that had previously
described a suitabl@Pro-Gly motif9 as turn inducer efficient for further hairpin stiation.
The secon@-hairpin model was formed by two complementargmino acid sequences locked

at the extremity by tw@ ornithine segmert1 (see FigureVII-11).
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Figure VII-11. (Right) Acyclic and cycli3-hairpin analogues containing one or two Ornitieevdtives.
(Left) D-Pro-Gly turn mimic and dOrn turn mimic.

This study allowed the assignation of the unlinigetiairpin in which the®Ornitine that was
evaluated to be as good ¥gro-Gly of Gellman (Figure VII-11), as reverse timducer and the
hairpin was as folded as the locked one. The ptiggenf such compound were then used for the

design and synthesis of extended molecules as naiffimtein quaternary structufe.

VII-1.2.3. Bicyclic dipeptide isosteres:

In the last years, Guarna & ZAlfocused on the development of a new class of bcywlecular
scaffolds. BTAa (Bicycles from Tartaric Acid and iam acids) having a 3-aza-6,8-dioxabicyclo
[3.2.1] octane as core structure, and amino adel ahain functionalities. These molecules reveal
to be a good template for reverse turn inducerirTgreperties were first demonstrated in cyclic
peptides. In 2003* Guarna et al synthetized a cyclic peptide mimithef loop extremity of the
BBI protein12 (FigureVII-12) containing a BTAa motif.
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Figure VII-12. Representation of the BBI sequence and in partictiia part of the loop involved in inhibition of
proteases in red showing3aurn structure

The modified BBI peptide containing the 7-endo-BTéatif (Figure VII-12) led to only one
NMR visible conformer. NMR analysis showed alsohhigcinal coupling constaniyy.qn and
strong sequential NOE correlations which is coneenhwith extended conformations. Molecular
modelling calculations and superimposition of baogtural and mimic structures showed the
hight similarity between both peptides. These olsen lead to conclusion that 7-endo BTAa

could be suitable as turn inducer (Figure VII-13).

8]

MN-terminal
C-terminal

Figure VII-13. Turn inducing property of 7-endo-BTAa
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In linear peptides, scaffolds deriving from the @anation of leucinol and meso-tartaric acid
have been used to test the reverse turn propeokitinear hexapeptidic sequences. Petides
containing a BTAa scaffold in the central part bé tpeptide (see figure VII-14) 7-endo-BTL
(Bicycle from Tartaric acid and Leucine ), havindeaicine side chain at the 4-exo position,
showed a mixture of rotamers. One of the rotamewsl a better organized structure, this was
supported by sequential NOE contacts between NH cafitl protons indicating &3-strand
organisation of the N-terminal main chain. This waisforced by a 14- membered ring hydrogen
bonded structure typical @hairpin like structure. The lack of the 10 memlder@g H-bond in
this particular case indicate that the driving éfor nucleation of3-structure is here related to

the scaffold structure.

R1
(!:{:|+2
aCia1q M
HM
‘foﬁw
N—Ha--a--(]ﬁ
0 NH
-||||<
HN o
MeO
O

endo-BtL

reverse turn

Figure VII-14. Comparison between natural reverse turn and itseréontaining endo-BTL, substituting both
positions i+1 and i+2.

VII-1.2.4. Sugar-amino acids as B-turn mimics:

Von Roedern & af’ reported in 1994, and in 1986the design and synthesis of new dipeptide
isosteres based on the sugar monomer H-Gum-OHcasguwlerivativedl 3 (Figure VI1I-15). The

cyclic structure of H-Gum-OH fixes th@ angle at 180°, which corresponds tdrans amide
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bond. Thed+1 angle is also fixed in a 180° angles; this emffound inf3-sheet structures.
According to its structure the H-Gum-OH was usedefgace two neighbour natural amino acids
in cyclic hexapeptide&4, derivatives of cyclic somatostatin analogues. f@onational analysis
by NMR in solution, and molecular dynamics, leadhe described structure Figure VII-15. The
hexapeptide show [Bll'turn type conformation were the sugar residweupies the i+1 and i+2
positions. In this case the peptidic ring is digiynbent because of the steric repulsion of thg ri
oxygen and the carbonyl of the neighbour amino.daicdontrast in “normal” hexapeptides the

two B-turns are almost coplanar.

L,.r Gapm'
OH I -.._I_.\
° Hﬂf)m e ™
¥ Y =L S
TR RGPS,
O - i} &
IR PRI
o 8 — |
/ [ oTp
H-N a1 _ X
\)\HJ\HI '__l! Lys g-:__.l
te L

Figure VII-15. (Right) : corespondance between H-Gum-OH skeletohasagles with classical peptide structure.
(Left) Turn like structure in cyclic hexapeptidentaining H-Gum-OH in i+1 and i+2 position (imagerit MD
simulations)

The same work was applied to linear peptides, buhis case peptides showed a non folded

structure.

In 2000, Chakraborky and cowork&rseported the design and synthesis of new peptidit
mimic using new furanoid sugar amino acidsand16. Furanoids sugars were incorporated in
Leu-enkephalin analoguds at the place of two neighbouring glycine resid(fégure VII-16).
Conformational analysis using NMR, molecular dynasmand circular dichroism showed that
two of these analogues (containing the sugar Gddaa) displayed an unusyziturn structure

involving a G membered ring hydrogen bond between NH-Leu an@I€ of the sugar.
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Figure VI1I-16. Furanoid sugar amino acids and their analoguea=6&amino-2,5anhydro-6-deoxy-D-gluconic acid,
laa=6-amino-2,5anhydro-6-deoxy-D-Idonic acid.

It came out of these studies that the driving fdacehe turn nucleator depends not only from the
restriction caused by the ring but also from thiessitution of the ring, since unsubstituted furane
were not able to fold.

In the course of this year, Fleet and co-workercdlesd oxetane amino acids and oligomE®ds
obtained from f (Figure VI1-17). These$-2,4-cis-oxetane amino acid oligomers adopt well-
defined secondary structure in solution in whicé thajor conformation is dictated by internal

10-membered H-bonded ring5.This p-turn motif is repeated along both the tetramer and

< {ﬂ) 4-cm

n=0, 2, 4

hexamer.

Figure VII-17. Structures of homo-oligomers ©2,4-cis-oxetane amino acid
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VIII - NEW &-AMINO ACIDS TOWARDS NEW FOLDAMERS

VIII-1 INTRODUCTION

The folding of polypeptide chains into secondaryl aventually into a bewildering array of
tertiary structures results in protein moleculesat tare responsible for most of the biological
interactions and functions found in nature. Thefpeptides and proteins are attractive targets
for drug design. Poor bioavailability and metabdtability of peptidic drugs, however, have
resulted in significant limitations. A logical nexdtep is to mimic nature and create
nonbiologically derived molecules that either fofdo well-defined secondary structures, or
assemble into larger architectures. The pioneesiundies of Gellman and Seebachpepeptides,

a class of unnatural peptidomimetic folding oligesjehave demonstrated the feasibility of
folding unnatural oligomers into well-defined confations. Extending the concept @f
peptides has led to other peptidomimetic foldarsarsyy-peptided®*' ands-peptides

In the presented work we are interested-amino acids towards new foldamers.

As mentioned in the chapter VB;amino acid residue®0 are isosteres of dipeptide elements in
a-peptidex21 (Figure VIII-1).

N ; N/
|<POZPUJ|
H ) H

n

20

(0] T (0]
N e
T% Qo Y, '|\l
H 0 H
n
21

Figure VIII-1. Comparison of 3-amino acid residue20 with a-dipeptide element21. ¢, v, 0, , p, @ are the
backbone torsion angles.
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Therefore,6-amino acids are potential surrogates dedipetides and can be useful to improve
the resistance of natural peptide chains towardadiagion by proteases.

There are some examples of the incorporation aigless-amino acid into longer natural amino
acid sequence$;* but most of the cases deal with sequences baseepeatings-amino acid
units, particularly on sugar amino acids derivazhfrfuranos& and pyranos.In fact, homo-
oligomers of sugar amino acids have been extenssteldied and provide many examples of
foldamerg’ 293

Oligomers of different types of amino acids areataportant in conformational design and can
be potentially useful to obtain new foldamers. @pproach presented in this chapter is based on
the synthesis of peptides containmrgands-amino acids with different chain length amémino

acid composition.

VIII-2. Model peptides containing é-amino acid units

VIII-2.1. Previous work in the laboratory

The application of unnatural building blocks to ueé a predictable conformation requires the
investigation of their conformational preferences.

In our group we investigated the conformationalfgnences of peptide mimics containing the
two enantiomers of a novétsugar amino aci@2 and23 (FigureVIll-2). The synthesis of both

enantiomers was previously developed by M. Haqueimgroup®’

NHBoc N NHBoc
/rk s“ O
° o’ OH oMOH
22 (S)9) 23 (R,R)

Figure VIII-2 . (S,9-22 and R,R-23 enantiomers of a nov&isugar amino acid.
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The key intermediat25 was obtained starting from inexpensive furan-2:oaylic methyl ester
24 in four steps by using a procedure that has beewmiqusly developed in our grodp.
Treatment ofy-butyrolactonaldehyd@5 with 4-methoxybenzylamine to form the correspogdin
imine, followed by reduction with NaBHprovided the amine26® in 76% vyield. N-Boc
protection afforded the protected amii&*® in which the PMB group was removed with C#&N
give the carbamat28™ in 79% vyield. Finally, ruthenium catalyzed oxidaticleavage of the
allylic double bond with Nal@ gave thes-amino acid enantiomer22 and 23*? in 86% yield
(Scheme VIII-8).

CHO
RS G
—_—
25

o)
E =CO,Me

24

/Boc
NHPMB N,
b PMB c
_— - = _— =
o AN 0 X
/o) (6]
NHB NHBoc
oc
d 22
_— — =0 %y
0 o X o] 1

CO,H
28 ~—NHBoc

OI)\‘ 23
o)

CO,H

Scheme VIII-8. Synthesis of compounds 22 and 23. Reagents aritioms:
a) (i) Na,SO,, 4-methoxybenzylamine (1.1 equiv), CH,Cl,, 3 h; (ii) NaBH, (2equiv), MeOH, H,O, 0 <, 30 min, 76%;

b) (Boc),O, dioxane-1M K,CO, (1:1.2), r.t., overnight, 74%; c) CAN (4 equiv), CH,CN-H,O (1:3), 0 C, 1 hand
r.t., 2 h, 79%; d) RuCl, 3H,0 (6 mol%), NalO, (4.0 equiv), CCl,-CH,CN-H,0 (1:1:2),0 T, 1 handr.t., 2 h, 86%.
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Delatouche and Bordessa synthesized dvéopentapeptide29 and 30 (FigureVIII-3) using the
scaffolds 22 and 23, respectively, which were alternated with the ratuamino acid
phenylalanine. In addition, Bordessa synthesizgutapeptide31 using the R,R enantiomer and

phenylalanine (FigureVIlI-3).
H_\\f‘ H A
N N ©
%H 0 0 H
© (e]
29
d-amino acid: S,S enantiomer
o
(0]
[0}
/ 0 o]
H
b ; :
© O

N
H
N— R
(e} N N
% N "
H 0 0
0

Figure VIII-3 . Pentapeptides containimgd amino acids 29 and 30 and heptapeptide 31.

