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Abbreviations and Acronyms
2D, 3D = twa, threedimensioml, respectively
Ala = alanine
AMBER = assisted model building with energy refinement
Amo =5-aminomethyloxazolidine2,4-dione
AMPUMP = 1-(4-(aminomethyl)phenyiB-(o-methylphenyl)urea
APTES = amnopropyltriethoxysilane
Asn = asparagine
Asp = aspatrtic acid
b%Pro =(9-pyrrolidine-3-carboxylic acid
Boc = ert-butyloxycarbonyl
Boc,0O = Boc anhydride
Bn = benzyl
Bz = benzoyl
BSA = bovine serum albumin
Cbz or Z =carboxybenzyl
CDCl; = deuterated chloroform
CDI  =carthonyldipidazole
CMFDA = chloromethylflusescein diacetate
c[RGDfK] = cyclo-(L)-Arg-(L)-Gly-(L)-Asp-(D)-Phe(L)-Lys
DAbu =2,3-dehydre2-aminobutyric acid
DAla = dehydrodanine
DPhe= dehydroPhe
DBU = 1,5diazabiciclo (5.4.0) undes-ene
DCM = dichlorometane
DGR = AspGly-Arg
DIPEA = N,N-Diisopropylethylamine

DMA = dimethylamine



Abbreviations and Acronyms

DMF = dimethylformamide

DMSO = dimethyl sulfoxide

DSC = disuccinimidyldicarbonate

DXP =N, Mié(2,6dimethylphenyl)perylend,4,910-tetracarboxylic acid diimide
ECM = extracellular matrix

EDCI = 1-ethy}3-(3-dimethylamhopropyl)carbodiimide
EDX = energydispersive Xray spectroscopy

EM-1 = endomorphifl

ESMS = electrospray ionization mass spectrometry
Et,O = ether

EtOAc = ethyl acetate

Fmoc = 9Hfluoren-9-ylmethoxycarbonyl

FN = fibronectin

FT-IR = fourier transform infared pectroscopy

gCOSY =gradient correlation spectroscopy

Gly = glycine

HATU = 1-[Bis(dimethylamino)methylenelH-1,2,3triazolo[4,5b]pyridinium 3-oxid hexafluorophosphate
HBTU = 2-(1H-Benzotriazolel-yl)-1,1,3,3tetramethyluronium hexafluorophosphate
HMBC = heteronuclear multiple bondelation

HOBt = hydroxybenzotriazole

HSQC =heteronuclear single quantum coherence

IDS = lle-Asp-Ser

Imd = 2imidazolidinone

iSer = isoserine

LDV = Leu-Asp-Val

MAOS = microwaveassisted organic synthesis

MD = moleculardynamics

MPUPA = emethylphenylureaphenylacetyl

Mtr = 4-Methoxy-2,3,6-trimethylbenzenesulphonyl
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PPI = proteirprotein interaction
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Roey = rotatingframe nuclear werhauser effect correlation spectroscopy
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rt = room temperature
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SP = solid phase
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SPPS =glid phase peptide synthesis
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Chapter 1

From peptidesto drugs: peptidomimetics

The majorstriking features of the@bundantlyexisting peptidesand proteins ar¢he enormous diversityn biological

function, and the tremendous variations in structline biological functions range from hormones, toxarg] enzymes to
antibodies, receptors rsttural proteins, andeyond.Some ofthe most toxic compoundsiownare peptide$,and among

the molecules capable of binding ligands noncovalentlyalso find proteins, such as avidin and antibodsésilarly,

their structural complexity varies fromingle, small,randomly structured peptides, to turns and helices, and on to
complicated assemblies of turns, helices, sheets, and struetssethblies of proteins. Responsible for this incredible
diversityar e fAonl ydo 20 di f f er ewhich apelinket leyiamidegtieah repeatingmiommecting aniidd s
linkage,of t en denoted as t he A pe gahlead ® 800®differént tripdptidessard ak Manyaas64n o
million possible hexapeptidesdone can easily imagine the struetudiversity as larger peptidessume more defined
structures. It is therefore sadiidentthat, together with the large diversity of amino acid residwbsch contain a wide

range of side chain functiongroups, this structural diversity will lead # giganticplurality in biological function.
Furthermore, ature increases the diversity of both structure famdtion of peptides and proteins even further by post
translationalmodifications; this allows, for example, the introductmian ofi off switch for the activity of a protein by
phosphorylation.

In addition, the set of the 20 amino acids that are present in proteins is greatly expanded and also includes the damino aci
found in many small natural products and peptides, which are synthesizemhbibosomal biosynthetic pathwayshe

situation is even more complicated, since different peptides can affect the same physiological¥unction.

Finally, nowadays, with the exciting methods of expanding the genetic code, the set of 20 proteinogemiacnin
residues has been increased to well ovet 20.

Nevertheless there is the needexpand this impressive diversity of peptides and proteins even more by entering the realm
of pegidomimetics and protein mimic3.he reasoncan be found in their biolagal properties and structures, which are
reminiscent of the structural features of peptides, proteins and their constituent amino acid residues. In many cases tt
structural and biological properties have to be improved orealter fact, despite of thieclinical potential, seldom native
peptides may be used directly as drugs, especially for oral administration. This is due to some very important limitations,
such as: limitate stability towardrgieolysis by peptidasgoor absorbition from intestine tine blood andacross the
blood-brain barriey duefor exampleto the high molecular weightapid excretiontrough the liver and/or kidneys; rapid
photolytic degradation; high aeformational flexibility, which oftenallows interactions with mujtie recgtors,resulting in

several undesired sidsffects?

Therefore solubility, stability, bioavailability, and affinity of peptides and proteins were and still are important properties
that limit, to a considerable extent, the development of peptides anéinsr@as drugs, and in many pharmaceutical
companies this wasgoo nasriearaendd ttolFd eleiap iimasek iu sfelRucHtedortaufn d e
has been expended to find ways to replace portions of biologically active peptides wtkptide structures, with the aim

of obtaining orally bioavailable entities. Such compounds, containingpaptidic structural elements, that are capable of
mimicking or antagonizing the biological action of a natural parent peptide are defined as peptiticsf
Peptidomimetics might be able to remedy, at least partly, the objections pointed out by the Rule of Five.

The Rule of Five states that poor absorption or permeation is more likely when more thédbfimd donors (sum of OHs

and NHs) and more than tenldénd acceptors (sum of Os and Ns) are present, in addition to a molecular weight greater
than 500, and a log P greater than 5.

Thus, there is still a lot to gain when peptidomimetics of a partitidarctive peptide can be developed, because peptides
usually contain plenty of hydrogen bond donors and acceptors, have a molecular weight greater than 500 (even with onl
four residues), and can bery hydrophilic or hydrophobid\Nevertheless, the lasté decades have also shown tremendous
devel opments with respect to Abiologicsd such as horm
camelid heavychatonly antibodies), etc. None of them obeys the Rule of Five, and there is usuallthanoagoroblem

with respect to solubility, stability, bioavailability and affinity; however, all are often used in extremely valuabletsatm

of severe diseases.

Anyway therati o n a | design of mimetics woul d bablea@nine actd sequenced(a e c
peptide chain) into a corresponding peptidomimetic chain, while retaining the required peptide properties, such as the
presence of the amino acid side chains, its repetitive nature, the possibility for interaction with antanklione, as well

1



Chapter 1

as eradicating or diminishing at least some unfavorable characteristics such as biodegratfaldiiity.optic, modified
peptides have been commonly obtained by different modifications of amino acids and peptide structures.

The firstapproaches were based on simple modifications-asrNC- terminus, N a n d - n@tHylation, or single amino

acid replacement with itsBmino acid equivaleritThe introduction of these variants in an aminoacidic sequensédes

an increased stabilitio peptides since enzymes have difficult to hydrolyze unmaktamino acidsMoreover the above
mentioned modificationssuch ashe insertion of Bresidues, often enforce a diféett conformation of the peptideand

strongly influence regptor affinity ad selectivity’

The introduction of isosteric groups represents another peptide bond modifications apprdehreplacement of a

labile peptide bond with an isoster was of great help for designingpthéia agents targeting proteases; very often, the
isoster imitates the transition state of peptide bond cleavage, including the hydroxyl group resulting from enzyme
nucleophilic addition.This strateggsulted in the development of a variety of peptidoatimclasses, the most common
andstudiedare peptoid$i nt roduced by Zucker mann, in which t kaminosi de
group. This leads to alkylated peptide amide bonds, thereby explaining the resistance towards degradation by proteases.
fact, alkylation, in particular methylation, of amino acids in biologically active peptides is a useful principle to reduce
biodegradation and increase bioavailability, for example in cyclosporine and somatostatin arf@logues.

Also peptidebond reversal represents an important structural alteration for peptates proved to be useful to reduce

the degradation rate of the pieles by peptidases. Retmverso peptides have found applications as immunogens,
immunomodulators, immunostimulators, antimicrobial, and diagnostic reagents, as well as modified isomers of membrane
penetratig peptides as delivery systems.

Finally azaeptides: ureapeptidomimetics’ and sulphonamide peptides/peptditisre part of this class of mimetics
(Figurel).

H O R o H R H R O O
QN%N/H%{ K/NT(LN% HZN\;/NT(LNMOH
R M o R o H R o " R

Peptide retro-inverso peptide end-group modified
retro-inverso peptide

H o E{ H o E{ H 8 R H o R
XN\*NWE{ ;%N;QLN,NWA: XNJN&T@{ %NMH:
R 0 R 1 o R 1 o R XY 0
Peptidoid isosteres Azapeptide isostere Thioamide isosteres Ketomethylene isosteres
X=Y=H or F
X=H, Y=0OH
R
H H X R H X R
B \/\x)ﬁfﬂ %NM‘J ?HN,J\/'\W?{
R o R 0 R o
: Trans-olefin isosteres Ethylene isosteres
Methylene isosteres X=H.F X=H, OH

X=S,0,N
Figure 1. Some common peptide bond isoster.

Peptide analogs have also been obtained by introducingiaiesidues, which can leehievedby a number of way¥,

s u ¢ h-Ya-s nfamiho acids®o r - o U-substituted amino acidd These particular amino acids have been utilized to
construct the mimetics of naturally occurring peptide hormones, Mid@ing betapeptides, opioid peptides, somatostatin,

or amphpathich-peptide inhibiors of membran&ound proteing®

Unfortunately, he major problem and collateral effect of the great part of peptidomimetic strategies illustrated urgil now i
that, in principle, a mimetic, just like its corresponding peptidejely flexible. In particular,the high flexibility of
peptides is due to the multiple conformations that are energetically possible for each residue of the incorporated aminc
acids. To get an idea of how important the issue of conformational fregdstthink that inasmuch as every amino acid

has two degrees of conformational freedoriiCNJ ( G ) QO d( @)U, are possiZdtable lacalpr o x
conformations. For a polypeptide with only 40 amino acids in length the number of possible confarmwdiich need to

be considered escalates to nearl§f 30

Pioneering work by Ramachandran et al. resulted in theakbed Ramachandran plots which restrict the allowed values for
the torsi on rmmihlthatshe donfamationallspace accessible to the amino acids to about one third of the



Chapter 1

total structural space. Nevertheless the remaining degrees of freedom still make a prediction of the structure extremel
difficult.

This extraordinary high flekility leads to the fact that short polypeptides rarely form any stable 3D structures in sSlution.
There are only few examples reported in the literature where short to msidietinpeptides (<360 amino aas) were

able to form stable structures. In most cases they exist in aqueous solution in numerous dynamically interconverting
conformations. Additionally, the number of stable short peptide structures, which are accessible, is very limited because o
the need to use amino acids having a strong structure inducing effect, like for examplmdating amino acids as
leucine, glutamic acid or lysine. Finally, it is questionable whether the solid state conformations determinealyby X
analysis are identicab those occurring in solution or during the interactions of proteins with each’bther.

This tricky trouble is extended also to the great part of peptidomimetics illustrated untilanaxample in peptoids the

side chain on theaarbon atom is missinghereby leading to a large range of allowablandy angles, despite the
presence of the side chain on the armifengen atom that affects the range of allowablangles”” Understandably,
increased conformational flexibility will lead to decreasedibig affinity, asdescribedabove.

The problem was resolved wittwo interesting approachgwhich purpose waseduceflexibility : by cyclization to afford

cyclic peptoidsor by noncovalent intramolecular interactions.

Rigid molecules areconsideredpronising also forthe evidence tha& lot of biological processes are controlled by
interactions between proteins (prot@rotein interaction PPJthat in most casesare due to the contribution of just few

amino acid residuesften arranged in a well dagd folding structure (turn).

According to the most common definitiom t urn i s a structur al motif where th
usually 1 to 5, peptide bonds are in close approach, less than 7 A, while the correspondingdesidtésrm a regular
secondary struct ur-eeleil sshee Fighe®uuch as in an U

The most renowne®PI| processeare, for instance, the formation of hormeneeeptor, proteas@hibitor, or antibody

antigen complexe® Others, less specifimccur when proteins aggregate, like in amyloid fibrils which form in the tissues

in sever al di seases such as Al zhei mer d6s, familial amyl
Mediterranean fever, and serforms of rheumatoid antitis.?*

I t s t h evident low ienpostaatl it tould be to interact and interfere with this kind of mechanisms in order to play a
key role in their control anthodulation.

i+1
Sl
YV YHN
o i
(1/‘ «\B i+2
HNYHQT
? 0 i+3

+4

o

Figure2. A f ast way to d,jsh atugsibsh bet ween U

The first class of rigid mimicsconsists inthe peptide cyclic analogudbkat are much more stable respect to the native
peptides, conformationally more defined, and more selective towards the cspagjet. In addition, hese covalent
constraints also play a decisive role in controlling the tdigeensional structure of a molecule, for example by forming
cavity or shellike structures that are capable of binding other (small) molecules.

Peptide cyglization has been performed by simple condensation of el G terminus or by connecting functionalized
side chaing® Another efficient method for preparing both small and macrocyclic riigghe ringclosing metathesis
approach® though in certaincases the occurrence of inappropriate secondary structural elements precluding peptide
cyclization required introducing a reversible backbone proteéfion.

Examples of cyclopeptidomimetics prepared by simple condensation are the RGD integrin inhibétogedeby Kessler

for treatment of human tumor metastasis and tumor induced angiogenesistebmuelling and osteoporosfsN-
methylation scan osaomecyclic peptides provided c[ArGly-Asp-D-PheNMeVal], Cilengitide, with enhanced biolagil
activity and affinity. Theconformationally defined RGD mimetics have been utilized also for investigating the relationship
between the 3D display of the pharmacophores and the different selectivity towards diffedsnofk RGDbinding
integrins®®
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o]

2 COH
oy
HQN\"/N H Oﬁ)"@

Figure 3. Chenical structure of Cilengitide, developed by Kessler.

Noteworthy advancements have been recently repaismin the development of neeyclic conformationally defined
peptidomimetis, designed to interfere with cell adhesion mechanisms, therefore ctingtitateresting tools in the
synthesiof imaging biomarkers and assessment of therapy response as well as inriberemmypf celtargeted agent¥
To induce the peptide folding were proposed constraining elements like dehydro amdsocyclic amio acids®* and
other mimics of specific residues, which have been used to design acyclic peptides because ofitiirctognor helix
forming propensityFigure 4)*

B-alkilation side chain modification

R/

cycliZation‘/' ) cyclization, a.p-deydrogenation

H,N"\ COOH
AN

N-alkilation a-alkilation

i

R R R \ o
?S‘NJ/\W“‘{ ?S'Nj;f’{ g’-gﬁ; AN ;NQJ%
[ Ho§ Hog H g H o &

N-alkilamino acid dehydroamino acid B-methylamino acid Aib Cyclic surrogate
Figure 4. Some of the conformationally constrainedidues aforementioned.

An important role among the backbone elememntich induce constrained conformations played by Praand its
derivatives. The peculiar features of this cyclic amino acid (among others the ability to induce cis peptide bond
confomation)®* makes it a priceless ally while looking for rigidity. A number of pseBdw building blocks have also been
assessed in several occasions and with various results, giving libraries of compounds with different properties, and with th
capability toinduce either ta trans or the cis conformatifmlepending on the type of heterocycle used.

Another powerful element, widely used to constrain angles in peptidomimetics, is the so called Freidinger lactam. This
|l actamds peculiarbtydge bédewéanttloé Becagban and the f
six- or seveAmembered heterocycle€ontrary to the pseudPro, Freidingerlactamdirectly constraist he @ and t
angles®Si nce its introductbhiecem iwi dteHe easreldy t&O0 é&so nistt rtads pe
andturn struct ur e-strand mitheti@in tinean peptidds witta lotshof applications in the medicinal
chemistry field, especially in the interaction withpBotein coupld receptors, as reported in a study aiming to reproduce

the active conformation of the Growth hormaméeasing peptides (GHRPs) by incomutimg a Freidinger lactam in.it

Some more recent work also focused on the development of new analogues ofdingéir&ictam, by introducing several

kinds of modifications on its initial structure, such as heteroatoms substituting the sirhpletsms, in order to give

rigidity to the ring, or the use of fused pidic or spirocyclic extensior(8.

As seen, 1l recent yearsresearch in the field of peptidomimetics is expandihgays more and accordingly alsits
chemistryis growing. This led tohe development different synthetic methods for obtaining oligomeripf@omimetics,
such aghe solidphase peptide synthesis (SPPS), developed by B. Merrifield between 1950 anithdia®@depossible to
synthesize polypeptides, with fifty or more amino acids in lengthlaige quantities making them available for
pharmaological and clinical testingf
In addition, in the early 19906s, the Kent gFfTheyaterr epor
developedhed 6 nat i ve ¢ he mi c a lthe ¢onjugationiobunpdofectqmblyteptidepeptdidonolecules. This
new strategyinitiated an era of chemical protein syntheéSiduring which a variety of proteinand mimicshave been
prepared®
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Moreover, he evetincreasing demand of techniques to afbtailarge number of compounds in relatively short time,
allowed microwaves to gain importance among the synthetic technologies. In fact, MAOS (Micrssegisted Organic
Synthesis) is been suasdully coupled with the SPPS or with in solution peptide bgais,enablingto reduce significantly

the reaction timgbecause this kind of technique, raising the temperature very quickly, allows to fasten the reaction and
may give access to different reaction routes, leading to unexpected yields, conversiatecindiss.

Analyzing these aspecti$ is evident thathe development of synthetic procedures for the synthesis of unnatural amino
acids and peptidésimetics,for istancewith a milder environmental impads a field of actual interest

The contexshown and analizethighlights the developments on this atlkeat might now also have a strong impetus on the
growth and significance of modified peptides, peptidomimetics, and protein mimics as drugs. Moreover, this will also be
favorably influenced by #hrecent enormous developments in drug delivery methods for these compbandsiarantees

the preservation of their biological activity during an acceptable-feelind ideally the effective and safe transport and
delivery to its site of actian

However,during the last three decaddisere has been an exponential growth in an average number of peptide therapeutics
entering clinical studies. Peptided mimicsdrugs are being investigated in a wide variety of therapeutic areas, with the
highest numbeof them entering clinical trials for metabolic disorders and cancer treatments @®igtire

= Oncology
= Metabolic
B Cardiovascular
5% ® Allergy/Immunological
5% ® Gastrointestinal
® Antimicrobial
Pain

Dermatology

Central nervous system
Urology

Other

Figure 4. The distribution of peptide pipeline drugs by thei
chart include: Endocrinology, Respivay, Bones, Hematology, Ophthalmology, @B/N (obstetrics and gynecology).

The highest number of peptides has entered clinical study for cancer treatments and metabolic disorders. Data was tak
from a 2012 report provided by tiReptide Therapeutic Fourtitmn.*?

Theseresults prove thapeptidomimetic approach represents a westhblished strategy for developing novel, effective
norttoxic therapeutic agents.

Apart from thér usesas drugsit is important to mention that peptidomimetic derivatives mayehather applications such
as in the study of binding mode, in the diagnostic and in the foldamers field. For exdeteienining the receptdround
structure of biologically active peptides is fundamental in drug design. Inrémnt evidencehave stéed that the
peptidomimetic strategy is the front runner in biotechnology and nanotechnology, for creatingjoneaterials and
biodevices, biosensors, bioelectronics, to perform specific operations within a physictogicahment.

The field is so vaghat it would be reductive to even try to make an overall view of it inthigductive chapterbut there

is good literature that covers it élee references herein)
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Chapter 2

Solid phase peptidesynthesisusing N-carboxyanhydrides and PEGresins in water

The increasing need for large quantities of biologically active peptides for the market strongly raised the problem of the
environmental sustainability of their synthesis. In teispectjn this chapter is describedsolid fnase procedure in water,

using PEG peptide amide resins and NCAs under controlled conditions. This procedure afforded with reasonable yield an
purity a short peptide amide, withahie need of coupling reagentsriprotecting groups.

2.1. Introduction

The market for biologically active peptides is expected to grow rapidly in the next Besigles to the current interest in
peptide as drugs anactive pharmaceutical ingredientmd as cosmeceuticals, recent findings suggest a wide range of
novel applicabns in medicine, biotechnology, and surgeBeptidesdo not persist in the environmegiying innocuous
degradation productsheir components are the amino acids, which are renewable feedstocks available from bi@masses
agricultural byproduct streas?

However, peptideare typical examples of products that impose an environmental burden during their manufacture. Both
the solution and the solid phase (SP) synttasegiire large amounts of organic solvent, the use of reagents to activate the
couping between the residues, and the massive use of protecting groups (PGs), resulting in very poor atom economy an
the release of harmful organic wasteAs a consequence, the development of environmentally benign conditions has
emerged as an importantussin green chemistfy.

One of the major problems concerns the huge amount of solvents needed, particularly for synthesis on solid supports. /
convenient approach would be to carry out sohfegg reactions; this can be done with techniques such as mixing
grinding, or balimilling.” So far, most of the efforts focused on the development of synthetic procedures in water. Since the
common carbamate PGs are hydrophobic, reactivity can be impsagpending in water nanoparticle reactants generated

by usinga planetary ball milf,or by MW activatior?, Alternatively, new hydrophilic PGs have been proposed to improve
water solubility™®

Also the reagents for coupling and protection/deprotection steps should be redueesier possibleSignificant
reductions organic wastes have been obtained using enzymatic catalysis for coupling reédaiiofts, PG removal?

The use of PGs was partially reduced on performing peptide coupling in aqueous solution utiliNraritieenzotriazole
derivatives and unprotecteamino acids? or by using the native chemical ligation reaction of unprotected peptides in
solutiont* on a watercompatible solid suppotf.

In this chapter isepored the SP preparation of peptidamides in water on a PEG resin, by ushigarboxyanhydde

(NCA) derivatives, conveniently prepared in turn under sobme® conditions and MW irradiatiolN C A , or Leuc
anhydri des, const i-aming acid mixed gniydrides in witidh the amino §rouflis protected and the
carboxylate is actated at the same tinfeThe attractiveness of peptide synthesis by NCA lies in its simplicity and atom
economy; the molecular bulk of the reactants remains with the newly formed peptide, the only byproduct being carbon
dioxide, and the condensation sequentay be rapidly repeated to build polypeptides requiring only control to avoid NCA
polymerization

To test the efficacy of different kinds of PHfased resins for peptide amides, we synthesized the endogenous opioid
peptide endomorphith (EM1), HTyr-Pro-Trp-PheNH,. This tetrapeptide was isolated from mammalian brain and it was
found to activatenopioid receptors with high affinity and selectivity.

2.2. Results and discussion

In the last yearsour research groupave been involved in the synthesis andestigation of EM1 and mimetics as
potential remedies for pain relief devoid of unwanted-siffiects’® Since we became aware of the environmental impact of
the classial syntheses, we faced the opportunity to develop a more sustainable procedursigiedde very simple SP
methodology in water, using PEG resins for the preparation of peptide amides, and the NCAs of the amino acids Tyr, Pro
Trp, and Phe.
These NCAs were prepared in almost quantitative yields from the unprotected amino acids aid arfid¢ribhosgene
(Scheme 1). Though still hazardq@HS05 GHSO06) triphosgene can be used as a-$afeandle phosgene substitute, and
in recent years emerged as an important green chefthitiaé classic procedure reported in the literdfnes modifed in
that the condensation was performed under soffreatconditions and MW irradiation. In the case of ProNtearbamoyl

7



Chapter 2

intermediate did not cyclize spontaneously, and the use of a non nucleophilic base was required; eventually, the use c
polymeksupported bases has been also prop8sgde resulting NCAs were checked Hy-NMR, and ESIMS, and the

spectra are reported iBExperimental sectignpurities (7085%) were determined by RPPLC. The analyses of the
byproducts were compatible with the perse of amino acid salts, isocyanatoacyl chloritleshloroformyl amino acidé?

and for Pro triethylammonium chloride. Polymerization at this stage was excluded on the basis of tHESHiRb&lyses.
Interestingly, the crude NCAs were utilized withoutification, a significant advantage consented by the SP approach.

R R

O 1/3(Cl,CO),CO
HZN)\f SR, HNT 0
OH MW (150W) g °
neat, 20 min
OH| TEA o
OH —>» N » ;‘
o} 0°C o
H o o)\cn o

Scheme 1MW-assisted synthesis of NCAs.

The NCAs are prone to polymerization; indeed, paiiyino acids can be conveniently synthesized from NE#s a
corsequence, we operated under carefully controlled conditions; the key factor is the relative stability of the intermediate
carbamic acid in an aqueous environment at a basic pH, that prevents the formation of the free aminopeptide while th
NCA is still present in the reaction mixture (Scheme 2).

The PEGbased resins are highly chemically stable and allow the use of almost any kind of solvent, includiftg*water.
PEG has a very low toxicity and is used in a \griaf biocompatible products. Three different peptide ChemMatfix

amide resins were tested;Rink Amide, HPAL, and HRamage (Table 1). A suspension of the anrfiee resin in borate

buffer pH = 10.2 was treated with a 3 equiv. of PheNCA, and the suspevass mechanically shaken at 5°C. After 3 h the

resin was filtered and washed three times with citrate buffer pH = 3.0, rapidly to avoid peptide cleavage.

Ph

T

HN o
"0 o 1 JPiWH A
pH 3.
buffer pH 10.4 HO H o \O HZNJ}( \O
5°C 5°C o
TFA- NH i
—
o) o o) R
H H
HzN\:)LNJ_kN N\:)LNH2 A H<\NJ\H/>N\O
: = H : H On

©/: K/ ] \@ scavengers

Scheme 2SPPS of EML in aqueous medium by coupling NCAs onE@Ppeptideamide resin.

Table 1.SPPS of EML on different PEG based ChemMaftpeptideamide resins.

entry resin loading bead size cleavagemixture purity, yield, isolated purity,
(mmollg)  (mesh? TFA/H,O/ELSIH (%) crude(%)° (%)% isolated(%)°
1 H-Rink 0.4-0.60 100200 95.0/2.5/2.5 70 68 95
Amide
2 H-PAL 0.40.5 100200 95.0/2.5/2.5 65 66 95
3 H-Ramage  0.250.50 100-200 5.0/2.5/2.5 73 52 97

Dry. P After crystallization, determined by analytical RPLC. € Based on the average loadifigAfter semi-preparative
RP-HPLC.®The rest being DCM.
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The remaining NCAs were added in turn under the same conditions. The cleavage of the peptide amide from the resin we
performed with TFA in the presence of scavengers. The crude peptides were analyzedsied mvase HPLC and ESI.

The analyses were compatible with the presence of traces of peptide byproducts, in particular failure sequences, an
sequences with duplicate amino acids, possibly arising from NCA polymerization during the coupling step, aed exclud
racemization.

Final purification was performed by sepiieparative reversed phase HPLC, which afforded EK195% pure; EM1 was
identified by ESIMS, *H-NMR, and gCOSY spectroscopgxXperimental section The 'H-NMR spectra of the isolated
peptides rcluded the presence of epimers.

Figure 1 shows the chromatogram of the preparation performed with-Remdge resin (Entry 3). This afforded the
highest purity but a slightly reduced yield, possibly due to the comparatively lower stability in the sgledido step
(Scheme 2).

DAD1 A, Sig=210,4 Ref=450,80 (ENDO1.D)
mAU - >
<
400
300
200

100

[Z1.476
6.234

2P

Figure 1. RP-HPLC analysis of crude EM as obtained from entry 3 of Table 1.

From the general point of view of sustainability, the proposed synthetic protocol gives some advantages respect to th
standard SP approach. The emfirotocol was conducted in the almost complete absence of organic solvents. The solvent
free preparation of the NCAs required only the amino acids and one third of triphosgene, apart for Pro which required 1
equiv. of TEA. Swelling and coupling were carmtied in borate buffer, and the washes were performed with citrate buffer.
The high reactivity of the NCAs allowed using a reasonable excess of 3 equiv. for the couplings, comparable or inferior to
classic SP synthesi&%?* The cleavage step was doneussial with TFA and scavengers; EtOH;@tand CHCN were

utilized in the conclusive stages to recover and isolate the peptides.

2.3. Conclusions

A short peptideamide was synthesized in SP and in aqueous conditions, by employing a PEG resin and NCAs as
activated/protected derivatives of the amino acids. These NCAs have been prepared with triphosgene under MW
irradiation, a very convenient method also for its efficient energy usel ks obtained with moderate yield and purity,

so that for the moment thraethod seems less competitive than the classic procedures for longer sequences. Nevertheless
the entire protocol is attractive for its environmental sustainability; apart from the amino acids and some reagents usec
occasionally, the only bulk chemical sv&riphosgene, a relatively safe reagent which danger and toxicity is justified by
excellent atom economy and the absence of wastes of the overall protocol, including organic solvents.

2.4. Experimental section

2.4.1. General Methods

Unless stated othersg, chemicals were obtained from commercial sources and used without further purification. The
solid phase syntheses were conducted on ChemiMati®0% PEG based resin from PCAS BioMatrix. The Mggisted
synthesis was performed usind/idestone Mycrosyth multimodelabstation. Purities were determined by analytical RP
HPLC performed on a C18 column, 4eén particle size, 100 A pore diameter, 266, DAD 210 nm, from a 9:1
H,O/CH:CN to a 2:8 HO/CH;CN in 20 min, (for the analysis of B from a 9:1 HO/CH;CN/0.1% TFA to 2:8
H,O/CH,CN/0.1% TFA ) at a flow rate of 1.0 mL/min, followed by 10 min at the saameposition. Semipreparative
RP-HPLC was performed on a C18 columnefm particle size, 21.2 mm x 150 mm, from 8:ZICH,CN/0.1% TFA to

100% CHCN/0.1% TFA in 10 min) at a flow rate of 12 mL/min. Mass analysis was done byt#ENMR were
recorded at 40MHz, in 5 mm tubes, at rt. Chemical shifts are reportedhadues relative to the solvent peak.
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2.4.2. Synthetic procedures

Synthesis of the NCAA limp mixture of triphosgene (0.35 mmol) atite amino acid (1.0 mmol) was mixed und&w
irradiation in @ open vessel equipped with a refrigerator under a fume hdubh gently blowing with nitrogenThe
microwaveassisted reaction was performed keeping irradiation power fixed at 150W and monitoring internal reaction
temperature 80°C with a buiit ATC-FO advanced fiber optic automatic temperature control. After 20 min. the mixture
was cooled at rt and the resulting NCA {88 %, 8085 % pure by analytical RAPLC) was used as a waxy solid
without further purification.

Procedure for the synthesis of ProNC2roline (1.0 mmol) was treated withiphosgene as described above. After 20
min the mixture was cooled at 0°C, TEA (1.0 mmol) was added and the limp mixture was mixed for additional 30
minutes. Crude ProNCA (90 %, 70 % pure by analyticalH&R.C) was ued without further purification.

SP synthesis of Efl. NCA coupling The PEG resin or PEG respeptide (0.3 mmol in free amino group) was swollen

with borate buffer pH=10.2 (4.0 ml). The NCA (0.9 mmol) was added at 5°C and the suspension was mechanically
shaken for 3 hours. Then the mixture was filtered, and the resin was washed three times with citrate buffer pH=3.0, anc
finally with borate buffer pH=10.2.

Cleavage procedureThe resinpeptide was suspended in mixture of TFA and scavengers (5 mL, Tabbknd
mechanically shaken at rt. After 2 h, the mixture was filtered, the resin was washed twice with 10% TA(BBL),

and the collected filtrates were poured into 50 mL ofciclel ELO. The precipitate was filtered, and the crude peptide
TFA saltwas recrystallized from EtOH/EO and collected by centrifugation (63 % pure by analytical RAPLC,

Table 1). The peptide was isolated after spreparative RFHPLC (5268 % yield, 9597% pure by analytical RP

HPLC, Table 1).

TyrNCA. ?® 'TH-NMR (400 MHz CDCE) U: 2.99 (dd, 1H, J = 6.9, 13.9 Hz, TybY 3.20 (d, 1H, J = 4.6, 13.9 Hz,
TyrHb), 4.54 (m, 1H, Tyrk), 6.02 ( br s, 1H, TyrNH), 6.91 (d, 2H, J = 8.2 Hz, TyrAgHd 7.14 (d, 2H, J = 8.2 Hz,
TyrArH, ).

ESMS nmv/z[M+1]; 208.1; calcd. for GgH;oNO,4: 208.1.

ProNCA.?"# 'H.NMR (400 MHz, CDC}) Ui 2.04 (m, 1H, Prol), 2.112.32 (m, 2H, ProH + ProHy), 2.44 (m, 1H,
ProHb), 3.31 (m, 1H, ProH), 3.69 (dd, J = 7.5, 10.4 Hz, 1H, Prd4.35 (dd, J = 7.2, 9.2 Hz, 1H, PraH
ESMS mvz[M+1]: 142.1; calcd. GHgNO5: 1420.

TrpNCA. ? 'H-NMR (400 MHz, CDC}) i: 3.13 (dd, 1H, J = 9.1, 14.9 Hz, TrpH 3.49 (dd, 1H, J = 3.6, 14.9 Hz,
TrpHb), 4.55 (dd, J = 3.6, 9.1 Hz, 1H, Trp} 5.99 (br.s, 1H, TrpNH), 7.11 (s, 1H, TrpH2), =131 (m, 2H,
TrpH5+TrpH6), 7.41 (d, J = 8.0 Hz, 1H, TrpH7), 7.57 (d, J = 7.6 Hz, 1H, TrpH4), 8.27 (br. s, 1HL)TrpH

ESMS mv/z[M+1]; 232.2; calcd. for GH1iN,Os: 232.1.

PheNCA#3*°*H-NMR (400 MHz, CDC}) U: 3.00 (dd, 1H, J = 8.4, 13.8 Hz, PH®H3.32 (id, 1H, J = 4.1 13.8 Hz,
Phetb), 4.54 (dd, J = 4.1, 8.4 Hz, 1H, Prel5.95 (br s, 1H, PheNH), 7.9826 (m, 2H, ArH), 7.277.41 (m, 3H, ArH).
ESMS m/z[M+1]: 192.1; calcd. for GHsNOs: 192.1.

EM-1, H-Tyr-Pro-Trp-PheNH.*! *H-NMR (400MHz, DMSQd6); 3:1 tans:cisd  1.381.56 (m, 4H, Prayx + Prd.),
1.571.78 (m, 3H, Prdo. + Prag.), 1.92 (m, 1H, Prdbs), 2.662.79 (m, 2H, TyrHb. + 1H,, TyrHb. + 1H.., Phehb..),
2.802.90 (m, 1H, TrpHb., + 2H,, TyrHb. + TrpHb.), 2.962.95 (m, 1H., Phehb..), 3.01 (m, 1H, ProHd. + 1H..,
TrpHb..), 3.2063.32 (m, 2H, ProHl.), 3.453-62 (m, 1H, ProHl, + 2H. ProHa. + TyrHa.) 4.18 (br.t, 1H, TyrHa.),
4.324.53 (m, 2H., TrpHa.< + Pheta.. + 1H,, ProH.), 6.61 (d, J = 8.4 Hz, 24, TyrArHs;s.J), 6.84 (d, J = 8.4 Hz,
2H., TyrArH,6J, 6.927.00 (m, 2H., TrpH6.< + TrpH5.,, + 2H., TyrArH,e,), 7.157.00 (m, 7H., PheArH. +
CONH,... + TrpH2..),7.207.30 (M, 2H., TrpH7.< + CONH,.J), 7.51 (d, J = 7.6 Hz, 14, TrpH4.), 7.85 (d, J = 7.1 Hz,
1H., PheNH), 8.057.94 (m, 1H, TrpNH, + 1H., PheNH + 2H.., TyrNH..), 8.20 (d, J = 6.9 Hz, 1HTrpNH.), 9.36 (s,
1H., TyrOH,), 9.43 (s, 1H, TyrOH,), 10.72 (s, 1K TrpHL), 10.80 (s, 1H TrpHL).