Iz

30

o-amino acid: R,R enantiomer

31

d-amino acid: R,R enantiomer

The aim of our work has been to investigate thdaromational analyses of the two pentapeptides
29 and30, and of the heptapeptidd, in order to determine their secondary structusdégoences.
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VIIl-2.2. Conformational investigations

The conformation of peptides depends principallytlegir amino acidic composition and on the
sequence of these amino acids. As the physical laolbgical properties of peptides are
determined by their structure, the knowledge of kher is essential to understand these
properties. There are many techniques to investitig three dimensional structure of peptides.
FT-IR and CD spectroscopy are important tools thaate the presence or absence of secondary
structure elements, while NMR spectroscopy and y-caystallography allow a detailed
description of the localization and spatial arranget of such elements within the amino acid
sequence. However, for the X-ray crystallograpmgle crystals are needed, and there always
exists the possibility of a difference in the canfiation between the solid state and the one seen
in solution. In the present work we employed NMRD,G-T-IR spectroscopy, and molecular

modelling to characterize the peptides synthesized.
NMR investigation

The most common and useful tool to investigatesgmondary and tertiary structure of peptides
and proteins in solution is the Nuclear Magneticsét@nce (NMR) spectroscopNMR
spectroscopy allows an investigation of the stmectaf biopolymers on an atomic level in
solution. Moreover, NMR investigations can hightighe presence of conformational equilibria
and the dynamics of the folding. Important struagkuinformation can be obtained from both

mono- and bidimensional NMR spectra.
Information from 1D-proton NMR spectra

Even though the NMR-spectra of biopolymers are véerifrom the nuclear spins of the
monomers thea are build up from, there is no ditkigvard correlation between the NMR
spectra of the low molecular weight componentsthedhree-dimensional strucutre of the whole
polymer®® A dispersion of nucleus’s chemical shift valueshis first indication of the presence
of spatial folding in a peptide chain. When a pagthas a defined conformation in solution, a
proton in the sequence will have a different mioro®nment compared to those in a random

coil structure. It will also be different from tlsame proton contained in an identical residue type
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at a different point in the sequence. This facti$eto different specific chemical shift values
compared to those for an unfolded structure aradgood dispersion of the signals.

The presence of a secondary structure in solutnlead to a slower exchange rate for labile
protons, which can be measured by time dependerRR{&pkctroscopy, while in small molecules
proton exchange is too fast to be observed. Moretwe slower diffusional motions of the
macromolecul in solution can substantially afféet spin relaxation and the Nuclear Overhauser
Enhancement (NOEY. The presence of hydrogen bonds can be detected dredimensional
NMR spectra. These techniques are based on thenpsn that the NHs involved in a H-bond
are less sensitive to perturbations such as chamjitemperature, concentration or solvent, than
the NHs that are exposed to the solvéifie determination of the temperature coefficients
(AS/AT) for the amide protons is based on the obsenvdtiat, upon warming, NHs involved in
hydrogen bonds display shifts at a smaller exteah the NHs that are exposed to the solvent.
Generally, values of AS/AT > 3 ppb/K indicate amide protons in an equilibribetween a
hydrogen-bonded and a non-hydrogen-bonded statide wdlues of AS/AT < 2.6 ppb/K are
considered an indication of hydrogen-bonded NH gmstor of NH protons locked in a
hydrogen-bonded conformatiéh.

The secondary structures of peptides are charaeterby distinct torsion angles along the
backbone. Since the size of the spin-spin couptimgstantJqn.+, depends on the torsion angle
NH-CHa, on the basis of Karplus relationship, the measereg of*J.n.1, is useful for secondary
structure determination, as it can be directly teelato the backbone dihedral angpe®*
Generally,*Jun-He Values < 6 Hz indicate turn or helical conformasipwhereas values higher

than 6 Hz are referred to unordered structure @xéended conformation (Figure VIII-3).

Secondary sirucnire & “ang (HT) (I) 0
a-hali “&7c 3.9 H
S1o-hialbe - 60" 4.2 NM\N ,--"zlﬁ[l
antiparallel g-sheat - 139° 8.9 T H
parallel B-shest - 119° 9.7 ()]

Figure VIII-3: Table of thé'Jyy.+, Values in regular secondary structiite@eft side). Torsion anglas andy
present along the backbone af-peptide (right side).
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Information from 2D-proton NMR spectra

The most useful data relating to a peptide conftionas gained from 2D-NMR investigation.
Of particular interest are the correlation speciopy (COSY), total correlation spectroscopy
(TOCSY) and NOE spectroscopy/rotational frame NAIBDESY/ROESY) experiments.

The cross peaks observed in the COSY spectrumspanne to proton-proton correlations due to
scalar (through-bond) couplings, though the respegbrotons may only be separated by a
maximum of three covalent bonds. The TOCSY spectoamtains all correlations between
protons of one spin system and in the case of gepteach amino acid has a particular spin-
system pattern that allows the identification oémvresidue type in the sequence. With the help
of these two experiments, it is possible to assmmnpletely all the chemical shifts of the protons
in a peptide. Further, NOESY experiment displayssmpeaks due to dipolar coupling resulting
from through spacenteractions. NOESY cross peaks depend on the ndistdbetween two
protons and occur between two nuclei that are diogbe space up to 5 A.A NOE cross peak
indicates that two non-covalently bonded nucleicse enough to interact or to exchange. NOE
cross peaks are usually definedsaguentiadistances when they are between backbone protons,
or between a backbone proton angs @roton of residues that are nearest neighbourhen
sequenceMedium-rangedistances are all non-sequential signals betwesidues within a
segment of five consecutive residuesng-rangedistances are between the backbone protons of
the residues that are at least six positions awdye sequenct.Depending on the torsion angles
that characterize the secondary structure of aigepsequential and medium-range proton-
proton distances will have different values.Fortanse the sequential NH-NH and @iNIH
contacts for a regular-helix are about 2.8 and 3.5 A, respectively. TH3QIH contacts, since
they depend also on the torsion angle on the didangi, vary between 2.5 and 4.1 A foraa
helix** Medium-range contacts in helices are usually j,iti23, and i,i+4. In particular i,i+4
contacts are especially useful since they are ptesea regulam-helix and not in a i3-helix.
Tight turns have closkgi+2 values. In the case @fstructure shormedium-rangealistances are
not observed, since the polypeptide segments aresalfully extended® Table VIII-1 lists short

sequentiabndmedium-rangelistances that are found in knowspeptide conformations.
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Distance a-helix 3io-helix B-sheet
dan 3.5 3.4 2.2
dan(i,i+2) 4.4 3.8
dan(i,i+3) 3.4 3.3
dan(ii+4) 42
dnn 2.8 2.6 4.2-4.3
dnn(i,i+2) 4.2 4.1
dan 25-4.1 2.9-4.4 3.2-4.7
dup(i,i+3) 2.5-44 3.1-51

Table VIII-1. Short sequential and medium-range 1H-1H distantesine common secondary structureg-in
peptides?

Circular dichroism

Circular Dichroism (CD) spectroscopy is an impottéathnique to investigate the secondary
structure of proteins and peptides. It is basedhendifferential absorption of left and right
circularly polarized light. To deliver a CD signa,compound has to possess a chromophore,
which is either inherent chiral or surrounded bghaal environment and absorbs in the observed
wavelength range. These prerequisites are met éyathide bond in peptides and proteins,
rendering the CD spectroscopy a suitable methogofog the elucidation of their structural
preferences. The observed bands in the CD speopeptides and proteins stem from thesnt

and ther — 7 transitions of the amide bond®very secondary structure gives rise to a specific
CD spectrum that represents a survey upon the ge@rmaverall structure of a peptide or protein,
while it is impossible to assign structural preferes to an individual residue (Figure VIII.4).
However, algorithms based on protein and peptifereace data sets enable the calculation of
the secondary structure elements composition efptige/protein from its CD spectrum.

In addition to the far-UV region over the range 2D nm, also the near-UV region from 250 to
320 nm can deliver useful information, as it shawws contribution of aromatic residues like

tyrosine or tryptophaff*’
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Figure VIII.4: CD spectra characteristic for common secondarystre elements (adapted from Greenfiéfd).

The molar ellipticity @]k at the wavelength is defined as follows (Equation 1):

[@])\ _ 100 |:Deg : cm2:|

l-c
dmol Equation 1

whereV is the deviance of left- and right-circularly patzd light in degred, the cell length in
cm and c the peptide concentration in M. To compegtides with different chain lengths, the

molar ellipticity per residue is used, which isahed by dividing (1:)]x by the number of amino

acids. The CD bands characteristic for helical idegtat 190, 208 and 222 nm stem fromsthe
— 7* transition (190 nm and 208 nm are the componentsepdicular and parallel to the helix
axis, respectively) and s ©* transition (222 nm), with the latter being sensitio hydrogen
bond formatior? The ratio R between the two minima at 222 and 208can be used as an
indicator for the presence of interacting helicas,the band at 208 nm, corresponding to the
parallel component of the — n* transition, changes its energy upon an interheltaraction.
Ratios larger than 1 are commonly regarded asethdtrof interacting helices, as found in coiled

coil structures, while ratios lower than 1 indictie presence of non-interacting helic®s.
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Conformational analysis

In the presented work by using the Sybyl prograraerdion 7.0) we carry out computer
simulations in the hope of understanding the pitigeiof assemblies of molecules in terms of
their structure and the microscopic interactionsvben them. This serves as a complement to
conventional experiments, enabling us to learn $loimg new. Molecular structures generaited
silico have to be geometry optimized to find the indi@bdenergy minimum state by applying a
molecular mechanics method. This is a method eneplay calculate molecular geometries and
energies. In the framework of the molecular meatmniethod the atoms in molecules are treated
as rubber balls of different sizes (atom types)aditogether by springs of varying length (bonds).
For calculating the potential energy of the atoemsemble Hooke’s law is used. In the course of

a calculation the total energy is minimized witepect to atomic coordinates where:

Eiot= Estr + Byendt Eors + BEvaw T Eelec

where Eyis the total energy of the moleculey s the bond-stretching energy termgfis the
angle-bending energy termyEis the torsional energy term,dz is the van der Waals energy
term, and Eecis the electrostatic energy term. Molecular measaenables the calculation of
the total steric energy of a molecule. The setawdmeters consisting of equilibrium bond lengths,
bond angles, partial charge values, force constardsran der Waals parameters is known as the
force field In our work was used the MMFF94 Force FiétHat was developed as a combined
"organic/protein” force field, one which was equadlpplicable to small molecules as well as
proteins and other systems of biological importance

The technique known as energy minimization is usgenolecular mechanics only to find the
local energy minimum but not implicitly the globahergy minimum. Lower energy states are
more stable and are commonly investigated becafisked role in chemical and biological
processes.

Molecules can be modelled either in vacuum or ia pinesence of a solvent. Simulations of
systems in vacuum are referred t@as-phaseimulations, while those that include the presence
of solvent molecules are referred toeaplicit solvensimulations. In another type of simulation,
the effect of solvent is estimated using an emgimcathematical expression; these are known as

implicit solvationsimulations. In our work the molecular modellingsaperformed in vacuum.
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As mentioned before, the use of theoretic methad®ktain models that allow predicting
structures, properties and molecular interactisrigown as “Molecular Modelling”.

Molecular Modelling provides information that is tnavailable directly from conventional
experiments, thus it has a complementary roleerfitid of the experimental chemistry.

There are several simulation technique methodsntgoa chemistry, molecular mechanics,
molecular dynamics (MD).

It is known that the structures with lower enerdgitess are more stable and take a part in

chemical and biological processédolecular dynamicssimulation offers an effective tool to

detect the energetically most favored 3D structiire system.

In our work simulations incorporating NOE derivedstdnce constraints as well as “free”
dynamics were investigated in vacuugag-phaseimulations). MD calculations were performed
using Sybyl program (version 7.0) with MMFF94 forfield. The temperature was increased
progressively from 300 to 700 K and the time permdceach simulation was 222 ps, where a
molecule was extracted every 500 steps. Among dselting structures those energetically

favored were then minimized and analyzed.

FT-IR spectroscopy

Infrared light is energetic enough to excite molacwibrations to higher energy levels. The main
characteristic bands of the peptide group are ¢almide A, amide | and amide Il. Evidence
exists that the position of these bands is relae¢te conformation of the peptideThe amide A
band is mainly due to the-Hl stretching vibration. It is very sensitive to te¥ength of a
hydrogen bond, thus providing an opportunity tonganformation about any intra- or
intermolecular hydrogen bond. Usually, in a norapsblvent, non hydrogen-bonded NHs adsorb
above 3400 cih, while NHs that are involved in hydrogen-bondsaabselow 3400 ci>® The
amide | and Il bands are related to the backbon®&omation. The amide | is associated with the
C=0 stretching vibration, while the amide Il resuftom the N-H bending and from C-N

stretching vibrations.
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a-helix 2y 0-helix 3-sheet

Amide | 1652 1666-1662 1648-1645

Amide I 1548 1533-1531 1533-1536

Table VIII.2. Frequencies (c) of the amide | and amide Il bands found for dfeta-peptide conformations.