&, = major isomer, = minor isomer.. = the resonances of major and minor conformerstersame proton appear
under the same pedkSMS m/z[M+1]: 611.1; calcd. for gsH3z9NeOs: 611.3.
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Chapter 3

Chapter 3

Preparation of DAla equippedwith Oxd chiral auxiliariesfor the stereoselectivesynthesis of
substituted tryptophans

Chiral dehydroanmo acid building blocks are versatile starting materials for the preparation of optically active unusual
amino acids and other compounds of pharmacological intdrethis chaptelis disclosedthe expedient preparation of
dehydroalaninesDAla) equippedwith oxazolidin2-one (Oxd) chiral auxilixaries, T®xd-DAla-OMe. These compounds
have been obtained in high yields from dipeptidesS&gThr/phenylSeSerOMe by the ongot cyclizationrelimination
reaction withN,N-disuccinimidyl carbonate and catalyfidPEA. To test the efficacy of the chiral auxiliaries in controlling
asymmetric transformations, the Fried&hafts alkylations of indoles carrying diverse substituents were performed in the
presence of Lewis anBrgnsted acidsThe reactions proceededtiwvigood to excellent diastereomeric ratios giviSg 6r
(R)-tryptophan derivatives, isolated very conveniently by simple flash chromatography. To verify the utility of this
approach, optically pureS|-2-methyltryptophan and §-5-fluorotryptophan were latained and utilized to prepare
analogues of endogenous opioid peptide endomorphih Tyr-Pro-Trp-PheNH.

3.1. Introduction

Among the unusual amino acids, thg-dehydroamino acids (dPaas) represent a noteworthy class for their presence in
naturally @curring toxins and antibiotics, and for their important role in the biosynthesis of otherateingenic amino
acids’

Daas display unusual conformational featuresgmvinserted into peptides, they induce conformational constrains which
lead to changein the secondary structure. Ttheuble bondigidifies the conformation of the side chaimis fixed to 0°

(2) or 180° E), and favors the formation &f or gturns when thdaas are placed at tie2 position ofthe putative turn
sequence (Figuréa). Besides, the presence of these unnatural and constrained residfiersresistance to enzymatic
degradation.The folding properties oDaas have been utilized for the design of foldamers, oligomers which have a
tendency to form weltlefinedsecondary strctures stabilized by necovalent, nonadjacent interactions. For instance, it
was reported that the sequenti al i-turrts,rfoonding a helixh i n ol i gor
Besides,Daas have demonstrated their utility in organic synshasiversatile intermediates, giving access to ietyaof
derivatives' The double bond permits ferform several reactions (Figute), which can be utilized for the preparation of
interesting biologically active compounds, such as the oligosacchzeut@e ligation by the addition of complex
oligosaccharide thiolates tdehydroalanine mAla)-containing peptided or the synthesis of a lanthionibeidged
enkephalirmimetics®

O O

Epoxidation Cycloadditions )K/ )J\/
@) O
o Ry R I  Rom = pu
o 2 Hydrogenation R tBu P Ph P
R2>)~LN (0] % (0] ‘
HN H CHN i+3 L’—HJKN = Suzuki P= protecting group

. o~ R4 H
! I Halogenation % o %
R NH ¥ V|

(0]
s © Sonogashira N)K( OMe
Nucleophilic Radical MeO iF’r“\‘HfN\“\\
¢ o]

a b Addition Reactions

Figure 1 a) Daasareb-turn inducers when placed at the positiep of the putative turn; blpaasas substrates for different
syrthetic reactions; c3elected examples of chiral cychaasrecently utilized for @C bond formation (Michaehdditions).

Non-functionalized Daas are enamines prone to hydrolysis; on the other Héwadtyl derivatives orDaas already
incorporated into pejgle sequences, are more stable, therefore several protocols for their preparations have been reportec
including elimination reactions, Horn&VadsworthEmmons and Wittig reactions, Erlenmeyer synthesis andogeging
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of oxazolones, Schéllkopformylamino-methylenation,etc® One of the most direct methods is the dehydratiorbef
hydroxy-a-amino acids (e.g. Ser or Thr). For instance, Ferreira et al. reportedntheelective elimination with
Boc,O/DMAP, that afforded only one of the two possilll&Z isomers’ the Z isomer being practically more accessible
from threoreagentghan thek.

Chiral DAla derivativesconstitute suitable starting materials formy asymmetrigransformations Selected examples
from the literature of compounds containibgla recently utilized for diastereoselectikichael additionsare shown in
Figure 1c. The addition of the benzophenone glyeime-butylester imine to phenyloxazolidirs-one gave the Michael
adduct with control of the two new stereocenters andiastereoselectivity of 97%3the 2tertbutyloxazolidin5-one
underwent addition of remine in a preferentiallgis manner with aratio of 83:17' the organocuprate addition to
dehydrodiketopiperazine gave ttis product in high yieldend >95% diastereomeric excéss.

In this chapter isrepored the expedient preparation @Ala equipped with Oxd chiral auxilixaries3)( by onepot
cyclizationelimination of dipeptides of sequence-Ser (or Thr, phenylSei$erOMe (1). To test the efficacy of these
chiral building blocks for the preparation of rmacemic and nomatural anmo acids,it is beenperformed the tandem
FriedetCrafts (F-C.) alkylation/asymmetric protonation of substmitindoles to afford tryptophans functionalized at the
indole with alkyl, aryl groups, halogens, or their combinations. Modified tryptophanz@sent in peptides of microbial or
marine origns (e.g. halotryptophah&’ andunnaturalTrp analogs have been utilized as important building blocks for the
total synthesis of biologically active prodsét as biological probe& and finally as chiral mall moleculecatalysts
Several authors developed asymmetric syntheses of optically pure-snthsietuted tryptophart$ Halotryptophans can be
obtained by palladiurmediated heteroannulation of aireth auxiliary,™ by electrochemical oxidation of prak followed

by Fischer indole synthesi&from serine and commercially available microorganismtaioing tryptophan synthaséby
enzymatic esolutions® TheF.-C. alkylation of substituted indoles with methyl acetaaictylaté® gave Trp derivatives in
non-stereoselective fashion. On the other handprnacemic tryptophan derivatives were prepameith moderate
stereoselectivitieby F.-C. alkylationwhen DAla wasincorporated into peptidéS Some aymmetric catalytic syntheses
have been reported to affowdth high levels of enantioselectivit{s)- or (R)-tryptophans carrying a limitedumber of
distinct modification§® Heck reaction betweenN-Ts-indoles and methyl -Acetamidoacrylate furnished the
dehydrotryptophans, whose asymmetric catalytic hydrogemawith [(COD)RhR,R)-Et-DUPHOSITIO™ as catalyst
furnished enantiomerically pureR)-5-and 6substituted ryptophans® More recently, the FC. alkylation of methyl
acetamidoacrylate catalyzed by -8liBromoBINOL-SnCl, complex furnished -3ubstituted trgtophans in good yields and
high enantioseleivity .

Finally, herein isdescribél the synthesis of two analogues of the endogenous agonist omteoid receptor
endomorphirl (EM1), HTyr-ProTrp-PheNH.** Among the opioid peptides, EM1 shows a uniqeguence and
extraordinary receptor affinity and selectivity. fact, as mentioned aboveur research groupave been interested in the
preparation, conformational analysis and pharmacological characterization of EM1 arfalagysstential drugs for pain
managemerft Since none of the other endogenous opioid peptides contain a Trp in the sequence, SAR studies on EM1
analogues containing modified Trp could shed light into the role of this pharmacdpHig@nd-receptor recognitiof’
Besides, the introdtion of substituents at the indole of Trp could improve metabolic stability, bioavailability, and CNS
exposue.>>1?8

3.2. Results and discussion

Recently, in our research group, wasserved that theeaction of theN-tosyl (Ts)dipeptide ester FSerSerOMe (La)
with N,N-disuccinimidyl carbonateDSC) and a catalytic amount of DIPEA in DCM/DMF, gaael:1 mixture ofthe
compound containing two oxazolidione4-carboxylate rings (Oxd), FOxd-Oxd-OMe (a), and of the compound
containing one Oxdind aDAla, TsOxd-DAla-OMe (3a) (Figure 2, and Table 1, entry Ijhis compound3a can be
regarded as BAla equipped with axazolidin2-one chirhauxiliary, >**° potentially useful for the asymmetric synthesis of
optically active unusuah-amino acids?® This opportunity prompted us to preparare dipeptidesOXd-DAla-OMe
carrying different substituents at the position 5 of the (Bidure 2)

The dipeptided.a-c, precursors o8a-c (Figure 2), were easily prepared by coupling in solutiot&&s (R = H), TsThr (R

= Me), and §R)-Ts-phenylSer (R = Ph), respectively, with$&rOMe. Amino acid tosylation was performed according
to the literaturé! The twob-hydroxy-a-amino acid building blocks were incorporated without a protection for the OH
function, accorihg to a protocollargerly emploiedby us ¢hapter 4, 5 and)? using HOBt, HBTU, and DIPEA, as
activating agentsat 80°C under MW irradiatiofi Under these expedient conditioasylation of the Okfunction and thus
the formation of a depsipeptide sideductwas not observed, as confirmed by tHeNMR and RPHPLC MS analyses of
the crude reaction mixture.
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The reaction ofla with DSC/DIPEAwas performed in differergolvents(Figure 2) giving different outcomes: in pure
DCM the reaction gave a 92:8ixture of 2a and 3a (Table 1, entry 2), while in DMF the situation was completely
reversed, giving a 5:95 ratio in favor 8 (entry 3. Finally, the slow addition of DSC to a solution Xd-c and catalytic
DIPEA in DMF at 0°C further reduced the amourit2o(traces), as determined by HPIMS analysis of the reaction
mixture, while the corresponding -&xd-DAla esters3a were obtainedn almost quantitative yields after isolation by flash
chromatography (entry 4). In a similar way, the reactiorilvfand 1c performed under the same conditions gave the
correspondin@b (entry 5) and3c (entry 6) in very googields.

RLOH ; 0 op R o o_.R o
H o) aR=H
Ts\N];(N,,, oM (22eq) © /VL 3 OMe + 4,\]:%(“ bR = Me
H T U OMe ¢ R =Ph (rac)

DIPEA (0.1 eq.)

1 2 3

Figure 2. One-pot synthesis obAla equipped with Oxd chiral auxiliariea-c.

Table 1.Reactions ofLa-c with DSC/DIPEA under different conditions.

entry 1 solvent Temp (°C) 2+3 (%) 2:3 (%)°
1 a DCM/DMF 20 93 51.49
2 a DCM 20 88 92:8
3 a DMF 20 86 5:95
4° a DMF 0 94 2:98
5¢ b DMF 0 92 3:97
6° c DMF 0 90 2:98

2 determined after isolation by flash chromatography over silicd @termined by RPHPLC of the reaction mixture$.
Slow addition of DSC td.

The analysis of the reaction mixtures at successive reaction times indicated that the reaction proceeds via the dyclization ¢
Ts-Ser mojety promoted by DIPEA, followed by the dehydration of(@de to DAla (Figure 3) It was proposed that the
cyclization of the TsSer moiety can be promoted by the prese of the arylsulfonyl grou$3®® while the comparatively

hi gher aci di t-ggstodr trhes gHdlc to ft -eBneke hcaountsdoi éhelinfinatiorHo)thedrterm@diate
SerO-succinimidyl carbonate tbAla.’

\ DIPEA
o_o
R._OH ¥ o__R ( o R
y © DSC O_R o= Hy 9 o= w ©
Ts. N DIPEA y \ H . N N
” OMe —> N N / OMe Td OMe
e} N OMe Ts 0 o o)
OH s 0 L,0° Kj’o
N
1 AN 0”0 3
L oo o _|

Figure 3. Synthesis of peptides T@xd-DAlaOMe 3) from dipeptides T<Ser/Thr/PhSeBerOMe (): proposed twestep
mechanism.

As anticipated in théntroduction, we decided to assess the utilityhef OxdequippedDAla as chiral building block$or

the preparation of neracemic nomatural amino acids. In particulave tested the efficacy &a (R = H),3b (R = Me), or

3c (R = Ph), tofurnish optially activetryptophan derivativeby the Lewis acidpromotedF.-C. alkylation of substitigd
indoles**?in the presence of a Lesvacidsassisted Brgnsted acitlin essence, the process consists in a tandem Michael
additionenolate protonation, a @ress which is very difficult to control under the point of view of the
stereockmistry*®?®* |njtially, we screened different conditions for the reactiorBafwith un-substituted indole. The
reactions were carried out in DCM, in the ggace of diffeent Lewis acid$®?*?®of molecular sieve&’ of phenol as
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protonating agent (Leiw acidassisted Brgnsted aéfl and afforded the dipeptidés-Oxd-Trp-OMe as a mixture of
diastereoisomerss(S)-4aand SR)-5a (Figure4).

45 aR=R;=H,
bR=H,R,=2-Me
¢R=H,Ry =5-F

dR=H, R, =7-Br
eR=H,Rs=1-Me
fR=H, R, = 2-Ph
gR=H, R, =6-Cl

Ri \ AN o R
o-«R 7N\ 0
o= Ho9 _ )N o< N
N N Y OMe
/N OMe / :
Ts o Ts o)

Lewis acid @ hR=H, Ry =5-NO,
T .
NH iR=H, R; = 7-Br-2-Me
4A mol sieves, X - = 5_Cl-2'
3 aR=H PhOH, DCM 4 Rl :“RQ_H,‘\A? R 5.2'. f,leMe
bR =Me 0°C 7 e R

n R =Me, Ry = 7-Br-2-Me
o R=Ph, Ry =1-Me
p R=Ph, Ry =2-Ph
q R =Ph, Ry =5-CI-2'-Me

Figure 4. Lewis-Brgnsted acigpromoted asymmetrie.-C. alkylation of substituted indoles with dipeptidgsc.

cR=Ph

Yields and d.r. strongly varied depending on the Lewis acid selected. YB(GEOTfy, ZnCl,, MgBr,;, SnBwCl,,
ZnOTf,, FeC}, InCls, CeCk, RuCk gave no products; other Lewis acidégBr,, BBuwLOTT, TiCl,, Cu(OTf), gaved4a and

5ain traces. Finally, the reaction gave reasonaiigood yields with AIEtG), AIEt,Cl,**?° or SnC},* as reported in Table

2. The reaction with 1.5 equiv. #&Et,Cl gave a 18:82 mixture of the diastreoisomers in favoiS@){5a (entry 1), as
determined by thelPLC analyses of the reaction mixturds;and5awere isolated by flash chromatography over silica gel
in 10% and 45% vyield, respectively. The uséA#tCl, gave a higher yieldd@a 17%,5a52%) but a reduced selectivity of
25:75 (entry 2). On the other hand, SnCL.05 equiv.) gaveda and 5a in good yield (7% and 67%) after flash
chromatography, with d.r. of 90:10 in favor of §R)-5a (entry 3).

The configuration of the newly created stereocentre on Trp was determined by comparison with authentic samples of Ts
(9-Oxd-(9-Trp-OMe and Tg9)-Oxd-(R)-Trp-OMe, prepared by standard peptide synthesis in solution from the
commercially available amino acidThe analyses of the crude reaction mixtures revealed no evidence of coreurrent
amidoalkylaion reactiont®*® Increasing time and temperature did not lead to significantly higher yields; on the other hand,
lower temperatures gave negligible improversdntterms of streoselectivity. The reduction of the amounts of Lewis acids
to less than 1.0 equiv. gave reduced yields, consistent with the observation that stoichiometrBréastsd acid was
required due to its binding to the product, resulting sdpctinhibition.?* As for aluminum Lewis acids, a moderate excess
was recommended for good reactivity and high selectivityérctimjugate addition reactiaffsin the absence of molecular
sieves, the reactions gave scarce d.r., and variable quantitieg-prbducts arising from peptide bond and/or ester
hydrolysis, as revealed by reversed phase RF)C and electrespray (ESIYMS analyses. Finallyhe absence of the
proton donor phenol gave similar yields but accompanied by a significant drop ogstectigity, while the substitution of
phenol with 2n a p h t h oHdipheoadl didhot althlj the reaction outcome.

Consequently, the reactions 3d with substituted indoles (Table 2, entrie®3 were performed with AIEEI, or AIEtCL,

or with SnC}, in the presence of phenol and activated molecular sieves in DCM. In all cases (indlydiay the analyses

of the diastereoisomerd and 5 by reverseephase HPLC under different conditions was unfeasible. However, the
separation was possible by normal ¢&aEIPLC using an analytical Kromasil Diol column, so allowing the determination
of d.r. (Table 2). Gratifying, in most cases the diasterecisomers were easily isolated in preparative scafgrdssloe
flash chromatography over siliggel using standarsbolvents.

The reaction oBawith 2-methylindole (entries-4) gave the dipeptides ¥38xd-(S)-2-Me-Trp-OMe (4b) and TsOxd-(R)-
2-Me-Trp-OMe (5b) in good to excellent yields and d.r. up to 8:92 with SmCfavor of the §R)-stereocisomebb (entry

6), while AIEt,Cl and AIEtC} gave inferior results (entries 4 and 5). A similar trend was observed for the rea@mrbof
fluoroindole, and the same Lewis acids, which gdeeand 5c (entries 79). The reactions oBa with 7-bromoindole
(entries 1612) and imethylindole (entries 35) gave good yields and outstanding d.r. In particular, in the presence of
SnCl, 7-bromoindole gavetd/5d in 6:94 ratio (entry 12). In a similar way, the reaction ahéthylindole and3a with

SnCl, (entry 15) affordedbe as thdargely predominant product, being the diastereoisata@resent only in traces.

On the contrary, -bhenylindole or &hloroindole reacted witBa in the presence of AlEtgand SnCj, but not AIE}CI,
giving the corresponding product®/5f,%* or 4g/5g in modest yields, albeit the diastereoselectivities were comparable to
that of the previous experiments (not shown). As faittoindole, the reaction witBa gave only tracesf 4h/5h with all

of the Lewis acids utilized. For these lgielding reactionghe analyses of the reaction mixtures by HPLC,-ES|, and

'H NMR, excluded the formation of large quantities ofgrpducts and confirmed the presence ofemcted3a.
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Finally, we tested the . alkylation of indoles carrying two substituentdpromo2-methylindole (entries 188) and 5
chloro-2-methylindole (entries +21). Interestingly, the reaction ofbbfomo2-methylindole with3a afforded the best
yield andd.r. with AIEtCI, (4i 9% and5i 75%, 4i/5i 11:89, entry 17), whil¢he reaction of £hloro-2-methylindole gave
the best.r. with AIEt,Cl (41/51 9:91, entry 19), but the best yield with AIESC4H 13% andbl 68%, entry 20).

Table 2Yields and d.r. for th&.-C. reaction oR-indoles with3a-c with different Lewis Acids.

Entry 3 L.A. (eq.) Ry-Indole(eq.) 4/5(%)y 4,5 4 (%)° 5 (%)° 4+5 (%)°
1 a AIEt,CI (1.5) H 18:82 a 10 45 54
2 a AIECI, (1.5) H 25:75 a 17 52 69
3 a SnCl,(1.05) H 10:90 a 7 67 74
4 a AIEt,CI (1.5) 2-Me 15:85 b 10 59 69
5 a AIECI, (1.5) 2-Me 23:77 b 20 68 88
6 a SnCl,(1.05) 2-Me 8:92 b 7 82 89
7 a AIEt,CI (1.5) 5-F 16:85 c 8 47 55
8 a AIELCl, 5-F 22:78 c 17 62 79

(1.5)
9 a SnCl,(1.05) 5-F 10:90 c 8 74 82
10 a AIEt,CI (1.5) 7-Br 11:89 d 6 51 60
11 a AIEtCI, (1.5) 7-Br 8:92 d 6 69 75
12 a SnCl,(1.05) 7-Br 6:94 d 45 71 75
13 a AIEt,CI (1.5) 1-Me 5%95 e ° 76 80
14 a AIEtCI, 1-Me 9%91 e ° 85 93
(1.5)
15 a SnCl, (1.05) 1-Me 3%97 e - 92 95
16 a AIEL,CI 7-Br-2-Me 17:83 [ 12 61 73
(1.5)
17 a AIEtCI, (1.5) 7-Br-2-Me 11:89 [ 9 75 84
18 a SnCl,(1.05) 7-Br-2-Me 14:86 i 12 71 82
19 a AIEt,CI (1.5) 5-Cl-2-Me 9:91 | 6 63 69
20 a AIEtCI, (1.5) 5-Cl-2-Me 16:84 | 13 68 81
21 a SnCl, (1.05) 5-Cl-2-Me 12:88 | 9 68 78
22 b AIEt,CI (1.5) 2-Me 19:81 m 11 46 57
23 b AIEtCI, (1.5) 2-Me 27:73 m 16 43 59
24 b SnCl,(1.05) 2-Me 15:85 m 9 51 60
25 b AIEt,Cl (1.5) 7-Br-2-Me 18:87 n 49 49
26 b AIEtCI, 7-Br-2-Me 18:87 n 54 54
(1.5)
27 b SnCl (1.05) 7-Br-2-Me 22:7¢' n 60" 60
28 c AIEt,CI (1.5) 1-Me 2377 ) 55 55
29 c AIEtCI, (1.5) 1-Me 30:7¢f ) 62 62
30 c Snd,(1.05) 1-Me 20:80' ) 64 64
31 c AIEt,CI (1.5) 2-Ph 20:8¢' P 50" 50
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32 c AIELCl, 2-Ph 25:758' P 64 64
(1.5)

33 c SnCl (1.05) 2-Ph 20:8¢ P 65 65

34 c AIEt,CI (1.5) 5-Cl-2-Me 16:84' q 541 54

35 c AIEtCI, (1.5) 5-Cl-2-Me 28:72 q 60" 60

36 c SnCl, (1.05) 5-Cl-2-Me 21:79' q 66 66

2 Diastereomeric ratios determined by normal phase HPLC of the reaction mixtures, Kisimgaail Diol column”® Yields
calculated after isolation by flash chromatography over silice it isolated” The diastereisomers were not separated.
n.d.: not determined.

Subsequentlyto check any effects afiverse groups at the position 5 of the Gotdral auxiliary, werepeated the FC.
alkylation of some selected substituted indoles with the dipepfidesMe-Oxd-DAla-OMe (3b) and §R)-Ts-5-Ph-Oxd-
DAla-OMe (3¢) with AIEt,CI, AIEtCl,, and SnCJ, under the same conditions utilized f8a. The reaction o88b with 2-
methylindole gave in all cases lower yields and reduced diastereoselectivities (ent2d$ @@mparedto the
corresponding results observed fa (entries 46). The isolation of the diastereomeric dipeptides and 5m by flash
chromatography over siliegel was still feasible. Similarly, moderate yields and d.r. were obtained also for the reaction of
3b with 7-Br-2-Me indole (entries 227). Nevertheless, the separation of the diastereocisomers by flash chromatography
was not possible, anth, 5n were obtained as a mixture. Finaltiie F-C. reactions o8c and methylindole (entries 28

30), 2phenylindde (entries 3433), and 5CI-2-Me-indole (entries 386) afforded the producta/50, 4p/5p, and4q/54q,
respectively. In all cases, the isolation of the diastereoisor88s4(and SR)-5 by flash chromatography over silicgl

was not possible. As obsexd for 3b, yields and d.r. for the reactions 8 with 1-methylindole and &l-2-Me-indole
were modest compared to the corresponding result3afdn contrast, the moderate reactivity epRenylindole with3c

to give 4p/5p (entries 3133) can be regded as a improvement compared to the reaction 3aftsince the latter gave
inferior yields. Possibly, the moderate yields and d.r. of the reactidgitsarid3c and all the indoles can be correlated to a
significant instability of the respectiveNde-Oxd and 5Ph-Oxd auxiliaries; indeed, the analyses of the crude reaction
mixtures (entries 280) by NMR and HPLEESI-MS revealed the presence of variable amounts of dipeptides containing
Thr or phenylserine, possibly resulting from the degradation of-theStituted Oxd rings.

In summary, from the comparison of the results of the tandeth &lkylation/asymmetric enolate protonation reported in
Table 2, it appears that in most cases the sub&eatethe most performing both in terms of yields ahd Besides, the
ursubstituted T<Oxd chiral auxilixary of3a allowed a very easy separation of the stereoisomers. Reaction yields strongly
varied depending on the nature of the substituents at the indolésmxpected, activating groupsach as dmethylor 2-
methyl gave very good yields, while weaklgactivating group such asflioro or 7bromo still gave reasonable to good
yields, in some cases superior to indole, albah®roindole reacted poorly under the same conditions. Not surprisingly,
the stongly deactivating Hitro group preventethe reaction. On the other hand, the modest reactivitypfehylindole
and3awith all of the Lewis acids tested wasaxpected® Also unexpected was the comparatively higher reactivity-of 2
phenylindole andc. Possibly, these reactions can be improved by increasing the amounts of Lewaisdioidindoleg®

for the moment, the reactions have been not optimized fuhkdor the disubstituted indole5-Cl-2-Me-indole and 7Br-
2-Me-indole), the F.-C. reactbns with 3a proceeded with good yields possibly for taetivating effect of the -Pnethyl
group.

In general, the stereochemical trend was very similar for all of the tested indoles, giving predominarBR)tbe (
stereoisomers. For the monosubstitutedblas, the best d.r. were obtained w&hCl,, including Zbromoindole and -1
methylindole which reacted witBa very nicely giving a outstandingir., so that the minor§9)-stereoisomer could not be
recovered after purification of the reaction mixtureflagh chromatography. The disubstituted indoles behaved differently;
for 7-bromo2-methylindole and fhloro-2-methylindole the besd.r. were obtained withAIEtCl,, and AIELCI,
respectively.

The absolute configurations of all diastereoisomend5 were determined by comparison of the HPLC analyses on
Kromasil Diol column, and of the chiral HPLC analyses on CHIRALPAK IC column, with that of compdaraisi 5a;

the latter analysis also excluded racemizat®®ame representative examplesabiral HPLC analysesare reported in
Figure5: t he a Arethy sulesttutedifand®ld  o-dhlordH-dnethyt4l and-51, and of compoundém and5m
equipped with Emethyl oxazolidin2-one, clearly match the analyses4afand5a. The latter were confirmed iturn by
comparison with authentic samples of(B-Oxd-(S)-Trp-OMe @a) and Ts(S)-Oxd-(R)-Trp-OMe (5a), prepared from the
commercially availableS)- or (R)-tryptophan. The absolute stereochemistryibfand 5b, and of4c and 5c, was also
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confirmed afte removal of the chiral agdliary, by comparing the specific optical rotations of enantiopBe2{(

methyltryptopharand §)-5-fluorotryptopharwith the values reported in thiesrature.
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Figure 5 HPLC analyses of theepresentativeompounls 4a, 5a 4b 5b, 41, 5, 4m, 5m, performed on a chiral stationary
phase, using CHIRALPAK IC column (cellulotés 3,5-dichlorophenylcarbamate, particle size 5 pm, lenght 250 mm,
internal diameter 4.6 mm, DAD 210); mobile phase: tHerane/2propanol, £0.8 mL min®.

To rationalize the stereochemical outcome of the reactions, we analyzed the in solution conformati@xdDA&-
OMe (3a). Previous analyses including Electronic Circular Dichroism, 2D NMR, amiéaular dynamics computans®
showed Ts group d3a facing the double bond djAla at a digance of about 3.7 A (Figui®), perfectly compatible with

the valuesrepore d i n

t h e -sticking iateractionsf e

for
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Figure 6. Representative lovgnergy structure oBa consistent vih ROESY analysis (see also Figufg calculated by
restrained molecular dynamics. The calculated geometry oDA&la residue matcheghe structures reporteih the
literature®

Reasonably, the Lewis acid effectively promotes the conjugate addition of the indoles by forming a complex with the
carbonyl oxygen oDAla.*****° The Michael addition gives rise to a intermediate enofBtgure 7). The ability of
arylsul fonamido groups to f or mstaskaqiotesactioshis welt knawdtElectrens  wi t
poor aromatic rings have been reported to promote the reactivity of delocalized anions such as enolates by means of
donora c ¢ e pstacking stabilizatin of the transition staté$As proposed in Figurg, the Ts group could shield tig

face of the enolate, leaving tlReface more accessible to the PhQewis acid complex that serves as a Brgnsted acid to

protonaé the intermediatenolate*®**23
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Figure 7. Proposed model for the tandem Michael additoolate protonation of indoles am@Ala, and role of the
oxazolidin2-one chiral auxilixary.

The F:C. reaction between the ings and TOxd-DAla-OMe appears as a practical method to give access to peptides
containing modified Trp. To exploit this opportunity, we synthesized in a few steps the analogues of the opioid peptide H
Tyr-Pro-Trp-PheNH (EM1) containing 2methyltryptopha or 5fluorotryptophah®!’P18&37b 15 Me-Trp%-EM1 (8), and
[5-F-Trp’]-EM1 (9), respectively(Figure8 and 9). Since we were interested $r¢onfigures amino acids, we performed

the F:C. reactions of the indoles with thB){enantiomer 08a, in the presence of SnGind PhOH. R)-3awas obtained in

turn by treatment of R R)-la with DSC and DIPEA as described f@a. The reactions of -Pnethylindole and 5
fluoroindole afforded R,9-5b or (R,S-5¢, respectively, as the major products, with thee yields and d.r. as reported in
Table 2, entries 6 and 9. After isolation by flash chromatograph$)-bb or (R,.9-5c were treated with 10% HBr at reflux
under conventional heating, givingnZethyltryptophan &b) or 5fluorotryptophan §c) in moderateyields. Gratifyingly,
heating at 95°C under MW irradiation affordéd or 6¢ in more satisfactory yields (FiguB). The reaction mixture was
adjusted to pH 3, and crude-B8rOH was easily separated froBb or 6¢ and recovered in almost quantitativelglidy
extraction with EtOAc (Figur®). The tryptophanséb or 6¢ were isolated using a Dowex Hbrm resin*® Spectroscopic
characterization and specific optical rotation were found to match with the literature above reported, confirming the
absolute sterochemistry attributed in the previous paragraph.
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Figure 8. Synthesis of Fme@-Me-Trp-OH, and Fmo&-F-Trp-OH, by F:C. reaction of the indoles withR}-3a.

Finally, 6b or 6¢c were protected at th-terminus with the Fmogroup under standdconditions'®® andthe resulting7b

or 7cwere utilized for the solighhase peptide synthesis (SPPS) of modified EM1.

The tetrapeptidamides[2-Me-Trp’]-EM1 (8b), and [5F-Trp’]-EM1 (8c) were rapidly obtained by standard SPPS on a
Rink amide resin in DCM/DMF, using Fmgarotected amino acids, and HBTU/HOBt/DIPEA asmng agents (Figure

9). The reaction was performed under Ma8kisted conditions, keeping temperature at 45°C while mechanically shaking,
which allowed to complete theactions in 10 min. Coupling efficiency was monitored by the Kaiser or Chloranyl tests.
After each coupling, Fmoc was removed very rapidly (1 min) with DMF/piperidine at 45°C under MW irradiation. Peptide
cleavage was performed by treatment with triflearetic acid (TFA) in the presence of scavengers. After filtration, the
crude peptides were precipitated from-az@d EtO, and collected by centrifuge. The peptiteor 8c were isolated >95%

pure by sempreparative RRHPLC on a C18 column.

Fmoc-Phe-OH
HBTU/HOBt/DIPEA DMF/piperidine

Hsz Fmoc—Phe-HNf —_— H—Phe—HNf.‘ﬂ
MW (45°C), MW (45°C), 1 min

DCM/DMF, 15 min

H o H o
A o0 Moo TFA'HZN\ZAO o 3

—_— Fmoc—N scavengers

N : (0] N :
7\ X /
HO HO
8b R = 2'-Me
8dR=5-F

Figure 9. Solid phase synthesis of the EM1 analoggfeand8c containing substituted Tip

3.3.Conclusions

In summary, we proposed a practical route for the preparation of dehydroalanine equipped with a oxazolidinone chiral
auxiliary, by onepot cyclizatiorelimination of the dipeptide TSerSerOMe, and we demonstrated the efficacy of the
resulting TsOxd-DAla-OMe chiral building block for the preparation of Ratemic nomatural amino acids. The-E.
alkylation of substituted indoles witbAla carrying §)-configured chiral auxiliary in the presence of LeBisnsted acids

allowed obtaining R)-tryptophans with diverse substituents at different positions of the indole, in good to excellent d.r over
the ©-isomers. The tryptophans were easily isolated in optical pure form after simple flash chromatography and cleavage
of the chiral auxiliary. As a prelimary demonstration of the utility of this protocol, we introduceshéthyl or 5fluoro
tryptophan into a peptide sequence of pharmacological interest, the opioid peptide EM1. The przoduhidilized to
synthesize dibrary of EM1 analogues, aiming abtaining new opioid peptides with improved in vivo performances, as
well as to deduce information about the role of Trp in pep#deptor recognition and activation by SAR studies.
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3.4. Experimental section

3.4.1. General methods

Standard chemicalsere purchased from commercial sources and used without further purification. The reactions were
monitored by thin layer chromatography. Flash chromatography was performed on silica gé0@28@sh), using
mixtures of distilled solvents. Analytical RFPPLC was performed on an Agilent 1100 series apparatus, using a RP
column Phenomenex mod. Gemim&18 110A 100x3.0 mm (P/No 008439Y0); column descriptionstationary
phaseoctadecyl carbon chaimonded silica (C18) with TMS endcapping, fully porous amgsilica solid support
particle size 3im, pore size 110 Alength 100 mm, internal diameter 3 mAD 210 nm; mobile phase: from a 9:1
H,O-MECN to a 2:8 HO-MECN in 20 min at a flow rate of 1.0 mL mitnfollowed by 10 min at the same composition.
Semipreparative RFHPLC was performed on an Agilent 1100 series apparatus, using a RP coRBAX mod.

Eclipse XDBC18 PrepHT cartridge 21.2x150 mnmm7P/No 977150102); column description:stationary phase
octadecyl carbon chainonded silica (C18), doublendcapped, particle sizé pm, pore size 80 A, lenght 150 mm,
internal diameter 21.2 mm; DAD 210 nm; mobile phase from 8@-MeCN with 0.1% TFA to 100% MECN/0.1%

TFA in 10 min at a flow rate of 12 mL nifn Chiral HPLC analysis was performed on an Aufil2200 series apparatus,
using a CHIRALPAK IC column (P/No 83325); column description: chiral stationary phase cethdd8c5
dichlorophenylcarbamate) immobilized on silica, particle size 5 um, lenght 250 mm, internal diameter 4.6 mm, DAD
210/254 nmmobile phase: 1:1-hexane/2propanol, at 0.8 mL mih Direct phaseéHPLC analyses were performed on an
Agilent 1100 series apparatus, using a Kromasibbi! column (P/No E42500); column description: stationary phase
silica, part i ckee60 A ilenght 250 menminternpl aianesters4i6 mm, DAD 210 mmwbile phase
hexane2-propanol60:40,at a flow rate of 0.6 mL mih ESI analysis was performed using a MS single quadrupole HP
1100MSD detector, with a drying gas flow of 12.5 I/min, nebulizessure 30 psgi, drying gas temp. 350°C, capillary
voltage 4500 (+) and 4000)( scan 52600 amu. Elemental analyses were performer using a Thermo Flash 2000
CHNS/O analyzer. The synthetic procedures by MW irradiation were performed using a micoveavdlicroSYNTH
Microwave Labstation for Synthesis) equipped with a BHoilATC-FO advanced fiber optic automatic temperature
control. '"H NMR spectra were recorded using a Varian Gemini apparatus at 400 MHz in 5 mm tubes, using 0.01 M
peptide at room teperature. Solvent suppression was performed by the solvent presaturation procedure implemented in
Varian (PRESAT).>*C NMR spectra were recorded at 100 MHz. Chemical shifts are repordahises relative to
residual CHG aH (7.26 p.p.m.), DMSOdH (2.50 p.p.m.) and CDgIaC (77.16 p.p.m.) as internal standards. The
unambiguous assignment'®f NMR resonances was performed by 2D gCOSY.