VIII-2.3. Results on alternated a/é amino acids

The pentamer containing alternated (Sy®)mino acid and phenylalanine was analyzed by NMR
in both CDC}{ and methanotl; solvents. Comparing both analyses at differenptratures, the
spectrum in CDGlseemed to be less comprehensible than the spertromethanolds, showing

a lower dispersion of the NH signals, and highengerature coefficients £6/AT > 10ppb/K).
We therefore present here only the analyses peefdrim methanotl;. This choice was also
supported by the CD experiment, where the CD cameeared to be much more defined in
methanol than in TFE. Thus, the synthesiaédtpeptide29 (Figure VIII.5) was dissolved in
methanold; and studied by NMR spectroscopy. 1D experimentsewest acquired at five
different temperatures (273, 278, 283, 293 andK0&nd the one that gave the better resolved
spectrum (283 K) was chosen to record the 2D ewxpsris. The complettH-NMR resonance
and sequence assignments were done by using they,CDSCSY and ROESY spectra.
Sequential and interresidue NOE cross-peak infessitere classified as strong (1.8-2.7 A),
medium (1.8-3.3 A) and weak (1.8-5 A) based onrtimmber of contours in the contour plot of

the ROESY spectrum. The NOE contacts observedisipeptide are shown in Figure VIIL5.
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29

d-amino acid: S,S enantiomer

Figure VIII.5 Summary of the interresidue NOE contacts obsefwethe peptide 113 in methandj-at 283 K

(pink arrows: strong NOESs; green arrows: medium NQ#ie arrows: weak NOES).

The values of théJun.a coupling constants were estimated in the ' HBNMR spectrum and
these vicinal coupling constants showed alwayseshigger than 6 Hz (Figure VIII.6).
Amide protons showed high temperature coefficiéhigure VIII.6), suggesting a non-hydrogen-

bonded state. However, studies of deuterium exehaimg methanol,; showed a slow

disappearance of one or both amide protons ofattene residues. The presence of the hydrogen

bond possibility in this molecule was confirmedIByexperiments in CkCl,, which showed two

bands in the amide region: a broad and intense &aB811 crit in the H-bonded region, and a
weaker one at 3420 ¢
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Figure VIII.6: Variable temperature studies in methadgbdf peptide29.
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Molecular modelling was performed using moleculamaimics experiments in vacuum.
Introduction of four of the NOE contacts found hetROESY spectrum as constraints in this
experiment gave the structure shown in Figure YI#is the conformational energetic minimum,

which is characterized by a large loop locked atektremities by two hydrogen bonds.

Figure VIII.7: Structure of low-energy conformer calculated fopte 29. Hydrogen bonds are indicated with
dashed lines and all hydrogen atoms have beenezhiidt clarity.

The CD spectrum in methanol at 0.1 mM showed twaima at 200 and 219 nm that were not

comparable with any data in the literature (Figuli.8).
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Figure VII1.8: CD spectrum of the pentapeptiZ@in methanol.
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The pentamer containing alternated (R}Rgmino acid and phenylalani3® (Figure VIII.9) was
analyzed by NMR in both CDgland methanotl; solvents. Due to low solubility and low
dispersion of the signals in methanol, we used tmyanalyses in CD€IThe synthesized/s-
peptide30 was thus dissolved in CDEand studied by NMR spectroscopy. 1D experimentg we
first acquired at five different temperatures (2283, 288, 293, 298 and 303 K), and the one that
gave the better resolved spectrum (288 K) was chdserecord the 2D experiments. The

detected NOE contacts are shown in Figure VIII.9.

30 d-amino acid: R,R enantiomer

Figure VII1.9: Summary of the interresidue NOE contacts obsergethe peptid80in methanold; at 288 K (pink
arrows: strong NOEs; green arrows: medium NOEs bluows: weak NOES).

In comparison with the pentamer containing the ¥8;8mino acid, this oligomer had a better
dispersion of the signals in tHel spectrum with no overlapping of the NH amidesq aine
ROESY spectrum allowed us to find numerous NOE axistthat are reported in Figure VIII.9.
In counterpart, we could see the presence of niane dne conformer. We focused our study on
the major conformer. NMR analyses showed amideopsoat high ppm values (between 7.4 and
8.4 ppm), which is characteristic of protons imemlvin hydrogen bonding. Howeve\6/AT
were quite high, ranging between 6 and 10.4 pphhd also théJ coupling constants were
higher than 6Hz (Figure VIII.10).
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Figure VIII.10: Variable temperature studies in methadgdf peptide 30.

The CD spectrum was recorded in TFE (0.3 mM) amneegavo maxima at 203 and 218 nm
(Figure VII1.11).
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Figure VIII.11: CD spectrum of the pentapepti@@in methanol.

Finally, molecular dynamics experiments, takingiatcount eleven NOE contacts, afforded the

structure shown in Figure VIII.12 correspondingdtte energetic minimum.
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Figure VI1I1.12: Structure of the low-energy conformer calculatedpieptide30. For clarity hydrogen bonds are
omitted.

The heptamer containing alternated (RgRJmino acid and phenylalanine was analyzed by 2D
NMR only in CDC§, since it was insoluble in methanol. In this solvé& showed a high

dispersion of the signals, as well as numerous MO#facts, among them long range ROE
contacts were also detected. We can remark thah#per part of the contacts were found in the
N-terminal part of the molecule (Figure VIII.13j particular, we detected contacts between two
non neighbouring lactones, which gave indicatioaualan eventual organisation of this part of
the molecule. However, we could not see any répetitontacts that would have been an

evidence for the presence of a periodic structure.

F1 X2 F3 X4 F5 X6 F7

31 d-amino acid: R,R enantiomer

Figure VIII.13: Summary of the interresidue NOE contacts obsereethe peptide 31 in CDght 292 K (green
arrows: medium NOEs; blue arrows: weak NOES).
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Here agaim\6/AT coefficients adopt quite high absolute valuesvieen 7 and 8 ppb/K, excepted
for the third lactone and the Boc terminal pheraiate, and®J coupling constants were also
quite high, excepted for F5 that showet) af 4.8 Hz (Figure VII1.14).

3
=A3(ppm)/ Iun-He (HZ)
Variable temperature studies heptapeptide + [HF2 AT(K)
9 c
- " e NHF1L 0.7 9.6
' N
= B NHX2 7.8
= 75 NHFT
= 71 NHF3 7.7 8.4
i v NHX
n:;i R NHX4 7.3
55 ] LR NHF5 7.8 4.8
5 L ——— e NHX6 3.9
270 260 290 300 o 320
Temperature {K) NHF7 7.2 7.2

Figure VI1I1.14: Variable temperature studies in CRG1 peptide31.

IR in solution was performed in GBI, at low concentration showing in this case again two
bands, a weak one at 3420 tmepresenting the non hydrogen-bonded amide, anidtanse
band at 3300 cth reflecting the presence of amide protons invoiveldydrogen bonds. To gain
further information about the amide protons invdlive hydrogen bonding, we tried for the
penta- and heptapeptides containing the (R;Rjpino acid to perform solvent competition
experiments, by progressive addition of DMSO in &R tube and controlling the changing in
the chemical shifts. Unfortunately, this experiménlked due to the fact that by adding DMSO
we were not able anymore to assign the amide psotBeuterium exchange experiments
revealed to be unrealisable, since our compounds precipitating upon addition of minimum
amounts of methanal; Molecular dynamics was performed including sevemteonstraints
taken from NOE contacts. Two pictures of the en@rgminimum are represented below
showing in the first segment, containing Boc-Phe-Pae-Lac-Phe, a folded part that describes a
first loop of helix, while the folding in the C-tainal part seems to be disrupted from the last

lactone. One reason for the loss of the foldingpprties in C-terminal part of the peptide could
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be the high spatial freedom of the benzyl esteugrihat directs the C-head of the peptide in
another direction. This is particularly evidentle second view of the structure, in which we can
see the compact helical structure imposed by tlefisst lactones X2 and X4, followed by a

reversal of the structure in the C-terminal paiggFe VI1I1.15).

Figure VIII.15: Two views of the structure of low-energy conformalculated for peptidgl. For clarity hydrogen
bonds are omitted.
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In contrast to the CD spectra of the pentamersCibespectrum of the heptamer in TFE at 0.5
mM showed only the maximum at 218 nm, whereas ¢oersd maximum near 200 nm found for
the pentamers disappeared (Figure VIII.16). Thighhibe indicative of the presence of an
ordered structure stabilized by the longer peptitn.

[@}(R)(deg em? mol)

FigureVIll.16: CD spectrum of the heptapepti@gin TFE.

The results presented above on the conformatioradysis of three peptidomimetics containing
aromatico-amino acids alternated with pokgsamino acids suggest that thésamino acids have
the potential to induce structural motifs, whiclowever, differ from those typically adopted by
a-peptides. Interestingly, peptides containing tBeS§é-amino acid showed major solubility in
methanol, also showing better folding properties polar solvents. In contrast, peptides
containing the (R,R¢-amino acid showed better folding properties in ruolar solvents.
According to the numerous NOE contacts found in déin@lysis of pentamer and heptamer
containing the (R,Ry-amino acid, this enantiomer is likely to have &efolding properties than
the S,S enantiomer. Finally, increase in the leoftihe peptide sequence led to a stabilization of

the secondary structure.
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VIII-3 New peptides containing &-amino acids: Objectives and design

After the results obtained with peptid28, 30, 31 (Figure VIII.3), we decided to synthesize
furthera/d-peptides containing a variety of -amino acids nmagd@rom apolar to charged residues.
This should avoid the overlapping of the signalsNiMR spectra and lead to peptides with
different properties. In the case &2 (Figure VII1.16), we modified the sequence by increasing
the number of positively charged residues. Thus, lgines and one glutamine were alternated
with é-units. To investigate the effect of our scaffold the secondary structure of longer
peptides, we carriedut the synthesis of peptid88 and34 (Figure VIII.16), which contain both
apolar and polao-amino acids. The synthesis and the results of2DeNMR, CD, FT-IR
measurements and of the molecular modelling willshewn and discussed in the following

paragraphs.
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Figure VII1.16 . Lactone containing peptides 32, 33 and 34 thee lbb@en synthesized and investigated in this work.
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VIIl.4 Synthesis of peptides 32-34

The model peptides containing the enantiomers (&,%R,R) of our lactone-scaffold that were
synthesized and investigated in the course ofstlidy are shown in Figure VIII.16.

The synthesis of the building block, being suitafigictionalized to be introduced in peptides,
has been carried out as developed in our group frebutyrolactonaldehyde25 in
enantiomerically pure form (S,8)35 and (R,R)36 (Figure VIII.17 ).

NHFmoc
O

5 ,,,,,/)J\OH

35 (S,S) enantiomer
—_—
o S —_—

N NHFmoc

24 S o)

ONOH

(e}

36 (R,R) enantiomer

Figure VIII.17. Pentalactone building blocks 35 and 36 for peptigighesis.

Synthesis of Fmoc protected-amino acid (R,R) 36.

The synthesis of the Fmoc protectedmino acid (R,R36 is described in Scheme VIII36 was
synthesized starting from (R,R) lactog8 (Figure VIII.2), by cleavage of the Boc protecting
group with TFA in dry CHCl,. The resulted produ@7 was treated with Fmoc-OSu in dioxane-1
M K,CGQ; to afford the desired compound in moderate \je@96).
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N NHBoc = NH.TFA N NHFmoc

= 0 N O > o)
N : N : |
o OH o OH OH
o o © o

23 37 36

Scheme VIII.9. Synthesis of the Fmoc protect&dmino acid 36. Reagents:
a) TFA, dry CH,CI,, 100%; b) FmocOSu, dioxane-1M K,CO, (1 : 2), 60%.

Synthesis of alternateda/d-unit peptides

The peptide82-34were synthesized, as shown in Schemes VIII.101dndsing a solid phase
protocol. The solid phase synthesis can be commonly perfortmedising two alternative
protecting groups, tert-butyloxycarbonyl (B8@nd fluorenyl-9-methoxycarbonyl (Fmaot)>°to
mask thea-amino group of the amino acid only temporarilyaltow further chain elongation.
Generally, the Fmoc strategy is more suitable @idsphase synthesis, as the Fmoc group is a
base-labile protecting group which can be remova&dgusecondary amines like piperidine and
the cleavage of the peptide from the resin occuden mild acidic conditions. Another very
important advantage of the Fmoc group is its stghilpon different conditions used to remove
side-chain protecting groups, including strong @&ooat reductive conditions.