3.4.2.Synthetic procedures

General procedure for theynthesis off sSer/Thr/phenylSeBerOMe (1). A stirred solution of theN-tosylamino acid

(2.0 mmol) in 4:1 DCM/DMF (5 mL) was treated with HOBt (1.2 mmol) and HBTU (1.2 mmol), at r.t. and under inert
atmosphere. After 5 min, the amino acid esters (Imiol)) and DIPEA (2.4 mmol) were added and the reactios wa
stirred under MWirradiation® The microwaveassisted reaction was performed by setting maximum irradiation power at
150W and monitoring the internal reaction temperature at 80°C. After 10 mimikture was concentrated at reduced
pressure, and the residue was diluted with EtOAc (25 mL). The solution was washed with 0.1 M HCI (5 mL), and a
saturated solution of NaHGO5 mL). The organic layer was dried over 88, and the solvent was evaporated
reduced pressure. The crude peptides9@046 yield, 7680 % pure by analytical RAPLC) were identified by ESWS

and™H NMR analysis, and were used without further purifications.

Ts-L-SerL-SerOMe (1a). *H NMR (CDCH) d: 2.31 (s, 3H, TsMe), 3.49 (m, 1H, SexH 3.62 (s, 3H, OMe), 3.78.90
(m, 4H, Serih), 4.41 (m, 1H, SerH), 6.66 (d, J=7.2 Hz, 1H, SerNH), 7-:I&2 (m, 2H, TsArH), 7.63.69 (m, 3H,
TsArH+SerNH); ESMS mvz: 361.1 [M+HT, calcd 361.0.

TsL-Thr-L-SerOMe (1b). *H NMR (CDCE) d: 1.00 (d, J=6.4 Hz, 3H, ThrMe), 2.38 (s, 3H, TsMe), 3.72 (s, 3H, OMe),
3.74 (t, J=3.0 Hz, 1H, Thrd), 3.853.89 (m, 2H, SerH), 4.184.24 (m, 2H, Thrid), 4.46 (g, J=3.8 Hz, 1H, Sed}, 6.31

(d, J= 8.0 Hz, 1H, ThrNH), 7.21.25 (m, 2H TsArH), 7.60 (d, J=7.6 Hz, SerNH), 7:8%3 (m, 2H, TsArH); ESMS

m/z: 375.2 [M+HTJ, calcd 375.1.

TsL/D-phenylSei.-SerOMe (1c). '"H NMR (CDCL) d twp diastereoisome)s2.39+2.40 (s, 3H, TsMe), 3.80 (s, 3H,
OMe), 3.904.06 (m, 3H, PhSemtSerth ) 6 AHB5 (m, 1H, SerH), 5.27+5.31 (m, 1H, PhSedy, 7.027.40 (m, 10H,
TsArH+PhSerArH+PhSerNH), 7.90+7.93 (d, J=7.6 Hz, 1H, SerNH)MBSWz: 437.3 [M+HT, calcd 437.1.
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General procedure for the synthesis of(ed LAla-OMe (3). N,N-disuccinimidyl carboate (0.73 mmol) was added in

60 min by using a temporized syringe to a stirred solutioh @ 33 mmol) in DMF (4 mL) and a catalytic amount of
DIPEA (0.07 mmol) at 0°C and under inert atmosphere. After 60 min, the solvent was removed under reduced pressu
The residue was diluted with 0.1 M HCI (5 mL), and the mixture was extracted three times with DCM (5 mL). The
combined organic layers were dried over8a,, filtered, and concentrated at reduced pressure. The residue was purified
by flash chromatogrdyy over silicagel (eluant cyclohexane/EtOAc 70:30), giviBdyields: see Table 1; 996 % pure

by analytical RFHPLC) as waxy solids.

Ts-L-Oxd-DAla-OMe (3a). [a]p*™° -26.8 € 1.0, MeOH);*H NMR (CDCk) d: 2.42 (s, 3H, Me), 3.88 (s, 3H, COOMe),
4.45 (dd,J=4.6, 9.0 Hz, 1H, Oxd§), 4.52 (t,J=9.1 Hz, 1H, OxdH), 4.99 (dd,J=4.4, 9.2 Hz, 1H, Oxd}}, 6.05 (s, 1H,
=CH), 6.65 (s, 1H=CH), 7.337.37 (m, 2H, TsArH), 7.97.96 (m, 2H, TsArH), 8.54 (s, 1HpAlaNH); *C NMR
(CDCly) d: 21.4, 52.6, 57.9, 66.0, 111118.7, 128.9, 129.1, 129.1, 131.0, 133.8, 145.4, 151.5, 163.6, 166MSEHE¥z:
369.1 [M+HT, calcd 369.1. Elem. Anal. for,@H,6N,OS, calcd: C 48.91, H 4.38, N 7.60, S 8.70; found: C 49.15, H
451,N7.51, S 8.57.

TsL-5-Me-Oxd-DAla-OMe (3b). [a]p® -18.3 (¢ 0.5, MeOH):'H NMR (CDCL) i: 1.44 (d, J=12.4 Hz, 3H-Sle), 2.44
(s, 3H, TsMe)3.86 (s, 3H, COOMe), 4.54 (d, J=10.0 Hz, 1H, O¥{dK.71 (m, 1H, Oxdk), 6.03 (s, 1H, =CH), 6.65 (s,
1H, =CH), 7.337.37 (m, 2H, TsArH), 7.97.96 (m, 2H, TsArH), 8.5%s, 1H,DAlaNH); *C NMR (CDCE) U 20.7, 20.8,
53.5, 65.4, 75.1, 111.4, 129.2, 130.0, 130.1, 130.9, 133.8, 146.5, 151.4, 164.2, 16428 400.2 [M+18], calcd
400.4. Elem. Anal. for GH,4N,0-S, calcd: C, 50.26; H, 4.74; N, 7.33; S, 8.39. foundd®97; H, 4.89; N, 7.45; S, 8.22.

TsL/D-5-PhOxd-DAla-OMe (3¢). *H NMR (CDCl) U: 2.47 (s, 3H, TsMe), 3.88 (s, 3H, OMe), 4.71 (d, J=4.6 Hz, 1H,
OxdH,), 5.64 (d, J=4.6 Hz, 1H, Oxd} 6.08 (s, 1H=CH), 6.72 (s, 1H, =CH), 7.14.21 (m, 2H, TsArH), 7.37.39 (m,

5H, 5Ph), 7.867.90 (m, 2H, TSArH), 8.55 (s, 1HDAlaNH); *C NMR (CDCE) d 21.8, 53.2, 66.3, 78.1, 111.1, 125.0,
128.8, 129.3, 129.6, 129.8, 130.6, 133.4, 136.5, 151.2, 163.7, 1TBSBIS mVz445.2 [M+HT, calcd 445.1. Elem. Anal.
for CrH20N,05S, caled: C, 56.75; H, 4.54; N, 6.30; S, 7.21; found: C, 56.45; H, 4.58; N, 6.33; S, 7.12.

General procedure for the Michael addition with substituted indddeame-dried flask containing freshly activated
powdered 4 A molecular sieves (200 wt %)paninert atmosphere was charged with anhydrous DCM (5 mL), then the
indole (Table 2, 1.0 mmolg (1.0 mmol) and, PhOH (0.20 mmol) were added under inert atmosphere at r.t. The Lewis
acid (1 M in DCM, 1.0 mmol) was slowly added under inert atmospher&Catihe reaction was stirred at 0°C for 24 h,
then it was quenched with 0.5 M HCI (5 mL). The mixture was filtered over Teditel concentrated at reduced pressure

to a final volume of 5 mL. The residual agqueous layer was extracted with EtOAc (3x1thentdmbined organic layers
were washed with saturated NaHCG mL), and dried over N8O, The solvent was evaporated at reduced pressure,
and the crude residue was purified by flash chromatography overgliqaluant cyclohexane/EtOAc 70:20) gividg

and5 (Table 2, 9497% pure by analytical HPLC) as waxy solids.

TsL-Oxd-L-Trp-OMe (4a). [a]p™ +44.0 € 1.0, CHCL); 'H NMR (CDCk) d: 2.40 (s, 3H, TsMe), 3.38 (d, J=5.0 Hz, 2H,
TrpHb), 3.67 (s, 3H, OMe), 4.18.15 (m, 2H, Oxdk), 4.73 (dd, J=6.4, 7.6 H 1H, OxdH), 4.94 (dt, J=5.0, 7.6 Hz, 1H,
TrpHa), 6.94 (d, J=7.6 Hz, 1H, TrpNH), 7.12 (t, J=7.6 Hz, 1H, TgpMA.16 (m, 2H, Trpkl), 7.217.23 (m, 2H, TsSArH),

7.36 (d, J=8.0 Hz, 1H, Trp§l 7.54 (d, J=8.0 Hz, 1H, Trpj 7.837.85 (m, 2H, TsArH), 8.47s, 1H, TrpH); °*C NMR

(CDCly) d: 21.7, 27.5, 52.6, 53.0, 57.8, 65.9, 108.8, 111.5, 118.2, 119.6, 122.2, 124.0, 127.2, 128.9, 129.6, 136.1, 151.8
167.4, 171.9; ESMS m/z486.2[M+H] ", calcd 486.1Elem. Anal. for GsH,3N;0;S, calcd: C, 56.90; H, 4.77;,18.65; S,

6.60; found: C, 57.47; H, 4.80; N, 8.59; S, 6.55.

TsL-Oxd-D-Trp-OMe (5a). [a]p?°-22.0 € 0.5, CHC}); *H NMR (CDCEL) d: 2.41 (s, 3H, TsMe), 3.37 (dd, J=6.4, 15.5

Hz, 1H, TrpHb), 3.39 (dd, J=6.2, 15.5 Hz, 1H, TrpH 3.73 (s, 3H, OMe), 4.05 ¢d J=5.0, 9.0 Hz, 1H, Oxd{i 4.20 (m,

1H, OxdH), 4.77 (dd, J=5.0, 9.0 Hz, 1H, Oxg}14.93 (ddd, J=6.2, 6.4, 7.6 Hz, 1H, T} 7.03 (d, J= 7.6 Hz, 1H,
TrpNH), 7.10 (t, J=7.2 Hz, 1H, Trp§l 7.12 (br.s, 1H, Trp), 7.18 (t, J=7.4 Hz, 1H, Trpj{ 7.247.26 (m, 2H, TsArH),

7.35 (d, J=8.0 Hz, 1H, TrpH 7.49 (d, J=8.0 Hz, 1H, Trp} 7.847.86 (m, 2H, TsArH), 8.54 (br.s, 1H, TrpH B¢

NMR (CDClk) d: 22.1, 27.6, 38.1, 53.5, 58.3, 66.1, 109.6, 111.9, 118.7, 120.0, 122.7, 123.9, 128.0, 129.3, 130.1, 133.9,
136.6, 146.5, 167.7, 170.2, 171.3; BS m/z486.2[M+H] ", calcd 486.1Elem. Anal. for GsH,3N;0O;S, calcd: C, 56.90;

H, 4.77; N, 8.65; S, 6.60; found: C, 56.34; H, 4.84; N, 8.73; S, 6.45.

Ts-L-Oxd-L-2-Me-Trp-OMe (@4b): [a]p?°-65.0 € 0.7, CHCE); *H NMR (CDCE) d: 2.39 (s, 3H, TrpMe), 2.40 (s, 3H,
TsMe), 3.26 (dd, J=6.2, 14.8 Hz, 1H, TipH 3.35 (dd, J=6.0, 14.8 Hz, 1H, TrpH 3.73 (s, 3H, OMe), 4.12 (m, 1H,
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OxdHs), 4.29 (t, J=9.0 Hz, 1H, Oxdj 4.75 (dd, J=4.4, 9.0 Hz, 1H, Oxgki4.91 (ddd, J=6.06.2, 8.0 Hz, 1H, TrpH),
6.69 (d, J=8.0 Hz, 1H, TrpNH), 7.4017 (m, 6H, TrpH,+TsArH), 7.767.78 (m, 2H, TsArH), 8.00 (s, 1H, TrpH **C
NMR (CDCk) d: 11.6, 21.7, 29.7, 52.6, 57.7, 65.8, 105.2, 110.5, 117.6, 119.8, 121.5, 128.5, 128.9, 129.633%3.2, 1
135.3, 145.9, 151.6, 167.2, 171.9; B&S m/z500.2[M+H] ", calcd 500.1. Elem. Anal. for gH,sNs0O;S, calcd: C, 57.70;

H, 5.04; N, 8.41; S, 6.42. found : C, 58.68; H, 4.98; N, 8.52; S, 6.39.

TsL-Oxd-D-2-Me-Trp-OMe (b): [a]p?° +13.8 € 0.13, CHCY); 'H NMR (CDCL) d: 2.40 (s, 3H, TrpMe), 2.41 (s, 3H,
TsMe), 3.24 (dd, J=6.6, 14.6 Hz, 1H, Tip}i3.36 (dd, J=5.8, 14.6 Hz, 1H, TrpH3,73(s, 3H, OMe), 3.94 (dd, J=4.8
8.8 Hz, 1H, OxdH), 4.11 (dd, J=8.8, 9.4 Hz, 1H, OxgH4.64 (dd, J=4.8, 9.4 Hz, 1¥DxdH;,), 4.88 (ddd, J=5.8, 6.6, 7.2
Hz, 1H, TrpH)), 6.73 (d, J=7.2 Hz, 1H, TrpNH), 7.0818 (m, 4H, TrpH,), 7.207.22 (m, 2H, TsArH), 7.87.82 (m,
2H, TsArH), 7.98 (s, 1H, Trpt); **C NMR (CDCE) d: 12.0, 22.1, 27.3, 53.0, 53.7, 58.1, 65.7, 105.7,0,111.8.0, 120.0,
121.8, 128.8, 129.2, 129.3, 130.0, 133.7, 135.7, 146.3, 152.0, 172.1, 172MSHESI 500.2 [M+H], calcd: 500.1.
Elem. Anal. for GH,sN50-S, calcd: C, 57.70; H, 5.04; N, 8.41; S, 6.42. found: C, 57.61; H, 5.10; N, 8.46; S, 6.30.

Ts-L-Oxd-L-5-F-Trp-OMe (40). [a]p® +16.2 € 0.5, CHC}); *H NMR (CDCL) d: 2.44 (s, 3H, TsMe), 3.37 (d, J=4.8 Hz,
2H, TrpHb), 3.76 (s, 3H, OMe), 4.28 (dd, J=4.4, 9.8 Hz, 1H, OxdK.39 (t, J=9.6 Hz, 1H, Oxdj 4.76 (dd, J=4.4, 9.0
Hz, 1H, OxdH), 4.92 (m, 1H, TrpHd), 6.88 (br.d, 1HTrpNH), 6.93 (d, J=6.8 Hz, 1H, TrgH 7.05 (s, 1H, Trpk), 7.12

(s, 1H, TrpH), 7.287.29 (m, 2H, TsArH), 7.53 (d, J=6.8 Hz, 1H, THH7.847.86 (m, 2H, TsArH), 8.16 (s, 1H, TrpH

3C NMR (CDC}) d: 22.1, 30.1, 53.3, 53.8, 58.3, 66.1, 103.3, 11013.2, 115.0, 123.0, 127.6, 128.1, 129.3, 130.2,
133.7, 137.6, 151.9, 157.6, 170.2, 171.7:NES m/z 504.0[M+H] ", calcd 504.1Elem. Anal. for GsH,,FN;O;S, calcd:

C, 54.87; H, 4.40; N, 8.35; S, 6.37; found: C, 54.58; H, 4.68; N, 8.38; S, 6.33.

Ts-L-Oxd-D-5-F-Trp-OMe (5¢) [a]p?°+38.5 € 0.2, CHC}); *H NMR (CDCEk) d: 2.44 (s, 3H, TsMe), 3.36 (d, J=5.2 Hz,
2H, TrpHb), 3.76 (s, 3H, OMe), 4.27 (dd, J=5.6, 8.2 Hz, 1H, OxdHA.37 (dd, J=8.2, 9.4 Hz, 1H, Oxg4.75 (dd,
J=5.6, 9.4 Hz, 1H, Oxd}, 4.91 (m, 1H, Trpkd), 7.04 (b.d, 1H, TrpNH), 6.967.10 (m, 2H, TrpHg), 7.12 (s, 1H,
TrpH,), 7.287.30 (m, 2H, TsArH), 7.54 (d, J=8.0 Hz, 1H, TH)H7.847.87 (m, 2H, TsArH), 8.48 (s, 1H, TrpH *C
NMR (CDCl) d: 21.0, 28.0, 51.1, 52.9, 56.9, 60.8, 101.6, 107.9, 110.6, 113.3), 126.5, 126.1, 127.1, 130.0, 131.5,
135.3, 149.3, 155.0, 168.6, 168.8;-KS m/z 504.0[M+H]", calcd 504.1Elem. Anal. for GgH,,FN;O;S, calcd: C,
54.87; H, 4.40; N, 8.35; S, 6.37; found: C, 55.16; H, 4.43; N, 8.29; S, 6.30.

TsL-Oxd-L-7-Br-Trp-OMe (4d). [a]p® +51.0 € 0.1, CHC}); *H NMR (CDCk, 400 MHz)d: 2.40 (s, 3H, TsMe), 3.38
(d, J=4.8 Hz, 2H, TrpHl), 3.73 (s, 3H, OMe), 4.34 (dd, J=4.4, 7.8 Hz, 1H, Oxd#.44 (dd, J=7.8, 10.0 Hz, 1H, OxgH
4.83 (dd, J=4.4, 10.0 Hz, 1H, Oxg}4.98 (m, 1H, Trpk), 6.71 (br.d, 1H, TrpNH), 6.90 (t, J=8.0 Hz, 1H, Teg)HV.16
(br.s, 1H, TrpH), 7.227.31 (m, 3H, TsArH+Trpk), 7.51 (d, J=8.0 Hz, 1H, Trp§i 7.81 (d, J=8.0 Hz, 2H, TsAr), 8.30
(s, 1H, TrpH); *C NMR (CDCE, 400 MHz)d: 20.8, 28.0, 50.9, 51.3, 56.6,.8098.1, 107.5, 115.4, 118.7, 120.5, 122.0,
125.7, 126.7, 127.0, 131.0, 132.8, 134.8, 149.0, 168.1, 168-MI®/z 563.8/565.gM+H] ", calcd 564.0/566.Elem.
Anal. for G3H»,BrNsO-S, calcd: C, 48.94; H, 3.93; N, 7.45; S, 5.68; found: C, 49.34; H, B.95.37; S, 5.61.

TsL-Oxd-D-7-Br-Trp-OMe (5d). [a]p*-11.0(c 0.5, CHCL'H NMR (CDCL) d: 2.45 (s, 3H, TsMe), 3.40 (d, J=4.8 Hz,
2H, TrpHb), 3.73 (s, 3H, OMe), 4.30 (dd, J=5.0, 8.4 Hz, 1H, OgdH.38 (dd, J=8.4, 9.0 Hz, 1H, OxgH4.75 (dd,
J=5.0, 9.0 Hz, 1H, Oxd, 4.93 (dt, J=4.8, 7.6 Hz, 1H, THa), 6.83 (d, J=7.6 Hz, 1H, TrpNH), 6.91 (t, J=7.8 Hz, 1H,
TrpHs), 7.16 (br.s, 1H, Trph), 7.227.31 (m, 3H, TsArH+Trpl), 7.47 (d, J=8.0 Hz, 1H, Trp} 7.857.88 (m, 2H,
TsArH), 8.30 (br.s, 1H, TrpB; **C NMR (CDC}) d: 21.0, 28.1, 51.1, 51.6, 57.0, 6198.5, 108.1, 116.1, 119.3, 121.2,
122.6, 126.4, 127.4, 127.7, 131.7, 133.5, 135.5, 149.6, 169.0, 169MSES$z 563.9/565.9 [M+H], calcd 564.0/566.0.
Elem Anal. for GsH»:BrNsO;S, calcd: C, 48.94; H, 3.93; N, 7.45; S, 5.68; found: C, 49.55; H, B,9049; S, 5.63.

TsL-Oxd-D-1-Me-Trp-OMe (e). [a]p*°+20.7 € 0.3, CHCL); *H NMR (CDCL) d: 2.43 (s, 6H, TrpMe+ TsMe), 3.41
(d, J= 4.4 Hz, 2H, Trpbl), 3.73(s, 3H, OMe), 4.24 (dd, J=4.4, 9.6 Hz, 1H, Ox}IH.35 (t, J=9.2 Hz, 1H, Oxd}] 4.74
(dd, J=4.8, 9.0 1H, Oxdji 4.90 (dt, J=4.4, 8.0 Hz, 1HydHU), 6.51 (br.s, 1H, Trph), 6.78 (d, J=8.0 Hz, 1H, TrpNH),
7.027.12 (m, 2H, TrpH-), 7.327.36 (m, 2H, TsArH), 7.48 (d, J=8.0 Hz, 1H, Ti)H7.59 (d, J=7.6 Hz, 1H, Trpj
7.61-7.66 (m, 2H, TsArH);**C NMR (CDCL) d 20.9, 28.2, 33.3, 50.9, 52.7, 66.60.7, 107.4, 107.5, 116.4, 117.4,
119.3, 122.7, 125.1, 125.7, 126.7, 131.0, 134.8, 135.0, 149.0, 168.1, 168MSH®Iz500.1 [M+HT, calcd: 500.1,
Elem. Anal.for C,4H,5Ns0-S, calcd: C, 57.70; H, 5.04; N, 8.41; S, 6.42. found: C, 58.54; H, 5.GB3H, S, 6.39.

TsL-Oxd-L-7-Br-2-Me-Trp-OMe @i). [a]p2°+7.0 € 0.4, CHCE); 'H NMR (CDCk) d: 2.42 (s, 3H, TrpMe), 2.44 (s, 3H,
TsMe), 3.25 (dd, J=4.8, 13.2 Hz, 1H, Tip}i3.31 (dd, J=3.6, 13.2 Hz, 1H, TrpH 3.74 (s, 3H, OMe), 4.20 (dd, J=4.5,
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8.8 Hz, 1H, OxdH), 4.40 (dd, J=8.8, 9.1 Hz, Oxd}14.75(dd, J=4.5, 9.1 Hz, 1H, Oxd} 4.94 (ddd, J=3.6, 4.8, 7.6, 1H,
TrpHa), 6.63 (d, J=7.6 Hz, 1H, TrpNH), 6.9815 (m, 2H, TrpHs), 7.227.24 (m, 2H, TsArH), 7.46 (d, J=7.6 Hz, 1H,
TrpHe), 7.787.82 (m, 2H, TsArH), 8.03 (br.s, 1H, TrpH**C NMR (CDCE) d: 12.2, 22.4, 28.0, 51.7, 53.8, 59.2, 62.5,
100.9, 108.0, 118.6, 121.8, 123.1, 128.0, 130.0, 131.5, 136.9, 138.7, 153.2, 173 n¥5591.1[M+Na] calcd 591.0,
Elem. Anal. for G,H,,BrN;O-S, calcd: C, 49.83; H, 4.18; N, 7.26; S, 5.54. found: C, 49.54;H; N, 7.35; S, 5.49.

TsL-Oxd-D-7-Br-2-Me-Trp-OMe (i). [a]p® -38.0 € 0.5, CHCE); 'H NMR (CDCL) d: 2.47 (s, 3H, TrpMe), 2.49 (s,
3H, TsMe), 3.24 (dd, J=5.8, 14.9 Hz, 1H, TipH3.34 (dd, J=6.4, 14.9 Hz, 1H, TrpH 3.73 (s, 3H, OMe), 4.19 (dd,
J=4.8, 8.8 Hz, 1H, Oxd)}, 4.26 (t, J=8.9 Hz, Oxdh} 4.68 (ddJ=4.8, 8.9 Hz, 1H, Oxd}, 4.93 (ddd, J=5.8, 6.4, 7.2 Hz,
1H, TrpHa), 6.73 (d, J=7.2 Hz, 1H, TrpNH), 7.6020 (m, 2H, TrpHy), 7.44 (m, 2H, TsArH), 7.46 (d, J=7.6 Hz, 1H,
TrpHe), 7.84 (d, J=8.0 Hz, 2H, TsArH), 8.47 (s, 1H, TipHC NMR (CDCE) d: 12.2 22.4, 28.0, 51.7, 53.8, 59.2, 62.5,
100.9, 108.0, 118.6, 121.8, 123.1, 127.9, 128.2, 130.0, 131.5, 136.9, 138.7, 153.2, 167.7, INMMB/mES591.1
[M+Na] calcd 591.0, Elem. Anal. for£H»,BrN;O;S, calcd: C, 49.83; H, 4.18; N, 7.26; S, 5.54 foundd€42; H, 4.22;
N, 7.19; S, 5.54.

TsL-Oxd-L-5-Cl-2-Me-Trp-OMe (@l). [a]p*°-13.6 (c 0.6, CHG); *H NMR (CDC}) d: 2.39 (s, 3H, TrpMe), 2.43 (s, 3H,

Ts Me) , 3.23 (dd, J=7.0, 14.6 Hz, 1H, TrpHbB) , 3.28 (dd,
9.2 Hz, 1H, OxdH), 4.37 (t, J=9.1 Hz, Oxdd}, 4.75 (dd,J=4.5, 9.0 Hz, 1H, Oxd}, 4.89 (ddd, J=6.0, 7.0, 7.6 Hz, 1H,
TrpHU), 6.64 (d, J=7.6 Hz, g RA18 (T I=9pNHE)1H, Tih 1.097.23dm, 2Hl =8 . 4
TsArH), 7.46 (s, 1H, Trpl), 7.757.79 (m, 2H, TsArH), 7.97 (s, 1H, Trgii *C NMR (CDCk) d: 11.7, 21.7, 26.9, 52.7,

53.2, 57.8, 65.7, 105.2, 111.5, 117.2, 121.7, 125.5, 128.8, 129.6, 129.7, 133.6, 134.9, 151.5, 167.2, IMEM/ESI
534.0[M+H]", calcd 534.1Elem. Anal. for G,H,4CIN;O;S, calcd: C, 53.98; H, 4.53; N, 7.87;&00. found: C, 54.58;

H, 4.50; N, 7.79; S, 6.06.

TsL-Oxd-D-5-Cl-2-Me-Trp-OMe (). [a]p*°-12.0(c 0.2, CHCY); *H NMR (CDCL) d: 2.39 (s, 3H, TrpMe), 2.42 (s, 3H,
TsMe), 3.22 (dd, J= 5.8, 14. 6 Hz, 1H, s, BH, ONteh $.15 (d8,.J318, ( dc
8.8 Hz, 1H, OxdH), 4.29 (t, J=9.0 Hz, 1H, Oxd}q 4.70 (dd, J=4.6, 9.0 Hz, 1H, Oxg4.87 (ddd, J=5.8, 6.2, 7.6 Hz,

1H, TrpHU), 6.76 (d, J=7.6 Hz,e L1 JFESI4HX HY, Trppf72074 (nd , J =
2H, TsArH), 7.32 (s, 1H, Trph), 7.867.83 (m, 2H, TsArH), 8.00 (s, 1H, TrpH 3¢ NMR (CDCh) d: 11.5, 21.5, 29.5,

52.2, 53.0, 57.3, 65.5, 105.2, 111.4, 117.0, 120.5, 124.3, 128.8, 129.2, 129.9, 133.4, 133.9, 135.0, 145.3, 151.6, 167..
171.7 ESFMS m/z534.0 [M+HT, calcd 534.1Elem. Anal. for GH,,CIN;O;S, calcd: C, 53.98; H, 4.53; N, 7.87; S,

6.00; found: C, 53.67; H, 4.50; N, 7.91; S, 6.05.

TsL-5-Me-Oxd-L-2-Me-Trp-OMe @m). [a]p® +37.9 (c 0.2, CHG); *H NMR (CDCk) d: 1.11 (d, J=6.4Hz, 3H,
OxdMe), 2.36 (s, 3H, TrpMe), 2.41 (s, 3H, TsMe), 3.29 (dd, J=6.4, 14.8 Hz, 1HpY,rB32 (dd, J=6.0, 14.8 Hz, 1H,
TrpHb), 3.70 (s, 3H, OMe), 4.26 (d, J=4.8 Hz, 1H, Ox)iHt.36 (m, 1H, Oxdk) 4.92 (ddd, J=6.0, 6.4, 7.6 Hz, 1H,
TrpHa), 6.71 (d,J=7.6 Hz, 1H, TrpNH), 7.23.16 (m, 4H, TrpH,), 7.187.22 (m, 2H, TsArH), 7.79.83 (m, 2H,
TsArH), 7.95 (s, 1H, TrpJ; **C NMR (CDCk) d: 11.6, 14.1, 21.6, 27.3, 52.3, 58.8, 64.0, 75.0, 105.2, 110.7, 118.5,
119.0, 120.7, 127.1, 128.5, 128.9, 129.4,.62933.9, 135.6, 137.5, 151.4, 167.3, 172.3;-BSIm/z534.1 [M+HT,

calcd 534.1Elem. Anal. for GsH»7/N3O;S, calcd: C, 58.47; H, 5.30; N, 8.18; S, 6.24; found: C, 58.05; H, 5.33; N, 8.25;
S, 6.18.

TsL-5-Me-Oxd-D-2-Me-Trp-OMe Gm). [a]p® -6.5 (¢ 0.1,CHCL); '"H NMR (CDCk) d: 1.18 (d, J=6.4 Hz, 3H,
OxdMe), 2.41 (s, 3H, TrpMe), 2.41 (s, 3H, TsMe), 3.27 (dd, J=6.0, 14.8 Hz, 1HpY,rBK87 (dd, J=6.4, 14.8 Hz, 1H,
TrpHb), 3.74 (s, 3H, OMe), 4.18 (d, J=4.4 Hz, 1H, Ox¥jjHt.34 (m, 1H, Oxdk) 4.87 (ddd,J=6.0, 6.4, 7.2 Hz, 1H,
TrpHa), 6.67 (d, J=7.2 Hz, 1H, TrpNH), 7.4015 (m, 4H, TrpH,), 7.197.22 (m, 2H, TsArH), 7.80 (m, 2H, TsArH),
7.96 (s, 1H, Trpk); *C NMR (CDC) d: 11.7, 14.2, 21.7, 28.8, 53.3, 60.4, 64.4, 110.6, 117.5, 119.7, 121.4, 128.8,
129.7, 135.2, 164.5, 167.1, 171.8;-B5 m/z514.4[M+H] ", calcd 514.2Elem Anal. for GsH,7N3O;S, calcd: C, 58.47;

H, 5.30; N, 8.18; S, 6.24; found: C, 59.00; H, 5.26; N, 8.22; S, 6.19.

TsL-5-Me-Oxd-L/D-7-Br-2-Me-Trp-OMe @n, 5n). '"H NMR (CDCk) d twp diastereoisomejs 1.11 (d, J=6.4 Hz, 3H,
OxdMe), 2.40 (s, 3H, TsMe), 2.47 (s, 3H, TrpMe), 3.13+3.23 (d, J=6.0 Hz, 2HpP]rB7 (s, 3H, OMe), 4.27+4.33 (d,
J=4.6 Hz, 1H, Oxdk), 4.34 (m, 1H, Oxdg) 4.71+4.79 (m, 1H, Trphl), 6.94+7.00 (t, J=7.8 Hz, 1HrpHs), 7.08 (d,
J=8.0 Hz, 1H, Trph), 7.067.09 (m, 1H, TrpNH), 7.22.31 (m, 3H, TsArH+Trpk), 7.657.69 (m, 2H, TsArH),
8.11+8.20 (s, 1H, Trph. ESMS mVz609.2 [M+18], calcd 609.1.
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Ts-L/D-5-Ph-Oxd-L/D-1-Me-Trp-OMe (4o, 50). 'H NMR (CDCL) d ratemt, two diastereoisome)s 2.42 (s, 6H,
TsMe+TrpMe), 3.383.46 (m, 2H, TrpH), 3.69+3.71 (s, 3H, OMe), 4.53+4.54 (d, J=4.0 Hz, 1H, Qxd#914.98 (m,
1H, TrpHa), 5.42+5.44 (d, J=4.0 Hz, 2H, OxgK 6.63+6.79 (d, J=7.0 Hz, 1H, TrpNH), 6.81+6.82 (br.s, THdH,),
6.97 (t, J=7.2 Hz, 1H, Trp§ 7.007.05 (m, 2H, TsArH), 7.30.61 (m, 8H, Ph+Trpkk ), 7.687.72 (m, 2H, TSArH);
ESMS m/z576.3[M+H] ", calcd 576.2found 576.3.

Ts-L/D-5-Ph-Oxd-L/D-2-Ph-Trp-OMe @p, 5p). *H NMR (CDCk) d ra¢emic two diasereoisomers 2.43+2.47 (s, 3H,
TsMe), 3.88 (s, 3H, OMe), 3.4261 (m, 2H, TrpH), 4.83+4.87 (m, 1H, Trpal), 4.90 (br.d, 1H, Oxdk), 5.34+5.43
(br.d, 1H, OxdH), 6.91 (d, J=7.6 Hz, 1H, TrpNH), 7.10 (t, J = 7.2 Hz, 1H, TpMA.137.20 (m, 3H, TrpE+TsArH),
7.227.40 (m, 10H, Ph), 7.52+7.54 (br.d, 1H, TepH7.75+7.80 (d, J=7.8 Hz, 1H, Trpkl 7.867.88 (m, 2H, TsArH),
8.57 (s, 1H, Trpk); ESMS vz 638.3 [M+HT, calcd 638.2.

Ts-L/D-5-Ph-Oxd-L/D-5-Cl-2-Me-Trp-OMe (4q, 59). '*H NMR (CDCk) d ra¢emic two diastereoisome)s 2.37+2.39 (s,
3H, TsMe), 2.43 (s, 3H, TrpMe), 3.2237 (m, 2H, TrpH), 3.77+3.78 (s, 3H, OMe), 4.51+4.52 (d, J=4.0 Hz, 1H,
OxdH,), 4.88+4.95 (m, 1H, Trp&l), 5.44+5.50 (d, J=4.0 Hz, 1H, Oxgi6.62+6.86 (d, J=7.4 Hz, 1H, TrpNH), 6.97, (
J=7.2 Hz, 2H, Trpk), 7.07%7.50 (m, 8H, Ph+TsArH+Trp}), 7.697.72 (m, 2H, TsArH), 7.95+7.99 (s, 1H, TrpHES

MS m/z627.1 [M+Na], found 627.3.

Synthesis of modified EM{S)-2-methyltryptophan@b), (S}5-fluorotryptophan ¢c). 10% HBr (4.0 ml) wasadded to
(R,9-5b or (R,9-5¢ (1.0 mmol), and the mixture was heated while stirring for 45 min by MW irradiation at 150 W, while
monitoring the internal reaction temperature at 95°C. The pH of the mixture was adjusted to about 3 with 1 M NaOH, and
the aqueus mixture was washed three times with EtOAc (5 mL) to recd®)ef§$SerOH (not isolated). The aqueous
layer was concentrated at reduced pressure and passed through Dowe30BQX2in H form. The resin washed with
water (100 ml). The amino acids wesbutedusing 10% ammonia in methanol (200 ml), and the solvent removed in
vacuo to affordsb (0.73 mmol, 73%) 06¢ (0.74 mmol, 74%).

6b (commercially available). Optical rotatioa]P,, = -9.8 € 0.26 in HO) was found to match witthe literature’™

NMR characterization was fodrto match with the literatur&® ESMS m/z219.2 [M+HJ, calcd219.1.

6¢. Optical rotation §]°,, = +5.6 € 1.0 in 0.1 M HCI) was fouth to match with thditerature®® NMR characterization

was found to match with tHeeraturg'>**ESMS m/z223.2 [M+H]', found 223.2

N-Fmoc(S)2-methyltryptophan 1b), N-Fmoc(S)5-fluorotryptophan 7c). NaHCG; (118 mg, 1.4 mmol) and -9
fluorenylmethyloxycarbonyl sucdimide (270 mg, 0.8 mmol) were addexdthe asuspension admino acidéb or 6¢ (0.7

mmol) in 1:1 water/dioxane (6 mL) at 0°C, and the mixture was stirred overnight at r.t. Dioxane was removed at reduced
pressure, and the pH of the aqueous mixture wastadjts 3 with 1 M HCI. The mixture was extracted three times with
EtOAc (10 mL), and the collected organic layers were dried ovesSMg The solvent was evaporated at reduced
pressure, affording the crude Frammtected amino acid. The residues were mdifoy flashchromatography over
silica-gel (eluant: EtOAc/MeOH 97:3), givingo or 7c (for both 95% yield, 92% pure by RFPPLC).

N-Fmoc(9-2-methytryptophar7b). *H NMR (DMSO-dg) U : 1.90 (s, 3H, TrpMe) b),2. 73
2.99 (dd, J=2.5, 14.5 Hz, 1H, Trpj 4.124.33 (m, 3H, FmocH), 4.66m, 1H, TrpHa), 6.05 (br.d, 1H, TrpNH), 7.00

(br.t, 1H, TrpH), 7.197.30 (m, 4H, FmocArH+Trpkk), 7.36 (t, J=7.5 Hz, 2HFmocArH), 7.56 (d, J=7.5 Hz, 2H,
FmocArH), 7.76 (d, J=7.5 Hz, 2H, FmocArH), 8.01 (d, J=7.0 Hz, 1H, F)yp855 (s, 1H, Trph; ESMS m/z 441.3
[M+H]", calcd441.2.

N-Fmogc(S)-5-fluorotryptophan 7c). *H NMR characterization was found to match with theriture*® ESMS m/z
444.2[M + H]*, calcd444.2.

[2-Me-Trp’]-EM1 @), [5-F-Trp’]-EM1 ©). A measure of Fmo®ink amide resin (0.3 g, 1.1 mmol/g, resin particle size:
100-200 mesh) was introduced into a reactor for SPPS. Fmoc was removed with 4:1 Dkith/gpd mL) under MW
irradiation (40W) for 1 min under mechanical shaking, monitoring the internal temperature at 45°C. The suspension was
filtered, the resin was washed with DCM (5 mL) and treated with a second portion of DMF/piperidine as aboweddescrib
Then the suspension was filtered, and the resin was washed three times in sequence with DCM (5 mL) and MeOH (¢
mL).

All coupling steps were performed according to the following general procedure. The resin was swollen in DCM (5 mL),
and a solution ofb or 7¢ (0.6 mmol) and HOBt (0.1 g, 0.7 mmol) in DMF (4 mL) was added at r.t. and under nitrogen
atmosphere, followed by HBTU (0.26 g, 0.7 mmol) and DIPEA (0.2 mL, 1.2 mmol). The mixture was mechanically
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shaken under MW irradiation with a initial irradiati power of 40W and monitoring the internal reaction temperature at
45°C, and after 10 min the resin was filtered and washed three times with the sequence DCM (5 mL) and MeOH (5 mL).
Coupling efficacy was determined by Kaiser or Chloranyl test. All sulssgdtmoc deprotection steps were performed

as above reported.he resinbound peptide was suspended in a solution of TFA (9.0 mL), TIPS (0.40 rp)(0:40

mL), and PhOH (0.20 g), and mechanically shaken at r.t. After 2 h, the mixture was filteredjthea® washed twice

with 10% TFA in EtO (10 mL) and twice EO (10 mL). Filtrate and washes were collected, and solvent and volatiles
were removed under Nlow at r.t. The resulting residue was suspended ircidé ELO, and the crude solid which
precpitated was triturated and collected by centrifuge. The peptide9 was isolated by sengireparative RRHPLC

(80% yield based on the average resin loading; >95% pure by analytit#PR®, seeGeneral Methods).

[2-Me-Trp*]-EM1 (8). *H NMR (DMSO-d6) d ( about3:1 mixture of two conformers, t = majtrans isomer, ¢ = minor
cis isomey 1.381.62 (m, 4H+1H,), 1.721.84 (m, 2H), 1.95 (m, 1K, 2.09 (s, 3H), 2.10 (s, 3K, 2.62 (dd, J=6.5, 14.5
Hz, 1H), 2.652.76 (m, 3H), 2.78 (dd, J=7.5, 15.0 Hz, )H2.82 (dd, J=8.0, 14.0 Hz, JH2.86 (m, 1H), 2.90 (m, 1H),
2.93 (m, 1H), 2.953.09 (m, 2kt+1H,), 3.09 (dd, J=7.0, 15.5 Hz, PH3.21:3.32 (M, 2H), 3.453.61 (m, 1K+2H,), 4.35
4.47 (m, 3K+2H,), 4.55 (m, 1H, 6.68 (m, 2kk+2H,), 6.90 (dd, J= 4.8,.Z2 Hz, 1H), 6.987.05 (m, 2Rt+1H,), 7.10 (m,
2H+2H,), 7.167.25 (m, 7H+7H,), 7.50 (d, J=7.2 Hz, 1#1H,), 7.81 (d, J=7.8 Hz, 1} 7.87 (br.d, 2k, 7.948.05 (m,
3Hy), 8.20 (br.d, 1K), 8.21 (d, J=9.0 Hz, 1} 9.31 (s, 1H), 9.33 (s, 1K, 10.60 (s,1H.). 10.66 (s, 1); ESMS m/z:
625.3 [M+HT; calcd: 625.3.

[5-F-Trp*]-EM1 (9). *H NMR (DMSO-d6) d (about3:1 mixture of two conformers, t = majtrans isomer, ¢ = minocis
isome) 1.421.55 (m, 4H), 1.621.73 (m, 3K), 1.91 (m, 1K, 2.682.83 (m, 3K+2H,), 2.832.95 (m, 2H+2H,), 2.95
3.05 (m, 2H+2H,), 3.20 (m, 1H), 3.30 (m, 1H), 3.403.67 (m, 1K+2H,), 4.15 (m, 1H), 4.35 (dd, J=4.6, 8.2 Hz, DH
4.374.40 (m, 1H+ 1H.), 4.404.48 (m, 1K+ 1H.), 6.60 (m, 2K+2H.), 6.87 (m, 2H)), 7.07 (m, 2K, 7.167.35 (m,
9H+9H,), 7.90 (d, J=8.4 Hz, 1} 7.95 (d, J=8.0 Hz, 1} 8.01 (br.s, 28, 8.11 (d, J=8.4 Hz, 1§ 8.25 8.32 (m, 3H),
9.30 (br.s, 1k 1H,), 10.80 (s, 1K), 10.88 (s, 1B; ESMS m/z: 629.2 [M+H]J; calcd: 629.7.
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Chapter 4

In-peptide synthesis otonstraining motivescontaining di-Oxd and DAbu-Oxd asb-turn
inducers

Small and easyo-do mimetics of theb-turns are of great interest to interfere with prof@iotein recognition events
mediated byb-turn recognition mot#. Herein isproposé a straightforward procedure for constraining the conformation of
tetrapeptides lacking a pfermed scaffold. According to the stereochemistry ariyl;s tetrapeptides including Thr or
PhSer (phenylserine) at the positions 2 or 3egase in a single step to the sequences®@xdf’ or DAbu?-Oxd® (Oxd,
oxazolidin2-one DAbu, 2,3-dehydre2-aminobutyric) These pseudBro residues displayed highly constraifiegt , andc
dihedral angles, and induced cldérturns or inverse turns of type | or I, as determined by extensive spectrosodpic a
computational analyses.

4.1. Introduction

Interactions between proteins (PPI) are important for the majority of biological functiemscellular signaling.
Systematic studies have revealed that there is typically a small cluster of residues tartheeif the proteins that
contributes the majority of the recognition or binding affinity. Very often, these key regions adopt well defined turn
structures. As a consequence, small molecules mimicking the 3D features of the turn regions can firatiepplis
therapeutic agents.

The b-turn occurs where the polypeptide backbone reverses direction, and consists of four amino acid tesitBies

which the distance betweeraiCand Gii+3 is about 7A; according to the dihedral andleandy of the esidues+1 and

i+2, theturns are classified in different types. Small mimeticb-tirns, such as the privileged structubesizodiazepines,
Freidinger lactamsinternal or external bicyclic dipeptide mimetics, spirocyclic dipeptides, etc., have besTtsiesly
investigated and utilized to discover compounds that can mimic or distupt-mediated recognition everis.

However, the preparation of the scaffolds and their incorporation in the sequence may requistepyltdcedures,
resulting in low @erall yields. Besides, most synthetic methods lack flexibility and are therefore not suited to introduce
diversity?> As a consequence, the development of a high yielding, single step procedure for the tiotrodfi@
conformational constraint that forces the peptide to adbpian is currently of considerable interest.

In this thesis chapteis repored a straightforward procedure for constraining the conformation of tetrapeptides lacking a
preformed scaffold The resultingb-turn mimetics include -»xo-1,3-oxazolidine4-caboxylate rings (or oxazolidi2-

one, in short: Oxd), thatan beproposed as constrained psedrto residued Pro strongly impacts the structural and
conformational properties of peptide and protein backbones andbkicular recognitioni It does nothave a hydrogen

on the amide group and therefore cannot act asbartd donor.The cyclic structure forces thfeangle to about65°,
therefore Pro is known as a classical breaker of botha-tmelical ando-sheet structures in proteins and peptides, while it
promotes the formation df-turns®® Besides, due to the sthéree enthalpy difference between ttis and trans Xa#ro

bond isomers of 2.0 kJ-nib(compared to 10.0 kJ-nmibfor other peptide bonds), there is a relatively high intrinsic
probability of 30% cis conformation at f.tinterestingly, the cigrans nterconversion of Xro is one of the rate
determining steps in protein foldifig.

In order to understand the relationship between peptide bond geometry and bioacsimitysynthetic Pro analogues have
been developed that provide restrictions of the -Ram conformation. In general, the modifications consist in ring
substitutions with alkyl and aromatic groups, incorporation of heteroatoms, or the expansion or contraction of the five
membered ring.

To take advantage of the conformational bias exertethdyixdpseudePro, we planned to synthesize diastereomBFic
sulfonyl tetrapeptidesontaining two consecutive Oxd rings,asurn inducersAccording tothe stereochemistry array of

the amino acids, the reaction of tlwehydroxya-amino acids (Thr othreo-phenylserine, PhSer) already present within the
sequences at the positions 2 and 3, with bis(succinimidyl)carbonate (Bf&@}ed two consecutive Oxd or a 2,3
dehydre2-aminobutyric acid DAbu) in 2 and a Oxd in 3. These combinations resulted in highly constrained extended or
folded structures, in particular turns or inverse turns of type | and Il, and are especialktimgdvecause they can control

not only thef andy dihedral angles of the backbone but alsoctlaagles of the side chains.
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Peptides containing Oxd rings constitute a infrequent but remarkable class of peptidomimetics. They have found some
applicationsin medicinal chemistry’ in the construction of foldamérsor as selassembling scaffolds forming
nanostructure¥ Also the compounds with tHBAbu-Oxd sequence are of some interest, since they contain two distinct
secondary structurdrming elements. Tén dehydroamino acids are well knowrturn inducers; for instance, sequential
placement of dehydroPhBRhe) in oligomers gave repeatedurns forming 3, helices™

4.2.Results and Discussion

4.2.1.Synthesis of tetrapeptides containingli-Oxd and DAbu-Oxd.

Few years agmur research group hgsublishedthe synthesis of Oxd rings directly within peptide sequences, by
treatment ofN-arylsulfonyl peptides containing-lor D-configured Ser with DSC and a catalytic amount of a base, in
solution or in the sali phase (Scheme 1, path*a).

H O
R N Xaa, Yaa =0, 1, 2 residues
X~ Yaa
aa
OH
R=Ts, Ns
a)i X o
—Xaa
R {N Yaa
A ) .xaa
s LV St
—
B. HH | — . % 0 oo
R’Xa;N\?‘\Yaa HB M
O

o {s

b
P \ HoQ
M b R NTHL
X3 Yaa
aa
O

Scheme 1Different reactivity of the Ncarbamate and {§ulfonyl oligopeptides. a) DSC, cat. base (B:).

R =Boc, Fmoc

Apparently, the reaction was due to thegance of th&l-sulfonyl group; indeed, the reaction of the corresponding Fmoc
or Bocpeptides under the same conditions with carbonates or dicarbonates gave elimination to dehydrdAlajimes (
reported in the literature (Scheme 1, patf®titerestingly, peptides having the sulfonyl group directly connected to the
Ser or separated by one or two amino acids, gave similar results (Scheme 1, Xaa = 0, 1, or 2rékidugsjervation
prompted us to perform in a single step the contemporary cyclization of sutfiigrybeptides containing two
consecutive ringorming residues, to afford highly rigid structures.

Accordingly, we prepared a series of distereomtirapeptides containing two Thr residues, or Thrtareb-PhSer, at

the positions 2 and 3, and we reacted the tetrapeptides (Scheme 2) with a moderate excess of DSC and a catalytic amot
of diisopropylethylamine (DIPEA)The preparation of th&l-tosyl tetrapeptidesla-g was conducted by coupling the
amino acids under MW irradiation, using a microwave oven specifically designed for organic syfithésis,
HBTU/HOBLt as activating agemt(Experimental Section, Tab#§. N-tosyl (Ts}Ala was prepared asedcribed in the
literature®® L- or D-threo-PhSer were obtained via optical resolution of the raceffatace the resolution by enzymatic
hydrolysis’ gave poor results.

The reaction of T#\la-Thr-Thr-PheOMe {a) with 2.2 equiv. of DSC in 3:1 DCM/DMF and the presence of 0.1 equiv

of DIPEA (Scheme 2, entry 1) provided the correspondir@»dl-containing TsAla-Oxd-Oxd-PheOMe 2a) in excellent
yield after isolation by flash chromatography (Table 1).
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a: (LLLL), R=Me
b: (L,D,L.L), R=Me

OH Ph
¢ (LLD.L) R=Me o ¢ o 9 a)
d: (L,L,D,D), R=Me TS/N\HJ\N N N o .
e: (LD,L,D), R=Me Ho ) Ho
R”OOH ,

f:(LLLL), R=Ph
g: (L.LD,L), R=Ph

P

h o)
R o o R
le] o | T o}
. PENA: h HN
H Qo7 N o] + O HN
N (6] Ph
Ts” N o NH
¢/\ Ts” o0~ o
o
(0] 2 3 |

Scheme 2Reactions otfhe sulfonylpeptidesla-e, containing L= or D-Thr at the positions 2 and &nd oflf,g containing
L-Thr in 2 andthreoL- or D-PhSer in 3, respectively. a) DSC, cat. DIPEA.

On the other hand, the reaction ofAla-D-Thr-Thr-PheOMe {b), under the sameaction conditions, gave exclusively

a tetrapeptide containifgAbu at position 2, T#\la-DAbu-Oxd-PheOMe 8b), while the tetrapeptide containing two Oxd
(2b) was observed only in traces. (Scheme 2, and Table 1, entry 2).

The reaction of T#\la-Thr-D-Thr-PheOMe {¢) under the same conditions gave a 74:26 mixture e&l&sOxd-D-Oxd-
PheOMe 2¢) and TsAla-DAbu-D-Oxd-PheOMe 8¢) (entry 3). The reaction outcome changed upon varying the solvent
utilized; in pure DCM the yield d®cincreased up to 85% (entry 4), while in DMF the reaction afforded mambyith a

78% yiel (entry 5).

The tetrapeptide TAla-Thr-D-Thr-D-PheOMe {d) exclusively gave T#&la-Oxd-D-Oxd-D-PheOMe 2d) (entry 6),
while TsAla-D-Thr-Thr-D-PheOMe L€ failed in giving either2 or 3 in significant amounts (entry 7) under diverse
reaction conditionsnot shown).

Table 1.Synthesis of the constrained peptidomime®ics 3 from the stereocisomefs

entry 1 Ala® Thr Xad, R Phé Solven® 2 (%)™ 3 (%)™
1 a L L L Me L DCM/DMF 87 tr.
2 b L L Me L DCM/DMF - 90
3 c L L D Me L DCM/DMF 67 23
4 c fi fi fi Me fi DCM 85 9
5 c fi fi fi Me fi DMF 5 78
6 d L L D Me D DCM/DMF 90 -
7 e L D L Me D DCM and/or tr.@ tr.@
DMF

8 f L L L Ph L DCM/DMF 92 -
9 g L L D Ph L DCM/DMF 93 tr.

[a] All compoundsla-g were tested in different solvent mixtures (3:1 DCM/DNIFCM, DMF); with the exception of
entries 35, the reaction outcomes were practically unaffected, therefore these results are not shown. [b] Determined after
purification by flash chromatography over siligal; tr. = traces. [c] The rest being the redgen

Finally, the reaction was repeated with the sequencearshr-PhSerPheOMe {f) or TsAla-Thr-D-PhSerPheOMe

(1g), which gave the dDxd compound®f and2g in very satisfactory yields (entries 8 and 9). These peptides include a
2-oxo-5-phenyloxazdtline-4-carboxylate residue at position 3, which might effectively represent a constrained Phe
mimetic, with fixedf , y andc dihedral angle¢Table?2).

Table 2 Anglesf andy of the residues+1, i+2 observed for the compounds analyzed and ideal values.

compd fira Y i+t Ci+1 f i Y i+2 Ci2

2a(A) 73 158 114 81 76 115
2a(B) -104 -179 -90 -40 -50 -140
2¢c(C) -45 129 -122 69 -86 118

2c(D) -51 144 -117 77 -27 110

2d -55 139 -117 77 -29 113

3b -38 -59 -2 -96 29 -114
3c(E) 61 55 2 93 -2 117

3c(F) 37 63 0 81 -36 113

| -60 -30 - -90 0 -

Il -60 120 - 80 0 -
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This result suggests the opportunity to depednalogues of proteinogenic or unusual amino acids, carrying the side chain
at the position 5 of the Oxd ring. Indeed, the literature reports many procedures for the stereocontrolled preparation of
variety of b-hydroxy a-amino acids® Nevertheless, the synthesis of OxXdsctionalized with different side chains is
beyond the scope of this work, whichpemarily addressed to the synthesis of model tetrapeptides and investigation of
the secondary structures.

Epimerization during the reactions was excluded on the basis of the comparison of the NMR and HPLC analyses of the
compounds, including the HPLC analysis on a chiral stationary phase (see General methods).

From the comparison of the results (entrie8) lit appeared that the stereochemistry array exerted a major bias in
determining the cyclization versus the elimination in 2. Homochiral sequences at the positions 1 and 2 tended to give
exclusively or predominantly the -@xd compounds, as observed fta, 1c, and1d. On the contrary, the peptide
containing the sequenceAla-D-Thr failed in giving2 or 3 in significant amounts, arith solely afforded th&®Abu-Oxd
sequence. The diastereomeric peptitfed g containing PhSer behaved in a similar way asctireesponding peptiddsa

andlc (the formation of3gwas observed only in traces in different solvents).

The proposed reaction mechanism of Scheme 1gatbstulates that for n = 1 or 2, as occurring for the compolads

0, the electrorpoor aromatic ing of the arylsulfonylamido group might effectively stabilize the anionic intermegdiate

b y -stcking interactionthus driving to the Oxd ring. Possibly, the diastereoisoitieradopted in solution a
conformation which allowed promoting the cyclization at position 3, but not in 2, therefore giving elimination, as
expected on the basis of tlierature. Forlc, the different results observed for the entries 3 to 5 could be attributed to a
preference for different conformations in the different solvents. A&doshowing alternated absolute stereochemistry, it
appeared that the compound wagble to attain the cyclization either in 2 or 3; the compound did not eliminate in a
significant extent as well, as observed by treatment with different bases in different solvents at r.t. or under heating.

The tosyl group was removed in good yield witotrimethylsilane?® while the treatment with Smpyrrolidinewater®

was less efficient.

4.2.2.Conformational analyses of the diOxd and DAbu-Oxd peptides.

To investigate the conformational bias exerted by the two consecutoreD-configured Oxd, oDAbu and L= or D-Oxd
residues at positions 2 and 3, on the overall structure of the peptides, we analyzed the model c@apduriis and
3b, 3¢, by FT-IR and NMR spectroscopy.

FT-IR spectroscopy was utilized to analyze the amide Btretching regios; generally, non Hhonded amide protons
show a peak above 3400 ¢nwhile H-bonded amide NH bonds exhibit a peak below 3408.2m

o
o
K
340068
—~3334.85

0.00!

3500 ‘3450 3400 “3350 © a0
wavenumber cm-1

Figure 1. Amide NH stretching regions of the IR absorption spectra for samples of tetrafpt&leM in DCM, r.t.).

The FT-IR absorption spectra o2d only showed atrong band abov8400 cmt' (Experimental sectioffigure §. The
spectra oR2a, 2¢, 3b, and 3c (Experimental sectioffigure § showeda mayorpeak at about40 cni', and a second
peak atabout 3340cm™. The latter became predominant 3t, suggestive of a significant population ofbdénded
conformations in equilibrium with non bonded structures. The spet8adissolved in DCM is reported in Figure 1.
The *H-NMR experiments were doret 400 MHzin CDCk or in 8:2 DMSGOdg/H,0. 2D gCOSY experiments were
utilized for the unambiguous assignment of the resonamgesach solventall spectrashowed a single set of sharp
resonanceg;onsistent with conformational homogeneity or a fast equilibrium betwednilgldjfferent conformersFor
most compounds, thH#d-NMR resonances showed modest variations of the chemical shifts in theltents@Table b
suggesting that the peptidomimetic sequences were conformationally stable; ewceribighlighted in Tabls

It has been shown that the Oxd confers the preceding amide bond a exclusive trans confOriiagdf-NMR
analyses ofll of the compounds showed a significantly downfield position of thepkbton of the residues preceding
the Oxdrings Experimental sectioifable §. For instance, the resonances of Adaid Ts-Ala-Thr-Thr-PheOMe 1a)
and Ts-Ala-qAbu-L-(5-Me-Oxd)}-PheOMe 8b) appeared at about 3.9 aB® p.p.m. (CDC}), respectively, whilén Ts
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Ala-( 5Me-Oxd’)-( 5Me-Oxd®)-PheOMe 2a) AlaHa was at about 5.2 p.p.m. On the other hand, in the same compound
2a, Oxc®H4 was at 4.2 p.p.m, while O%d4 was at about 5.3 p.p.m., for the deshielding effect of’Cx@. These
observations were compalié with a norconventional, CH---O=C intramolecular-bbnd?* confirming the trans
conformation of the amide bond between the Oxd and the preceding, deshielded residue.

The occurrence of intramolecularlbbnds in2a, 2¢, 2d, 3b, and3c, was evaluated by atyzing the variation of the NH
proton chemical shifts upon addition of increasing percentages of D#J$®02 mM solutions of the compounds in
CDCls. As representative example, the titration curve3axdre shown in Figure 2. The titration 24 gave noevidence

of H-bonds involving PheNH nor AlaNH, since thesignals exhibited a considerable downfield sHifc, 2d gave
similar results Figure §. On the contrary, the titration 8t (Figure 2) and3b (Figure § revealed that PheNH, but not
AlaNH nor DAbuNH, was much less sensitive, therefore less accessible, accounting-bmmaléd structure.

Variable temperature (VPH-NMR experiments in CDGland 8:2 DMSGdg/H,O were also utilized to deduce the
presence ofntramolecular Hbonds (Table B For alnost all compounds, the comparatively lower $4-NMR Dd t D
parameters of PheNH with respect to AlaNH (&#buNH) were suggestive of a moderate preference for conformations
having PheNH involved in a4#ond( | Dtd|/ D< or c | o s?* Themnly2excptiorpwagp obbervedifdd)in.
CDCls, sincethdddt D(p. p. b. . 0K) of Al aNH-1.wand2.7| respeetivelyt. han t hat of
From the comparison of the results above discussed for theO®ddcompounds?), it appeared that the possible
existenceor not of Hbonds was differently supported by the methods emploResonably the inconsistencies
reflected the existence of equilibria betweetbdhded and non Hdonded structures. As for ti#Abu-Oxd compounds

(3), all of the evidences were highly @knt in support of Bi-bonded PheNH

75

6.5
—d— AbulNH
=+=—PheNH

—8—AlaNH

0 2 4 6 8

Figure 2. Variation of NH proton chemical shift (p.p.m.) 8€ as a function of increasing percentages of DM@ the
CDCI3 solution (v/v).

Table 3 Dd/ Dral ues (p. p. b. . 0K 2c 2u,rard 8kh 2, inaQDCldaad 82 IiDMSRAMHSO; o f
solvents: S1 = CDGJ S2 = 8:2 DMSGdy¢/H,0; amino acid stereochemistry has been omitted.

compd solvent  AlalNH DAbu’NH PhéNH

2a S1 -2.7 - -2.4
S2 -6.1 - -3.9
3b S1 -13.5 -8.0 -3.8
S2 -5.0 -7.2 -4.1
2c S1 -2.3 - -1.2
S2 -6.3 - -3.8
3c S1 -9.0 -4.4 -4.0
S2 -6.5 -7.0 -4.1
2d S1 -1.7 - -2.7
S2 -6.0 - -4.2

To determine the preferred conformations in solution and their dynamic behaviours, the compounds were analyzed by
2D-ROESY in 8:2 DMS@dg/H,O and moleular dynamics (MD) simulations. DMS@ or DMSO-dg/H,O mixtures have

been recommended by several authors as biomimetic MeSlimictures consistent with the spectroscopic analyses were
obtained by MD using the distances derived from ROESY as constilitsntensities of the ROESY crepsaks were

ranked o infer the distances (Tables1l®). Thew bonds were set at 180°, since the absenceadfHé (i+1) crosspeaks
excluded cis peptide bonds. Simulations were conducted in a box of explicit water emlétathdom structures were
generated by unrestrained hitgmperature MD; the structures were subjected to-ta@gtperature restrained MD with a
scaled force field, followed by a simulation with full restraints. Finally, the system was gradually coalethean
structures were minimized with the AMBER force fiéfdThe results were clustered by the RMSD analysis of the
backbone atoms.
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For TsAla-( 5Me-Oxd)}( 5Me-Oxd)}-PheOMe 2a), the analysis gave two clusters comprisingt@djether more than

90% of thestructures. For each cluster, the representative geometries A and B with the lowest internal energy were
selected and analyzed (Figure 3). The occurrence of these two different structures, which differ almost exclusively by the
opposite orientation of thBhe residue, reflected the observation of contradictory qresks: the crosgeaks PheNH

Oxd®H, and PheNHOxd®Hs accounted for the conformation A, while the cross peak PheM#iHs was coherent with

B. Possibly, the two structures represented conforindest equilibrium.

To investigate the dynamic behaviour2af (A) and (B), unrestrained MD were performed for 10 ns in a box of standard
TIP3P water molecules. The simulations showed the conversion of one conformation into the other. The analyses of the
trajectories of the conformer (A) revealed very few structures compatible itbra centered on OXdwith a explicit

H-bond between PheNH and G0, while (B) gave no evidence of secondary structures.
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Figure 3. Left. Representative low@nergy structures dfa (A and B),2c (C), and2d consisteh with ROESY analysis,
calculated by restrained MD; low energy structuroD) calculated by unrestrained MD. All structures determined in
a 30x30x30 box of standard TIP3P water molecules. Backbones and Oxd are rendereéhind mallimders, the reat
sticks. The peptide bond connecting &kd® are shown horizontally and perpendicularly with respect to the viewer
Right Schetches of the extended structur@afA), and of the folde@c (D) and2d.

For TsAla-( 5Me-Oxd)}D-( 5Me-Oxd)}PheOMe 2c¢) and TsAla-( 5Mie-Oxd)-( 5Me-Oxd)}D-PheOMe 2d), the
anal yses gave one mayaor clusters each comprising abo
representative geometries with the lowest internal energy are shown in Figure 3. Tinegsees2c (C) and2d are
compatible with a weltlefined type Il 4urn secondary structure (Table)1The structure&c (C) and2d were analyzed
by unrestrained MD; besides to the different random conformations, the analysis of the trajec&ri@s) obut not of
2d, revealed a explicit Hhond between PheNH andcethlaC=0, as shown ifc (D), Figure 3.

The conformational analyses of the pepti@bs3c containing in their sequenc@Abu? and L- or D-Oxd®, respectively,
gave one cluster each, comprising the large majority of the structures; the representativaggearnaethown in Figure
4. The calculated geometry BAbu closely matched that of dehydroamino acids reported in the litet&tre.

The structure3b, stabilized by a explicit Hhond between AlaC=0 and PheNkas compatible with a typebkturn. The
structure of3c (E) nicely reproduced a inverse typd+turn (Table 1), and showed a {dond between AlaC=0 and
PheNH. The unrestrained MD simulations revealed also a tendency for structures characterizetddoyl détween
PheC=0 and AlaNH, such as the represent&iy§), Figure 4.
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— & e OYO
282 RN o SN 3¢
\3.

b Y —8:0//H*N
|
. S Ph
| o ~ .l Ts/NH © /O
3c(E) 3¢ (F) 3¢ (E)

Figure 4. Left. Representative lownergy structures @b and 3c (E) consistent with ROESY analysis, calculated by
restrained MD; lav energy structure ddc (F) calculated by unrestrained MD. All structures determined in a 30x30x30
box of standard TIP3P water molecules. Backbones and Oxd are rendered-amdbadidinders, the rest in sticks. The
peptide bond connectinBAbu?-Oxd® are shown horizontally and perpendicularly with respect to the vieRight
Schetches of the folded structusand3c (E).

To further confirm the presence of folded structures, we used Elec@onidar Dichroism ECD) spectroscopy. Speat

of model peptide2a, 2d, and3b, were recorded both in dichloromethane and in methanol.

The pectra in dichloromethane (Figure 5) showed a negative band centered at about 230 nm, less i@ nEeecfos
spectral features could be indicative ofignfficant population of bent conformers, in particular in the caszd@ind 3b.

In fact, a negative rt ECD band near 225 nm is generally observed in the preserfietiof structures (I or Il type}:?®

The observed different intensities of ECD signals were in agreement with ROESY and MD data which evidenced
homogeneous conformations f2d and3b.

By moving from dichloromethane to methanol, intensities of the negative ECD bands slightly reduced for all compounds
(Experimental sectiorkigure 3. This spectral behavior could be ascribed to a dependence adrif@mer population

on the polarity and/or the competitive nature of the solvent.

54 e 2a

N
5

[0] x 103/ deg cm? dmol!

-5
Figure 5. ECD spectra recorded in dichloromethane at room temper&adofted line 3b dashed line2d full line).

Taken together, all of the experimental evidencepasuhat the peptide3containing theDAbu at the position formed

highly stable type b-turns reinforced by Hbonds, normal or inverse depending on the stereochemistry of tHe Thisl

result is particularly gratifying, since the formation of sbu-Oxd motif was somewhat unpredictable.

On the other hand, the data of the pept®lesllected by ROESY/MD analyses confirmed a certain flexibility of the' Phe
residue. This observation could explain the discrepancies in the determinatienoofdsl by IR VT-NMR, and NMR
titration experiments. Nevertheless, the results highlighted the rigidity of th@xdaOxd portions; the rotation of the

Ala and the two Oxd rings one respect to the other was not observed during the unrestrained MD simulations. The
corformational homogeneity was correlated to the strong preference fvaral conformations stabilized by the weak
interactions between the Oxd carbonyls and taepkbtons of the preceding residues.

In particular, the heterochiral O%®-Oxd® scaffold indiced a stable and well defined typebiturn, albeit the Fbond
between the residues+3 was relatively loose. This ability to promote folded structures makes sense, and is consistent
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with the observations on previously described Qrgtides:>'? The Oxd ring can be regarded to as a pse&o; it is
well known thatheterochirallinear oligopeptides including a Pishow higher propensity to fold compared to the
homochiral sequencés®*

4.3.Conclusions

In this chapteris reported a straightforward, omstep procedure for constraining a peptide backbone without theforead
preformed scaffold. The cyclization of two consecutlydydroxy amino acid residues (L/Dhr or threo-L/D-PhSer)
embedded ilN-arylsulfonyl tetrapeptide sequences, afforded in excellent yields the peptides containfiigiDakd® (2)

or DAbu*-L/D-Oxd® (3), according to the stereochemistry array of the precursors.

Conformational analyses of the model peptides revealed that the homochifaDKddipeptidomimetic induced a
extended disposition of the backbone. The heterochiral sequences exdrtatyacaenformational control, giving rise to
type Il b-turns. The unrestrained MD simulations confirmed the rigidity of the conformations, since the rotation of the two
Oxd rings one with respect to the other was not observed during the simulations. On the other hand, theD#dmfence
Oxd® induced highly sbleb-turns of type I, stabilized by clearbbnds.

For their ability to control thé andy dihedral angles of the backbone as well asctléhedral angles of side chains,
peptide mimetics based on the structures of the model pegtimied3 might find applications in medicinal chemistry as
3D rigid scaffolds, in the field of the foldamers, or as-ssembling scaffolds to form nanostructures.

4.4. Experimental section

4.4.1.General Methods

Unless stated otherwise, standard chemicals were obtamoad ¢dommercial sources and used without further
purification. Flash chromatography wasrformed on silica gel (230800 mesh), using mixtures of distilled solvents.
Analytical RRHPLC was performed on an ODS column (4.6 em par
nm, from a 9:1 HO-CH;CN to a 2:8 HO-CHsCN in 20 min) at a flow r& of 1.0 mL minl, followed by 10 min at the

same composition. Serpreparatve RRHHPL C was performed on a C18 column (7
from 8:2 HO-CH;CN to 100% CHCN in 10 min) at a flow rate of 12 mL nith Purities were assessey &nalytical
RP-HPLC under the above reported conditions and elemental analysis. Chiral HPLC analysis was performed on a
CHIRALPAK IC column (0.46 cm x 25 cm), 1:thexane/Zpropanol, at 0.8 mL mii. Semipreparative and analytical
RP-HPLC of the peptidel4 was performed as reported above, with the addition of 0.1% TFA in the mobile phase.
Elemental analyses were performer using a Thermo Flash 2000 CHNS/O analyzeguadighIR were obtained at 2

cmH' resolution using a FTR spectrometer and 1 mm NaCl solution c#:-NMR spectra were recorded on a Varian
instrument at 400MHZ*C-NMR spectra at 100 MHz. Circular Dichroism (CD) spectra were recorded on a J&%60 J
spectropolarimeter. The syntieprocedure by MW irradiation was performed using a microwave oven (MicroSYNTH
Microwave Labstation for Synthesis).

4.4.2.Synthetic procedures

Synthesis of the peptidéa-g.A stirred solution of thé\-protected amino acid in 4:1 DGEIMF (5 mL) was treted with

HOBt (1.2 equiv.) and HBTU (1.2 equiv.), at r.t. and under inert atmosphere. After 5 mit;pitegected amino acid

(1.1 equiv.) and DIPEA (2.4 equiv.) were added, and the mixture was stirred under inert atmosphere and under MW
irradiation (150W) After 10 min, the mixture was concentrated at reduced pressure, and the residue was diluted with
EtOAc (25 mL). The solution was washed with 0.1 M HCI (5 mL), and a saturated solution of NdBI@@). The

organic layer was dried over PO, and the salent was evaporated at reduced pressure. The crude peptides were
analyzed by HPLE@MS analysis, and were used without further purifications.

Table 4 RP-HPLC and ESMS analyses of the linear peptidesf.