The products presented in this work were synthddiemanual coupling using Fmoc chemistry
on Rink amide MBHA resir88 (loading 0.6 mmol §) (Figure VII1.18). The resin was in the
Fmoc-protected form and, for this reason, to obtdifree linker, the resin was treated with
piperidine in DMF/NMP (80:20 v/v).
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OMe

NHFmoc
= v

4-(2',4'-Dimethoxyphenyl-Fmoc-aminomethyl)-
phenoxyacetamido-norleucyl-MBHA resin

38

Figure VI111.18 . Rink amide MBHA resin 38.

In the case of peptidg2 the synthesis is outlined in Scheme VIII.10, araswerformed with
(S,S)é-amino acid. The first amino acid (4 equiv.), lysirwas coupled activating situ the
carboxylic function with HBTU (3.9 equiv.), HOBt @quiv.) in DMF/NMP (80:20 v/v), in the
presence of DIPEA (8 equiv.). Fmoc cleavage wasraptished by treating the peptidyl-resin
with 20% piperidine in DMF/NMP (80:20 v/v). For theoupling of the second amino acid,
Fmocé-amino acid, 2.5 equiv. excesswere used, togetliter MBTU (2.4 equiv.), HOBt (2.5
equiv.) in DMF/NMP (80:20 v/v), and DIPEA (5 equiv.The following steps, the Fmoc
deprotection and the coupling of glutamine, wereedwith the same conditions used for lysine.
To monitor the progress of the synthesis, smallescieavage was performed and the resulting
sample was analyzed by MALDI-ToF-MS. To avoid agmtial lactone ring opening, we decided
to use milder conditions for the Fmoc deprotectiomy 15% of piperidine in CkCl, for 3 min.
instead of 20% for 5 min. in DMF/NMP) and to chartbe coupling conditions for the second
Fmocd-amino acid: DIC (2.5 equiv.) and HOBt (2.5 equin)CH,Cl, without base. After the
coupling of the second lysine and the Fmoc deptiotecthe last step was the N-terminal
acetylation using acetic anhydride (5 equiv.) anédEA (2.5 equiv.). Final cleavage of the
peptide from the resin and simultaneous side-ctlaprotection was achieved by treatment with
a TFA/water/TIS mixture (90:5:5) for 2.5 hours. Tpeptide was then precipitated from ice-cold
diethyl ether, centrifuged and subjected to thréerewashing/centrifugation cycles to remove
the scavengers. The characterization was perfooynétPLC and MALDI-ToF-MS.
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Fmoc-NH

20% piperidine in DMF/NMP 8:2

H,N linker

Fmoc-Lys(Boc)-OH
HBTU, HOBt, DIPEA in DMF/NMP 8:2

Y
Fmoc-Lys(Boc)

1) 20% piperidine in DMF/NMP 8:2
2) Fmoc-d-amino acid-OH
HBTU, HOBt, DIPEA in DMF/NMP 8:2

Fmoc-d-amino acid-Lys(Boc)

1) 20% piperidine in DMF/NMP 8:2
2) Fmoc-GIn(Trt)-OH
HBTU, HOBt, DIPEA in DMF/NMP 8:2

Fmoc-GIn(Trt)-6-amino acid-Lys(Boc)—

1) 15% piperidine in CH,CI,
2) Fmoc-d-amino acid-OH
DIC, HOBt in CH,CI,

Fmoc-3-amino acid-GIn(Trt)-8-amino acid-Lys(Boc)

1) 15% piperidine in CH,CI,
2) Fmoc-Lys(Boc)-OH
HBTU, HOBt, DIPEA in DMF/NMP 8:2

Fmoc-Lys(Boc)-8-amino acid-GIn(Trt)-8-amino acid-Lys(Boc)

1) 15% piperidine in CH,CI,
2) Ac,0, DIPEA
Ac-Lys(Boc)-6-amino acid-GIn(Trt)-3-amino acid-Lys(Boc)—
TFA:H,O:TIS 90:5:5
Ac-Lys-8-amino acid-GlIn-6-amino acid-Lys-CONH,

Scheme VI11.10.Solid phase synthesig 32 using the Fmoc chemistry.
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In the case of peptided3 and 34 containing (R,RpB-amino acid, the solid phase protocol used
was the same as the one just describe@2pbut this time only DMF was used as the reaction
solvent. A different number of equivalents of theio acids (Xaa 5 equiv.), coupling reagents
(HOBt 5 equiv./HBTU 4.8 equiv./DIPEA 10 equiv.) amdetic anhydride/DIPEA (8 equiv./

7equiv.) were also used (Scheme VIII.11).

Fmoc-NH linker
20% piperidine in DMF
H,N

Fmoc-Xaa-OH
HBTU, HOBt, DIPEA in DMF

\

Fmoc-Xaa

n cycles

1) 20% piperidine in DMF
2) Fmoc-d-amino acid-OH
HBTU, HOBt, DIPEA in DMF

Fmoc-3-amino acid-Xaa

1) 20% piperidine in DMF
2) Ac,0, DIPEA

Ac-&-amino acid-Xaa— linker |
TFA:H,O:TIS 90:5:5

Ac-0-amino acid-Lys-6-amino acid-Ala-6-amino acid-Tyr-CONH,
and

Ac-Leu-8-amino acid-Lys-8-amino acid-Ala--amino acid-Tyr-CONH,

Xaa = Fmoc-Tyr(tBu)-OH
Fmoc-Ala-OH
Fmoc-Lys(Boc)-OH for hexapeptide
Fmoc-Leu-OH for heptapeptide

Scheme VIII.11 Solid phase synthesig 33 and 34using the Fmoc chemistry.
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VIII-5 Results and discussion

VIII.5.1 Alternated a/(S,S)-6-unit peptide

The synthesizedu/d-pentapetide32 was dissolved in methandy and studied by NMR
spectroscopy. 1D experiments were first acquirefivatdifferent temperatures (283, 288, 293,
298 and 303 K), and the one that gave the betsetved spectrum (303 K) was chosen to record
the 2D experiments. The complété-NMR resonance and sequence assignments werebgone
using the COSY, TOCSY and ROESY spectra. Unforelgainly, medium and weak contacts
were found and only between one residue and igghbeur, or intralactone in one case (Figure
VII1.19).

H,

N Q H,N
Os-NH,
0 o) o]
)kN H\ \)kN N \/U\N NH,
H K H N H
o] u o\.) ) o]

; (o]
K, 0
(o] (0]
32

5

Figure VII1.19 . Summary of the interresidue ROE constraints oleskfor the peptide 32 in methardylat 303
K (green arrows: medium ROESs; blue arrows: weak ROE

The values of th&Jn.1, coupling constants were estimated by using thelamggion in the 1D-
NMR spectrum and the vicinal coupling constant gatialways bigger than 6 Hz. No estimation
was possible in the case of the two lactones. Thalses are typical of an extended or unordered
structure (Figure VIII.20).
The temperature coefficient&d/AT) for the pentapeptid@2 were also measuredhich were in
the range of -6.6/-8.0 ppb/K (Figure VII1.20).
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Figure VI11.20 Temperature coefficients for the NHs and viciralgling constants for HN-¢din methanold; for

32.

We used molecular modelling to investigate the ipbsstructures that the peptide could adopt.
After the construction of the molecuie silico the observed NMR contacts were introduced as

constraints before carrying out an energy mininniraand Molecular Dynamics. In our analysis

we excluded the molecules in which there weatations of the NMR-derived constraints and

we considered only the structures energeticallpriast. The lowest energy conformer of this set
of molecules is shown in Figure VIII.21 Clearly theptide forms a large loop, in which the two

lactones are located opposite to each other, Wélténtral residue glutamine acting as a pivot.

Figure VIII.21 Structure of low-energy conformer calculated fompound 32. Hydrogen atoms are omitted for

clarity.
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The CD investigation was performed in methanol (@)rand the peptid&2 displayed only one

negative band at 230 nm (Figure VIII.22). Unforttehg no similar spectra have been reported
either in the literature or in our previous work.
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Figure VIII.22 CD spectra of compound 1{B mM in methanol). The data are normalized fortiolep
concentration and number of residues.

VIII.5.2. Alternated a/(R,R)-8-unit peptides

Two further peptides containing the (R,&unit alternated witha-amino acids like lysine,
alanine, tyrosine and leucine were prepared byl giase methodology. THel NMR spectra of
hexapeptid&3 were recorded at five different temperatures (287, 296, 303 and 310 K), and
the one at which the dispersion of the signals reasonable (280 K) was chosen to record the
2D experiments. Nevertheless, NMR characterizatias complicated from the significant signal
overlap in the spectrum. The ROESY spectrum in eotion with COSY and TOCSY spectra
revealed several contacts, including those betwegghbour amino acids (Figure VIII.23). The
central part of the peptide seemed to be more tsteet and the temperature coefficient of
lactone % was relatively small (Figure VIII.23).
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Figure VII1.23 . Summary of the interresidue NOE constraints oleskfor the peptide 33 in methardyat 280 K
(pink arrows: strong NOESs; green arrows: medium NQ#ie arrows: weak NOES).

variable temperature studies

8.6 = NHA

8.5 -—-—\ NHX5

8.4
T 83 S 3
g 8.2 -AS(ppm)/ “Inn-Ha (HZ)
g 8.1 AT(K)
T s

i T NHAg4 7.6 6.4

7:7 T T T T T T T NHX 4 0

275 280 285 290 295 300 305 310 315 3) '
Temperature (K) NHKz 7.9

Figure VI1I1.24 Temperature coefficients for the NHs and viciragling constants for HN-&lin methanold; for
33.

Using several NOE contacts as constraints, MD straris were carried out, but we could not
see a periodic structure (Figure VI111.25).
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Figure VIII.25 Structure of low-energy conformer calculated fompound33. Hydrogen atoms are omitted for
clarity

We recorded the circular dichroism spectrum in raeth at concentration of 2 mM (Figure

VII1.26), which exhibited a strong positive band2&8 nm.

s000 -
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Figure VI111.26 CD spectra of compour28 (2 mM in methanol). The data are normalized fortjglpconcentration
and number of residues.
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The heptapeptid@4 was obtained fron83 after elongation with an additionalamino acid,
leucine. The 2D NMR analyses at 303 K revealed dely and non-relevant NOE contacts
(Figure VII1.27).

H,N OH

34 o-amino acid: R,R enantiomer

Figure VIII.27 Summary of the interresidue NOE constraints olexkfar the peptid84 in methanold; at 303 K
(pink arrows: strong NOESs; green arrows: medium NQ#ie arrows: weak NOES).

The temperature coefficients and coupling constah®sl are reported in Figure VII1.28 It can be
noted that the amide protons of the alarddaetone motif in33 and 34 show comparable

temperature coefficients.

-A3(PPM)/ JinHa
: . AT(K) (Hz)
variable temperature studies NHL,
8.9 e nHas || Y
e m NHXZ NHX 6.6
: NHY 7
£ 05 T PN NHK; 4.0
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Figure VI111.28 CD spectra of compound 32 mM in methanol). The data are normalized fortjgigpconcentration
and number of residues.

VIIl.6 Monomer studies

VII.6.1 Previous work on the &-butyrolactone amino acid

In a previous work carried out by M. Had(é our laboratory in Regensburg, the tetra®@r
consisting of four (S,S)-amino acid units was synthesized (Figure VIII.29nhe NMR

investigation was not possible due to signal oygilag especially in the NH region.