1 ESMS m/z Purity? 1 ESMS Purity?
[M+1] vs (%) [M+1] vs (%)
calcd calcd
a 607.3/607.2 85 e 607.2/607.2 84
b 607.2/607.2 83 f 669.3/669.3 84
c 607.3/607.2 81 g 669.4/669.3 83
d 607.1/607.2 80

& Determined by analytical RAPLC, see General methods.
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The intermediat®-Boc peptides were deprotedtby treatment with 1:2 TFRCM (5 mL), while stirring at r.t. After 15

min, the solution was evaporated under reduced pressure, and the treatment was repeated. The residue was suspende
Et,O (20 mL). The peptid@FA salts were collected by centrifugend used for the next couplings without further
purifications (8085% pure, Table 4

Synthesis of Fala-Oxd-( 5RBOxd)}PheOMe(2a,c,d,f,g, TsAla-LAbu-( 5Me-Oxd)PheOMe(3b,9. DSC (0.73 mmol)

was added to a stirred solution Df{0.33 mmol) in the deent mixture of Table 1 (4 mL) followed by DIPEA (0.07

mmol) at r.t. and under inert atmosphere. After 3 h, the solvent was removed under reduced pressure, the residue w:
diluted with 0.1 M HCI (5 mL), and the mixture was extracted three times with DECRML(). The combined organic

layers were dried over sodium sulfate, filtered, and concentrated at reduced pressure. The residue was purified by semr
preparative RFHPLC (see General methods), giviag85-93%, see Table 1, 987% pure by analytical RAPLC) or 3

(78-90%, see Table 1, 988% pure by analytical RAPLC), as waxy solids.

Ts-Ala-( 5Me-Oxd?)-( 5Me-Oxd®)-PheOMe(2a). IR (CH.CL,) 3: 3406, 3335, 1789, 1736, 1703, 1670 ¢mH-NMR
(CDCly) U: 1.43 (d, J=6.8 Hz, 3H, AlaMe), 1.52 (d, J=6.3 Hz, 6HdtMe+OxdMe), 2.43 (s, 3H, TsMe), 3.11 (dd,
J=5.5, 14.1 Hz, 1H, Phd{ 3.15 (dd, J=5.4, 14.1 Hz, 1H, PH&H3.77 (s, 3H, OMe), 4.26 (d, J=3.7 Hz, 1H, Chtg,

4.58 (dq, J=2.1, 6.3 Hz, 1H, O%dk), 4.75 (dq, J=3.7, 6.3 Hz, 1H, O%dk), 4.85 (q, J=7.6 HzlH, PheH)), 5.22 (dq,
J=6.8, 10.4 Hz, 1H, AlaB), 5.26 (d, J=2.1 Hz, 1H, O%d,), 5.39 (d, J=10.4 Hz, 1H, AlaNH), 6.28 (d, J=7.6 Hz, 1H,
PheNH), 7.047.11 (m, 2H, PheArH), 7.21.26 (m, 3H, PheArH), 7.31 (d, J=8.0 Hz, 2H, TsArH), 7.75 (d, J=8.0 Hz, 2H,
TsArH); *H-NMR (8:2 DMSOdy/H,0) : 1ii18 (d, J=6.7 Hz, 3H, AlaMe), 1.4447 (m, 6H, OxdMle+OxdMe), 2.37 (s,

3H, TsMe), 2.94 (dd, J=8.4, 13.9 Hz, 1H, PheHB.01 (dd, J=5.7, 13.9 Hz, 1H, PH&}H3.56 (s, 3H, OMe), 4.48.52

(m, 2H, Phetl ©xd’Hs), 4.57 (d, 31.9 Hz, 1H, OxdH,), 4.66 (dqg, J=2.0, 7.0 Hz, 1H, Cktt), 5.02 (dg, J=6.7, 8.5 Hz,
1H, AlaHU), 5.17 (d, J=2.0 Hz, 1H, O%d,), 7.11 (d, J=7.6 Hz, 2H, PheArH), 7-I£6 (m, 3H, PheArH) 7.37 (d, J=8.0
Hz, 2H, TsArH), 7.63 (d, J=8.0 Hz, 2H, TsArH), 8.36 (&8.5 Hz, 1H, AlaNH), 8.98 (d, J=7.0 Hz, 1H, PheNHK}-
NMR (DMSO-ds) U: 18.5, 20.5, 21.3, 21.4, 36.9, 50.1, 52.5, 54.3, 61.0, 61.6, 74.7, 76.6, 126.0, 127.2, 128.6, 128.8,
129.6, 130.1, 137.0, 138.2, 143.5, 152.0, 153.2, 167.4, 167.7, 171.7, 17MS E8/z) 659.3 [M+1], calcd 659.2;
Elem.Anal. for GHs4N401:S , calcd: C 54.70, H 5.20, N 8.51, S 4.87; found: C 54.67, H5.17, N 8.45, S 4.81.

Ts-Ala-gpAbu-(5-Me-Oxd)-PheOMe 8b). IR (CH,Cl,) 3: 3407, 3318, 1789, 1748, 1708 '¢itH-NMR (CDCL) &: 1.23

(d, J=6.8 Hz, 3H, AlaMe), 1.43 (d, J=6.0 Hz, 3H, OxdMe), 1.79 (d, J=7.2 HzgBbuUMe), 2.43 (s, 3H, TsMe), 3.03

(dd, J=8.2, 13.8 Hz, 1H, Phé} 3.23 (dd, J=5.4, 13.8 Hz, 1H, PH8H3.71 (s, 3H, OMe), 3.85 (quint, J=7.2 Hz, 1H,
AlaHU), 4.364.41 (m, 2H,0xdH, ), 4.84 (g, J=8.2 Hz, 1H, Ph&} 5.92 (d, J=6.8 Hz, 1H, AlaNH), 6.04 (q, J=7.2 Hz,

1H, cpAbuHb), 7.147.22 (m, 2H, PheArH), 7.24.34 (m, 5H, PheArH+TsArH), 7.64 (d, J=8.0 Hz, 1H, PheNH), 7.77 (d,
J=7.6 Hz, 2H, TsArH), 8.66 (s, 1igAbuNH); *H-NMR (8:2 DMSOd¢/H,0) U : 1.03 (d, J=7.2 Hz
J=6.2 Hz, 3H, OxdMe), 1.66 (d, J=7.2 Hz, 3H, @AbuMe),
(dd, J=6.0, 14.0 Hz, 1H, PheHBb), 2ala®U)s, 43B3 QOimg), J3
OxdHs), 4.42 (d, J=2.8 Hz, 1H,OxdH, 4.54 (q, J=7.4 Hz, 1H, PheHARSmM 5. 71
3H, PheArH), 7.31 (t, J=7.4 Hz, 2H, PheArH), 7.38 (d, J=8.1 Hz, 2H, TsArH), 7.68 (d, J=8.1 Hz, 2#}),T8A4 (d,
J=7.6 Hz, 1H, Al aNH), 8.78 (d, J=T7°CAMRHDMWMSOUHE 12.8,HeANH) ,
20.3,37.0,51.9,52.4,54.1, 62.1, 75.0, 120.5, 126.9, 127.2, 128.8, 129.6, 130.1, 130.5, 134.1, 137.1, 138.7, 143.2, 151.
168.6,170.8, 170.9, 171.9; EBS (m/z) 615.4 [M+1], calcd 615.2; Elemnal. for GgHzsN4O.S, calcd: C 56.67, H

5.58, N 9.11, S 5.22; found: C 56.78, H 5.56, N 9.08, S 5.18.

Ts-Ala-( 5Me-Oxd?)-D-( 5Me-Oxd®)-PheOMe 2c) IR (CH,CL,) 3 3406, 3347, 1793, 1736, a7 cni’; 'H-NMR
(CDCly) Ui 1.33 (d, J=6.6 Hz, 3H, AlaMe), 1.47 (d, J=6.2 Hz, 3H, t™e), 1.53 (d, J=6.4 Hz, 3H, OXde), 2.42 (s, 3H,
TsMe), 3.01 (dd, J=6.4, 14.1 Hz, 1H, PH®H3.20 (dd, J=6.4, 14.1 Hz, 1H, PH®H3.77 (s, 3H, OMe), 4.29 (d, J=4.8
Hz, 1H, OxdH,), 4.53 (dq, J=2.4, 6.4 Hz, 1H, O%d), 4.64 (quint, 1H, J=6.2 Hz, OXds), 4.82 (q, J=6.4 Hz, 1H,
PheH)), 5.11 (dq, J=6.8, 13.6 Hz, 1H, Al&} 5.24 (d, J=2.4 Hz, 1H, O%#d,), 5.44 (d, J=10.0 Hz, 1H, AlaNH), 6.55 (d,
J=7.6 Hz, 1H, PheNH), 7.0@l, J=7.2 Hz, 2H, PheArH), 7.ZA31 (m, 5H, PheArH+TsArH), 7.73 (d, J=7.6 Hz, 2H,
TsArH); *H-NMR(8:2 DMSOdg/H,0) &i: 1.17 (d, J=6.8 Hz, 3H, AlaMe), 1.35 (d, J=6.2 Hz, 3H, tMe), 1.39 (d, J=6.4
Hz, 3H, OxdMe), 2.36 (s, 3H, TsMe), 2.83 (dd, J=8.1, 1338 HH, Phet), 3.11 (dd, J=8.1, 13.8 Hz, 1H, PH&}H3.63
(s, 3H, OMe), 3.84 (quint, J=5.6 Hz, 1H, Gkd), 4.36 (d, J=4.8 Hz, 1H, O%d,), 4.51 (dqg, J=8.1, 9.6 Hz, 1H, Phe}1
4.955.03 (m, 2H, OxtH,+AlaHU), 5.06 (g, 1H, J=6.2 Hz, O%ds), 7.17 (d, J=6.84z, 2H, PheArH), 7.19.30 (m, 3H,
PheArH), 7.37 (d, J=8.2 Hz, 2H, TsArH), 7.62 (d, J=8.2 Hz, 2H, TsArH), 8.42 (d, J=9.2 Hz, 1H, AlaNH), 8.94 (d, J=8.1
Hz, 1H, PheNH}3C-NMR (DMSO-dg) U: 18.5, 20.4, 20.5, 21.4, 37.4, 50.3, 52.6, 53.8, 61.3, 62.0, 69.4, 1727.2,
128.4, 128.7, 129.8, 130.1, 137.4, 138.3, 143.5, 152.3, 153.3, 166.5, 167.1, 171.7, 112D;(IBSK) 659.4 [M+1],
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calcd 659.2; ElemAnal. for GgH34N404:S , calcd: C 54.70, H 5.20, N 8.51, S 4.87; found: C 54.60, H 5.14, N 8.44, S
4.81.

Ts-Ala-gAbu-D-(5-Me-Oxd)-PheOMe 8c). IR (CH,Cl,) 3: 3400, 3334, 1781, 1744, 1707 '¢m'H-NMR (CDCL) i

1.28 (d, J=7.2 Hz, 3H, AlaMe), 1.54 (d, J=6.0 Hz, 3H, OxdMe), 1.89 (d, J=7.2 Hzp®htiMe), 2.46 (s, 3H, TsMe),

3.09 (dd, J=9.0, 13.8 Hz, 1H, Phie}13.18(dd, J=6.2, 13.8 Hz, 1H, PhéH 3.72 (s, 3H, OMe), 3.87 (m, 1H, Ala}j

4.45 (d, J=7.2 Hz, 1H, Oxd} 4.59 (quint, J=6.5 Hz, 1H, OxdH 4.79 (g, J=8.4 Hz, 1H, Phé&M 5.66 (br.d, 1H,

AlaNH), 6.27 (q, J=6.6 Hz, 1HpAbuHb), 7.21 (d, J=8.4, 2H, PheArH},237.33 (m, 3H, PheArH), 7.35 (d, J=7.8 Hz,

2H, TsArH), 7.80 (d, J=7.8 Hz, 2H, TsArH), 7.98 (d, J=8.0 Hz, 1H, PheNH), 8.28 (stpAbyNH); 'H-NMR(8:2
DMSO-dyH,O)i: 1.03 (d, J=7.2 Hz, 3H, AlaMe), 1.20 buMe), J=6
2.36 (s, 3H, TsMe), 2.85 (dd, J=10.4, 13.5 -B69,(m, 4, Ph
OxdHs+ OMe ), 3.99 (quint, J=7.1 Hz, AHH,581 &dml) 1H4. Phedd),
Hz, 1H, oA&B.24Knk PH, Ph@ArH), 7.28 (t, J=7.0 Hz, 2H, PheArH), 7.35 (d, J=6.6 Hz, 2H, TsArH), 7.65 (d,
J=6.6 Hz, 2H, TsArH), 7.93 (d, J=8.4 Hz, 1H, RKIENMRH) K ¢
(DMSO-dg) U: 12.8, 16.9, 21.5, 25.7, 37.8, 528.7 56.9, 62.0, 75.2, 121.9, 126.0, 127.0, 128.7, 129.9, 132.0, 134.4,
136.3, 143.0, 154.8, 168.4, 170.8, 171.6:NES (m/z) 615.4 [M+1], calcd 615.2; ElerAnal. for GgHaN4OeS |, calcd: C

56.67, H 5.58, N 9.11, S 5.22; found: C 56.60, H 5.52, N S®®]15.

Ts-Ala-( 5Me-Oxd)-D-( 5Me-Oxd®)-D-PheOMe(2d). IR (CH,Cl,) 3: 3409, 1776, 1747, 1707, 1608, 1420' tmH-

NMR (CDCL) U: 1.40 (d, J=7.0 Hz, 3H, AlaMe), 1.46 (d, J=6.0 Hz, 3H, tMe), 1.58 (d, J=6.3 Hz, 3H, OXde), 2.44

(s, 3H, TsMe), 3.05 (dd, J=8.3, 13.9 Hz, 1H, Pbei3.17 (dd, J=5.3, 13.9 Hz, 1H, PHaH3.74 (s, 3H, OMe), 4.291.37

(m, 2H, OxdH,,s), 4.58 (dq, J=3.5, 6.3 Hz, 1H, OXdt), 4.88 (ddd, J=5.3, 8.3, 8.5 Hz, 1H, Ph#}5.16 (dqg, J=7.0, 10.8

Hz, 1H, AlaH)), 5.42 (d, J=3.5 Hz, 1H, O%d,), 5.61 (d, J=10.8 Hz, 1H, AlaNH), 6.63 (d, J=8.5 Hz, 1H, PhpNH4

(d, J=6.6 Hz, 2H, PheArH), 7.2237 (m, 5H, PheArH+TsArH), 7.76 (d, J=8.0 Hz, 2H, TsAl:NMR (8:2 DMSC
d/H0)ti: 1.15 (d, J=6.6 Hz, 3H,M8)1a6Ad, J56.0 iz, 3HOOMe}l 2.37Js=361,, 2 H
TsMe), 297 (d,J=6.81z, 2H, PheHb), 3-:45&2( {,m, 3B HHQWMd)S5H 04204 6Mm, 1H
5.03 (d, J=1.6 Hz, 1H, O%H,), 5.10 (dq,J=1.6, 6.2 Hz, 1H, OX#s), 7.18 (d, J=6.7 Hz, 2H, PheArH), 7-I%3 (m, 3H,
PheArH), 7.37 (d, J=8.2 Hz, 2H, TsArH),62 (d, J=8.2 Hz, 2H, TsArH), 8.41 (d, J=9.6 Hz, 1H, AlaNH), 8.89 (d, J=7.6
Hz, 1H, PheNH)**C-NMR (CDCL) t: 18.9, 20.6, 20.9, 21.5, 37.9, 51.1, 52.6, 53.4, 61.1, 62.4, 74.2, 76.0, 127.2, 127.4,
128.6, 129.3, 129.7, 135.6, 136.9, 143.8, 151.1, 1525.71868.1, 171.4, 173.8; B8S (m/z) 659.3 [M+1], calcd

659.2; ElemAnal. for GgH1uN4041S , calcd: C 54.70, H 5.20, N 8.51, S 4.87; found: C 54.65, H 5.26, N 8.50, S 4.82.

Ts-Ala-( 5Me-Oxd)-( 5Pi-Oxd®)-PheOMe(2f). IR (CH,CL,) 3: 3407, 3350, 1790, 4D, 1699, 1660 ch 'H-NMR

(CDCly) U 1.41 (d, J=7.2 Hz, 3H, AlaMe), 1.55 (d, J=6.2 Hz, 6H, tMe), 2.43 (s, 3H, TsMe), 3.12 (d, J=5.6 Hz, 2H,
Phetb), 3.78 (s, 3H, OMe), 4.53 (d, J=4.4 Hz, 1H, Gy, 4.66 (dg, J=2.0, 6.2 Hz, 1H, O%tt), 4.90 (q, J=7.64z, 1H,

PheH)), 5.24 (dq, J=7.6, 10.8 Hz, 1H, Alal{ 5.35 (d, J=2.0 Hz, 1H, O%#d,), 5.41 (d, J=10.8 Hz, 1H, AlaNH), 5.57 (d,

J=4.4 Hz, 1H, OxiHs), 6.31 (d, J=7.7 Hz, 1H, PheNH), 7-0412 (m, 2H, PheArH), 720 . 30 (m, 5H, Ph
PhArH), 7.31 (d, J8.0 Hz, 2H, TsArH), 7.39 . 4 4 ( mPhArB)H7.77 &5J=8.0 Hz, 2H, TSArH}*C-NMR

(CDCly) t: 19.5, 21.1, 21.5, 37.2, 50.6, 52.7, 53.7, 61.2, 65.8, 73.8, 79.0, 125.2, 127.3, 127.6, 129.1, 129.4, 129.5, 129.9
130.1, 135.9, 136.6, 143.8, 151.1, 15486.1, 167.4, 173.1, 173.4; BES (m/z) 721.2 [M+1], calcd 721.2; ElerAnal.

for CasH3gN4O1:S, caled: C 58.32, H 5.03, N 7.77, S, 4.45; found: C 58.29, H 5.09, N 7.80, S, 4.40.

Ts-Ala-( 5Me-Oxd?)-D-( 5P&-Oxd®)-PheOMe(2g). IR (CH,Cl,) 3: 3409, 3345, 177, 1730, 1700, 1656 ¢ 'H-NMR

(CDCly) &i: 1.30 (d, J=7.3 Hz, 3H, AlaMe), 1.52 (d, J=6.4 Hz, 3H, t¥e), 2.43 (s, 3H, TsMe), 3.03 (dd, J=7.2, 14.4 Hz,

2H, Phetb), 3.23 (dd, J=6.0, 14.4 Hz, 2H, PH&H3.76 (s, 3H, OMe), 4.58.61 (m, 2H, OxeHs+Oxd*H,), 4.88 (q,

J=7.6 Hz, 1H, PheB), 5.13 (dg, J=7.6, 10.8 Hz, 1H, Al&Y 5.29 (d, J=2.4 Hz, 1H, O%d,), 5.505.58 (m, 2H,
AlaNH+OxdHs), 6.63 (d, J=7.7 Hz, 1H, PheNH), 7-0411 (m, 2H, PheArH), 7.13 . 2 0 ( rRhAr)H7,2072%

(m, 3H, PheArH), 7.31 (dJ=8.0 Hz, 2H, TsArH), 7.39 . 4 3 ( mPhArB)H7.76 (8,8)=8.0 Hz, 2H, TsArH)*C-

NMR (CDCL) t: 19.3, 20.6, 21.5, 37.6, 50.7, 53.3, 53.5, 60.8, 63.4, 71.8, 79.0, 125.3, 127.4, 128.7, 129.2, 129.5, 129.7,
130.1, 134.7, 135.7, 136.7, 143.6, 151.3, 35265.4, 167.0, 171.2, 173.1; B8 (m/z) 721.3 [M+1], calcd 721.2;
Elem.Anal. for GsH36N4O4:S, caled: C 58.32, H 5.03, N 7.77, S, 4.45; found: C 58.22, H5.07, N 7.71, S, 4.49.
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4.4.3 Conformational analysis

IR analyses.nfrared spectra were obtained at 2'tmesolution using a 1 mm NaCl solution cell and a-IRT

spectrometer (64 scans). All spectra were obtained in 3 mM solutions in d61,GIH297 K. The compounds were dried

in vacuo, and all the sample preparations were performed in a inert atmosphere.
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Figure 6. Amide NH stretching regions of the IR absorption spectra for samples of tetrap@atiddsand3b (3 mM in

DCM) at room temperature.

Circular Dichroism.ECD spectra were recorded from 200 to 400 nm at 25 °C. 1 mM solutions were madpegtial
grade solvents and run in a 0.1 cm quartz cell. Data are reported in molar ellipji¢itggom’@mor™).
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Figure 7. ECD spectra o2a, 3b, and2d; 1 mM in DCM or MeOHpath length 0.1 cm.

NMR analyses'H-NMR spectra were recorded at 49Hz in 5 mm tubes, using 0.01 M peptide at room temperature.
Solvent suppression was performed by the solvent presaturation procedure implemented in Varian (PRESINB.
spectra were recorded at 100 MHz. @mbégoouscaasignmert GIfNMR ~ ar e
resonances was performed by 2D gCOSY, HMBC, and HSQC. gCOSY experiments were conducted with a proton
spectral width of 3103 Hz. \\iH-NMR experiments were performed over the range of 288 °K. 2D spectra were
recorded in th phase sensitive mode and processed using -ah#@8d, squared siAgell apodization. 2D ROESY
experiments were recorded in 8:2 DM$IEH,0O, with a 250 ms mixing time with a proton spectral width of 3088 Hz.
Peaks were calibrated on DMSO.

Table 5. Seleted *H-NMR chemical shiftsd) of the model compdga, 2c, 2d, and3b, 3csolvents: S1 £DCl;; S2 =
8:2 DMSOdy/H,0; amino acid stereochemistry has been omitted.

2a 2c 2d 3b 3c

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
Ala'NH 5.39 8.36 5.44 8.42 5.61 8.41 5.92 7.94 5.66 7.93
Ala'Ha 5.22 5.02 5.11 5.0 5.16 5.02 3.85 3.90 3.87 3.99
Oxd?H4 5.26 5.17 5.24 5.0 5.42 5.03 - - - -
OxdPH5 4.58 4.66 453 5.06 4.58 5.10 - - - -
DAbuNH - - - - - - 8.66 9.53 8.28 9.73
DAbuHb - - - - - - 6.04 5.71 6.27 5.65
Oxd*H4 4.26 457 4.29 4.36 4.3 45 4.38 4.42 4.4 4.25
Oxd’H5 4.75 45 4.64 3.84 4.3 45 4.4 4.33 4.6 3.6
PhéNH 6.28 8.98 6.55 8.94 6.63 8.89 7.64 8.78 7.98 8.85
PhéHa 4.85 4.5 4.82 4.51 4.88 45 4.84 454 4.79 4.58
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Figure 8. Variation of NH proton chemical shift (p.p.m.) B, 2c, 2d and3b as a function of increasing percentages of
DMSO-ds to the CDCJ solution (v/v).

ROESY and molecular dynami€nly ROESY-derived constraints weliacluded in the restrained molecular dynamics.
Crosspeak intensities were classified very strong, strong, medium, and weak, and were associated with distances of 2.2
2.6, 3.0, and 4.5 A, respectively. Geminal couplings and other obvious correlatianslisgarded. For the absence of

Hay(i, i+1) ROESY cross peaks, all of tkebonds were set at 180° (force constant: 16 kcal"&id). The restrained MD
simulations were conducted using the AMBER force field in a 30x30x30 A box of standard TIP3P modelktoéted

water® All water molecules with atoms that come closer than 2.3 A to a solute atom were eliminated. A 100 ps
simulation at 1200 °K was used for generating 50 random structures that were subsequently subjected to a 50 p
restrained MD with a 506 scaled force field at the same temperature, followed by 50 ps with full restraints (distance
force constant of 7 kcal mblA™), after which the system was cooled in 20 ps to 50 °#0Hd interactions were not
included, nor were torsion angle resttairThe resulting structures were minimized with 3000 cycles of steepest descent
and 3000 cycles of conjugated gradient (convergence of 0.01 ktahdk). The backbones of the structures were
clustered by the RMSD analysis module of HyperCH&dnrestraned MD simulation was performed in a 30x30x30 A

box of standard TIP3P water for 10 ns at 298 °K, at constant temperature and pressure (Berendséh isatteme,
relaxation constant of 0.2). For4lscale factors, van der Waals and electrostatic interadi@nscaled in AMBER to

half their nominal value. The integration time step was set to 0.1 fs.

Table 6. Non-obvious ROESY crospeaks observed f@a.®

Crosspeak intensity Crosspeak intensity
PheNHOxdMe w PheNHPhetb(up) s
PheNHPhetb(dw) m PheNHPheéHa m
PheNHOxd®*H4 s PheNHOXxd®H5 m
PheNHOxd?H5 w PheNHPheArH m
AlaNH-AlaMe VS AlaNH-AlaHa s
AlaNH-TsArH2,6 S TsArH2,6-AlaMe w
TsArH2,6-:0xdPMe w TsArH2,6-AlaHa m
TsArH3,50xdMe s TsArH3,5 Oxd?H4 w
PheArHPheHa s Oxd?H4-Oxd®H4 w
Oxd?H4-AlaHa w AlaHa-Oxd*H5 w
Oxd?H5-Oxd*H5 w COOMePheth w

2 Stereochemistry has been omittdp = upfield, dw = downfieldfvs = very strong, s = strong, m = medium, w =
weak.
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Table 7. Non-obvious ROESY crospeaks observed f@c.?

Crosspeak intensity Crosspeak intensity
PheNHPheArH w PheNHPheHa m
PheNHOxd*H4 vs PheNHOxd®H5 w
PheNHPheHb(dw) w PheNHPhetb(up) s
PheNHOxd®Me w PheNHCOOMe w
AlaNH-TsArH2,6 m AlaNH-AlaHa m
AlaNH-AlaMe S TsArH2,6-AlaMe w
TsArH2,6-0xdMe w TsArH2,6-AlaHa m
TsArH3,50xdMe w TsArH3,5AlaHa w
PheArH2,4,6 Oxd®Me w PheArH2,4,6 Phetb(up) s
PheArH2,4,6 Phetb(dw) S PheArH2,4,6 AlaMe w
PheArH2,4,6 Pheta m PheArH2,4,6COOMe w
PheArH2,4,60xd®H5 w Oxc?H4-Oxd*H5 w
Oxd?H4-Oxd*H4 w Oxd?H5-Oxd*H4 w
Oxd?H5-Pheta w AlaHa-PheHa w
PheHa-Phetb(dw) S PheHa-Phetb(up) m
PheHa-COOMe w Phetha- Oxd®H5 w
PheHa-Oxd®H4 w Oxd®H5-PheHb(dw) w
COOMeAlaMe m COOMeTsMe w
COOMePheHb(dw) m COOMePhetb(up) m
TsMe OxdMe w

2 Stereochemistry has been omitt8dip = upfield, dw = downfield® vs = very strong, s = strong, m = medium, w =
weak.
Table 8 Non-obvious ROESY crospeaks observed f@d.?

Crosspeak intensity Crosspeak intensity
PheNHAlaMe w PheNHOxd*Me w
PheNHPhetb Vs PheNHCOOMe w
PheNHPheHa m PheNHOxd*H4 m
PheNHOxdH5 w PheNHPheArH s
AlaNH-AlaMe S AlaNH-COOMe w
AlaNH-AlaHa S AlaNH-TsArH2,6 S
AlaNH-TsArH3,5 w TsArH2,6-AlaMe m
TsArH2,6-:0xdMe w TsArH2,6:AlaHa S
TsArH2,60xdH4 w TsArH3,50xdMe s
TsArH3,5AlaHa m PheArH3,5AlaMe m
PheArH3,5COOMe w PheArH3,5Pheta m
PheArHOxd*Me w PheArHCOOMe s
Oxd?H4-TsMe m Pheta-AlaMe w
COOMeAlaMe w COOMePhehb ]
Phetb-AlaMe m TsMe-AlaMe w
OxdMe-AlaMe w

@ Stereochemistry has been omitt8dp = upfield, dw = downfield® vs = very strong, s = strong, m = medium, w =
weak.
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Table 9. Non-obvious ROESY crospeaks observed f@&b?

Crosspeak intensity Crosspeak intensity
DAbuNH-AlaMe m DAbuNH-DAbuMe S
DAbuNH-AlaHa VS DAbuNH-AlaNH S
DAbuNH-PheNH w DAbuNH-TsArH2,6 w
PheNHOxdH5 w PheNHPhetb Vs
PheNHOxdH4 Vs PheNHPhekra s
PheNHPheArH m PheNHAlIaNH w
AlaNH-AlaMe 'S AlaNH-AlaHa S
AlaNH-TsArH2,6 w TsArH2,6:AlaMe w
TsArH2,6-AlaHa m PheArHCOOMe w
PheArHPhetb VS PheArHPheka S
PheArHOxd’H5 w DAbuHb-Oxd®H4 w
COOMePhetb m COOMePheka w
Phetb-Oxd®H4 w COOMeOxd*Me w
DAbuMe-TsMe w DAbuMe-AlaMe S
DAbuMe-Oxd*Me w

2 Stereochemistry has been omitt8dip = upfield, dw = downfield® vs = very strong, s

weak.

Table 10 Non-obvious ROESY crospeaks observed f@c.?

= strong, m = medium, w =

Crosspeak intensiy Crosspeak intensity
DAbuNH-AlaMe m DAbuNH-DAbuMe S
DAbuNH-Oxd*Me w DAbuNH-AlaNH Vs
DAbuNH-DAbuHb w DAbuNH-TsArH2,6 w
DAbuNH-PheNH w PheNHPheArH m
PheNHPhehb(up) S PheNHPhetb(dw) w
PheNHOXxd*H5 m PheNHOxd*H4 s
PheNHPheHa S PheNHPheArH m
AlaNH-AlaMe m AlaNH-AlaHa m
TsArH2,6-AlaMe m TsArH2,6-AlaHa S
TsArH2,6-AlaNH m TsArH3,5AlaNH w
PheArH3,50xd*Me w PheArH3,5Phetb(up) w
PheArH3,5Pheth w PheArH2,60xd*Me w
PheArH2,6Phetb(up) S PheArH2,6Phetb(dw) VS
PheArH2,60xd®H5 w PheArH2,6Pheta s
PheHa-Phetb(dw) S PheHa-Phetb(up) s
Oxd3H5PheHb(up) w COOMePheNH w
COOMePheta m COOMePhetb(dw) w
COOMePhetb(up) w

weak.

A Stereochemistry has been omittBdp = upfield, dw = downfield’vs = very strong, s = strong, m = medium, w =
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Figure 9. Top (left) and side (right) view of the intermediate anfof Scheme 1, calculated for the cyclization of the
model peptide T&la-SerNH, with DSC and DIPEA, employing ab initio molecular orbital (MO) theory. A systematic
conformational analys for thestructures was done at the HBBG* level. The conformers were-optimized at the
HF/6-31G** level. Backbones are rendered in baliglcylinders, hydrogen atoms in sticks. Optimization was performed
by conjugate gradient algorithm, convergerat 0.001; energies are expressed in Kcal'mIPEAH" was included in
the computations, but is not visualized for clarity.
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Chapter 5
First exampleof b?Freidinger lactam analogs synthesis and conformational analysisf Amo ring

Constained peptidomimetic scaffolds are of considerable interest for the design of therapeutically useful analogues o
bioactive peptidesin this chapter ipresened the single step cyclization oBf or (R)-a-hydroxy-b? or a-substituteea-
hydroxy-b?%*amiro acids already incorporated within oligopeptides tanfinomethyloxazolidine2,4-dione (Amo) rings.

These scaffolds can be regarded as unprecedbftert b**homo Freidinger lactam analogs, and can be equipped with a
proteinogenic side chain at eadsidue. In a biomimetic environment Amo rings act as inducers of extendeehesgnar

folded geometries, depending on the relative stereochemistry and the presersuibstituents.

5.1. Introduction

Although native biologically active peptides haveraagpotential for medicaind biotechnologicapplications’ their utility

is reduced by severe inherent limitations, in particular poor stability against proteolytic breakdown and scarce bionistribut
and bioavailability properties.Besides, peptidesend to be quite flexible, and conformations are highly dependent on
environment, leading to modest recepsetectivity. These issues have been addressed by the design of highly stable and
conformationally constrainegeptidomimetics;?i.e. compounds whospharmacophoric and stereostructural elements mimic
the bioactive structure of the parent peptitles.

One approach to obtaining more rigigptidomimetick® is to incorporatdocal constraints using conformationally restricted
amino acid units omodified peptide backboneGlobal constrints are introduced for instane@& cyclization or byreplacing
portions of the peptides with ngreptide structures. In this context, large effort has been dedicated to design scaffolds
mimicking turn structuresh-Turns are common motifs in peptide stures (Figure 1), and very often are critical to peptide
conformational stability and many interactions correlated to a variety of biological protés&sse b-turns inwolve four
residues with €(i) to OJi+3) distances of less than 7.0 A, and form a hydrdgemd C=O(i)- - -H-N(i+4) (1->4-type)> As a
consequence, small scaffolds which reproduce these features have been extensively investigated to discover compounds
can mimic or disrupt turmediated recognition everft&or instance, the prototypic Freidinger lactam dipepfitiesave been

widely used to constrain peptiderdormations, stabilizing turn structures and acting as strand inducers (Fi§ure 1).

R" 4 R? 2 R! 5
HN o HN o HN &o
(0]
-2. O-Q )t ~-H-N
R RS R 3 s ol
, R i i+3
l%tlH o i+3 NH sz_
o o

Figure 1. Sketch of &-turn, a classic Freidinger lactam, and theaminob-lactam approach.

However, the scaffoldtrategy resulted in limited success with bioactive peptide ligands where thpepiide or
pseudopeptide scaffold itself contains most of the pharmacophorere&fiFrequently, the side chains at some fundamental
positions are not maintained, or one of the amino acids is omitted on the basis of the hypothesis thegticdioaseplay a
structural rather than a recognition role, e.g. Pro or Gly at positibrof a b-turn®° Therefore, the structures of the turn
mimetics may lack some relevant pharmacophores for specific targets. An example is represented by the early Freiding
lactams,(Figure 1) obtained by sacrifigythei+1 side chain with the formation of fo 8 membered rings. To overcome this
limit, many efforts have been dedicated to the preparatiensfbstituted lactam¥:for instance, Palomo et al. proposed the
separation of constraint and recognition edeis, and introduced @alkyl-U-aminob-lactam rings placed at the positiprl
residue as potent nucleatorsbefurns (Figure 1?

Besides, the preparation of the constrained mimetics may requiresteyltprocedures, resulting in low overall yieldsd a
many synthetic methods lack flexibility and are therefore not suited to introduce difeksityconsequence, the development
of a expedient procedure to constrain a peptide while maintaining all of Zhen@tophores is of considerable interest.

During my thesis workwe have been interested in the rapid and simple ring closurénydroxy-a-amino acids intdurn-
inducer scaffoldsln the previous chaptes illustratedthat the reaction oN-arylsulfonylpeptides containing -Lor D-
configured Ser and/or othérhydroxy-a-amino acids (Thr, PhSer), with, -Wifjccinimidyl carbonatéDSC) and a catalytic
amount of DIPEA, gave rise in a single step to the formation of oxazolidinone (Oxd) ring(s) (Schérmdar the same
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conditions, the corresponding Fracar Bocpeptides gave elimination to dehydroalanine, in agreement to thetditer’
suggesting that thid-sulfonyl group effectively promoted the cyclization.

cat DIPEA NH.
NHy — » Ts” 2
DCM/DMF

rt, 1h

Ph
Ph o
o] o Ho 9
H N NH,
_N NH, — » Ts N N
N N H o 0
H H
OH o) o

Scheme 1Reaction of peptides containing Ser (top)saSer (bottom) with DSC.

Another part of this project is been the developmena single step procedure to lock the geometry afligopeptide by
cyclization ofa-hydroxy-b?amino acids ora-substituteea-hydroxy-b**amino acids, already present in the sequence; to 5
aminomethyloxazolidin®,4-dione rings (Amo). These unusual heteicy scaffolds (Scheme 1 and Figure 2) can be
regarded ab* or ¥f-homovariants of a classic Freidinger lactam and can be equipped with a side chainsaapesition

5.2.Results and Discussion

5.2.1.Synthesis

On repeating the same protocol of 8ate 1 on a peptide containitige a-hydroxy-b>amino acidisoSer, we observed, not
totally unexpected, a different outcome: the reaction gave exclusively the cyclizai@miomomethyloxazolidin€,4-dione
(Amo) comprisingisoSer and thdollowing amino acid (Scheme 1). To our knowledge, this peptide represents the first
example of conformationally constrained peptide containiogeaolidine2,4-dione scaffolgin general, thiieterocycléhas
beendescribed and utilized very few times in organic or mieai chemistry*

Under the structural point of view Amo can be regarded as a novel constr&iaetino acid. Among thb-amino acids, the
b®amino acidsare less synthetically feasible respect to thelcounterparts (Figure 2§.Besides, the cyclic structure of
Amo, achievedria acylation of the backbone nitrogen atom, embraces two consecutine acds, therefore introducing a
global constraint of @)-N(i+1)-type®in the sequence. This kind of short range cyclizatfooan significantly reduce the
conformational space accessible to the peptigeeat in which they are incorporated. In this perspecthe Amo ring can

be regarded as a novef-homeanalogue of a Freidinger lactam (Figure*2Btructures combining the conformational
properties of thé&reidingerlactams with the stability of the-amino acids have been the subject of much interest by Gmeiner
and co. and some other grodpsiowever, in all cases the reported structures Ww&teomovariants ofFreidinger lactams
(Figure 2).

Figure 2. Structures of %, b?*, andb*-amino acids (top), and comparison of a classic Freidinger lactam composed-of all
amino acids (middle), with the’- and #-homoAmo v ari ant s, ab’-tomolactarhs® (laottoB)me i ner & s

Finally, the AmePhe sequence of Scheme 1 might also represent a constrained dipeptide unit compfseddof
a residues, of potential interest for the desigrafif-hybrid foldamer¥’ showing unprecedenteskcondary structes (see
al s o t heonfermatianapeoperti@CIndeedunexpected conformational effects have been often observedbihen
amino acids were present in the backbone instead of the more cdmmesidues*
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This potential interesprompted us to exploit the cyclization to prepare oligopeptide sequences containing the unusual
scaffold under different reaction conditions. Accordingly, we prepared alitmiary of di, tri- or tetrapeptides containing

(9- or (R)-configuredisoSer, guipped with different groups at tieterminus, amide or ester at tBgerminus (Scheme 2),

and we reacted these peptides with different carbonates or dicarbonates, in solution (Scheme 3, Table 1) or in the solid phz
(Scheme 4, Table 1).

MW (80°C), 10 min

Ph
Bo /\Hk /g( HOBTIHBTUDIPEA i /Q(R‘
. . .
OH * HN “oowomE ﬂ/\Hkﬂ
; OH 0

(5,S)-a:R'=NH, (S,S,S)-d: R' = ValOMe

bR = R,S,S)-e: R = ValOM
(S.R)yb:R'=NH, ) alOMe l TEAIDCM

(R,S)-c: R'=NH, r.t, 15 min

Ph Ph
o o)
R. R' R-OH R
N N <—— TFA- HN N
OH S OH o)

0]

(S,S,S)-a: R =Ts-Ala, R' = NH, (S,S,S,5)-d: R = Ts-Ala, R' = ValOMe
(S,R,S)-b: R =Ts-Ala, R' = NH, (S,R,S,S)-e: R = Ts-Ala, R' = ValOMe
(S,S,R)-c: R = Ts-Ala, R' = NH, (S,S,S,5)-f: R = Boc-Ala, R' = ValOMe

Scheme 2Synthesis ofsoSercontaining peptide$ and2.

The dipeptide BodisoSerPheNH (1a) was prepared in solution by coupling BigsoSerOH and HPheNH under MW
irradiation?® using HBTU/HOBUDIPEA as activating agents (Schem@.2Boc-isoSerOH* was prepared according to the
literature. The isoSer building block was incorporated without a protection for the OH functimder these reaction
conditions®? the acylation of the OFfunction and thus the formation of a depsipeptide side progastnot observed, as
confirmed by the’H NMR and RPHPLC MS analyses of the crude reaction mixture. After purification by flash
chromatography over silica gdlawas utilized for the following cyation step (Scheme 3, Table 1).

By using the same protocol, BisnSerOH and R)-H-PheNH gavelb, while (R)-Boc-isoSerOH* and HPheNH gavelc.
The tripeptidesld and 1e were prepared from BeisoSerOH andH-PheValOMe (1d), or (R)-Boc-isoSerOH and HPhe
ValOMe (1€). The crudelb-e were analysed by RAPLC MS and utilized as intermediates for the preparation of longer
sequences without further purifications. The dipeptid®h¢ValOMe was prepared in turndm BocPheValOMe? by
treatment with 25% TFA in DCM. The same conditions were utilized for Boc deprotection of-tbe tdpeptidesla-e
(Scheme 2).

The peptideTFA salts fromla-e were subjected to coupling with Tosyl (I&laOH under the above dedeed conditions,
giving the corresponding trior tetrapeptide®a-e (Scheme 2). T&laOH was prepared as described in the literature.
Finally, the tetrapeptid@d was obtained fromid and BocAlaOH. The tri or tetragptides2af were isolated by flash
chromatography over silica gel, and their structures were assignétiyIR and HPLGMS.

The reaction of the Tgipeptides2a, b containing §)- or (R)-isoSer, and of the diastereoisome2i; with DSC and DIPEA
for 1 h in DCM/DMF gave the corresponding Arpeptides3a-c with excellent yields $cheme 3Table 1, entries -B).
Other carbonates or dicarbonates gave inferior results (Table 1: entry 4, triphosgene 55%; eniy aBes, entry 6, CDI
70%). Good yields were obtained with DSC for the synthebietrapeptide8d-f having Val methyl ester at th@terminus
(entries 7 to 9), and for the minimalist dipeptide Bono-PheNH 3g (entry 10).
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Ph
o
R R
OH o)
2
DSC (1.1 eq), athway b
pathway | o DipEA pathway
a 3:1 DCM/DMF, r.t., 1h
Ph
I i
. R
s /\%k J%(R X N/\,)\ N
N N _ H

o) Io) o o] (o]
O (e} 0

l X

T
=
o

Ph
o Ph o
' R'
R*N/\%J\N R R\N/H)LH
H b o )/-—o o
(e} 3 o
(S,S,S)-a:R = Ts-Ala, R' = NH, (S,R.S,S)-e: R = Ts-Ala, R' = ValOMe
(S,R,S)-b: R = Ts-Ala, R' = NH, (S,S,S,S)-f: R = Boc-Ala, R' = ValOMe
(S,S,R)-c: R =Ts-Ala, R'= NH, (S,S)-g: R = Boc, R' = NH,

(S,S,S,5)-d: R = Ts-Ala, R' = ValOMe

Scheme 3Regioselective cyclization asoSercontaining peptide? to Amo-peptides3.

Different protecting groups at tidterminus such as Boc (entries 9 and 10) and Ac (entry 11), gave results very close to Ts.
Clearly, for the comparatively simpler cleavage, carbamate protecting groups represent the most obviod$ choice.
Nevertheless, the literature reports several methods for the mild cleavage of arylsulfonyl *gfoupecently, we
successfully removed the Ts group from peptides containing the Oxd ring with iodotrimethyf<ifamkile the treatment

with Smb-pyrrolidinewatef” was less efficient.

Table 1.Cyclization of peptideda and2 containingisoSer to Amepeptides3.

Entry 1/2 R isoSer Phe RO carbonate 3 (%)?
1 2a Ts-Ala S S NH, DSC a 93

2 2b Ts-Ala R S NH; DSC b 90

3 2c Ts-Ala S R NH; DSC c 93
4 2a Ts-Ala S S NH, triphosgene a 55

5 2a Ts-Ala S S NH, Boc,0O a traces
6 2a Ts-Ala S S NH, CDI a 70

7 2d Ts-Ala S S ValOMe DsC d 90

8 2e TsAla R S ValOMe DSC e 93

9 2f Boc-Ala S S ValOMe DSC f 91
10 la Boc S S NH, DSC g 91
11 2h° Ac-Ala SR S PheWang DSC h¢ 80"
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The Acpeptide2h was prepared as a mixture of diastereocisomers from raéenier (not protected d@ihe OH function) by
solidphase synthesis (Scheme AM-Fmocprotected amino acids were coupled on a standard Wang resin with
HBTU/HOBYDIPEA under MW irradiation45°C).*? Fmoc deprotection was performed w@% piperidine in DMF under

MW irradiation. The resulting resibound peptide Adla-(SR)-isoSerPheWang was then utilized for the following
cyclization prior to cleavage by treatment with a moderate excess of DSC (3 equiv.) and DIPEA (1 equiDCON/DMF

for 2 h. The cleavage from resin was performed with TFA in DCM in the presence of scavengers.

Analysis of the crude reaction mixture by {RIPLC and ESIMS revealed the presence of the two diastereomeric-Amo
peptide acids Adla-(SR)-Amo-PheOH(3h) in 1:1 ratio, recovered in very satisfactory yield (80%, based on an average
resin loading of 0.6 mmol/g) after semipreparative HFFLC (General Methods).

DSC (3 eq) o o Ph
DIPEA (1 eq) H Q
_N
\)L «# g(o MR
3:1 DCM/DMF : H oo o)
rt, 2h o)

2h
Lo o Ph
TFA/DCM OH 80%
_ TRV AC/N\:)J\”/%N o
H o} o
o) 3h

Scheme 4Solid-phase synthesis éfc-tripeptides3h.

In all cases epimerization during the cyclization @ah was excluded on the basis of the NMR and HPLC analyses,
including the HPLC on a chiral stationgsfiase (see General Methods).

The structure of the ring closing produ@swas readily determined b{4 NMR and gCOSY. The disappearance of the
PheNH resonance in thél NMR-spectrum, a significant downfield shift of PheHand the loss of the PharPheNH
coupling constant, accounted for the acylation of the adjacent Phe nitrogen. On the contrary, the protaf {hetteoSer

residue was maintained (apart from OH group), while the resonances of the Ala residue were practically unaffected.

In principle, the cyclization of thisoSer residue with DSC could give rise also to the formation of a oxaz@ldire (Oxd

ring (Scheme 3, path); this was obtained as the only product in peptides containing Ser (Scheme 1) trlofHeoxy-a-

amino acids. The concomitant formation of traces of oxazolidinones by alternative cyclization was excluded on the basis ©
the HPLC, MS, andH NMR analyses of the crude reaction mixtures. Apparently, all reactio@is-bofproceeded with
complde regioselectivity giving exclusively the Amo ring. This observation prompted us to verify whether the ring closure
to Oxd would occur when the former would be prevented by choosing sarcosindl-{8athylglycine),as theC-terminal

amino acid. Consequy, we synthesized the tripeptide -Bfa-isoSerSarNH, (2i), and we attempted the cyclization
reaction under the same conditions as before (Scheme 5). In effect, after 1h the cyclization to the corresponding peptide T
Ala-Oxd-SarNH, (4) was observed, adlit in low yield (25%) compared to the Ampeptides3, the rest being the
intermediatdsoSerO-carbonate. The yield was improved to 55% by using 1 equiv. of PB&diazabicyclo[5.4.0]lundec

7-eng instead of catalytic DIPEA, an excess of DSC (3 equiigher temperaturegtQ°C) and prolonged reaction times

(6h). Apparently, the cyclization to Anfbseems to be favored respect to the alternative cyclization tetOxd

o) o

H DSC3eq H ﬁ)J\ NH
DBU 1 - 2
Ts’Nj)J\ /\HJ\N/\H/NHz e Ts W)J\N 'ﬂ/ﬁ(
OH e 3:1 DCM/DMF O Me O
40°C, 6h o}
2i 4 55%

Scheme 5Reaction of sarcosireontaining2i to Oxd-peptide4.

Presumably, the cyclization to Amo proceetiisthe fivemembered anionic intermediate with endocyclic C=0 (Scheme 3,
patha, andScheme B The loss of 2 &lioxopyrrolidin-1-olate leaving group, rapidly protonated by DIPEAltads to the
Amo-peptide3 and DIPEA, which can be utilized in catalytic amount. The detailed study of the reaction mechanism is
beyond the scope of this worRreliminary computations (Schemesiggested that the intermediate with endocyclic C=0 is
significantly more sthle than the alternative intermediate with hexocyclic C=0 (Scheme 3bpattrecursor of the Oxd.

The Amo ring proved to be remarkably stable when dissolved in common organic solvents and in water. On the other hand,
was reported in the literatureaththe carbamate increased the reactivity of the inner peptide bond towards reduction by
NaBH,.** Accordingly, 3b was regioselectively reduced at the position 4 of tmeeBnbered ring in very satisfactory yield
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giving exclusively the 4hydroxy-5-aminomethyl oxazolidis2-one5 in transrelative stereochemistry (Scheme 6). Tlams
relationships between the two substituents was substantiated by the very small coupling denstantthe *H NMR
spectra. 4,Disubstitutedirans-oxazolidin2-ones are characterized by coupling constants much lower than thataé-the
stereoisomef& (equilibrium between anomers was not observed).

Ph

OH
NaBH, - *® NH
3b T Ala\N/(',;’)g\N B 2

MeOH H 7o o
0°C, 7h o 5 85%

Scheme 6Regio and stereoselective reductiortef Amo ring.

The ring closure to Amo ring was made possible by the sacrifice of the OH groupahiftroxy-b*amino acidisoSer.
Therefore, Amo represents a constraindd-amino acid deprived of a side chafmFor this reason, we exploited the
opportunity to utilize a-substituteega-hydroxy-b**amino acids for preparing Armerivatives carrying a explicit
proteinogenic side chain. TheoSer derivatives are interesting members of bth@mino acid family pesent in many
bioactive compounds, e.g. Taxol, bestatin, protease inhibitors, etc., therefore several synthetic protocols have been develoy
for their synthesis in optically active form, including asymmetric catalysis, enzymatic resolution, and tHechsal o
auxiliaries and building blocks#

As a prototype for a side chain substituted amino acid surrogate, we prepared the madeemin §)- or (R)-a-methyt

isoSer froma keto esteand nitromethaneusing an adaptation of the catalytic enantioselective Henry reaction reported by
Jorgensen, Schemeé®Methyl pyruvate was reacted with nitromethane in the presence of Cu(ll), TEARprat (9)-t-Bu-
bisoxazoline (Box), giving in high yieldsSf or (R)-configured b-nitro-a-hydroxy ester6a or 6b, respectively’ The
reduction of the nitro group gave th®-(or (R)-b*%amino estei7a®* or 7b, and the coupling with the other residues under
MW irradiationand standard coupling agents gave the linear homochiral tetrap@atiti¢he heterochira®b, respectively.

The treatment with DSC and the base affordecbfifehomoFreidinger lactam analogué®aand10b bearing a substituent

at eacha-position, Schem 7.

o) o (o) o) o)
Me-NO, Me! Me H Me!
Mem)kOMe 20% Et.N OZNNAOMe Hy, Pd/C HZNN)LOMe Ts-AlaOH TS/N%N%OMe >
o] 20% Cu(OTf),-Box OH OH HBTU, HOBt o H o o4
6 (R)-Box: (S)-a 7 (S-a DIPEA, MW (S,S)-a  80%
>95% (S)-Box: (R)-b >95% ()b (SR-b 84%

1. 1M LiOH

Ph Ph

9 0 o o
H Me H o e h ©
N N H

H,0/MeOH "y %N%NJ%( %OMG psc(t1eq . N MN%{N%OMe
P oo Hoo AL RS :
: 0 AL
o

2. H-Phe-ValOMe cat. DIPEA (8.S,S,5)-a 95%

(S,S,5,5)a 85% 9 10 (S,RS,S)-b 92%
(S,R,S,5)-b 83%

Scheme 7Synthesis of peptidel0 containing the §- or (R)-configured 5methylAmo scaffold.

5.2.2. Conformational properties

For the novelty represented by theno scaffolds which incorporateS)- or (R)-b% or ab?%amino acid we decided to
investigate the conformations of the Aroontaining tetrapeptides. Indeed, it is well known that the introductionb3f a
residue in a peptide sequence can lead to secondary structures quite different from that of sequensed o alla-
residues>'3

Hofmann et al. have investigated by systematic theoretitalyses the intrinsic conformational preferences ebAnino
amide nonomers carrying single or multiple substitutions at thea@d @ backbone atoms. The most stable conformations
were found to be different types of siand eightmembered ring hydrogen bonded structures (C6, C8) corresponding to
gauche rotamers aroundettCa-Cb bond, a feature which is expected to promote local folding when incorporated into
peptides™

In a similar way, initially we performed theoretical studies to analyze the conformational preferenepseséntative
models of unsubstituted aradsubstituted Amo monomers, that we identified in the structure3-methylAmo (18 and
Ac-3,5dimethylAmo (L1b). According to the convention of Banerjee and Balafathe soft torsional degrees of freedom in
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ab-amino acid are defined &N-Ch), g (Cb-Ca), andy (Ca-C=0), respectively (Figure 3). It is apparent that the central
torsion anglegrepresents the most relevant geometric variable of Amo monomers.

W
R \“0—1
\ 1 N_"CHS

O
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(
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+g » trans 4 -g
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0.0(+127, +67,+122) 0.41(-106,-177,+121)  0.67 (+131,-61, +121)
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b ; p
R =Me /
~ ]
‘

0.0(+120,+68, +118) 0.44(-118,-174,+116)  0.25(+131,-62, +117)

Figure 3. Minimum-energy conformations and relative energies of tige trans and -g rotamers around the central
backbone dihedral anglg of model compound4laand1lb. A systematic conformational analysis arouhdnd g was
performed in gagphase employig DFT; gE are given in kcal/molf, g, andy, are given into brackets in degrees; Amo is
rendered in balls and cylinders, the rest in sticks.

Therelative energies of the minimuenergy conformations of theg, trans and-g rotamers around angleof 11a and11b

have beerestimated in the ggshase with the aid of theoretical studi@gmploying the density functional theory. The
calculated relative energies in increasing order werelfar +g < trans< -g; for 11b, +g < -g < trans (Figure 3). For both
structures thglobal minimum was &g conformer ofg, which is consistent with the calculated geometries reported in the
literature forb® and disubstitute**amino acids, albeit the rigingley prevents the formation of the commonly observed
6-membered hydrogen bonded pseudocycles {&8yr 11a the-g conformer was by far the less stable. On the other hand,
the presence of the methyl substituent at the position 5 of the Amo rihtpistrongly reduced thgE between therg

global minimum and theg rotamer, while theyt of thetransgeometry was slightly higher (Figure 3).

It is plausible that the geometric preferences of the Amo monomers could impact the conformationsaonfaiming
oligopeptides. The computations indicated that the introducfianballk at the positioa. of the scaffoldshould increase the
population of folded structures compared to unsubstituted fAfigure 3), since in the former the more extentiedhs
rotamer was the least stablékely, when aa-substituted Amo scaffold dslbis inserted into a peptide, the preponderance

of +g and -g rotamers should consent to further stabilize folded geometries byniolecular hydrogettbonding. In
oligomers, the occurrence of intersidue hydrogen bonds or other interactions betweenomers may significantly
influence the stability relationships between competing alternatives, albeit they are not the main driving force for the
formation of the corresponding conformers themsel¥&sBesides, polar solvents are expected to have a influence on the
stability andconformation of molecules, and generally tend to reducgfheetween conformers.

In order to experimentally determine the conformations of oligomers containing the Amo scaffolds, we performed a
conformational analysis by NMR spectroscopytt@ model tetrapeptidedsd and3e, which include the unsubstitute8){ or
(R)-configured Amo scaffoldrespectively, andOaand10b containing §)- or (R)-5-methylAmo. To gain more information,
analyses were occasionally performed on other AetidesThe'H NMR of the model compounds were recorded either in
CDClz or in 8:2 [D]DMSO/H,0; [Dg]DMSO or mixtures of [RIDMSO and HO have been recommended by several
authors as excellent representatives of biological fltfidEhe spectra showed a single set of resonances, suggestive of
conformational homogeneity or a rapid equilibrium between conformers.

In 100% CDC} amide protons that are hydrogen bonded are found downfield respect to non bonded protons. For all Amo
oligopeptides, the chemical shifts of the amide protons appeared in the order AmoNH > ValNH > AlaNH. In particular, the
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all-(9- sequence8d ard 10ashowed AmoNH resonances > 7.0 p.p.m., suggesting that these amide proton were bonded to &
significant extent.

The occurrence of intramoleculaydrogenbonding was deduced by analyzing the variations of the NH chemical shifts upon
addition of increasg percentages of [[JDMSOto solutions of the compounds in CRFigure 4).

During the titration of3e and 10b AlaNH and AmoNHexhibited a moderate downfield shifthile VaINH was much more
sensitive. FoBd, AmoNH was significantly less sensitive thalaNH and ValNH. On the other hand, fb@athe chemical

shifts of AlaNH and ValNH showed a marked variation, while that of AmoNH remained practically constant and is therefore
less accessible. This suggested thaiaAmoNH could be involved in a #hond 3

To gain more information, also the tripepti@a and 3c were analyad by titration experiments (Figure.5They both
behaved as the tetrapeptidgssand 10a namely showing AmoNH possibly involved inhggdrogenbond, this observation
reasonably excludg ValOMe as Hbond acceptor in the tetrapeptides. The reversal of configuration of the residue 3, from
(S in3ato (R) in 3¢, seemed to be well tolerated.

6 //'/ —e— AlaNH
-=@-= AmoNH -=&-- AmoNH

55 55 —e— VaiNH
10a ——ValNH 10b .

5 5 + i + + +
0 2 - ] 8 0 2 E 6 8
% DMSO-d, (v/v) % DMSO-d, (v/v)

Figure 4. Titration experimentsvariation of NH proton chemical shift (p.p.m.) of 2 n3d, 3e 10a and10bin CDCk as a
function of increasing [E})DMSO (% v/v).

85 85
3a
" 8 | 3c
75 - - 75 | 5 -
-l - -
7Y 7] |,
6.5 //.—_’/‘ 65 A/—‘/‘ 65 1 —e—AlaNH
’ - AmoNH
—e—AlaNH 6 1 —e— AlaNH 6 —a— ValNH
55 --a-- AmoNH 55 | --a-- AmoNH L F S
54
0 2 4 6 8 10 5 5 T T T T

Figure 5. Titration experimentsvariation of NH proton chemical shift (p.p.m.) of 2 n®4, 3c, 3f, in CDCk as a function of
increasing [RIDMSO (from 0 to 8 % v/v).

Variable tenperature (VT) NMR experimentgere used to detect if amide protons were involved in intramolelcytingen

bonding or are solvent exposed. The analygere performed in CDghnd 8:2 [Q]IDMSO/H,0 (Table 1). In CDG| 3eand

10b showed comparatively lowd® d t vBlues for ValNH respect to AlaNH and AmoNH (e, D d t =D0.5 p.p.b./K; for
10b, D d t ©D-1.0 p.p.b./K)*" suggestive of a preference for conformations havipgrogenbonded ValNH( | X|d</ob
cl ose to 2.30angl0gpthed d bip@rametersio €DGIdid not allow clear deductions. In fDMSO/H,0, the

D d t parameters 03d, 3e and10b did not reveal any Hhonded amide proton. On the contrary, I@athe chemical shift
of AmoNH was significantly less sensitive to increasing tentpezaD d t id[Dg] DMSO/H,O =-2.1 p.p.b./K), indicating a
plausible conformation having this amide proton involved lity@rogenbond.
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Table2.D&dt values (p. p. b. w3, 3ef1dar10btimCGDCLOMBI2 D§DMB@/Id,0.0 n s

compd solvent AlaNH AmoNH ValNH
ad CDCl; -5.1 -4.9 -2.9
8:2 [Dg] DMSO/H,O -7.0 -6.3 -4.5
3 CDCl; -7.0 -4.0 -0.5
e
8:2 [Dg] DMSO/H,O -7.0 -6.6 -5.0
CDClz -4.2 -4.1 -2.4
10a
8:2 [Dg] DMSO/H,O -6.8 -2.1 -4.7
CDCl; -6.7 -3.9 -1.0
10b
8:2 [Dg] DMSO/H,O -7.1 -5.8 -4.5

Table 3. D d t vBlues (p.p.b./°K) for the amide protons of pepti@as3b, 3c, 3f, 5, in CDCk.

Compd sequence AlaNH AmoNH ValNH CONH,
3a Ts-Ala-(S}Amo-PheNH -15.1 -8.1 - -14.3k9.7
3b Ts-Ala-(R)-Amo-PheNH -8.6 -6.2 - -8.6+8.0
3c Ts-Ala-(S}Amo-(R)-PheNH, 8.4 6.0 - -7.7h9.5
3f Boc-Ala-(S9-Amo-PheValOMe -4.5 -5.0 -4.5 -

5 Ts-Ala-(R)-5-hydroxyAmoPheNH -14.7 -10.0 - -13.7411.0

The model compounds were analyzed byROESY. In CDCJ the spectra displayed a modest humberasfobvious inter

residue crospeaks (not shown), which was indicative of conformational freedom. On the contrary, in the biomimetic 8:2
[Dg]DMSO/H,0 the spectra were much more satisfactory, and revealed meaningfuesitire crospeaks.

Very often,changes in solvent composition cause meaningful changes in the shape of the peptides. Generally, apolar solver
such as chloroform are expected to increase hydrogen bonding, due to the absence of competitive solvation of donors a
acceptors by individuasolvent molecule$***3® Apparently, for the Amdetrapeptides, VT NMR and titration experiments

in chloroform differently supported the possible existence dohbydrogen bonds, accounting for a scarce conformational
definition, as suggested also by ROESY analyses. This behavior was investigated and confirmed by rmRgdRs of
spectroscopy anBlectronic Circular Dichroism (ECDh a honcompetitivesolvent (DCM).

FT-IR spectroscopy in DCM was utilized to analyze the amide stretching regions. Normally, non bonded amide protons shov
a peak above 3400 chhwhile bonded amide NH exhibit a peak below 3400'&hThe spectra of each tetrapeptide showed

a peak > 340 cm' and one or more peaks < 3400 t(Rigure §, indicative of equilibria between non bonded and multiple
bonded structures.

The compounds were dried in vacuo, and all the sample preparations were performed under nitrogen atmosphere. All infrar
spedra were obtained for 1 mM solutions in dry DCM at 297 °K at 2'eesolution, using a 1 mm Nacl solution cell and a
FT-IR spetrometer (64 scans). (Figubg
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Figure 6. Amide NH stretching regions of the IR absorption spectra for samples of 3dnB& 10a and10bin DCM at r.t.

Electronic Circular Dichroism (ECDis a widely used technique for studying protein and peptide conformations. This
technique is intrinsically a lowesolution method; however, it can furnish qualitative information on the presence of ordered
secondary structures, although not too manymstes on short peptides are repoft®dECD spectra ofthe model
tetrapeptides in DCM (Figure) howed a smooth negative band centered at about 240 nm. This observation could be
compatible with theccurrence of nowslassich-turns, since the-n* band of the latter generally appear near 225'hm.

ECD spectra were recorded from 200 to 400 nm at 25 °C. 1 mM solutions were made up in spectral grade solvents and run
a 0.1 cm quartcell Figure 7. Data are reported in molar ellipticifg] (deg cnd dmor™).

70 7
50 4

30 +

[0]x103 deg cm? dmol-!

10 4

30
Figure 7. ECD spectra 08d, 3e, 10aand10brecorded in DCM at r.t3d and10b are practically superimposed.

Plausibly, the results of the various experimemtsnon compgtitive environmentgeflected the existence of equilibria
between diversdnydrogenbonded and nebonded structures, as well distorted or weak intreesidue hydrogen bonds,

which can be observed in peptides composed-aind b-residues®***! On the other hand, in DMSO/water the analyses
gave clues of higher conformational homogeneity. It has been demonstrated that cryoprotective mixtures of high viscositie:
such as DMSO/water, showed a remarkable ability to favor compact structures representative of the bioactive conformer
over disordered onég*
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Figure 8. Sketches of the structures & and10a and ®ortr ange ( di st a n-prets RGESS corFejationsyr 0t ¢
indicated by arrows. Intreesidue and longange (> 3 A) correlations are not shown. Grey dashed arrows connect protons
belonging to consecutive residugsg+1), while black solid arrows comat protons of nogonsecutive residueg-i¢2 or i-

i+3).

As anticipated, the 2IROESY of the model compounds in 8:2(]DMSO/H,O gaveanalyzablecrosspeaks. Compared to
the tetrapeptide3e and 10b (not shown)the homochiraBd and10a showeda comparavely larger number ohortrange
inter-residue protosproton correlationgFigure §. In particular,10a displayed also several shaange crospeaks between
remote residues (for the comgadist of crosspeaks, see Tables®, suggestive of a foldestructure.

Crosspeak intensities were ranked to infer plausible Hpteton dstances as restraints (Tablesr7)4 Structures (50)
consistent with ROESY were obtained by simulated annealing with restrained molecular dymamics (MD) in a box of explicit
TIP3P equilibrated water molecules. With the exception of Athe, thew bonds were set at 180°; indeed, it is well
established that peptides comprising only secondary amide bonds adoatsttonformation® In any case, the absence of
Ha {)-Ha it+1) crosspeaks reasonably excluded the occurrenceisgpeptide bondé! The structures were minimized with
the AMBER force fiel§> and clustered by the rmsd analysis of backbone atoms. For each peptide, this procedure essentiall
gave one major cluster comprising the large majority of the structures. The representative stfli8tlrgg 10a and10b,
with the lowest energy, weselected and analyzed (Figure 9

In the ROESYderived structures of the homochiral tetrapepttand10a theTs-Ala and ValOMe moieties occupied the
same side underneath the heterocycle. The Asamue of3d displayeda +g conformation about the central dihedral angle
(g=+42°), and artially bentdispcsition of the backbone (Figurg.9n the other hand, itDathe central dihedral angle of
Amo presented ag conformation § = -53°), and the pptide adopted a folded geometry compatible with an atypical
centered on the dipeptide mimetic ArfRbe. This secondary structure ve&abilizedby a clear 2>1-type Hbond between
AmoNH and PheC=0n agreement to the VT NMR temperature coefficierdl{lE 2) The representative structure Ifa
shown in Figure 3s characterized by the following dihedral angles (in degrees): Amm ¢) -106,-53,-119; Phe £, y) :
+83, +143 (see also Figure)1The dstance between the amide nitrogen of Amo and the carbonyl oxygen @ BISg},
while that between AlaGand Phe@is about 4.3 A.

3d 3e
< »
\ N ) 3
\
N
10a 10b

Figure 9. Top, representative lowest energlyuctures3d, 3e, 10a, and10b, calculated by restrained MD in a 30x30x30 A
box of standard TIP3P water molecules. Backbones and Amo rings are rendered in balls and cylinders, the rest in sticks.
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As for the tetrapeptide8e and 10b, which include R)-Amo scaffolds, the ROESY derived structures revealed more
extended backbone conformations, with-Ala and ValOMe positioned at the opposite sides of Amo ring. For both
compounds, theentral dihedral angle of Amo adopted-gaconformation 8e g = -64°; 10b: g = -55°). The marked
differences betweehomoand heterachiral peptides are not unexpected, since it is-kmbwn that short sequences may
experience dramatic changes of backbone conformation by reversal of the configuration of eylerressitue®**

To analyze the dynamic behavior of the peptides, staftorg the structures of Figure We perfomed unrestrained MD
simulations for 10 ns at 300 K in a box of explicit TIP3P water molecules. For all compounds, during the simulations the
complete rotatiorof the PheVal moiety around the Am®&he bond was not observed; possibly, the two carbonyls at
positions 2 and 4 of the Amo ring prevented this moveniEmé analyses of the trajectories b®a showed that the folded
geometry of the backbone was maintained during the simulation, albeit AmoNH and PheC=0 were prone to rotate about tt
dihedral angles Aw¥ and Phg, respectively, leading to a occasional fluctuation of the distance Ehé@wN (Figure §.

The analyses of the trajectories3uf, 3e, and10b, did not reveal the occurrence of clear secondary structures (not shown),
and confirmed the higher bidmone mobility of heterochirdeand10b.

Therole exerted by the residire3 on peptide conformation was not investigated. It can be expected that substitution of Phe
with other amino acids could modify the stability and geometry of the folded conforffdt® It was shown that peptides
incorporating a centrallactamGly- pair can exhibit highconformational heterogeneity around tlestamGly bond,
dependingn the presence and relative disposition of the substituents of the lactam $8&ftold.

On resuming the evidences of experimental results and theoretical edioypsitt can be perceived that the conformational
features of3d, 3e and10b, seem to be governed mainly by the stereochemistry and geometric preferences of the Amo
scaffold, which preferentiallyjadopta +g orientation of the central torsion angigthe-g conformation of R)-Amo is
equivalent to the g-of the §)-enantiomer). Fot0a a significant population of bent conformers was expected on the basis of
the higher stability of theg conformer (Figure 3), correlated in turn to the presencé@ftsubstituent onto the Amo
scaffold. This effect and the stabilization exerted by tmee®nbered hydrogen bond appear as the major contributors to the

folding of peptidelOa
’+1 O’{ +83 I+1/‘\W \§;+2 ’ Qﬂé@
ST E g
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N _ +143 R
Oy TR W ks Ty T R
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Figure 10. Sketch of thepseuddb-turn of 10a stabilized by a 9nembered 21 H-bond induced by the§-Amo scaffold,
and relevant dihedral angles (deg);(a idealb-turn showing the 1@Bnemberedl->4 H-bond b); the peptide in ref’ is
characterized by-fnembered 2>1 H-bonds (grey dashed arrowa$ observed fotOa and distinct 1dmembered->i+3
hydrogen bonds with opposite orientatian); @nthranilic aciéPrd*’ scaffold showing the -nembered 21 H-bond, and
relevant dihedral angles (deg)(

The conformation adopted by the model pepfiiain a solvent mimetic dbiological fluidscan be regarded agpseuddo-
turn, being characterized by a)@) to CJi+3) distance < 7.0 &” This structure requires only the mixbta-dipeptide to
display the closed hydrogdionded networkFigure10a). The dipeptide AmeéPhe contains a-Bhembered hydrogen bonded
ring between AmoNH and PheC=0 of type2. This structure is in contrast to natifsgurns (Figure 1®), which involve
four residues to form the hydrogéonded structure in the oppositeéedtion (residues -+4). To our knowledge 10a
represents a very rare example of short sequence showing this kpsuafob-turn,*® while it was observed in linear
oligomers composed of repetitiegb-units (e.g. Figure 1€ d).

The secondary structufermed by a given type of hybrig/b-oligomer depends on the number and substitution o the
b-residues within the units, on their stereochemistry pattern, and conformational restraints such as the incorporaton of cycli
structures within the aminccal. A variety of secondary structures have been reported in the literature, stabilizedtdy 10
15-membered hydrogen bonded rings in both orientations of the backbone direction, -wighatfered Fbonded rings of
type 2>1 have been described more selddi
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Hofmann et alhave carried out a detailed theoretical studg/bfpeptides, demonstrating the stability of a mixed helix with

a 9membered hydrogen bond in the forward direction and amédrhbered hydrogen bond in the backward direction of the
peptide chain in apolar solverits.On the other handheé peptideBoc-[(R)-Phe(R)-b*-homoVal],-(R)-PheOMe (Figure
10c)®6 het er oc hi rté-tesiduds dedvadifrora-a-redidees, was shown &mlopt a mixed structure characterized

by one classic Zinembered->i+3 hydrogen bond, and a distinen®mbered 21 H-bond with opposite orientatidii.

More recently, the 21 9membered hydrogen bond was described by Sanjayan and Rajanidhanatigopeptide
foldamers consisting of the repeating building blockBrb and anthranilic acid, the latter as a rigidmino acid (Figure

10d). The structure was explained as the result of the combined intrinsic conformational preferences of two local constraint
and the repetitive/b-hybrid structuré? Replacing Pro with ther residues had an adverse effect on the stabilization of this
architecture. Later studies confirmede stability of the turn motifdeaturing the 9membered hydrogebond also in
tripeptides containing a distinct Afro scaffold®

Remarkably, the characteristic Freidindmetamlike structure of the mixed%a-dipeptide mimetic AmePhe consentetiOa

to adopt in a very competitive and biomimetic environment a significant population of folded geometries, without the
concomitant assistance of further constritigucers, and without the cooperative effecteyfatitive units.