0
NHBoc_4_
N NH

Figure VIII.29. Tetramer39.
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Therefore CD analyses in different solvents werdopmed (Figure VIII.30). The CD spectra
were recorded in the far UV region, at the coneidn of 5 mM in TFE, methanol and
methanol/water 60:40. In TFE the CD spectrum wasadterised by a positive band at 191 nm,
and by a broad negative band centred at 214 nrh,amtrossover at 204nm. Changing TFE with
methanol doubled the intensity of the negative bamile the shape and the bands position
remained the same. The intensity of the negatived bfurther increased in the mixture
methanol/water, becoming more than two times higfim@n in methanol and more than four times
higher than in TFE. Again, the shape of the bamdareed more or less constant, but a better-
defined minimum was present at 214 nm. The fadt tthe CD spectra were solvent dependent
indicates that the conformational properties ofglptide are influenced by the environment. An
increase in the intensity of CD bands suggestsnaraved structural stability. For th&
oligopeptide a stabilisation effect was observedmethanol rather than in TFE, and in the
presence also of water rather than in 100% methdro$ behaviour is quite unusual, as the
conformation of peptide mimics is normally destaled by addition of water that is a strong
donor and acceptor of H-bonds. In contrast, TF& veell-known secondary structure stabilizer,
being a strong H-bond donor but a weak H-bond aocep

P Water phase, tv

Turn-like *‘1

L | I
wsn ] strucgture
1 urOH
::E TFE f h L")
n ] —— H_O#MPOH ! S phase,

B helix-like
1::-_ struciure
T
T =] | — 54 d
E _im]
5707 M ~—

d

NS B
R . &
2 .-

Mam

o ®
i\"ﬂr

Figure VIII.30 Left: CD spectra in TFE (green), methanol (red) amier/methanol mixture (blue). Right:
Hofmann’s calculations: a) in gas-phase, helix-Bkeicture; b) in water, turn-like structure.
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To reinforce and illustrate these results, molecoiadelling experiments were performed at the
University of Leipzig by the Hofmann’s group ane tresults showed two families of structures.
The first family in gas-phase had a helical tengdiragure V111.30 a), whereas the second one in
water showed a succession of turn-like structuregue VI111.30 b) In both cases, the secondary
structures seemed to be stabilized by H-bonds fdrbeween the carbonyl and the NH of the
same lactone residue (8-membered hydrogen-bondg§l Another feature distinguishing both

Hofmann'’s structures is the conformation of thedae. In the case of the calculations in gas-
phase both substituents on the cycle are occu@nngxial position, whereas the calculations in
water show the two “arms” of the lactone in an égual position. It was not possible to confirm

by NMR and X-ray any of the information obtainedrfr the computational and CD data.

VIII.6.2. New analyses on the monomer

In order to gain further information about suchustures in solutions, we decided to perform
conformational studies on the monomer. First wetegmno control its ability to form an internal
H-bond (8-membered H-bonded ring) that would confithe possible stabilization of the
structures described by Hofmann’s calculations aedpndly, we wanted to study the lactone
ring conformation as it could play a crucial rotethe structural behaviour of further lactone-

containing peptidomimetics.

Design and synthesis

This kind of conformational studies based on mommnstructures have been previously
reported by Gellman and co-work&rin their attempt to evaluate folding propertiefeofandy-
aminoacids. To study the particular H-bond preféenformation of our lactone we needed two
types of compounds. In the first one, only one bgédn bond would be possible, and in the
second one the monomer could adopt two hydrogerd hqmatterns. Thus, we synthesised
compoundsgtl and42 as described in Scheme VIII.12 In the first steg Boc-protected lactone

derivative22 was coupled to a mono or dialkylated amine. Tisalteng compoundlO was Boc
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deprotected by treating it with TFA in dry GEl,, and finally the amino group was acetylated to

afford our model compounds and42.

o0 o Ox-0 > OO0
{  COOH L NR ——— 5 NR
HN

/ BocHN
J—  R=Et 41

/
BocHN

Scheme VIII.12 Synthesis of compounds 41 and 42. Reagents:
a) NHEtR, EDC, HOBt, DMF, 42% when R=H and 65% when R=Et; b) (i) TFA, dry CH,Cl, ; (ii) Ac,0, THF, 65% when R=H and 60% when R=Et.

Conformational analyses

We studied both compounds first by NMR and, seogrialf IR in CHCI, at low concentration
(3 mM) and room temperature (Figure VIII.31).

3447
33

333

441

CRR I T T T
9 A I
3400 3200 9 3400

Figure VIII.31 a) IR studies ofi1; b) IR studies ofi2. The possible hydrogen bonds are shown in magenta.

In the IR spectra it is possible to observe tweHNstretch bands for amide protons: the highest
one about 3400 ctindicates an amide in a non-hydrogen-bonded stdtereas the lowest one

appearing near 3300 ¢heorresponds to an amide in hydrogen-bonded state.
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The disubstituted amide id1 presented two IR bands at 3347 and 3412 ewth similar
intensity (Figure VIII.31 a), whereas the monositbstd compoundt2 showed an intense band
in the non-hydrogen-bonded NH region at 3441'camd a weaker band in the region of H-
bonded amides at 3331 énfFigure VIII.31 b). These data suggest that thmiesidue H-bond

is favoured in the monome#l comporting only one H-bond possibility, whereas tire
monosubstituted derivativd2 with more possible combinations, the non-H-bondéate is
preferred. These analyses confirm that an intrdwesiH-bond is possible in our structure,
supporting indeed the H-bond pattern describedafitdnn’s structures.

In NMR investigations two parameters were considle@n the one hand, variable temperature
studies gave the temperature coefficients thavimescases can be correlated with the H-bonding
state of amide protons. On the other hand, NOEQ¥¢m®mxents gave insight about the distance
between two protons in the space.

In variable temperature studies the NH(7) of theuldstituted lactonell showed a high
temperature coefficient (-9.2 ppb/K), typical valiee non-hydrogen-bonded state, and NOESY
spectra performed at room temperature did not sfmowintra-strand NOE contacts. In contrast,
the monosubstituted lactor®? appeared to adopt two distinct behaviours depgndim the
temperature in which it was studied, at room tempee and at 225 K. The temperature
coefficient for the NH(7) (-8.9 ppb/K) was similar the one in the disubstituted lactone, whereas
the NH(12) showed a lower valo€Ad/AT = -6 ppb/K. For this compound NOESY experiments
were performed at room temperature and at 225 K, anintra-strand NOE cross peak was
found at low temperature between £8) and NH(12). These two parameters, NOE contauts
temperature coefficient, found for NH(12) suggespraferred H-bonding pattern involving
NH(12) and CO(8) ofi2 at low temperature.

Investigations on the ring conformation

The y-butyrolactone system possesses great importanite ishemistry of natural products’®
Therefore, considerable interest is given at thethesis and structural characterization of
substituted/-butyrolactones.

One advantage of usingbutyrolactone as synthetic intermediate is the lamformational

flexibility: indeed, one needs to consider only thierconversion between two envelope forms A
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and B, in whicha =B = H® (Figure VI11.32). In this case the interconversimarier is quite low
and the lactone adopts both shapes in solution.edewy when substituents are introduced on
such a small ring, both the ring structure anddgailibrium between the A and B forms are

greatly affected, and the analysis in NMR spectnang protons turns into a complicated task.

Figure VII1.32 Interconversion of-lactone Ain B

To evaluate the substitutgdlactone conformer distribution in solution sevena¢thods have
been developed based on experimental vicinal angingé coupling constants combined with
conformational studies by molecular mechafifé&.In our case, experimental data gave a really
large value ofl;.4 for both disubstituted1 and monosubstituted2 monomers, which was 12.3
and 13.1 Hz, respectively. Such large coupling @ons are in agreement wittans protons 3
and 4 occupying both a diaxial position on thedaetring. We then compared these values with
the one of the coupling constant from the dimetiegdactone43 (Figure VII1.33), which was
previously synthesized by Delatouche in our grompthis case the coupling constant value
between Hand H was 9.8 Hz. It has been earlier demonstrated 4di8ubstituted lactones that
1-3 diaxial strains are quite disfavouring in teofnenergy iny-butyrolactone&® Thus, in our
dimethylated compound3 the conformer A that shows a 1-3 diaxial straitween the methyl
group in position 2 and the lactone arm in posidoshould be unstable, while the predominant
conformation in solution should be the conformat®nin which H, and one methyl group in
position 2 are diaxial (Figure VI11.33).
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NHBoc

Figure VIII.33 Interconversion between the two envelope confownatiA and B o#3.

The results suggested by the coupling constante wWemn supported by molecular mechanics
calculations using MMFF force field in the progr&partart.’ which gave the conformation with
the two arms in an equatorial position as energetiemum for both lactone4l and42 (Figure
VII1.34).

E=-57,62Kcal/mol E=-67,84Kcal/mol

41 42 ’
HsCCH,n  157.77° H,CCH,,  -158.05°
H3;CCHyg 32.96° H;CCH,g -33.21°
H;CCH, -162.71 H;CCH, 163.23°

Figure VIII.34 Energy minimum ofi1 and43 based on a molecular mechanics study with thesfivedd MMFF of
the Spartan program.
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Finally, analysis of the crystal structure databtained by Haque gave further evidence of the
equatorial distribution of the two lactone armgy(ke VIII.35).

Figure VIII.35 X-ray structure of compourizp.

VIIL.7 Influence of the (R,R)-6-lactone amino acid on the a-helix
stability

VIIL.7.1 Aim of the study

As it as been described before, on the one hamlcyielic scaffold23 can be described &s
amino acid bearing a lactone ring&tandy-positions (Figure VI111.36). On the other hand, it
mimics a glycyl-glycyl dipeptide un#4, in which the amide bond is replaced by a lactang.
We have investigated the folding properties of ¢hksilding blocks in homa-oligomerg’ as
well as in heterax,d-oligomers. We have previously shown that Skactone amino acid unit

possesses a tendency to build loop- or turn-ligenehts.
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Figure VIII.36 Structure of pentalactone-compound 23 and ofyifiglycine 44.

The aim of the experiment described in the follayyraragraphs was to evaluate the influence of
this &amino acid on the helical structureafamino acid sequences. To carry out this study we
used as peptide reference the peptifiethat was designed by Serrano’s gfuip 1995 and
adopts aru-helical structure (Figure VIII.37). This peptidedomposed of eighteen amino acids
and shows in thé-terminal part two crucial motifs for the helix fiation: the hydrophobic
staple and the capping box. The hydrophobic staptesists of residues Phe-2 and Leu-7. A
second helix inducer effect comes from the preseffidbe capping box consisting of Ser-3 and
Glu-6°° NMR analysis of this peptide in aqueous solutioage shown that the helical part of the
peptide starts at Lys-4 and stops around Arg-15.

/I \

GFYKAELAKARAAKRGGY

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
[ ] Helicoidal part

45

—— Capp"]g Box
s Hydrophobic staple

Figure VII1.37 Peptide referencé5 used in our studies.

This peptided5 was analysed using CD spectroscopy and led to agebtrum with a maximum

at 195 nm and two minima at 208 and 222 nm (FiyiHe38 b). Replacement of Phe-2 by Ala
(peptide46, Figure VIIIL.38 a) led to a destabilization of thelix, as indicated by the reduced
intensity of the CD spectrum db (Figure VII1.38 b).
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Figure VIII.38 a) Peptide references used in our studies; b)gedtsa of 45 and 46 and other analogs, as reported
by Serrano and co-worket§Reproduction by courtesy of Dr. Serrano).

Thus, we chosed these two peptides as referencesmp out our studies. The reference called
“positive” 45 included Phe-2, whereas the reference called thvegjaincluded Ala-2 (Figure
VIIL.38 a).

VIIL.7.2 Design of the modified peptides

In order to check the compatibility of our aminadawith the helical structure of ampeptide,
we decided to introduce the lactone unit in thee@atnal part of the helix of the reference
peptide46 (from Lys-6 to Arg-14), by substituting either th&o residues Arg-11 and Ala-12
(peptided?) or Ala-10 and Arg-11 (peptidés, Figure VIII.39).

@ Testi
GFSKAELAKALacAKRGGY 47

Test 2
GFSKAELAKLacAAKRGGY 48

Figure VII1.39 Peptide mimicgl7 and48 containing the lactone unit in the helical part.
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Moreover, we introduced one lactone unit in theéeNwninal part of the peptide: indeed, we
substituted Ser3 and Lys-4, thus introducing tletolae between the two residues that should
build the hydrophobic staple (peptid6, Figure VIII.40). As a final test, we designed amalog

of the latter peptidd9 that contains the substitution Phe-2/Ala, thudagpg one of the two
partners of the hydrophobic staple (pepth@e Figure VII1.40). The goal of this last test was t
see if our lactone would be able to restore thedptibbic staple properties and to induce the

helix.

Test 3

GFLacAELAKARAAKRGGY 49
.Test4
GALacAELAKARAAKRGGY 50

Figure VII1.40 Peptide mimicgl9 and50 containing the lactone unit in the N-terminal pefrthe helix.

VII.8 Synthesis of peptides 45-50

The synthesis of peptidets-50 was performed on solid phase using Fmoc-chem@tryrink
amide MBHA resin (loading 0.6 mmol§ (Scheme VIII.13. The seven first amino acids were
introduced using a single coupling procedure (76)nwhereas the following amino acids were
introduced by a double coupling procedure ¥ 45 min). We used Fmoc-amino
acid/HOBt/HBTU/DIPEA (5:5:5:10 equiv.) in DMF/NMP80:20, v/v), followed by Fmoc
removal with 25% piperidine in DMF/NMP (80:20, v/A2 x 15 min). To monitor the progress of
the synthesis, test cleavages using small amountesmn were conducted and the resulting
samples were analyzed by MALDI-ToF-MS and analytid®LC. The last step was the N-
terminal acetylation using acetic anhydride (8 equand DIPEA (7 equiv.). Final cleavage of
the peptide from the resin and simultaneous sidactieprotection was achieved by treatment
with a TFA/water/TIS mixture (90:5:5) for 2.5 houfithe peptide was then precipitated from ice-
cold diethyl ether, centrifuged and subjected tceehether-washing/centrifugation cycles to

remove the scavengers.
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FmocHN —O

Piperidine 20% in DMF

e

From 1 to 6 Xaa, single coupling procedure l
Fmoc-AA/HBTU/HOBt/DIPEA5/5/5/10 eq

in DMF/NMP
AKRGGY —
Xaa number 6 single coupling produre 10 i
Fmoc-AA/HBTU/HOBUDIPEAS/5/5/10 eq Lac AKRG Y coupling steps
in DMF/NMP >
AAKRGGY — GFSKAELAKALacAKRGGY
From Xaa number 7 until the end | 7
9 coupling steps
of the synthesis: double coupling produre Lac AAKRG G Y pling step
Fmoc-AA/HBTU/HOBt/DIPEA5/5/5/10 eq 3>
in DMF/NMP
AELAKA RAAKRGGY GFSKAELAKLacAAKRGGY
48
KAELAKA RAAKR LaCAELAKARAAKR
GFSKAELAKARAAKRGLGY GFlLacAELAKAR AAKRGGY
Ref positive 45
49
GASKAELAKARAAKRGGY
Refnegativ( GAlLacAELAKA RAAKRGGY
46
50

Scheme VIII1.13 Synthetic procedure for the six peptidés50.

Each peptide was then purified by preparative HPE&ch pure peptide was obtained in mg
scale and submitted to circular dichroism analy3és. circular dichroism was recorded at 5 °C

in phosphate buffer at pH 7.0 as it was descrilye8dsrano and co-workef8.

VIII.9 Results and discussion

The CD spectra of the synthesized peptides are rshioviFigure VIIL.41. It can be noted, that
introduction of the lactone led to the loss of théelical structure in any case. Indeed, the
minimum at 222 nm characteristic farhelices was replaced by a weak shoulder, while the
minimum near 208 nm decreased intensity and wahtbli blue-shifted to 205 nm. Such CD

curves are similar to the one reported in thedttene for the g helix.*°
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Figure VIII.41 CD spectra recorded at 5 °C in phosphate bufferfpihd at 0.5 mM. The concentration of the
peptides was controlled previously by UV measurdmen

As described before, thehelix is the most common regular secondary strectd peptides and
proteins. However, 13 helices are also observed in nature. The lateemaore tightly bond and

more elongated than tleehelix. The set ofp andy torsion angles of the- and 3¢-helices does

not differ much, falling within the same regiontbé Ramachandran map (Table VIII.3).

Parameter a-Helix &-Helix
P -63 -57
Y (9 -42 -30

Table VIII.3 Average torsion angles far and 3y-helicesbased ori-amino acids.

However, their intramolecular C=OH-N H-bonding schemes are remarkably distinctndpeif
the %—4 type (sub-type IIl or helicg-turn®’) in the 3¢-helix, and of the &-5 type (helical-

bend®) in thea-helix®® (Figure VI11.42).
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Figure VIII.42 a) Thea-helix and its building block, the helicatturn (or Gs-conformation); b) The 3-helix and
its building block, the helical (type 1IB-turn (or Go-conformation). From Toniolet al®*(Reproduction by courtesy
of Prof. Toniolo).

Theoretical calculations have predicted a very tonformational energy barrier separating these
two secondary structuré®lt has been shown that factors influencing theifg through one or
the other conformation are: the solvent propertias length of the peptide, the temperature, and,
of course, changes in the amino acid composition.

Recently, Toniolo and co-workéfsreported an example of homooligomer made of-amino
acids able to fold either in-helix or in 3-helix depending on the solvent. As an examplbe
Ac-[L-(aMe)Val]-NH'Pr showed two different folding properties in MeQhiwhich it adopts a
3io-helix structure, and in the acidic alcohol HFIFhese it adopts an-helical structure (Figure
VII1.43).
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Figure VIII.43 CD spectra of Ac-[L4Me)Val];-NHiPr in methanol and HFIP solutions. Reportedrffboniolo

and co-workeré}(Reproduction by courtesy of Prof. Toniolo).
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According to the analysis of Toniolo’s group thantbnstrated the different peptide folding
behaviour depending on the solvent, we performettidu CD analyses of peptidé5-50in TFE
that is know to be a secondary structure stabjliaeiit is a strong H-bond donor and a weak H-
bond acceptor, and, consequently, it interacts wattbonyl groups of peptides which are able to
build bifurcated H-bonds without the necessity i#aking the intramolecular H-bond.

In our CD analyses in TFE, we can see differenoethe structural behaviour of our modified
peptides. While47, 49 and 50 showeda-helix-like CD profiles,48 seemed to maintain the
structure it already adopted in water (Figure MR, showing the typical CD profile for a3
helix (Figure VIII.44).
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] ' 47
S 20000 - GFSKAELAKLacAAKRGGY
£ 1 48
- 10000
£ ] ‘ GFLacAELAKAR AAKRGGY
o o 49
> . ; GALacAELAKA RAAKRGGY
< -10000 \ 50
2 0000 . GFSKAELAKARAAKRGGY
— | Ref positive 45
& 30000- ‘ GASKAELAKARAAKRGGY
1 Ref negative 46
40000

. —
10 200 210 20 23 240 250

2 (nm)

Figure VII.44 CD spectra recorded at 5 °C in TFE and at 0.3 mivk doncentration of the peptides was controlled
previously by UV measurement.

We can conclude from these last experiments, tmatiritroduction of the lactone in already
existinga-helical peptides has an influence on their secgngimucture preferences. In water, a
non-stabilizing solvent, the presence of one latamt in the proximity of the N-end or C-end of
aa-amino acid sequence with stroaghelix propensity seems to favour the buildingtud 6o
helix at the expense of the-helix. In contrast, in the structure-stabilizinghent TFE, the

presence of the lactone unit does not preventdiredtion of thex-helix, as indicated by the fact
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that the CD spectra of the lactone-containing piesd 7, 49 and50 are superimposable with the
CD spectrum of the “negative” reference peptdéeThe striking behaviour of peptidd, whose
structure preference seems to be less solvent-depgmmight be due to the fact that the shift of
the lactone position toward the central part obiammino acid sequence prevented the formation
of a singlea-helix segment, while favouring the formation obgh3;¢-helical structures ofi-

amino acids.

VII1.10. Conclusion

The synthetic studies performed on oligomers cairtgithe butyrolacton&-amino acids have
shown that these interesting new scaffolds are etilvip with the solid-phase methodology,
which allows for a comfortable and efficient pregtéon of a large number of compounds.
Moreover, the structural analyses of the synthdseptide mimics have given insights in the
conformational properties of peptide backbones dase alternatedn/d-units. In fact, the
presence of thé-residue seems to favour the formation of loopssolated turn-like elements,
whereas no periodic structures were observed. Hemyegonformational analyses d¥-
homooligomers support the presence of ordered tates; like turn-like repeats stabilized by
intra-residue CO-NH H-bonds. Moreover, introductaira d-amino acid unit in proximity of the
N- or C-end of an-helical peptide chain seems to destabilize dHeelix in water, but not to
prevent its formation in a structure-stabilizindvent. In contrast, th&-amino acid unit can act
as a helix breaker when introduced inta-haelical segment, thus favouring thg-Belix over the

a-helix.
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XIX - EXPERIMENTAL PART

XIX-1 EXPERIMENTAL PART CHAPTER VI

General chemical techniques:

The N-Fmoc protected amino acids and HBTU were purchdised MultiSynTech (Witten,
Germany). Peptide-synthesis grade DMF, NMP, pifpeeicind diethylether, ACN and TFA for
spectroscopy were purchased from Biosolve (Valkaasd; The Netherlands).

HOBt, DIPEA, TFA, DCM, DMSO, anda-cyano-4-hydroxy-cinnamic acid for mass
spectrometry were bought from Fluka (Taufkircheer@any). Methanol was obtained from J.T.
Baker (Deventer, The Netherlands), TIS from Aldri@teinheim, Germany) and TFE from
Acros (Geel, Belgium). Acetic anhydride, aceticdadNaHPO, and NaHPO, were purchased
from Merck (Darmstadt, Germany). THF was distil@dsodium/benzophenone before use. Pure
products were obtained after liquid chromatograpsing Merck silica gel 60 (40-6an mesh).
TLC analyses were performed with 0.25 mm 6@, Kilica plates (Merck). The plates were
visualized with UV light (254 nm) or with a soluticof vanillin in ethanol or with a solution of
ninhydrin in ethanol. The mass spectra were recbateFinnigan MAT 95, Varian MAT 311A,
Finnigan TSQ 7000 and Future GSG spectrometer (Balc Germany) for MALDI-ToF-MS
analysis. IR spectra were recorded on a VarianBBDOR spectrometer. Optical rotatiomgere
measured on a Perkin-Elmer-Polarimeter 241 withisodamp at 589 nm in the specified
solvent. NMR spectra were recorded on a Bruker AAN300 (300.13 MHz) or a Bruker
AVANCE 400 (400.13 MHz) or a Bruker AVANCE 600 (608 MHz). The 2D-NMR standard
experiments DQF-COSY, 80 ms-TOCSY and 500 ms-ROEB& water resonance was
suppressed by using the presaturation method. dingeatration of the peptide samples prepared
for CD measurements were determined UV spectropmetiically on a Cary 100 Conc from
Varian (Darmstadt, Germany) using 1 cm quartz degebbtained from Hellma (Mullheim,
Germany). CD spectra were recorded at room temperatr at 5 °C on a JASCO J710
spectropolarimeter between 300 and 200-180 nmerspiecified solvent. The path length of the
quartz cuvette was 1.0 mm. For each CD spectrunst¢ans were accumulated using a step

resolution of 1 nm, a bandwidth of 1 nm, a respdimee of 2 s, a scan speed of 20 nm Trand
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a sensitivity of 10 mdeg, 20 mdeg, depending orpeide concentration. The background was
subtracted to each spectrum. The absorption valmeeasured as Molar Ellipticity per Residue
(deg cni dmol®). The noise reduction was obtained by a Fouriansform filter using the
program Origin 6.0 (OriginLab Corporation, Northamm USA). Analytical and preparative
reverse Phase HPLC was performed on Agilent equipifdblingen, Germany) by using the
columns: Luna C18(2), fm, 4.60 x 150 mm and the Luna C18(2), |20, 21.2 x 250 mm
(Phenomenex, Aschaffenburg, Germany). The flow wae 1 mL/min for the analytical HPLC
runs and 21 mL/min for preparative applicationse Tsinary solvent system (A/B) was: (A)
0.012% TFA in water (B) 0.01% of TFA in ACN. Thesaitbance was detected at 220 nm.

SYNTHESIS OF MOLECULES 37 AND 36

(3-Aminomethyl-5-oxo-tetrahydr o-furan-2-yl)acetic acid, trifluor oacetic acid salt 37

f\\ NHSTFA C;H11{NO4.CRCOOH
m M =287.09 g/mol
0= N4 - 7 TOH

Compound23 (100 mg, 0.37 mmol) was dissolved in dry &L (5 mL) and trifluoroacetic acid
(2.7 mL, 22.0 mmol, 60.0 eq) was adddmpwise at room temperature. The reaction mixture
was stirred for 2 h. Solvent was evaporated unelduaed pressure to yield a brown solid3ail

(106 mg). This crude product was used without frrgsurification in the course of the synthesis.