5.3. Conclusiors

The cyclization ofisoSer incorporated into short peptides with DSC and DIPEA was performed either in solution or in solid
phase with very good vyields, and allowed preparing in a single step peptidomimetics containinqutual
aminomethyloxazolidif2,4-dione (Amo) scaffold comprisingsoSer and the following residue. This unusual scaffold
represents a unprecedente@dhomovariant of the classi€reidinger lactam. Besides, the availability of optically pare
substituteda-hydroxy-b**amino acids allowed preparing peptidomimetics carrying a siprgieeinogenicside chain at each
residue. Conformational analysesitated thathe constraine@-substituted Amo tends to favour in homochiral oligomers a
rarepseudd-turn stabilized by a-@nembered hydrogen bormd type 2>1 in the opposite direction of the sequence.

For the simple synthetic protocol and the atypiedmetric features, the Amo ring deserves to be exploited for the design of
new conformationally biased peptidomimetics or foldamé&he scope of the Amo scaffotwuld be extended by introducing

a substituent with defined stereochemistry in ltheosition of the Amo motif, thus providing a constrainkt®>amino acids
building block. Furthertsidiescould includethe preparation and analysis of the conformational preference of oligopeptides
composed of repetitive Amo units, alone or in combination witeratbsidues.

5.4. Experimental Section

5.4.1.General Methods

Standard chemicals (including Boor Fmoeprotecteda-amino acids, (S)and (R}H-isoSerOH, FmocacH-isoSerOH,

(Sy and (RYH-PheNH, H-ValOMe, HSarNH), were purchased from commercial s@mscand used without further
purification. Flash chromatography was performed on silica gel-4B80mesh), using mixtures of distilled solvents.
Compounds purities were assessed by analyticaHREC and elemental analysis. Analytical RIPLC was performedn

an Agilent 1100 series apparatus, using a RP column Phenomenex mod. Gad@it8 310A 100x3.0 mm (P/No 06D
4439Y0); column descriptionstationary phasectadecyl carbon chaimonded silica (C18) with TMS endcapping, fully
porous organilica solid supportparticle size 3rm, pore size 110 Agngth 100 mm, internal diametemdm; DAD 210

nm; mobile phase: from a 9:1,&6-CH5CN to a 2:8 HO-CH,CN in 20 min at a flow rate of 1.0 mL minfollowed by 10

min at the same composition. Sepneparative RFHPLC was performed on an Agilent 1100 series apparatus, using a RP
column ZORBAX mod. Eclipse XDBC18 PrepHT cartridge 21.2x150 mnm7P/No 977150102); column description:
stationary phasectadecyl carbon chainonded silica (C18), double endcapped, particle Bipen, pore size 80, lenght

150 mm, internal diameter 21.2 m@DAD 210 nm; mobile phase from 8:2@&-CH;CN to 100% CHCN in 10 min at a flow

rate of 12 mL mift. Chiral HPLC analysis was performed on an Agilent 1200 series apparatus, using a CHIRALPAK IC
column (P/No 83325 column descriptionchiral stationary phase cellulosés (3,5-dichlorophenylcarbamate) immobilized

on silica, particlesize 5 pm, lenght 250 mm, internal diameter 4.6 D 210/254 nm; mobile phase: 3:1hexane/2
propanol, at 0.8 mL mihThe RRHPLC of compounds 3Hi-PheValOMe, 7, TsAla-a-Me-isoSerOH, was performed as
reported above, with the addition of 0.1% TFA in the mobile phase, and setting DAD at 254 nm. ESI analysis was performe
using aMS single quadrupole HP 1100MSD detector, withrgindy gas flow of 12.5 I/min, nebulizer prese 30 psgi,
drying gas temp. 350°C, capillary voltage 4500 (+) and 4000 gcan 52600 amu. Elemental analyses were performer
using a Thermo Flash 2000 CHNS/O analyzer. High quality IR were obtained at'2eswiution using a FIR
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spectrometer and mm NaCl solution cell. Electronic circular dichroism (ECD) spectra were recorded on a -¥ds€to J
spectropolarimeter. The synthetic procedures by MW irradiation were performed using a microwave oven (MicroSYNTH
Microwave Labstation for Synthesis) equigpsith a builtin ATC-FO advanced fiber optic automatic temperature control.

'H NMR spectra were recorded using a Varian Gemini apparatus at 400 MHz in 5 mm tubes, using 0.01 M peptide at roor
temperature. Solvent suppression was performed by the sohesatyration procedure implemented in Varian (PRESAT).

%C NMR spectra were recorded at 100 MHz. Chemical shifts are reportbdahses relative to residual CHQIH (7.26

p.p.m.), DMSOdH (2.50 p.p.m.) and CDEWC (77.16 p.p.m.) as internal standards. The unambiguous assignnieht of
NMR resonances was performed by 2D gCOSY-'MTNMR experiments were performed over the rang@38348 K;
temperature calibration was done with the ethylene glycoldbt chemicakhift separation method. 4¢fn particle

5.4.2. Synthéic procedures

Boc-(S)isoSer(S)yPheNH (1a). A stirred solution of BogsoSerOH (0.20 g, 1.0 mmol) in 4:1 DCM/DM (5 mL) was
treated with HOBt (0.16 g, 1.2 mmol.) and HBTU (0.46 g, 1.2 mmol.), at r.t. and under nitrogen atmosphere. After-5 min, H
PheNH (0.18 g, 1.1 mmol.) and DIPEA (0.42 mL, 2.4 mmol) were added, and the mixture was stirred under nitrogen
atmosphex and under MW irradiation. The microwaassisted reaction was performed with a initial irradiation power of
150W, and monitoring the internal reaction temperature at 80°C with aiblilTC-FO advanced fiber optic automatic
temperature control. After 1fin, the mixture was concentrated at reduced pressure, and the residue was diluted with EtOAc
(25 mL). The solution was washed with 0.1 M HCI (5 mL), and a saturated solution of NdBH@.). The organic layer

was dried over N&O, and the solvent was aporated at reduced pressure. Peptleas isolated (0.29 g, 80%, 91% pure

by analytical RFHPLC, see General Methods, Rt = 4.33 min) by flash chromatography over silica gel (eluant EtOAc/MeOH
95:5). '"H NMR (CDCk) d = 1.34 (s, 9H, Bu), 3.083.17 (m, 2H, Pheb), 3.203.36 (m, 2H, isoSerb), 4.10 (m, 1H,
isoSertd), 4.59 (q, J = 6.8 Hz, 1H, Phal 5.38 (br.t, 1H, isoSerNH), 6.29 (s, 1H, CONH5.79 (s, 1H, CON}J, 7.08

7.12 (m, 3H, PheArH), 7.12.20 (m, 2H, PheArl 7.61 (br.d, 1H, PheNH). ESIIS m/z374.4 (M+ Naj, calcd 374.4

Boc-(S)isoSer(R)-PheNH (1b); Boc(R)-isoSer(S)}PheNH (1c). The reaction of BoisoSerOH and (RH-PheNH, or
(R)-Boc-isoSerOH and HPheNH, using the same reagent quantities and uralmesMWassisted conditions described for
the preparation ota, afforded dipeptidedb or 1c, respectively. After the same work up, the crddec were precipitated
from MeOH/E(O and collected by filtration. The crude peptides were identified byMESIand purity was assessed by
analytical RPHPLC (General Methods)Lb (86%, 76% pure, Rt = 4.01 min) EBIS m/z 352.2 (M+1J, calcd 352.41c
(85%, 78% pure, Rt = 3.49 min) EBIS m/z352.3 (M+1}, calcd 352.4.

Boc-(S)isoSer(S)-PheValOMe (1d); Boc(R)-isoSer(S)-PheValOMe (1e). Boc- PheValOMe®® (1.13 g, 3.0 mmol) was
N-deprotected according to tligeneral Procedure for Boc Deprotecti@iving HPheValOMe-TFA salt in quantitative
yield (90% pure by analytidt RRHPLC, see General methods, Rt = 1.82 min), identified by ESI anaBSIdMS m/z 279.2
(M+1)*, calcd 279.2. The crude dipeptidas coupled witlBoc-isoSeOH or Boc-(R)-isoSeOH using the same quantities
and under same conditions described for ttepgration ofla, affording dipeptidedld or 1e respectively. After the same
work up, the crudédd,ewere analyzed by RAPLC ESIMS (General Methods)Ld (82%, 75% pure, Rt = 4.30 min) ESI
MS m/z 466.1 (M+1J, calcd 466.21e(80%, 73% pure, Rt = 4.62 n)iESFMS m/z 466.2 (M+1}, calcd 466.2.

General Procedure for Boc Deprotectidhe intermediaté&l-Boc peptides 1 (1.0 mmol) were deprotected by treatment with
25% TFA in DCM (5 mL) while stirring at r.t. After 15 min, the solution was evaporated undiecae pressure, and the
treatment was repeated. The residue was suspendeddnlic&tO (20 mL). The intermediate peptidd-A salts which
precipitated in almost quantitative yields were collected by centrifuge, and used for the next couplings witheut fu
purifications (8685% pure by analytical RAPLC, General Methods).

General Procedure for the Synthesis of Peptitbes The N-deprotected peptideBFA salts prepared from peptidésas
described above were subjected to coupling with Tosyt&laPH or BocAlaOH in the same number of mmol and using
the same procedure utilized fag, giving the corresponding tror terapeptide®a-e or 2f, respectively. After the usual
work-up, the peptides were isolate®D{85%) by flash chromatography over siligal (eluant EtOAc/MeOH 95:5).

Ts-(S)-Ala-(S)yisoSer(S)-PheNH (2a). 90% pure by RIHPLC (General Methods), Rt = 4.86 mitdi NMR (CDCk) d =
1.00 (d, J=6.8 Hz, 3H, AlaMe), 2.37 (s, 3H, TsMe), 2.71 (ddd, J=5.0, 8.2, 13.8 HisoSeIHb), 2.88 (dd, J=B, 13.8 Hz,
1H Phehb), 3.02 (dd, J=5.0, 13.8 Hz, 1H, PH&}13.20 (ddd, J=4.4, 6.2, 13.8 Hz, lidpSerth), 3.73 (dq, J=5.2, 6.8 Hz,
1H, AlaHU), 3.79 (dd, J=4.4, 8.2 Hz, 1&oSerH)), 4.49 (ddd, J=5.0, 5.6, 7.8, 1H, PHH5.86 (d, J=5.2 Hz, 1H, AlaNH),
7.167.27 (m, 5H, PheArH), 7.35 (m, 2H, TsAg}), 7.51 (s, 1H, CON}), 7.637.69 (m, 3H, TsArHg+PheNH), 7.77 (dd,
J=5.0, 6.2 Hz, 1HisoSerNH), 7.86 (s, 1H, CONft ESFMS m/z477.4 (M+HY, calcd 477.2.
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Ts-(S)Ala-(R)-isoSer(S)-PheNH (2b). 88% pure byRP-HPLC (General Methods), Rt = 4.16 miti NMR (CDCl) d =
0.99 (d, J=6.8 Hz, 3H, AlaMe), 2.36 (s, 3H, TsMe), 22888 (m, 2H,iscSertb+Phetb), 3.01 (dd, J=4.8, 13.9 Hz, 1H,
Phetb), 3.22 (ddd, J=4.6, 6.2, 13.8 Hz, lidpSerHb), 3.74 (dg, J=5.0, 6.8 Hz, 1H, Al&l 3.78 (dd, J=4.6, 8.0 Hz, 1H,
isoSerH)), 4.46 (ddd, J=4.8, 5.7, 7.6 Hz, 1H, PhgH5.79 (d, J=5.0 Hz, 1H, AlaNH), 7.1627 (m, 5H, PheArH), 7.35 (m,
2H, TsArHs5), 7.51 (s, 1H, CONL), 7.647.67 (m, 3H, TsArHg+PheNH), 7.75 (dd, J=4.8, 6.2 Hz, 1lidpSerNH), 7.85
(s,1H, CONH). ESFMS m/z 477.4 M+H)", calcd 477.2.

Ts-(S)-Ala-(SyisoSer(R)-PheNH (2¢). 91% pure by RRHPLC (General Methods), Rt = 4.45 mittd NMR (CDCk) d =

1.18 (d, J=7.0 Hz, 3H, AlaMe), 2.42 (s, 3H, TsMe), 3.04 (dd, J=8.2, 14.0 Hz, 1HpRI®ER3 (dd, J=6.0, 14.0 Hz, 1H,
PheHb), 3.63 (ddd, J=4.8, 8.2, 13.8 Hz, lid¢Sertb), 3.683.78 (m, 2H, AlaHlkisoSerHh), 4.16 (m, 1H,jsoSerH)), 4.49

(dd, J=6.0, 6.4, 8.2 Hz, 1H, Ph&}15.32 (d, J=2.4 Hz, 1HsoSerOH), 5.93 (d, J=7.6 Hz, 1H, AlaNH), 6.34 (s, 1H, CQNH
6.79 (s, 1H, CONH), 7.187.31 (m, 7H, TsArHs+PheArH), 7.61 (d, J=6.4 Hz, 1H, PheNH), 7.68 (dd, J=4.8, 6.0 Hz, 1H,
isoSerNH), 7.75 (m, 2H, TsArkt). ESEMS m/z477.4 (M+HY', calcd 477.2.

Ts-(S)Ala-(S)yisoSer(S)-Phe(S)ValOMe (2d). 89% pure by RHPLC (General Methods)Rt = 4.90 min.*H NMR

(CDCl;) d = 0.84 (d, J=6.6 Hz, 3H, ValMe), 0.87 (d, J=6.8 Hz, 3H, ValMe), 1.17 (d, J=6.8 Hz, 3H, AlaMe), 2.10 (m, 1H,
Val Hb), 2.41 (s, 3H, Ts ¥e3d4l (dil,IE5%6, 6(4d14.0Hz=lBeS & r Hb ) , 2B, 4BPh ¢k
8.0, 14.0 Hz, 1Hjs0cSe r Hb ) , 3.69 (s, 3H, OMe) , 3.79 (dg, J=6.8, 7.
iscSer HU) , 4.44 (dd, J=5.2, 8.4 Hz, 1H, Val HU)isoSedOH/®14( dt ,
(d, J=7.6 Hz, 1H, AlaNH), 6.92 (d=8.4 Hz, 1H, ValNH), 7.18.30 (m, 7H, PheArH+TsArkl), 7.51 (dd, J=5.6, 8.0 Hz,

1H, isoSerNH), 7.52 (d, J=8.0 Hz, 1H, PheNH), 7.73 (m, 2H, TSAYHESFMS m/z591.3 (M+HY, calcd 591.4.

Ts-(S)-Ala-(R)-isoSer(S)-Phe(S)-ValOMe (26). 92% pure by RMHPLC (General Methods), Rt = 4.78 mifH NMR

(CDCly) d = 0.93 (d, J=6.8 Hz, 3H, ValMe), 0.95 (d, J=7.2 Hz, 3H, ValMe), 1.15 (d, J=7.2 Hz, 3H, AlaMe), 2.15 (m, 1H,
Val Hb), 2.45 (s, 3H, TsMe) p),308@dJI=69 13,9 HF, £H] PH#H3.431(&dd,9=3.B,z ,
5.2, 14.2 Hz, 1HjscSeHb) , 3. 74 ( s,-3.39, (OMe )iBoHe3r.WBB7aHU4. 20 (dd, J=
is.Ser HU) , 4.51 (dd, J=5.8, 8.1 Hz, 1H, ValHU), 4.55 (ddi
7.197.34 (m, 10H, PheArH+TsArk+AlaNH+PheNH-isoSerNH), 7.77 (m, 2H, TsArkt). ESFMS m/z 590.3 (M+HY,

calcd 591.4

Boc-(S)-Ala-(S)isoSer(S)-Phe(S)ValOMe (2f). 87% pure by RFHPLC (General Methods), Rt = 4.86 miftH NMR

(CDCly) two conformers in 6:4 ratial = 0.80 (d, J=7.2 Hz, 3H, ValMe), 88 (d, J=6.8 Hz, 3H, ValMe), 1.2%
conftL.26hinor conf(d, J =6.8 Hz, 3H, AlaMe), 1.37 (s, 9HBtu ) , 2.05 ( m,-3.11Km, 2Hy RhEeBH B.35,(m, BH, 0 1
isoSer Hb) , 3isdS&rHMm) , 1B, 65 (4. 08B H, mOMSer AIRPWBUE& M, 1H, Val
(br.q, 1H, ik hogtBl&8yjor cont For.@, 51H, AlaNH), 6.84 (br.d, 1H, ValNH), 7.1R23 (m, 6H,
PhArH+soSerNH), 7.55 (br.d, J=8.4 Hz, 1H, PheNH). B85 m/z536.6 (M+HY), calcd 536.7

Solidphase synthesis of AS)Ala-(S/R}Amo-(S}PheWang @h). Wang resin préoaded with Fmod&heOH (0.5 g, 04

0.8 mmol/g, resin particle size: 1200 mesh) was introduced into a reactor for SPPS. Fmoc was removed with 4:1
DMF/piperidine (5 mL) under MW irradiation for 1 min under chanical shaking (40W, monitoring the internal
temperature at 45°C with a buiit ATC-FO advanced fiber optic automatic temperature control). The suspension was
filtered, the resin was washed with DCM (5 mL) and treated with a second portion of DMHipipexs above described.
Then the suspension was filtered, and the resin was washed three times in sequence with DCM (5 mL) and MeOH (5 mL).

All coupling steps were performed according to the following General Procedure. The resin was swollen in DCM (5 mL)
and a solution of thEmocN-protected amino acid (0.6 mmol) and HOBt (0.6 mmol) in DMF (4 mL) was added at r.t. and
under nitrogen atmosphere, followed by HBTU (0.6 mmol.) and DIPEA (1.2 mmol). The mixture was mechanically shaken
under MW irradiation asbove described, and after 10 min the resin was filtered and washed three times with the sequenc
DCM (5 mL) and MeOH (5 mL). Coupling efficacy was determined by means of the Kaiser test. All subsequent deprotection
steps were performed as above reported.

Ts-Ala-isoSerSarNH, (2i). BocisoSerOH and FsarNH were coupled in the same quantities and bystéme procedure
utilized for the preparation dfa(MW assisted peptide synthesis). The crBoe-isoSerSarNH was recovered as descrived
for 1b,c (85%, 786 pure by analytical RIPIPLC, General methods, Rt =3.17 min). The dipeptide watepotected
according to theGeneral Procedure for Boc Deprotecti@md the corresponding peptid€&A salt was coupled with Ts
AlaOH under above described conditioBswasisolated (70%, 92% pure by analytical RIPLC, see General Methods, Rt
= 3.54 min) by flash chromatography over silica gel (eluant EtOAc/MeOH 9%45\NMR (CDCk) major conformerd =
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1.11 (d, J=7.2 Hz, 3H, AlaMe), 2.37 (s, 3H, TsMe), 3.45 (s, 3H, SarMe);3B4(m, 2H, isoSerbt+AlaHa), 3.82 (J=4.4,
6.2, 13.8 Hz, 1HjsoSerHb), 4.14 (d, J=18.2 Hz, 1H, Saal)} 4.20 (d, J=18.2 Hz, 1H, Saahi 4.90 (br.t, 1HjsoSerH),
6.31 (d, J=8 Hz, 1H, AlaNH), 6.90 (s, 1H, CONM 7.20 (s, 1H, CONbJ, 7.35 (m, 2H, TsArH), 7.53 (dd, J=5.0, 6.2 Hz,
1H, isoSerNH), 7.66 (m, 2H, TsArkk). ESFMS m/z401.2 (M+HY, calcd 401.1.

In-solution synthesis of Ampeptides3a-g, 10aand10b. DSC (0.36 mrol) was added to a stirred solutionlof0.33 mmol)

in 3:1 DCM/DMF (4 mL) followed by DIPEA (0.07 mmol) at r.t. and under nitrogen atmosphere. After 1 h, the solvent was
removed under reduced pressure, the residue was diluted with 0.1 M HCI (5 mL)eaniktilme was extracted three times
with DCM (5 mL). The combined organic layers were dried ovesSll solvent was evaporated at reduced pressure. The
residue was purified by serpreparative RPHPLC (General Methods).

Ts(S)Ala-(SyAmo-(S)-PheNH (3a). 95% pure by RFHPLC (General Methods), Rt = 6.41 mitd NMR (CDCkL) d =
1.17 (d, J=6.8 Hz, 3H, AlaMe), 2.42 (s, 3H, TsMe), 33488 (m, 3H, Phebt-AmoHb), 3.69 (ddd, J=4.0, 6.4, 13.8 Hz, 1H,
AmoHD), 3.78 (dq, J=6.4, 6.8 Hz, 1H, Ala} 4.73 (dd, J=4.0, 7.6 Hz, 1H, Ama} 4.93 (t, J=8.4 Hz, 1H, Phél 6.10
(br.d, J=6.4 Hz1H, AlaNH), 6.24 (s, 1H, CON}), 6.52 (s, 1H, CONEJ, 7.09 (br.t, 1H, AmoNH), 7.19 (m, 2H, TsAsH),
7.207.34 (m, 5H, PhArH), 7.72 (m, 2H, TsAsh); *C NMR (CDCk) d = 18.4, 21.5, 33.8, 38.9, 52.7, 56.8, 76.7, 127.2,
127.5, 128.9, 129.5, 129.9, 135186.3, 144.0, 154.7, 170.1, 171.6, 172.9. Elem. Anal. fgii4N,0O-S; calcd: C 54.97, H
5.21, N 11.15, S 6.38; found: C 54.14, H 5.28, N 11.28, S 6.51MB53h/z503.3 (M+HY), calcd 503.2.

Ts(S)Ala-(R)-Amo-(S)-PheNH (3b). 96% pure by RFHPLC (GeneraMethods), Rt = 6.32 mimtH NMR (CDCk) d =

1.15 (d, J=7.1 Hz, 3H, AlaMe), 2.43 (s, 3H, TsMe), 3.37 (ddd, J=4.4, 4.8, 14.6 Hz, 1H,PAAN®BR (d, J=8.7 Hz, 2H,
Phetb), 3.80 (dg, J=7.1, 8.2 Hz, 1H, Ald} 4.12 (ddd, J=4.2, 7.6, 14.6 Hz, 1H, AnfyH4.70 (dd, J=4.2, 4.4 Hz, 1H,
AmoHU), 4.97 (t,J=8.7 Hz, 1H, PheB), 6.28 (m, 2H, CONKAlaNH), 6.41 (s, 1H, CONb), 6.99 (dd, J=4.8, 7.6 Hz, 1H,
AmoNH), 7.237.31 (m, 5H, PheArH), 7.33 (m, 2H, TsAgH, 7.73 (m, 2H, TsArHg); *C NMR (CDCL) d = 18.7, 21.3,

33.2, 38,5, 52.5, 55.8, 76.7, 126.8, 1R7128.5, 128.6, 129.5, 136.1, 137.0, 143.3, 153.9, 169.3, 170.8, 172.6. Elem. Anal.
for CyH2eN4O;S; caled: C 54.97, H 5.21, N 11.15, S 6.38, found: C 56.07, H 5.11, N 10.93, S 6.2MSHEfk 503.3
(M+H)*, calcd 503.2.

Ts(S)Ala-(SFAmo-(R)-PheNH (3¢). 95% pure by RFHPLC (General Methods), Rt = 6.88 mifH NMR (CDCk) d =

1.11 (d, J=7.2 Hz, 3H, AlaMe), 2.42 (s, 3H, TsMe), 33452 (m, 3H, Amos+PheHb), 3.753.84 (m, 2H, AlaH+ AmoHb),

4.69 (dd, J=4.0, 4.4 Hz, 1H, Amd} 4.91 (dd, J=6.4, 9.9 Hz, 1H, Phe6.25 (d, J=7.2 Hz, 1H, AlaNH), 6.47 (s, 1H,
CONH,), 6.79 (s, LHCONH), 7.187.31 (m, 8H, TsArls+PheArH+AmoNH), 7.73 (m, 2H, TsArH); *C NMR (CDCE)

d=18.3, 21.0, 33.0, 38.5, 52.2, 55.6, 76.6, 126.6, 126.7, 128.3, 128.4, 129.3, 136.0, 136.8, 143.0, 153.8, 169.1, 170.3, 172
Elem. Anal. for GsH,¢N4O;S; calcd C 54.97, H 5.21, N 11.15, S 6.38; found: C 55.62, H 5.16, N 11.24, S 6.2MESiz

503.3 (M+HY, calcd 503.2.

Ts-(S)-Ala-(SyAmo-(S)-Phe(S)ValOMe (3d). 96% pure by RHPLC (General Methods), Rt = 6.55 mitd NMR

(CDCl) d = 0.81 (d, J=6.4 Hz, 3H, &iMe), 0.88 (d, J=6.8 Hz, 3H, ValMe), 1.13 (d, J=7.2 Hz, 3H, AlaMe), 2.14 (m, 1H,
Val Hb), 2.39 (s, 3H, TsMe), 3.44 (ddd, J=30b),363(8dd,354.0,14 . ¢
6. 0, 14.4 Hz 1H, AmoHb) J=F.23 @Bs6 HH, Q@Me) Al &2 H®J ,K6 (dqgs51
4.67 (dd, J=3.5, 4.0 Hz, 1H, AmoHU), 4.95 (t, J=8.6 Hz,
ValNH), 7.00 (dd, J=5.2, 6.0 Hz, 1H, AmoNH), 7-283 (m, 7H, PheArk+TsArH; ), 7.68 (m, 2H, TsArHg); **C NMR

(CDClk) d = 17.8, 18.8, 18.9, 21.4, 30.9, 34.1, 38.9, 52.3, 52.4, 57.4, 57.9, 77.3, 127.0, 127.4, 128.8, 128.9, 129.6, 135.7
136.9, 143.5, 154.4, 167.5, 171.1, 172.2, 172.5. Elem. Anal.,bt:§5,0.S; calcd:C 56.48, H 5.88, N 9.09, S 5.20; found:

C 55.35, H5.76, N 9.27, S 5.32. B85 m/z617.5 (M+HY, calcd 617.2.

Ts(S)Ala-(R)-Amo-(S)-Phe(S)ValOMe (3€). 94% pure by RMHPLC (General Methods), Rt = 6.98 mitd NMR

(CDClg) d = 0.81 (d, J=6.8 Hz, 3H, ValMe0.89 (d, J=6.4 Hz, 3H, ValMe), 1.14 (d, J=7.0 Hz, 3H, AlaMe), 2.14 (m, 1H,
ValHB), 2.44 (s, 3H, TsMe), 3.28 (ddd, J=3.0 f9.3588(dd14. 4
J=8.4, 14.6 Hz, 1H, Phéh| 3.77 (s, 3H, OMe), 3.87 (dgq,d= 0, 8. 8 Hz, 1H, Al aHU), 4.28
AmoHb), 4.49 (dd, J=5.0, 8.2 Hz, 1H, ValHU), 4.76 (dd,
6.21 (d, J=8.8 Hz, 1H, AlaNH), 6.41 (d, J=8.2 Hz, 1H, ValNH), 6.78 (dd,4)#80 Hz, 1H, AmoNH), 7.3@.34 (m, 5H,
PheArH), 7.38 (m, 2H, TsArkd), 7.72 (m, 2H, TsArkg); *C NMR (CDCk) d = 17.8, 18.7, 18.9, 21.5, 30.9, 34.0, 38.3,
52.4,52.9, 55.5, 58.3, 77.8, 127.0, 127.1, 127.9, 128.8, 128.9, 129.2, 129.4, 129.8, 128.93¥3b, 143.7, 153.9, 167 .4,
171.2, 171.5, 172.5. Elem. Anal. fopH3sN,0,S; calcd: C 56.48, H 5.88, N 9.09, S 5.20; found: C 55.57, H 5.97, N 8.90, S
5.04. ESIMS m/z617.5 (M+HY, calcd 617.2.
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Boc-(S)-Ala-(S)Amo-(S)Phe(S)ValOMe (3f). 95% pure byRP-HPLC (General Methods), Rt = 7.02 mitH NMR

(CDCl;) d = 0.84 (d, J=6.4 Hz, 3H, ValMe), 0.92 (d, J=6.8 Hz, 3H, ValMe), 1.25 (d, J=6.0 Hz, 3H, AlaMe), 1.42 (s, 9H, t
Bu), 2.18 (m, 1H, ValHb), 3.42 (ddd, J=4. 8),376(s,8H, OMe},. 4 t
3.84 (ddd, J=4.8,7.241. 4 1H, AmoHB), 4.16 (m, 1H, AlaHU), 4.56 (dd
1H, AmoHU), 4.95 (t, J=8.5 Hz, 1H, PheHU), 5.30 (br.d,
Hz, 1.H, AmoNH), 7.237.34 (m, 5H, PharH); ¥C NMR (CDCk) d = 17.6, 18.5, 18.9, 25.4, 25.5, 28.2, 30.9, 34.2, 38.8,
50.0, 52.4, 57.3, 57.7, 76.6, 127.5, 128.6, 128.8, 129.0, 135.5, 152.1, 154.4, 168.7, 171.4, 172.3, 173.9. Elem. Anal. fc
CaH3gN,4Oq. caled: C 57.64, H 6.81, N 9.96; found56.66, H 6.95, N 10.11. ESIS m/z585.3 (M+Naj, calcd 585.3.

Boc-(S)Amo-(S)-PheNH (3g). 96% pure by RHPLC (General Methods), Rt = 6.88 mittd NMR (CDCL) d = 1.42 (s,
9H, tBu), 3.23 (ddd J=4.4, 5.4, 14.6 Hz, 1H, AntpH3.43 (ddd, J=4.0, 7.8, 14z, 1H, Amohb), 3.463.53 (m, 2H,
Phehb), 4.70 (dd, J=4.0, 4.8 Hz, 1H, Amalj 4.854.94 (m, 2H, AmoNH+Phe#l), 5.84 (br.s, 1H, CON}J, 6.43 (br.s, 1H,
CONH,), 7.20 (d, J=6.8 Hz, 2H, PheArH), 7:26835 (m, 3H, PheArH)!*C NMR (CDCl,) d = 28.2, 33.5, 38.556.0, 79.8,
80.9, 127.1, 128.7, 128.4, 136.5, 154.3, 155.7, 169.4, 171.1. Elem. AnalgfeNGOg; calcd: C 57.29, H 6.14, N 11.13;
found: C 58.43, H 6.26, N 10.91. EBIS m/z 400.4 (M+NaJ, calcd 400.2.

Solidphase synthesis of AS)Ala-(S/RyAmo-(S)PheOH 8h). The resifbound peptide2h was suspended in 3:1
DCM/DMF (4 mL), and DSC (0.9 mmol) and DIPEA (0.3 mmol) were added at r.t. and under nitrogen atmosphere. The
reaction was conducted under mechanical shaking for 2 hthbesuspension was #ited, and the resin was washed three
times in sequence with DCM (5 mL) and MeOH (5 mL).

The resirbound peptide was suspended in a solution of TFA (4.8 miJ, ¢9.20 mL), and PhOH (0.050 g), in DCM (5
mL), and mechanically shaken at r.t. After 2 h, thetare was filtered, the resin was washed twice with 10% TFA i@ Et
(5 mL) and twice BO (5 mL). Filtrate and washes were collected, and solvent and volatiles were removed Afiwlgrai

r.t. The resulting residue was suspended ircad EtO, and thecrude solid which precipitated was triturated and collected
by centrifuge. The Am@eptide acidBh was isolated as a 1:1 mixture of diastereoisomers by semipreparatih® RP (see
General Methods) (80% based on the average resin loading of 0.6 mmdi#g; pt@e by analytical RPIPLC). 'H NMR
([De]DMSO) d = 1.14+1.16 (d, J=8.0 Hz, 6H, AlaMe), 1.81 (s, 6H, Ac), 2.83 (ddd, J=3.2, 4.0, 14.2 Hz, 1H bj\mot¥
3.29 (m, 3H, Amo+PheHb), 3.383.48 (m, 3H, Amol+PheHb), 3.49 (ddd, J=3.6, 8.6, 14.4 Hz 1H, Anf)H4.174.26

(m, 2H, AlaH)), 4.824.94 (m, 2H, Phd0), 4.97 (dd, J=3.6, 7.2 Hz, 1H, Am&} 5.10 (dd, 3.2, 7.6, 1H, AmdB, 7.18
7.30 (m, 10H, PhArH), 7.90 (br.d, 1H, AlaNH), 7-8204 (m, 2H, AlaNH+AmoNH), 8.19 (br.t, 1H, AmoNH}YC NMR
([De]DMSO) d = 18.1, 18.2, 33.0, 33.1, 48.0, 48.1, 54.2, 54.5,,77831, 126.9, 128.1, 128.5, 128.8, 128.9, 129.1, 136.6,
136.7, 154.0, 168.9, 169.0, 170.3, 170.4, 172.1, 172.7. 173.0, 173.1. Elem. Ana}HaN¢D,; C 55.24, H 5.41, N 10.74;
found: C 54.14, H 5.52, N 10.55. EBIS m/z392.2 (M+HY}, calcd 392.2.

Ts-Ala-Oxd-SarNH, (4). A solution of peptidei (0.1 g, 0.25 mmol) in 3:1 DCM/DMF (4 mL) was treated with DSC (0.20
g, 0.75 mmol) and DBU (3BL, 0.25 mmol) at 40°Gnd under nitrogen atmosphepdter 6 h the reaction was stopped and
work-up was done as described for the synthesBaaf. The Oxd-peptide4 was isolatecby semipreparative RFHPLC (58
mg, 55 %, 94% pure by RRPLC, general Methds, Rf = 4.60 min)*H NMR (CDCk) major conformed = 1.32 (d, J=7.3
Hz, 3H, AlaMe), 2.40 (s, 3H, TsMe), 3.47 (s, 3H, SarMe), 3.90 (dd, J=4.2, 8.6 Hz, 1H,)OAdB® (d, J=18.0 Hz, 1H,
SarHa), 4.12 (dd, J=8.6, 9.3 Hz, 1H, Oxg}i4.24 (d, J=18.0 Hz, 1HBarHh), 5.11 (dq, J=7.3, 8.8 Hz, 1H, Ala}) 5.45
(dd, J=4.2, 9.3 Hz, 1H, Oxd}] 6.07 (br.s, 1H, CON}), 6.38 (br.s, 1H, CON}), 6.44 (m, 2H, CONki+AlaNH), 7.18 (m,
2H, TsArH;g), 7.75 (m, 2H, TsArkg); °C NMR ([Dg]DMSO) d = 18.5, 20.8, 39.1, 38.6, 50 60.5, 85.4, 128.3, 129.3,
137.6, 141.5, 153.1, 168.4, 169.1, 175.0. Elem. Anal. fadGN,O-S; C 47.88, H 5.20, N 13.14; found: C 47.11, H5.12, N
13.29. ESIMS m/z427.1 (M+HY, calcd 427.1.

Ts(S)Ala-(4R,5R}4-hydroxy-5-aminomethylOxe(S)-PheNH (5). NaBH, (4 mmol) was added to a solution of Bie (0.4

mmol) in MeOH (4 mL) at 0°C under nitrogen atmosphere. The mixture was stirred for 7 h, then the reaction was stoppe
with acetone (4 mL). The reaction mixture was concentrated at reduced presslitbe residue was diluted with water
(5mL), and extracted three times with DCM (5mL). The collected organic layers were dried wf,Néltered, and
concentrated at reduced pressure. The residue was purified bpregrarative RFHPLC (see General &thods) givingd

(85%, 95% pure by RPIPLC, general Methods, Rf = 5.12 mifd NMR (CDCk) d = 1.17 (d, J=6.8 Hz, 3H, AlaMe), 2.44

(s, 3H, TsMe), 3.04 (ddd, J=3.4, 5.0, 14.6 Hz,,8H 3.143.25 (m, 2H, CEN+Phetb) 3.34 (dd, J= 7.6, 14.0 Hz, 1H,
PheHb), 3.73 (dg, J=6.8, 7.2 Hz, 1H, Ala} 4.35 (br.t, 1H, OxdH5), 4.84 (dd, J=7.6, 8.6 Hz, 1H,HBe5.21 (br.s, 1H,
OxdH4), 5.95 (br.s, 1H, CON} 6.03 (d, J=7.2 Hz, 1H, AlaNH), 6.63 (br.s, 1H, CO)NH.08 (dd, J=5.0, 6.8 Hz, 1H,
CH,NH), 7.277.35 (m, 7H, PhArH+TsArkl), 7.73 (m, 2H, TsArHy); **C NMR (CDCL) d = 19.2, 20.8, 34.8, 40.1, 52.7,
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60.2, 79.7, 81.6, 125.7, 127.0, 127.6, 128.8, 129.0, 129.3, 130.1, 135.5, 138.1, 144.2, 157.3, 171.2, 172.9. Elem. Anal. fc
C,3H2gN4O;S; caled: C 54.75, H 5.59, N 11.10, S 6.36; found: C 53.98, H 5.64, N 11.32, S 6.94SHESIz 527.0
(M+Na)", calcd 527.2.

Ts(S)Ala-(S)ya-Me-isoSerOMe 8a). Nitromethane (1.5 mL), methyl pyruvate (8@, 0.5 mmol, and TEA (141, 0.1

mmol) were mixed in the presence of Cu(QT)36 mg, 0. 10 -isopnapyligenekasf{R)-4-te2t-pRyB2-
oxazoline] (31 mg, 0.10 mmol), as describedHe literature (Ret® main text). The reaction mixture was filtered through a
plug of silica, and solvent was removed at reduced pressure. The resultingaanitde(S)-hydroxy estet6a obtained in
quantitaive yield was identified by RIPIPLC-ESI analysis, and was utilized without further purifications (81 mg, 99%, 85%
pure by RPHPLC analysis, Rt = 2.04 min, 87% e.e. as determined by chiral HPLC analysis of the crude mixture, see
General Methods). ESWS m/z 186.2 (M+NaJ, calcd 186.1. Compoursh was dissolved in EtOH (6 mL) and treated with
10% Pd/C (100 mg) and.tat atmospheric pressure for 6 h at r.t. giving after filtration over celite and evaporation of solvent
at reduced pressure theaina2-hydroxy-2-methylpropionic este7a in quantitative yield (67 mg, 99%, 82% pure by-RP
HPLC analysis, see General Methods, Rt = 1.67 min) utilized for the next step without purificatieMSESE 134.1
(M+H)", calcd134.1 The cruderawas coupled with Té&laOH (120 mg, 0.5 mmol) by using the same procedure described
for the synthesis afa. After the usual work up the dipepti8a (140 mg, 80%, 88% pure by RFPLC analysis, see General
Methods, Rt = 3.85 min) was isolated by flash chromatography over siliq@lgaht: EtOAc: cyclohexane 2/8H NMR

(CDCl) d E25 (d, J=6.7 Hz, 3H, laMe), 1.40 (s, 3H, MésoSer),2.44 (s, 3H, TsMe), 3.32 (dd, J=6.0, 14.0 Hz,

i soSerH»)83 3( @6 5H,s oSlea HB+Me&OOMe ), 4.95 (br.d, 50 68Hz4 Hz
1H, isoSerNH),7.33 (m, 2H, TsAgH), 7.75 (m, 2H, TsArklg). ESFMS m/z 359.3 (M+HY, calcd 359.1.

Ts(S)Ala-(R)-a-Me-isoSerOMe 8b). The reaction of nitromethane and methyl pyruvate in the same quantities as described
for the preparation c6ai n t he pr eisopropgidenecbis(8)-£tertzbdtyl-2-oxazoline] gavebb in quantitative

yield (87% pure by RIHPLC analysis, Rt = 2.04 min, 89% e.e. as determined by chiral HPLC analysis of the crude mixture,
see General Methods). EBIS m/z 186.1 (M+NaJ, calcd 186.1. The reduction beamino estei7b and coupling with Ts

AlaOH gave8b after purification by flash chromatography (150 mg, 84%, 93% pure BHIREC analysis, see General
Methods, Rt = 3.85 min) was done as describedforH NMR (CDCL) d  1=23 (d, J=6.7 Hz, 3H, AlaMe),.37 (s, 3H,

Mei soSer) , 2.44 (s, 3H, TsMe),-33830(fMmdd5H)=Al&HU2Bs6St
(br.d, J=8.0 Hz, 1H, AlaNH)), 6.65 (br.t, 1H, isoSerNH), 7.33 (m, 2H, TsAH.75 (m, 2H, TsArkg). ESFMS m/z 359.3

(M+H)*, calcd 359.1.

Ts(S)Ala-(S)ya-Me-isoSer(S)Phe(S)ValOMe (9a). The dipeptide estéda (140 mg, 0.39 mmol) was dissolved in MeOH

(2 mL) and treated with 1 M LiOH (1 mL) while stirring. After 6 h, pH was adjusted to 7 with 0.1 M HCI and the solvent
was emoved at reduced pressure, givingAla-a-Me-isoSerOH (128 mg, 95%, 90% pure by-RPLC analysis, see
general Methods, Rt = 2.35 min). EBIS m/z 345.2 (M+HY, calcd 345.1. The residue was suspended in 4:1 DCM/DMF (5
mL) and treated with HOBt, HBTU, DIPE and HPheValOMe under MW irradiation as described for the prepaparation of
la. After the usual work up, the tetrapepti@(0.20 g, 85%, 90% pure by analytical RFPLC, see general Methods, Rf =

4.99 min) was isolated by flash chromatography overasifiel (eluant: EtOAcfH NMR (CDCkL) d  0=79 (d, J=5.8 Hz, 3H,
ValMe), 0.82 (d, J=6.8 Hz, 3H, ValMe), 1.09 (d, J=6.8 Hz, 3H, AlaMe), 1.22 (sa3d¥e-iscS e r ) , 2.07 ( m,
2.36 (s, 3H, TsMe), 3.05 (dd, J=8.0, 14.8 Hz, 1H, H)eH.10 (dd, J=6.8, 14.8 Hz, 1H, PH&H3.29 (d, J=5.84z, 2H,
isosSer Hb) , 3.63 (s, 3 H, OMe) , 3.67 (dg, J=6.8, 7.6 Hz, 1
7.6, 8.0 Hz, 1H, PheHU) , 6.609 (d, J=7.6 Hz7.27 tmH7H, Al a
PheArH+TsArHs), 7.3 (t, J=5.8 Hz, 1HisoSerNH), 7.50 (d, J=7.6 Hz, 1H, PheNH), 7.66 (m, 2H, TSAYHESFMS m/z

605.5 (M+HY, calcd 605.3.

Ts(S)Ala-(R)-a-Me-isoSer(S)Phe(S)ValOMe ©Ob). The dipeptide este8b (150 mg, 0.42 mmol) was treated with 1 M

LiOH in MeOH asdescribed foi7a, affording the dipeptide acid (134 mg, 95%, 85% pure BYHRRC analysis, see general
Methods, Rt = 2.38 min). after the same reaction work up:-NESIm/z 345.3 (M+H), calcd 345.1. T#\la-(R)-a-Me-
isoSerOH was coupled with-AheValOMe, & described for the preparation3d The tetrapeptiddb (0.21 g, 83%, 91%

pure by analytical RIMPLC, see general Methods, Rf = 5.11 min) was isolated after the same work up desci@aetHfor

NMR (CDCkL)d 087 (d, J=5.6 Hz, 3H, ValMe), 0.86 (d,6l8 Hz, 3H, ValMe), 1.03 (d, J=7.2 Hz, 3H, AlaMe), 1.15 (s,
3H,a-Me-iscSer ), 2. 06 ( m, 1H, Val Hb), 2.35 ( sh),3.0kd J-b4 WeHz, 2.
1H, Phetb), 3.17 (dd, J=5.6, 13.6 Hz, 1i¥0oSer Hb) , 3. 5 16 H%, tiHlisoS eJr=t6bh )8,, 3.365 (s, 3 H,
J= 7.2, 7.8 Hz, 1H, AlaHU), 4.40 (dd, J=5.8, 8.2 Hz, 1
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Hz, 1H, AlaNH), 7.097.15 (m, 3H, VaINH+PheArkk), 7.187.26 (m, 6H, PheArkl, s+ TSArH; 5 isoSerNH), 7.35 (d, J=7.6
Hz, 1H, PheNH), 7.66 (m, 2H, TsAsld. ESFMS m/z605.5 (M+HY, calcd 605.3

Ts(S)Ala-(S)}5-Me-Amo-(S)-Phe(S)ValOMe (10g). The cyclization oPain solution as reported f&a-g followed by the

same workup of the reation and isolation by senpreparative RFHPLC afforded10a (95%, 96% pure by analytical RP
HPLC, see General methods, Rt = 7.23 miH)NMR (CDCk) d = 0.87 (d, J=7.2 Hz, 3H, ValMe), 0.94 (d, J=7.2 Hz, 3H,
Val Me) , 1.14 (d, J=6.8 Hz, 3H, AlaMe), 1.31 (s, 3H, Am
14.4 Hz, 1H, AmoHb), 3. 4B9) 3065 (dd J=104,7a.Hz,1H,PhelH))3.6A @d, J=1.6] 14.4P h e |
Hz, 1H, AmoHBH), 3.80 (s, 3H, OMe), 3.88 (dg, J=6.8, 8.
J=7.4, 10.4 Hz, 1H, PheHU), 5.64 (d, J=8. 8, J##8,76HHIH Al a
AmONH), 7.247.36 (m, 7H, PheArH+TsArk}), 7.70 (m, 2H, TsArklg); °C NMR (CDCE) d  17.5, 19.0, 19.3, 19.7, 21.5,

31.0, 34.4, 43.5, 52.2, 52.7, 57.8, 58.1, 84.3, 127.0, 127.1, 127.9, 128.8, 128.8, 128.9, 129.1, 129.3, 129135129.9
137.2, 143.5, 153.6, 167.7, 172.2, 172.5, 174.6. Elem. Anal.sfbkgD,O0S; calcd: C 57.13, H 6.07, N 8.88, S 5.08; found:
C58.27,H 6.18, N 8.81, S 4.97. BEB m/z631.1 (M+HY, calcd 631.2.

Ts(S)Ala-(R)-5-Me-Amo-(S)Phe(S)}ValOMe (10b). The cyclization of9b in solution as reported foBa-g and 9a
followed by the same worlp of the reaction and isolation by sepnéparative RRHPLC afforded10b (92% 97% pure by
analytical RPHPLC, see General methods, Rt = 7.45 miH)NMR (CDCL) d = 0.87 (d, J=7.2 Hz, 3H, ValMe), 0.94 (d,
J=7.2 Hz, 3H, ValMe), 1.13 (d, J=7.2 Hz, 3H, Al aMe), 1.
(dd, J= 3.6, 14.4 Hz, 1H, AmobyB.54,(dd,3=748,8aHzdlH, PheH)=3079 &,3H,14 . O
OMe), 3.86 (dg, J= 7.2. 8.8 Hz, 1H, AlaHU), 4.09 (dd,
4.99 (dd, J=7.8, 9.6 Hz, 1H, PheHU), 6.34 (ddd Ix3898 Hz
Hz, 1H, AmoNH), 7.197.32 (m, 5H, PheArH), 7.38 (m, 2H, TsAgH), 7.72 (m, 2H, TsArH); *C NMR (CDCE) d = 18.0,

18.4, 18.6, 21.1, 22.1. 31.4, 33.2, 43.0, 51.8, 52.3, 55.4, 58.0, 84.2, 126.4, 126.7, 128.3, 128.6, 129.4, 136.2.937.0, 14
156.1, 167.6, 171.8, 172.1, 173.5. Elem. Anal. feyHgsN4OoS; calcd: C 57.13, H 6.07, N 8.88, S 5.08; found: C 56.00, H
5.99, N 8.91, S 5.13. E®IS m/z631.1 (M+HY, calcd 631.2.
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5.4.3 Conformationa analysis

ROESY and molecular dynami@D ROESY experiments in 8:2 [IDMSO/H,O were performed in the phase sensitive
mode at r.t., spiiocking field @2) was 2000 Hz, and mixing time was set to 250 ms; spectra were processed in the
hypercomplex approach; peaks were calibrated on DMSO. Only RIE8Yed constraints were included in the restrained
molecular dynamic3’ Crosspeak intensities were cladsidl very strong, strong, medium, and weak, and were associated
with distances of 2.3, 2.7, 3.3, and 5.0 A, respecti¥eThe intensities of the cross peaks arising from protons separated by
known distances (e.g. geminal) were found to match with theseiassns. Geminal and other obvious correlations were
discarded as constraints. For the absence U, 1) ROESY cross peaks, all of the bonds were set at 180° (force
constant: 16 kcal mdlA™).

Table 4. Non-obvious ROESY crospeaks observed f@d in 8:2 [Dg]DMSO/H,0.?

Crosspeak intensity Crosspeak Intensity
ValNH-ValMe Vs PheArH; ssAmoHb,, m
ValNH-AlaMe w PheArH; s-Phetb,, m
ValNH-ValHb S PheArH; s-PheHbg,, w
ValNH-TsMe w PheArH; -ValHa w
ValNH-AmoHb,, w PheArH; s-Pheta m
VaINH-Phehb,, w PheArH-ValMe w
ValNH-Phehby, S PheArH-TsMe w
ValNH-COOMe w PheArH ¢ValMe w
ValNH-ValHa m PheArH c-AlaMe w
ValNH-Pheka Vs PheArH ¢ TsMe w
ValNH-AlaNH w PheArH, - AmoHb,, m
ValNH-AmoNH w PheArH, e-Phetb,, Vs
AmoNH-ValMe w PheArH Phetbg,, S
AmoNH-AlaMe m PheArH, ¢-Pheta Vs
AmoNH-AmoHb,, s AmoHa-AlaMe
AmoNH-AmoHby,, m AmoHa-AmoHb,, m
AmoNH-AlaHa VS AmoHa-AmoHby,, Vs
AmoNH-AmoHa PheHa-ValMe w
AmMONH-TsArH, ¢ PheHa-ValHb w
AmoNH-AlaNH Pheta-TsMe w
AlaNH-ValMe w Pheta-Phetb,, m
AlaNH-AlaMe Vs PheHa-Phetby,, S
AlaNH-Phehbg,, w PheHa-COOMe w
AlaNH-AlaHa m PheHa-ValHa w
AlaNH-PheHa w ValHa-AlaMe w
AlaNH-TsArH; 4 w ValHa-ValHb VS
TsArH; ValMe w ValHa-TsMe w
TsArH; sAlaMe s ValHa-Phehb,, w
TsArH, ¢-AmoHb,, w ValHa-PheHy, w
TsArH; s AmoHbyg,, m COOMeValHb m
TsArH; ¢AlaHa S Phehby,~AlaMe w
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TsArH, sValHa w Phetb,-ValMe m
TsArH, s AmoHa w Phetb,-ValHb w
TsArH; sValMe w AmoHbg,-AlaMe w
TsArH; ssAlaMe w TsMeValMe w
TsArH; s AmoHbyg,, w TsMe-AlaMe w
TsArH; sVal Ha w TsMe-ValHb w
TsArH; sAmo Ha w ValHb-AlaMe w
PheArH; sAlaMe w ValMe-AlaMe w

3 Stereochensitry has been omittefup = upfield, dw = downfieldf;vs = very strong, s = strong, m = medium, w = weak.
Table 5. Non-obvious ROESY crospeaks observed f@ein 8:2 [Dg]DMSO/H,0.%

Crosspeak Intensity Crosspeak Intensity
ValNH-ValMe VS PheArH; s-PheHo,, w
ValNH-ValHb S PheArH; s-PheHbg,,
ValNH-AmoHa w PheArH; -Phe Ha w
ValNH-Phehb,, m PheArH c-AlaMe w
ValNH-Phehtby, w PheArH, - AmoHbg,, m
ValNH-COOMe w PheArH, e-Phetb, S
ValNH-ValHa m PheArH cPheHbg,, VS
ValNH-Pheka Vs PheArH ¢-Pheta Vs
ValNH-AlaNH w AmoHa-ValMe w
ValNH-AmoNH w AmoHa-AmoHb,, m
AmoNH-ValMe w AmoHa-AmoHbg,, m
AmoNH-AlaMe m AmoHa-Phehby, w
AmoNH-AmoHb,, m AmoHa-ValHa w
AmoNH-AmoHby,, S PheHa-ValMe w
AmoNH-AlaHa Vs Pheka-ValHb w
AmoNH-AmoHa Pheta-Phetb,, s
AmoNH-AlaNH PheHa-Phehby, m
AlaNH-ValMe PheHa-ValHa w
AlaNH-AlaMe Vs ValHa-AlaMe m
AlaNH-AmoHa w ValHa-ValHb m
AlaNH-AlaHa S ValHa-ValMe VS
AlaNH-TsArH; ¢ S ValHa-AmoHby,, w
AlaNH-TsArH; 5 S ValHa-Phehb,, w
TsArH, ValMe w ValHa-Phehbgy, w
TsArH; ¢ AlaMe m COOMeValMe w
TsArH; ¢AlaHa m COOMeValHb w
TsArH, sValHa w COOMePhehb,, s
TsArH, s AmoHa w AlaHa-TsMe w
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TsArH, ¢ Pheta w TsMe-AlaMe w
TsArH; s-ValMe w TsMe-ValHb m
TsArH; sAlaMe w ValHb-AlaMe w
PheArH; ssAmoHbg,, w ValMe-AlaMe w

2 Stereockmistry has been omitteRiyip = upfield, dw = downfield:vs = very strong, s = strong, m = medium, w = weak.
Table 6. Non-obvious ROESY crospeaks observed fdr0ain 8:2 [Dg]DMSO/H,0.?2

Crosspeak intensity Crosspeak Intensity
ValNH-ValMe VS PheArH; s-AlaMe w
ValNH-AlaMe m PheArH; s-AmoHb,, m
ValNH-ValHb S PheArH; s-Phetby, m
ValNH-TsMe w PheArH; s Phetbgw w
ValNH-AmoHb,, w PheArH; s-ValHa w
ValNH-Phehtb,, w PheArH; sPheta m
ValNH-PheHgw s PheArH-ValMe w
ValNH-COOMe w PheArH-TsMe w
ValNH-ValHa m PheArH ¢ValMe w
ValNH-PheHa 'S PheArH sAlaMe w
ValNH-AlaNH w PheArH ¢ TsMe w
ValNH-AmoNH w PheArH ¢ AmoHb,, m
AmoNH-ValMe w PheArH Phetby, Vs
AmoNH-AlaMe m PheArH ¢ PheHbgy 5
AmoNH-AmoMe m PheArH ¢Pheka Vs
AmoNH-ValHb m PheHa-ValMe w
AmoNH-AmoHb,, S PheHa-ValHb w
AmoNH-AmoHbgy, m PheHa-TsMe w
AmoNH-AlaHa Vs PhetHa-Phetb, m
AmoNH-ValHa m PheHa-Phetbgw s
AmoNH-Pheta m PheHa-COOMe w
AmoNH-TsArH, ¢ m PheHa-ValHa w
AmoNH-AlaNH m ValHa-AlaMe m
AlaNH-ValMe m ValHa-ValHb Vs
AlaNH-AlaMe Vs ValHa-TsMe w
AlaNH-ValHb w ValHa-Phehb, w
AlaNH-Phehgy w ValHa-AlaHa m
AlaNH-AlaHa m ValHa-COOMe m
AlaNH-ValHa m ValHa-Phehbgy w
AlaNH-Pheta w COOMeValHb m
AlaNH-TsArH; 4 w Phetbg,-AlaMe w
TsArH, sValMe w Phetb-ValMe m
TsArH; sAlaMe 5 Phetb-ValHb w
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TsArH; sAmoMe w AmoHbgy,-AlaMe w
TsArH, e-AmoHb,p w TsMeValMe w
TsArH, s AmoHbg,, m TsMe-AlaMe w
TsArH, c-AlaHa S TsMe-ValHb w
TsArH, ~ValHa w ValHb-AlaMe m
TsArH; s-ValMe w AmoMe-AlaMe w
TsArH; s-AlaMe w AmoMe-AmoHby, m
TsArH; ssAmoMe w AmoMe-AmoHbgy, VS
TsArHz ssAmoHbg,, w AlaMe-ValMe m
TsArH; s-ValHa w

2 Stereochemistry has been omittdp = upfield, dw = downfield:vs = very strong, s = strong, m = medium, w = weak.
Table 7. Non-obvious ROESY crospeaks observed fdiObin 8:2 [Dg]DMSO/H,0.2

Crosspeak Intensity Crosspeak Intensity
ValNH-ValMe VS PheArH; s-Phetb,, w
ValNH-AmoMe m PheArH; sPhetbg,,

ValNH-ValHb S PheArH; s-Pheta w
ValNH-Phehb,, m PheArH c-AlaMe w
ValNH-PheHby, w PheArH, - AmoHby,, m
ValNH-COOMe w PheArH, e-Phetb, s
ValNH-ValHa m PheArH cPheHbg,, Vs
ValNH-Pheta VS PheArH ¢Pheta VS
ValNH-AlaNH w Pheka-ValMe

ValNH-AmoNH w Pheka-ValHb

AmoNH-ValMe w PhetHa-Phetb,, S
AmoNH-AlaMe m PheHa-Phetby, m
AmoNH-AmoMe m PheHa-ValHa w
AmoNH-AmoHb,, m ValHa-AlaMe m
AmoNH-AmoHby,, S ValHa-ValHb m
AmoNH-AlaHa Vs ValHa-ValMe VS
AmoNH-AlaNH ValHa-AmoHbg,, w
AlaNH-ValMe ValHa-Phehb,, w
AlaNH-AlaMe Vs ValHa-PheHbg, w
AlaNH-AmoMe w COOMeValMe w
AlaNH-AlaHa S COOMeValHb w
AlaNH-TsArH; ¢ S COOMePhehh,, S
AlaNH-TsArH;3 5 S AlaHa-TsMe w
TsArH; ValMe w TsMe-AlaMe w
TsArH; ¢ AlaMe m TsMe-ValHb m
TsArH, s AmoMe w ValHb-AlaMe w
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TsArH, ¢AlaHa m AmoMe-ValMe m
TsArH, ¢ValHa w AmoMe-AmoHb,, m
TsArH, «PheHa w AmoMe-AmoHbg,, m
TsArHz s-ValMe w AmoMe-PheHbg,, w
TsArH;z s-AlaMe w AmoMe-ValHa m
PheArH; sAmoHbg,, w AlaMe-ValMe m

2 Stereochemistry has been omittedp = upfield, dw = downfieldf:vs = very strong, s = strong, m = medium, w = weak.

The restrained MD simulations were conducted at 300 K and 1 atmthsif§MBER force field in a 30x30x30 A box of
standard TIP3P models of equilibrated watdPeriodic boundary conditions were applied, a dielectric constant of 1 was
used, and the cutoff distance for the nonbonded interactions was 12 A. All water molétule®ms that come closer than

2.3 A to a solute atom were eliminated. A 100 ps simulation at 1200 K was used for generating 50 random structures th:
were subsequently subjected to a 50 ps restrained MD with a 50% scaled force field at the sameitenfipkoated by 50

ps with full restraints (distance force constant of 7 kcal'ndof), after which the system was cooled in 20 ps to 50 K. H

bond interactions were not included, nor were torsion angle restraints. The resulting structures were mnvisitim @00

cycles of steepest descent and 3000 cycles of conjugated gradient (convergence of 0.8mkdd). A he backbones of the
structures were clustered by the rmsd anafjsis.

Unrestrained MD simulatins® were performed starting with the conformation derived from ROESY in a 30x30x30 A box

of standard TIP3P water for 10 ns at 298 K using periodic boundary conditions, at constant temperature and pressu
(Berendsen schentébath relaxation constant of 0.2). FedIscale factors, van der Waals and electrostatic interactions are
scaled in AMBER to half their nominal value. The integration time step was set to 0.1 fs. The system coordinates were
collected everypicosecond.

8.0 1

) (A)

0

6.0

T*

40LMW,WMM M ”. w M’MMW H w[‘tu ‘lw i ﬂf\ M “ MM M b’\\'\w M WWM

2.0 A

Amo(NH) - Phe(C

0 1.0 2t0 3.0 4‘0 50 eto 7.0 8.0 9‘,0 fis 1010
Figure 11. Distances (A) between the amide nitrogen of Arand the carbonyl oxygen of Phsampled from a 10 ns
unrestrained Molecular Dynamics simulationidfa calculated in 880x30x30A box of equilibrated standard TIP3P water
moleculesusing the ROESYXerived geometrasstarting structure.

Computational MethodsTheoretical calculations and full molecular geometry optimizations in the ground state have been
performed in vacuo by using the Density Functional Theory (EfAWpthods implenented the Gaussian 09 package of
programs™ In particular, calculations were carried out by combining the theeameter hybrid functional (B3) for the
exchange pattand the LekYang Parr (LYPJ®to the 6311++G(d,p) basis set.

5.5. Plausible reaction pathway for the synthesis of Ampeptides.

A plausible reaction pathway for the cyclization of the model peptidald$soSerPheNH to TsAla-Amo-PheNH with
DSC and catalyti DIPEA is depicted in Scheme & the proposed mechanism, the cyclization to Amo procedthe
isoSerO-succinimidyl carbonate intermediafe The intermediated is deprotonated by DIPEA at PheNH, giving the 5
membered anionic intermediai with endocyclic C=0 (patta). The loss of BH-dioxopyrrolidin-1-olate leaving group,
rapidly protonated by DIPEAH leads to the Ampeptide3 and DIPEA, which can be utilized in catalytic amount. The
intermediateA can be deprotonated isbSerNH as well (path); this could give access to theeatiative 5Smembered cyclic
anionic intermediat€ with hexocyclic C=0, precursor of a Oxptide.
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Preliminary computations were performed for the intermediataad C employing Density Functional Theory; a systematic
conformational analysis for the sttuces was done at the B3LYP2a1++G(d,p) level. Optimization was performed by
conjugate gradient algorithm, convergence at 0.001. The results indicate that the interBheslateut 2.0 Kcal mdi more
stable than the alternative intermedi@te

Ph Ph
(e} e} Ph H Q Q pathway H o o
H N NH.
N NH, DSC Ts” \:)]\N/\l)kN 2 a TS/NJI\NAHLNJ;(NW
Ts Y H H E— : H o) H o) —t> H H ‘/—
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Scheme8. Cyclization of the model peptide Pda-iscSerPheNH 2 to TsAla-Amo-PheNH 3.
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Synthesis ad conformational analysis of peptides containing théeterocyclelmd

N-heterocycles, including cycliaeas, are useful and mufiurpose tools in medicinal chemistry, thanks to their abilities to
induce conformational constraints and to confer appropriate pharmacokinetic features. Therefore, in this chapter, are
proposed two different synthetic pathways fibtaining Imidazolidin2-one rings, directly on peptide sequences. This
scaffold demonstrated to be easly functionalizable alisblayed the capability to induce gturn, as detenined by
spectroscopic analyses.

6.1. Introduction

Proteins and peptideday a central role in nearly all physiological processes associated with life, this together with a
diversity of chemical structure, makes them particularly attractive starting point for drug discovery progmafast,

peptides themselves have emergethtively slowly as drugs, for example insulin in the treatment of diabetes and
cyclosporin as an immunosuppressent. Their potential utilities as therapeutics are limited because of their inherignt instabil
toward proteolytic cleavage by peptidases, latkral bioavailability, inability to cross the bloblkain barrier since their

high molecular weight, and rapid excretititough the liver and kidneysThese limitations have generated an intensive
effort for overcoming these deficiencies in an attergptdevelop peptidomimetics. The substitution of peptides with
peptidomimetics has included a wide variety of stratefjiéshat involve the chemical modification of a peptide to
introduce/delete those biolmgl and chemical properties associated with effective/ineffective drug attion.

One of the major negative features that makes peptides inappropriate drug candidates is their flexibility. Peptide structure
and conformation are strongly influenced by the nature of constituent amino acids and also the biophysical environment in
which they exist. Therefore, the high conformational flexibility presents a potential problem in generating therapeutics and
biological probes, since a peptide must attain a certain conformation in order to bind to its biological target, be it a receptor
or an enzyme.

Folding is the process nature has selected to control the conformation of its molecular machinery and carry ouednsurpass
chemical functions such as enzyme catalysis, information storage and duplication in nucleic acids, as well as energy captur
and conversion. Systematic case studies have revealed that there is typically a small cluster of well ordered key residues i
the peptide backbone that contributes the majority of the recognition or birginigya Therefore, the prerganization of

peptide shape, via the introduction of a structural motif that imparts conformational restriction, can enhance binding and
hence thaapeutic potential, moreover, can be useful for identification of biologically active conformers.

Over the years, chemists have worked to geometrically restricted analogs that favors receptor binding surmounting the
required loss of entropy for correct faid,* thereby, improving potency, selectivity, and stabflifjfhe active conformation
recognized by the receptor typically involves a turn structureo(R-turn)® so, smalmoleculesand peptides with turn
constraints have been successful in targeting this class of receptors.

With this purpose, a good deal of effort has gone into mimicking these strugsimgsheterocyclibased peptidomimetics.

Some heterocyclic systems, called privilegedastds, appear frequently in bioactive products and marketed drugs. A
number of common aromatic heterocycles have been employed in this context, examples usegyndiaddetrazole,

triazole and pyrazolésOver the years, extensive improvements have been made in the development of ligands, metals,
reaction conditions, and building block availability, making this method one of the most useful tools to appenid aromat
rings into a small molecule or peptidomimeti®vith this powerful tool, it is not surprising to observe an increase of
aromatic ring count in the new bioactive molecdfeddowever, limitations in solubility, pharmacokinetics, and
bioavailability of high-aromatiering-count molecules are now well recognized, leading scientists to favor saturated building
blocks, especially saturatedhéterocycles?

Saturated Mheterocycles are prevalent in biologically active molecules and are increasingly attraedivkls in the
development of new pharmaceuticadénong these usefull sdafds we can find pseudBro analogue¥ and Raminoo-

lactams'® so-called FreidingeNeber lactams, that have been commonly proven particuldéctive in the design of
constrainegeptidomimetics for therapeutic targéts?

Amid different N-heterocycles, cyclic urea scaffolds are of great and actual interest since they induce peptide turn geometry,
by combining the covalent constraimts R-aminc-o-lactams with the electronic restrictions and sitiain diversity of aza

amino acids. In fact, aza analogs of amino acids restrict backbditeedral angle, due to the planarity of the urea moiety,
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and the«-dihedral angle, because of hydrazineNNone-pair repulsiont> Azapeptides utilize electronic forces to stabilize
turn conformations in peptidéSTherefore, designed to favor turn secondary structuresgieli@ surrogates reserve both
electronic and structural constraints to hind#ation abouthe backbona-, y- and¥-dihedral angles, giving rise t® and

R turns?’

Cyclic urea moieties are found in many biologically active compotfhdad are expected to have greater membrane
solubility and increased conformational rigidity relative to the corresponitiegriured?

Particularly, imidazolidir?-ones (Imds) are utilized as structural elements in a number of inhibitors of human
immunodeficiency virus (HIV) protease and HIV replicatiéhStill, Imds have utility as antitumor ageritsantibacterial
MurB inhibitors?* dopamine D 4 and CGRP receptor antagofisistioxidants* and unnatural base pafrs.

In literature, cyclic ureas such as Imds are most commonly constructed via treatmendiafimin2 precursors with
phosgene equivalents such as carbonyhidiazole'*?® via Hofmann rearrangement of Ahyia ring expansion of aziridine
derivatives’® via cyclization of azaropargylglycinamide$’ via alkylation of the urea nitrogen of semicarbazone resitfues,

via Pd-catalyzed urea carboamination reactidrand so on.

Although a number of synthetic methods are available, many require multistep sequences for their preparation. Thus,
alternative strategies for the construction of Imd would provide more facile atreteyivatives that are not readily
available. In addition, methods that allow for preparation of a variety of products from a common starting material would
consent straightforward generation of analogues that could be used to optimize biological actpfitgrmaceutical
properties.

Continuing with our work toward the synthesis of constrained peptidomimetics fronjedopieptidegchapter 4 and 5732

in this chapter is reportethe synthesis of Imdontaining peptidomimetics starting from different protected amino acid
sequences.

6.2. Results and discussion

6.2.1. Synthes

We propose two different synthetic pathways for thpeptide synthesis of Imd rings.

The preparation of di/tri and tetmeptidesla-c, 7, 9a-b and11lab was conducted by coupling the amino acids under MW
irradiation, using a microwave oven spedifly designed for organic synthedfsyith HBTU/HOBL as activating agents.
Moreover,b-aminc-Ala was prepared as described in the literatfire.

In the first route developedhe Nprotecteddipeptides were treated with DSC and DIPEA, as base, for obtaining
elimination to dehydroalanineDAla), as illustrated in the literature (Scheme 2a-c).** The subsequent nen
diastereoselective addichael addition of different amines Ala, furnished racemic compoun@s-e, in quantitative
yields. Analysis of the crude reaction mixture by-RPLC and ESMS revealed the presence of the two diastereizme
compounds3a-€) in 1:1 ratio (General Methods).

Notably, we were able to adding not only simple primary amines but alsepant€zted amino acid (PheOBn, compound
30) in quantitative yield.
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Scheme 1Synthesis oflipeptides, elimination of Ser f@Ala and azaMichael reaction.

In order to optimize the cyclization of these amino peptides, we investigated the role of the carbonate, solvent, base, an
protecting group, by reacting the model pepti8asnder different conditions (Table 1).

On the basi of our precedent work&hapter 4 and 5f°? we treated compoun8a with 1,2 eq. of DSC and catalytic
amounts of DIPEA in a mixture of DCM/DMF, but the outcoafdhe reaction did not give the expected results (table 1,
entry 1), also using larger quantities of reactants. Still, the use of an inorganic base did not influence the redult (table
entry 2). Due to these negative resulte tried to replace the DS€rbonate wittp-nitrobenzylchloroformate ghNBC),

that in the presence of variable amounts of DIPEA (from catalitic to excess) in DCM/DMF, gave the interdeeitiate
traces, only when a large excess of base (10 eq.) was employed (table 1, entry 3).

On the basis of these evidences, we were been interested in Dowson et af® wark,efficiently transformed-
aminoanilides into an aromatic-atylurea moiety through the additionghitrophenylchloroformate gNPC) and DIPEA

as basé® Inspired by this paper, we have found that the treatment of our sulBstnaith p-NPC and 10 eq. of DIPEA, in
DCM/DMF, allows a significative, but yet insufficient, increment of the intermediatermation (table 1, entry 4).his

result prompted us to attempt a better outcome by increasing the DIPEA amount and by adding DMAP as additive base
(table 1, entry 5). Long last these conditions permitted the isolation of the intermediate (yield 70%) that was purified and
treated withlarge quantities of DIPEA (10 eq) to afford the prodbatin 80% vyield(table 1, entry B Obviously, the

found reaction conditions were not optimsince predicted an overuse of reagents and the necessity to isolate and purify
the intermediatda, whichin turn needed to much base for cyclization.

At this point, we tried to considerldPC as a constant and we used DBU as base. Fortunately, this strategy has proved
successful, since 3 eq. ofNPC and 3 eq. of DBU, in a mixture of DCM/DCM, furnished tlesired producbain very
satisfactory yield (85%), in only 5 h of reaction and avoiding to isol&éntiermediate (table 1, entry. Finally, using the

same reagents in only DMF improves even mbesfinal yield (table 1, entr§).

The optimized raction was extended also to different protected dipeptides, wHEnrpxbtecting groups were changed the
outcome of the reaction was the same. Moreover the nature of the substituents on the amine fynatadl,(Rlyl, aryl,
aminoacid) is dimonstrateidrelevant for the cyclization reaction. This is an evident advantage since permitted to obtain
Imd rings with different substituents on N1 position.

In all cases, epimerization during the cyclizatiorBafe was excluded on the basis of the NMR and HRim@lyses (see
General Methods).

91




























































































































































































































