'H NMR (300 MHz, CDsOD) & ppm 4.69 (m, 1H, kJ, 3.20 (m, 2H, k), 2.96-2.71 (m, 4H, K
He, H24), 2.51 (dd,) = 17.0 and 6.9 Hz, 1H, 4.

13C NMR (75 MHz, CDs0OD) & ppm 177.1Cy), 173.4 (G), 80.0 (G), 42.7 (G), 39.9 (G), 39.3
(C2), 33.6 (G).
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{3-[(9H-Fluor en-9-yImethoxycar bonylamino)-methyl]-5-oxo-tetr ahydro-furan-2-yl}acetic acid 3¢

C22H21NOg
M =395.14 g/mol

To a cold (0°C) solution a7 (106 mg, 0.37 mmol) in dioxane /1M aqueous solutbK,CO;

(2 ml /4 ml) was added portionwise FmocOSu (187¢2 @55 mmol, 1.5 eq.). The reaction was
allowed to come at room temperature and stirredrogiet. The mixture was poured in water (7
mL ) and extracted with EtOAc (3 x 9 mL).

The combined organic layers were dried ovesS@, filtered and evaporated in vacuo to give a
sticky solid wich was purified by column chromataghy (PE:EtOAc 2:1) to obtaB6 (86.9 mg,

60%) as a sticky, colorless solid.

'H NMR (300 MHz, CD;0D) & ppm 7.80 (dJ = 7.4 Hz, 2H, Hy, Hao), 7.63 (d,J = 7.2 Hz, 2H,
His Hp3) 7.40-7.27 (M, 4H, I His Hat, Hoo) 4.64(m, 1H, Hy) 4.39(d, J = 6.6 Hz, 2H, H)y),
4.20 (M, 1H, Hy), 3.23 (M, 2H, k), 2.73-2.47(m, 4H, H, Hs. Haa), 2.35 (dd,J = 17.2 and 7.0
Hz, 1H, Hho)

13C NMR (75 MHz, CD;0OD) & ppm 128.8, 128.2, 126.2, 121.0:4C1s, Ci6.C17,Ca0, Cot, Coo,
Ca3), 81.0 (G), 68.2 (G1), 48.6 (G2),43.1 (G), 41.9 (G), 39.9 (G), 33.2 (G).
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SYNTHESIS OF MOLECULES 41 AND 42

(5-Oxo-tetrahydr o-furan-3-ylmethyl)-carbamic acid tert-butyl ester; compound with
N,N-diethyl-
propionamide 40

N3
2 s M . C16H28N205
o 4/[< M =328.20 g/mol
@) K 7 8
6

To a solution oR2 (142 mg, 0.52 mmol) and diethylamine (41.8 mg7smol, 1.1 eq) in DMF

(8 mL) was added DIPEA (180 pL, 1.04 mmol, 2.0 ¢¢®Bt (88 mg, 0.57 mmol, 1.1 eq) and
HBTU (218 mg, 0.57 mmol, 1.1 eq). The mixture wiged at room temperature under argon
atmosphere for 25 h. After removal of the solventer reduced pressure, the residue was
dissolved in EtOAc (20 mL). The organic solutiorasasuccessively washed with 10% aqueous
citric acid (20 mL), water (20 mL), 10% aqueougCK; (20 mL), brine (20 mL). The organic
layer was dried over N8Q,, filtered and concentrated. A purification by amatography on
silica gel, eluting with CKCI,/MeOH (9/1) afforded 110 mg (65%) o40 a as a sticky light
yellow solid.

'H NMR (300 MHz, CDCl3) 3 ppm 5.40 (br s, 1 H, #), 4.78 (m, 1H, k), 3.43-3.15 (m, 6H,
Hi1, Hi4 Hg), 2.86 (ddJ = 16.3 and 4.3 Hz, 1H, 43, 2.73-2.58 (m, 2H, kb, Hoo), 2.52 (M, 1H,
Hs), 2.38 (ddJ = 18.1 and 5.9 Hz, 1H,4g, 1.43 (s, 9H, CkBoc), 1.22-1.0 (m6H, Hyo, Hus).
13C NMR (75 MHz, CDCl3) 8 ppm 175.5C;7), 168.1 (G), 156.3(C13), 80.0 (Boc), 79.6 (G),
42.1, 41.6 (G, Cuy), 40.3 (G), 37.9 (Gy), 32.4 (G), 28.3 (HsBoc), 14.2, 13.0 (G, Cis).

Rf: 0.4 (CHCly/MeOH: 90/10)
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HRMS (EI) m/e [M]" calcd 328.1998, found 328.1996

2-[3-(Acetylamino-methyl)-5-oxo-tetr ahydr o-fur an-2-y1]-N,N-diethyl-acetamide 41.

3 C13H2oN204

. 4 _
o, /%8 . M =270.16 g/mol
6

Compound40 a(54 mg, 0.18 mmol) was dissolved in dry £Hp (6 mL) and trifluoroacetic acid
(3.0 mL, 10.8 mmol, 60.0 eq) was adddmpwise at room temperature. The reaction mixture
was stirred for 2 h. Solvent was evaporated und@uaed pressure to afford the corresponding
TFA salt.

A solution of this salt in dry THF (5 mL) wdseated at 70 °C and acetic anhydride (32 pL, 0.22
mmol, 1.2 eq) was added dropwise to this solufidre reaction mixture was stirred for 2 hours
at 70 °C. The solvent of reaction was evaporatedeumeduced pressure. A purification by
chromatography on silica gel, eluting with &H,/MeOH (9/1)afforded 29 mg (60%) of2 as a
colorless solid oil.

'"H NMR (600 MHz, CD.Cl,) 8 ppm 7.1 (br s, 1H, H), 4.77 (m, 1 H, i), 3.41-3.21 (m, 6H, K

His, Hi1), 2.88 (ddJ = 16.3 and 4.3 Hz, 1H,43, 2.72 (ddJ = 18.1 and 9.3 Hz, 1H,4), 2.66
(dd,J =16.3 and 8.8 Hz, 1H,4dg, 2.49 (m, 1H, H), 2.30 (ddJ = 18.1 and 5.9 Hz, 1H, 43,

1.94 (s, 3H, ), 1.19 (t,J = 7.3 Hz, 3H, Hp), 1.11 (t,J = 7.2 Hz, 3H, H5).

13C NMR (150 MHz, CD,Cl,) & ppm 175.6C7), 170.7 (G), 168.8(C13), 80.3 (G), 42.4, 42.3
(Co, Cra), 40.7 (G1), 40.6 (G), 38.3 (), 32.4 (G), 23.1 (Gg), 14.2, 13.1 (&, Cis).

IR in CH ,Cl, (cm™): 3447 (NH), 3312 (NH), 1781 (C=0), 1671 (C=0), 1§2¢0).
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(2S, 3S)-(2-Ethylcarbamoylmethyl-5-oxo-tetrahydro-firan-3-ylmethyl)-carbamic acid tert-
butyl ester 40 b.

o
11 g )13\0% C14H24N20s
N
, H

/Az/{\ M = 300.17 g/mol
(0] “,
7

1 0 7, 8 9
° ° H/\10
To a solution oR2 (71 mg, 0.26 mmol) and ethylamine hydrochlorid®.§2mg, 0.29 mmol, 1.1
eq) in DMF (4 mL) was added DIPEA (90 pL, 0.52 mp#0 eq), HOBt (44 mg, 0.29 mmol, 1.1
eq) and HBTU (109 mg, 0.29 mmol, 1.1 eq). The mixtwas stirred at room temperature under
argon atmosphere for 23 h. After removal of thevesal under reduced pressure, the residue was
dissolved in EtOAc (10 mL). The organic solutiorasasuccessively washed with 10% aqueous
citric acid (10 mL), water (10 mL), 10% aqueougCK; (10 mL), brine (10 mL). The organic
layer was dried over N8Q,, filtered and concentrated. A purification by amatography on
silica gel, eluting with CECIl,/MeOH (9/1) afforded 33 mg (42%) of40 b as a sticky, light
yellow solid.

'H NMR (300 MHz, CDCl3) 3 ppm 6.10 (br s, 1 H, } 5.22 (m, 1 H, hb), 4.64 (ddJ = 12.6
and 6.3 Hz, 1H, I, 3.31-3.22 (m, 4H, b Hi4), 2.65 (ddJ = 16.6 and 8.3 Hz, 1H,4), 2.57 (d,
J = 6.0 Hz, 2H, H), 2.52 (m, 1H, H), 2.39 (ddJ = 16.6 and 7.7 Hz, 1H, 49, 1.42 (s, 9H,
CHsBoc), 1.12 (tJ = 7.2 Hz, 3H, Ho).

3C NMR (75 MHz, CDCl3) 8 ppm 175.8C;), 168.8 (G), 156.4(C13), 80.0 (Boc), 79.8 (G),
41.6 (G), 41.2 (G, C11), 34.5 (G), 32.4 (G), 28.3 (H3Boc), 14.63 (Gy).

Rf: 0.3 (CH.Cly/MeOH: 90/10)

IR in CH »Cl, (cm*): 3443 (NH), 1782 (C=0), 1714 (C=0), 1673 (C=0).

HRMS (EI) m/e [M]" calcd 300.1685, found 300.1685

[0]%°: -19.3 (¢ 1.0, CHG)
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2-[3-(Acetylamino-methyl)-5-oxo-tetrahydro-furan-2-yl]-N-ethyl-acetamide 42.

) e 1§>&13\ 14 C11H18N204
s " o M = 242.13 g/mol

Compound40 b (27 mg, 0.09 mmol) was dissolved in dry £Hp (3 mL) and trifluoroacetic acid
(2.5 mL, 5.4 mmol, 60.0 eq) was add#rdpwise at room temperature. The reaction mixivae
stirred for 2 h. Solvent was evaporated under redyressure to afford the corresponding TFA
salt.

A solution of this salt in dry THF (3 mL) wdseated at 70 °C and acetic anhydride (16 pL, 0.11
mmol, 1.2 eq) was added dropwise to this solufidre reaction mixture was stirred for 2 hours
at 70 °C. The solvent of reaction was evaporatedeumeduced pressure. A purification by
chromatography on silica gel, eluting with &H,/MeOH (9/1)afforded 14 mg (65%) of2 as a
colorless solid oil.

'"H NMR (600 MHz, CD,Cl,) & ppm 6.67 (br s, 1 H, ), 6.07 (br s, 1 H, b, 4.63 (m, 1H, k),
3.33 (m, 2H, Hy), 3.25 (M, 2H, k), 2.66 (ddJ = 17.5 and 8.9 Hz, 1H, H), 2.58 (d,J = 6.2 Hz
2H, Hg), 2.53 (M, 1H, H), 2.34 (ddJ = 17.5 and 7.5 Hz, 1H,49, 1.95 (s, 3H, ), 1.12 (t,J =
7.3 Hz, 3H, Hy).

13C NMR (150 MHz, CD,Cl3) & ppm 175.7Cy), 171.0 (Gs), 169.2(G), 80.3 (G), 41.3 (G),
41.2 (Ga), 41.0 (G), 34.8 (G), 32.7 (G), 23.2 (G4), 14.8 (Go).

Rf: 0.3 (CHCl,/MeOH: 90/10)

IR in CH »Cl, (cm™): 3441 (NH), 3331 (NH), 1781 (C=0), 1673 (C=0), 1§2¢0).

HRMS (El) m/e [M]" calcd 242.1267, found 242.1269

[0]%°: -17.3 (¢ 1.0, CHG)
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METHODS FOR PEPTIDE CHARACTERIZATION

Analytical HPLC

For the analytical HPLC measurements a small amoltiite peptide was dissolved in methanol
or in millipore water containing 0.1% TFA The biga#lution system consisted of 0.012% (v/v)
TFA in water (eluent A) and 0.01% (v/v) TFA in AQNIuent B). The following gradients were
applied: 15% B for 3 min, 15-70% B over 40 min, 9% B over 50 min and 95% B over 55%
(peptides29 and30); 5% B for 5 min, 5-55% B over 45 min, 55-65% Beob0 min and 65-95%
B over 60 min (peptide33, 34, 45-50).

MALDI-ToF-MS

For the mass spectrometry MALDI-ToF measurementsmall sample of the peptide was
dissolved in methanol or in millipore water contad0.1% TFA and mixed with a solution @f

cyano-4-hydroxycinnamic acid in MeOH/ACN (1:1, v/v)

UV spectroscopy

The concentration of the peptide samples prepaeDb measurements were determined UV
spectrophotometrically. By measuring the tyrosibsaaption at 280 nm the concentration was
calculated according to the Lambert-Beer law usingextinction coefficient of 1480 M-1 cm-1

per tyrosine residue. The ratio between the pemiheentration values obtained by UV and by
weight gave the peptide content. In case of peptideking tyrosine or tryptophan residues the
peptide contents of similar peptides containings¢heesidues were applied to calculate the

concentration.
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Boc-F-(S,S)-Lac-F-(S,S)-Lac-F-Bn 29.

o 0
O 22
8\ 11 0 21 0
H K
4 N—" 1 H 20 23 O 28
0 5/6 7 12 13 N 18\\¢
! 2/3 H 19 24 25 N 29 0
N o o 27
H H 30
26 o

'H NMR (600 MHz, CDsOH, 283 K) & ppm 8.51 (d,J = 8.4 Hz, 1H, Hg), 8.39 (d,J = 7.2 Hz,
1H, Hu), 8.23 (M, 2H, s He), 7.31-7.11 (m, 20H, &), 6.89 (d,J = 7.8 Hz, 1H,H,), 5.46 (s,
2H, o), 4.70 (m, 1H, k), 4.48 (m, 1H, HL), 4.37 (M, 2H, K, Hig), 4.18 (M, 1H, ), 3.10-
3.30 (M, 6H, H, Hya Higa Hp1), 3.10-2.97 (M, 6H, 4 Hisa Hag Hup Higy), 2.95-2.79 (m2H,
Hap, Hier), 2.65-2.59 (M, 2H, Ba Haad), 2.47-2.34 (M, 2H, Bo Hoay), 2.31-2.17 (M, 2H, K
Hag), 1.43 (s, 9H, CkBoc).

IR in CH ,Cl, (cm*): 3420 (NH), 3314 (NH), 1783(C=0), 1731(C=0), 16720).
MALDI-ToF-MS : 983 [M+NaJ, 999 [M+K]"

tr:36.0 min
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Boc-F-(R,R)-Lac-F-(R,R)-Lac-F-Bn 30.

H NMR (600 MHz, CDCls, 288K) 3 ppm 8.56 (dJ) = 7.8 Hz, 1H, Hq), 8.42 (d,J = 7.6 Hz,
1H, Hu), 8.22 (M, 1H, k), 8.04 (m, 1H, He), 8.38-7.10 (M, 20H, K, 6.90 (d,J = 7.8 Hz, 1H,
Hp), 5.04 (s, 2H, k), 4.70 (M, 1H, b), 4.54 (M, 1H, k), 4.52-4.42 (m, 2H, H, Has), 4.26-
4.17 (m, 2H, H, Hi1), 3.22-3.16 (m, 3H, K Higg, 3.16-3.10 (m, 3H, ¥y, H2sa Hieg), 3.0-2.90
(M, 2H, Hia, Hogr), 2.93-2.81 (M, 2H, kb, Hagy), 2.56-2.44 (M, 6H, b, Has Hoa Ho1g), 2.35-2.25
(m, 2H, Hyo, Hg), 2.23-2.14 (m, 2H, &, Hz1p), 1.36 (S, 9H, CkBoc).

IR in CHCl, (cm®): 3421 (NH), 3314 (NH), 1783(C=0), 1733(C=0), 16680).

HRMS (EI) m/e [M+H]* calcd 960.4395, found 960.4417

tr: 37.0 min
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Boc-F-(R,R)-Lac-F-(R,R)-Lac-F-(R,R)-Lac-F-Bn 31.

0 (@]
. 10 o)
o - 33
o)
8 )\ 11 o) 0 32}
4 H \\\‘ | 22](-) s o 28 H \“‘\ 40
>LO 5/ 6 7 12 13 JN4 1’;\\“: 29/ 30 31 36 37 N
1273 H 19 21 25N\ 27 H 39 \4L o
N 0 o N o 38
o 26 o 42

'H NMR (600 MHz, CDCls, 292K) & ppm 8.54 (d,) = 5.8 Hz, 1H, Hy), 8.49 (br s, 1H, k),
8.34 (d,J = 9.5 Hz, 1H, Hg), 8.0 (d,J = 9.5 Hz, 1H, H), 7.74 (dJ = 6.8 Hz, 1H, Hg), 7.52 (d,J
= 9.1 Hz, 1H, Hy), 7.46-7.0 (m, 25H, K), 5.22 (d,J = 8.5 Hz, 1HH>), 5.17 (d,Jag = 12.1 Hz,
1H, Hizg, 5.12 (d,Jag = 12.3 Hz, 1H, k), 4.81 (M, 1H, H), 4.73-4.65 (M, 2H, K, His), 4.63
(m, 1H, Hsg), 4.57 (M, 1H, Hy), 4.47 (m, 1H, K), 4.22 (m, 1H, H,), 3.90-3.80 (M, 2H, K,
H7a), 3.72 (m, 1H, By, 3.17-2.80 (m, 15H, K Hie, Hoa, Has, Has, Hao, Hain Hion H7p), 2.80-
2.60 (M, 3H, H,, Ho1a Hasg, 2.50 (M, 1H, K), 2.43-2.10 (M, 5H, ks, Hawp Hop, Hoo, Ha), 1.40
(s, 9H, CHBoc).

IR in CH »Cl, (cm™): 3420 (NH), 3302 (NH), 1783 (C=0), 1732 (C=0), 248=0).
MALDI-ToF-MS : 1284 [M+Na], 1300 [M+K]
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Ac-K-(S,S)-Lac-Q-(S,S)-Lac-K-CONH, 32.

H,N
o 39
30 38
37
O 36 42
1 31 0o a5 NH,
41
32 33y o

'H NMR (600 MHz, CDs;OH, 303 K) & ppm 8.36 (dJ) = 6.3 Hz, 1H, Hy), 8.32 (m, 1H, k),

8.27 (m, NH, 1H, hk), 8.22 (d,J = 7.4 Hz, 1H, H,), 8.19 (d,J = 6.3 Hz, 1H,Hz), 7.74 (br s,
4H, Ho Hyg), 7.65-7.45 (m, 2H, b or Hyp), 7. 10-7.0 (m, 1H, b or Hyy), 6.82 (br s, 1H, b or

Hao), 4.71-4.63 (M, 2H, K, Hsa), 4.39 (M, 1H, k), 4.26-4.22 (M2H, Hyo Ha), 3.38-3.32 (m,
2H, Hiz, Ho7), 2.99-2.90 (M, 4H, B Hag), 2.79-2.67 (M, 4H, Ha Hi7a Hooa Hszg), 2.64-2.50 (m,
4H, His, Hi7 Has Hsop), 2.47-2.39 (M, 2H, Hy, Haop), 2.34 (M, 2H, Kb), 2.11 (m, 1H, by,

2.0; 1.96 (s, 3H, H2 conf.), 1.95-1.87 (m, 2H, 4, Hzey, 1.82 (M, 1H, ), 1.73-1.61 (m, 6H,
H7, Hss, Hsp, Hsep), 1.57-1.36 (M, 4H, &t Hg).

MALDI-ToF-MS : 753 [M]", 776 [M+Na], 792 [M+K]"
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Ac-(R,R)-Lac-K-(R,R)-Lac-A-(R,R)-Lac-Y-CONH ; 33.

'H NMR (600 MHz, CDsOH, 280 K) & ppm 9.20 (br s, 1H, 4, 8.51 (d,J = 6.4 Hz, 1H, Hy),
8.34-8.30 (M, 3H, b} Hio Hag), 8.25 (d,J = 7.9 Hz, 1H, H,), 7.90 (m, 1H,Ha1), 7.71 (br s, 2H,
Hi7), 7.65 (br s, 1H, kb)), 7.22 (br s, 1H, kb, 7.10 (d,J = 8.6 Hz, 2H, Hs, Hs), 6.70 (d,J =
8.4 Hz, 2H, Hs, Hag), 4.70 (M, 1H, He), 4.66-4.58 (M2H, Hg Ho4), 4.51 (M, 1H, k), 4.29 (m,
1H, Hu), 4.22 (m, 1H, k), 3.45 (M, 2H, Koy, 3.39-3.27 (M, 2H, K, Hazy, 3.26-3.17 (M, 3H,
Ha2p, Haob Hap), 3.04 (dd,J = 5.3 andJ = 14.0 Hz, 1H, Hyy), 2.90 (br s, 2H, k), 2.78 (dd,J =
9.3 andJ = 13.9 Hz, 1H, Hup), 2.75-2.65 (M, 4H, ki Hoa H2oa Hasg), 2.64-2.51 (m, 7H, K Hop,
Ha1,Hazs, Haz), 2.47-2.37 (m, 3H, kb Haon Haz), 1.94 (s, 3H, b, 1.78 (m, 1H, hky), 1.70-1.61
(M, 2H, Hsa Hiay), 1,58 (M, 1H, Hsp), 1.41 (M, 2H, Ky, 1.33 (d, 3H,) = 7.3 Hz, Hy).

HRMS (El) m/e [M+H]" calcd 887.4151, found 887.4143

tr: 11.5 min
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Ac-L-(R,R)-Lac-K-(R,R)-Lac-A-(R,R)-Lac-Y-CONH , 34.

H,N OH 53

'H NMR (600 MHz, CD3OH, 303 K) & ppm 9.10 (br s, 1H, &), 8.37 (d,J = 6.5 Hz, 1H, Hy),
8.25 (m, 1H, Hy), 8.19-8.12 (m, 4H, ki Hig, Hae, Hae), 7.84 (M, 1H,H3g), 7.70 (br s, 2H, bi),
7.52 (br s, 1H, kg, 7.10-7.05 (M, 3H, by, Hss, Hs1), 6.7 (d,J = 8.6 Hz, 2H, Hs, Hs), 4.80-
4.59 (M, 3H, Hs, Hay, Hag), 4.54 (M, 1H, W), 4.32 (M, 1H, Hi), 4.30-4.22 (M, 2H, ki, Ha),
3.48-  3.37 (M, 3H, Ha Ha7a Haos), 3.36-3.22 (M, 3H, Hy Ho7i Haor), 3.05 (ddJ = 5.5 andJ
= 14.0 Hz, 1H, Hsy), 2.93 (M, 2H, k), 2.80 (dd,J = 9.1 andJ = 13.9 Hz, 1H, Hgy), 2.76-2.63
(M, 6H, Hiza Hi6a,Ha0a, Haza Haia Has), 2.63-2.54 (M, 6H, B, Hien HogHaon Hao, Haap), 2.49-
2.35 (M, 3H, Hasp Hoo, Haip), 1.98 (s, 3H, H), 1.82 (m, 1H, Ky, 1.72-1.58 (M, H, kb, Hoz,
He), 1,58 (M, 2H, ), 1.43 (m, 2H, k), 1.34 (d,J = 7.3 Hz, 3H, Hg), 0.96 (d,J = 6.7 Hz, 3H,
H; or Hg), 0.92 (d,J = 6.7 Hz, 3H, H or Hg).

MALDI-TOF-MS : 1000 [M]’, 1023 [M+Na], 1039 [M+K]

tr:16.3 min
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Ac-G-F-S-K-A-E-L-A-K-A-R-A-A-K-R-G-G-Y-CONH ,45.
MALDI-ToF-MS : 1923 [M+H]'
tr:20.18 min

Ac-G-A-S-K-A-E-L-A-K-A-R-A-A-K-R-G-G-Y-CONH ,46.
MALDI-ToF-MS : 1846 [M+HT
tr: 17.51 min

Ac-G-F-S-K-A-E-L-A-K-A-Lac-A-K-R-G-G-Y-CONH ,47.
MALDI-ToF-MS : 1849 [MT
tr: 21.0 min

Ac-G-F-S-K-A-E-L-A-K-Lac-A-A-K-R-G-G-Y-CONH ,48.
MALDI-ToF-MS : 1849 [M+H]
tr: 20.51 min

Ac-G-F-Lac-A-E-L-A-K-A-R-A-A-K-R-G-G-Y-CONH ,49.
MALDI-ToF-MS : 1785 [MT
tr: 18.82 min

Ac-G-A-Lac-A-E-L-A-K-A-R-A-A-K-R-G-G-Y-CONH ,50.
MALDI-ToF-MS : 1862 [M+HT
tr: 21.89 min
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